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1.  INTRODUCTION 

The task 3.1 “Improved sea-surface boundary layer parameterizations for coastal phenomena” of the 

CEASELESS Project is focused on air-sea interaction processes and on the assessment of different 

strategies for their description, either in uncoupled or coupled approaches.  

 Although with a strong support from in-situ data and satellite observations, these analyses have been 

carried out mainly from a modelling perspective, in order to explicitly identify the sensitivity of the 

phenomena (as described within the adopted modelling system) to selected processes and their 

parameterisations. In doing this, novel parameterization schemes have been tuned, allowing a 

consistent treatment of boundary layer from the atmospheric and oceanic side. This approach is critical 

in particular near the coasts, where very high-resolution features emerge as a consequence of the 

complex coastline, and it is relevant both for retrospective analysis and operational applications, since 

small-scale coastal gradients may have a dramatic impact on the evolution of both meteorological and 

oceanic patterns. When evaluating air-sea interaction processes, the role of waves is crucial not only in 

the modulation of the very interface between the two systems, but also in the redistribution of heat and 

kinetic energy across the water column. Therefore, in the discussion of the results presented 

hereinafter, we will mosty focus on the links represented by the sides of an ideal triangle, whose 

vertices are atmosphere, waves and ocean, the latter including all the information about thermohaline 

structure and current dynamics. The assessment of the potential of new ocean–atmosphere interface 

modelling systems has strongly benefited from the use of the very-high resolution observations that 

Sentinel has provided, where available, as discussed below. 

Many studies in the recent years have focused on the role of sea surface temperature (SST) and its 

effect on convective highly-localized intense events nearby coastal areas. Sea surface fluxes are 

fundamental for the development of tropical-like cyclones and severe convection in general, in 

particular over a warm sea like the Mediterranean. SST can modify the environment where 

precipitating systems develop, by affecting evaporation (Duffourg and Ducrocq, 2011) and low-level 

stability (Berthou et al., 2015), and directly impacting on the rain intensity (Pastor et al 2015, 

Lebeaupin Brossier et al., 2013, Cassola et al. 2016). Air-sea interactions play an important role in the 

rapid intensification of convective activity, leading to extreme precipitation events (Fiori et al., 2014, 

Davolio et al., 2015), to the transition of baroclinic cyclones into tropical-like cyclones (Miglietta et 

al., 2011) and to the intensification of mesocyclonic waterspouts which, after moving inland, may 

produce devastating consequences (Miglietta et al 2017). 

In order to analyse these effects, different meteorological features, as well as their effect on the ocean, 

have been explored in this deliverable. Several approaches (both modelling and observational) have 

been considered and integrated depending on the analyzed case, in order to fully exploit their synergy 

for the analysis of different phenomena. Given the quantity of available results, for each case study we 
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will emphasize the aspects and the findings of major relevance for the scopes of the present 

deliverable, whereas for a more detailed description of the specific case studies the reader should refer 

to the already available or upcoming publications.  

This analysis will also allow to document the improvements with respect to the present knowhow and 

to illustrate the sensitivity in the model calibration (e.g. to different planetary boundary layer -PBL- 

parameterization schemes) for the simulation of severe convective episodes and the dependence of 

model outputs on different approaches. In this effort, coupled models can provide a significant 

improvement compared to traditional stand-alone approaches. 

This analysis has been performed for selected atmospheric features, such as local cyclogenesis, flash-

floods, coastal wind jets, surges and storms associated with different sea states.  

 

2. OVERVIEW ON SENTINEL DATA AVAILABILITY 

2.1. SENTINEL-1 

The Sentinel-1 satellites 1A (launched on April 3, 2014) and 1B (launched on April 25, 2016) both 

carry a C-band Synthetic Aperture Radar (SAR) instrument, which can be used for ocean wind and 

wave retrievals. The Sentinel-1 observation scenario is available at 

https://sentinel.esa.int/web/sentinel/missions/sentinel-1/observation-scenario and shows the revisit and 

coverage frequency all over the world.  

 

2.1.1. Ocean products 

Level-2 products from Sentinel-1 consists of geolocated geophysical products derived from Level-1 

data. Level-2 Ocean (OCN) products for wind, wave and currents applications contain some or all of 

the following geophysical components derived from the SAR data: 

 Ocean Wind field (OWI) 

 Ocean Swell spectra (OSW) 

 Surface Radial Velocity (RVL) 

 RVL includes wind/wave artifacts + surface currents in the line of sight 

At present there are uncorrected instrumental effects (ESA is aware) so RVL is of little use. 

 

https://sentinel.esa.int/web/sentinel/missions/sentinel-1/observation-scenario
https://sentinel.esa.int/web/sentinel/missions/sentinel-1/observation-scenario
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Level-2 OCN products are generated routinely by ESA over the Catalan Sea and since May 2017, the 

OCN products are also available over the Adriatic and North Seas. The products can be downloaded 

from the Copernicus Open Access Hub at https://scihub.copernicus.eu/dhus/#/home. 

 

2.1.2. Wind fields 

DTU operates a processing chain 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. Level-1 SAR scenes covering 

the European Seas are downloaded daily from the Copernicus Open Access Hub. The scenes are 

calibrated to give the Normalized Radar Cross Section (NRCS) and the Geophysical Model Function 

called CMOD5 is then applied for estimation of the Equivalent Neutral Wind speed (ENW) at 10 m 

above sea level. 

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 1 shows the 

web interface for DTU’s SAR wind archive. Users can view all data and obtain free access to 

download upon registration.  

 

 

 

Figure 1: The web interface for DTU’s SAR wind archive at https://satwinds.windenergy.dtu.dk. 

 

https://scihub.copernicus.eu/dhus/
https://satwinds.windenergy.dtu.dk/
https://satwinds.windenergy.dtu.dk/
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2.2.  SENTINEL-2 

The Sentinel-2 satellites 2A (launched on June 23, 2015) and 2B (launched on March 7, 2017) carry 

optical sensors which span 13 spectral bands from the visible and the near-infrared to the shortwave 

infrared (Figure 2).  

 

 

Figure 2: Spatial resolution VS wavelength description of Sentinel 2 spectral bands, source: 

http://esamultimedia.esa.int/docs/EarthObservation/Sentinel-2_ESA_Bulletin161.pdf 

 

Sentinel-2 offers systematic coverage over the following areas: 

 all continental land surfaces (including inland waters) between latitudes 56° south and 83° 

north 

 all coastal waters up to 20 km from the shore 

 all islands greater than 100 km2 

 all EU islands 

 the Mediterranean Sea 

 all closed seas (e.g. Caspian Sea) 

 

With two satellites in orbit, all regular areas indicated above will be revisited every five days under the 

exact same viewing conditions. Due to overlap between swaths from adjacent orbits, the revisit 

frequency will be increased with different viewing conditions. Cloud cover can be an issue so the 

actual number of available scenes is typically lower than the number of overpasses. 
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ESA delivers a series of Level-2 products. The following Level-2 products are systematically 

produced: 

 Bottom-of-Atmosphere corrected reflectance (BOA) 

 Aerosol Optical Thickness (AOT) 

 Water Vapour (WV) 

 Scene Classification Map (SCM) 

 Quality Indicators (QI) for cloud and snow probabilities 

 

Additonal Level-2 products are generated ad hoc or systematically by ESA or the end users. Each 

Level-2 product is composed of 100x100 km2 tiles in cartographic geometry (UTM/WGS84 

projection). Sentinel-2 products can be downloaded from the Copernicus Open Access Hub at 

https://scihub.copernicus.eu/dhus/#/home 

 

2.3. SENTINEL-3 DATA AVAILABILITY 

DTU Space maintain a local repository of Sentinel-3 SRAL data to allow efficient processing and 

ensure a complete timeseries. During updates in the Copernicus processing facilities previous data 

baselines are sometimes removed in favor of newer ones, thereby leaving a data gap until the entire 

data archive has been reprocessed. 

 

Pilot areas Short name 

Bounding box 

[lonmin, lonmax, latmin, latmax] 

Danish Coast  DK [7, 12, 53, 59] 

German Bight  DE [5, 10, 52, 59] 

Catalin Sea  ES [-0.5, 4, 40, 43] 

North Adriatic IT [11.5, 16, 43, 46] 

Table 1: Pilot areas and associated bounding boxes used to select Sentinel-3 orbits. 

 

2.3.1. Danish Coast 

The Danish Coast pilot area has an overall coverage of 97.9% since January 2017. 

https://scihub.copernicus.eu/dhus/
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Cycle Orbit Direction 

Time  

YYYY-MM-DD hh:mm:ss 

13 336 Descending 2017-01-23 11:25:42 

21 236 Descending 2017-08-24 11:03:51 

24 056 Ascending 2017-10-31 21:28:00 

24 122 Descending 2017-11-05 11:10:37 

24 293 Ascending 2017-11-19 21:35:27 

Table 2: List of missing S-3 SRAL data for the Danish Coast. 

 

2.3.2. German Bight 

The German Bight pilot area has an overall coverage of 98.6% since January 2017. 

Cycle Orbit Direction 

Time  

YYYY-MM-DD hh:mm:ss 

24  42  Ascending  2017-10-30 21:53:42  

24  56  Ascending  2017-10-31 21:28:34  

24  122  Descending  2017-11-05 11:11:24  

24  327  Ascending  2017-11-19 21:35:27  

Table 3: List of missing S-3 SRAL data for the German Bight. 

 

2.3.3. Catalan Sea 

The Catalan Sea pilot area has an overall coverage of 97.7% since January 2017. 

Cycle Orbit Direction 

Time  

YYYY-MM-DD hh:mm:ss 

24  42  Ascending  2017-10-30 21:53:42  

24  56  Ascending  2017-10-31 21:28:34  

24  122  Descending  2017-11-05 11:11:24  
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24  327  Ascending  2017-11-19 21:35:27  

Table 4: List of missing S-3 SRAL data for the Catalan Sea. 

 

2.3.4. North Adriatic 

The North Adriatic pilot area has an overall coverage of 95.4% since January 2017. 

Cycle Orbit Direction 

Time  

YYYY-MM-DD hh:mm:ss 

21  250  Descending  2017-08-25 10:40:38  

23  307  Descending  2017-10-22 10:37:01  

24  036  Descending  2017-10-30 10:29:58  

24  056  Ascending  2017-10-31 21:24:52  

24  307  Descending  2017-11-18 10:37:01  

24  327  Ascending  2017-11-19 21:32:22  

Table 5: List of missing S-3 SRAL data for the North Adriatic. 

 

2.4. COMPARISON OF WIND SPEED FROM L2  

Data from Sentinel-1 A and B has been processed with the DTU Wind processor to derive wind speed 

parameters which are compared with the wind speed product available in the Sentinel-3 SRAL 

Copernicus product. The S-3 wind speed has been interpolated from the 1 Hz product to 20 Hz using a 

look up table constructed from the 1 Hz wind and backscatter products. 

The comparison in the Danish Coast area and the German Bight, see Figure 3, indicates a negative 

slope in the bias at high wind speeds which needs further investigations. The data in the Catalan Sea 

and the North Adriatic, see Figure 4, is too sparse to support this finding. 
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Figure 3: Comparison of median wind speed (vertical axes) from S-1 A/B, within the S-3 SRAL footprint, 

and S-3 windspeed in the Danish Coast area (left) and the German Bight (right). Blue indicate Baseline 2 

and red show Baseline 3 processing of S-3 SRAL data. 

 

 

Figure 4: Comparison of median windspeed (vertical axes) from S-1 A/B, within the S-3 SRAL footprint, 

and S-3 windspeed in the Catalan Coast area (left) and the North Adriatic (right). Blue indicate Baseline 2 

and red show Baseline 3 processing of S-3 SRAL data. 

 

3. COUPLED MODELLING FRAMEWORK 

3.1.  COAWST 

COAWST (Coupled Ocean Atmosphere Wave Sediment Transport System; Warner et al., 2010) is a 

complex system that manages different numerical models and allows feedback at the air-sea interface, 

through the interaction among SST, marine circulation, waves and atmospheric dynamics. The 

COAWST infrastructure is shown in Figure 5, where the models implemented in the system are 

represented: WRF for the atmosphere, ROMS for the ocean, and SWAN for the generation and 

propagation of wind waves. 
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In the framework of CEASELESS, the sensitivity to different configurations of COAWST has been 

analyzed. Results can be used for research purposes, such as model fine-tuning to obtain deeper 

physical insights into the genesis and evolution of the air-sea interaction processes, as well as for 

operational scopes, dealing with the prediction of severe events and the definition of emergency 

response strategies. The modelling activity proposed here was performed using three different 

configurations, shown in Figure 5. In the first implementation we used “standalone” runs, using only 

the atmospheric WRF model. The second configuration couples bi-directionally WRF and the ROMS 

ocean model. The last and most complex numerical approach is based on the full coupling among 

WRF, ROMS, and the SWAN wave model.  

In COAWST, the coupling is performed with the use of two tools responsible for the organization and 

communication of the information among different models. The tool that provides the data flow 

management is the Model Coupling Toolkit (MCT), responsible for the exchange, transmission and 

processing of numerical data among the models using coupled and parallel approach by means of MPI 

libraries.  

3.1.1. Atmospheric Model 

WRF is a mesoscale numerical weather prediction model, serving a wide range of meteorological 

applications across scales from tens of meters to thousands of kilometers. The use of coupled models 

within COAWST requires that the atmospheric model domain fully encloses the ocean model grid. In 

addition, the need for a proper characterization of the large-scale dynamics, especially over the 

Atlantic Ocean, which is in the direction where the system comes from, led to the extension of the 

atmospheric model domain significantly to the west and north of the Mediterranean basin. 
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Figure 5: The three different configurations adopted. Panel (a): WRF run: atmosphere standalone 

simulations (WRF uses the SST data from the RTG_SST dataset, every 6 h). Panel (b): AO (Atmosphere-

Ocean) run: coupling between atmosphere and ocean (WRF receives the SST from ROMS model, at 1 km 

resolution, and exchanges the turbulent heat fluxes with ROMS). Panel (c): AOW (Atmosphere-Ocean-

Wave) run: full atmosphere-ocean-wave coupling (WRF and ROMS exchange SST and fluxes; WRF and 

SWAN exchange the wind fields and the wave parameters; ROMS and SWAN exchange currents fields 

and wave parameters). 

 

3.1.2. Ocean Model 

ROMS is a hydrostatic, finite differences, split-explicit, free-surface numerical model for ocean 

circulation and thermohaline processes. It solves the RANS (Reynolds-Averaged Navier-Stokes) 

equations in a horizontal Arakawa-C grid, with a sigma-coordinate vertical discretization. As good 

practice, ROMS is initialized at least 15 days before the event. In the Adriatic Sea, this is done with 

the MF-STEP fields retrieved from MyOcean, now CMEMS, and this long spin-up is performed by 

coupling atmosphere and ocean in order to achieve consistency with the dynamic atmospheric fields, 

while the GFS-FNL dataset is used as initial and boundary conditions for the atmosphere.  
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3.1.3. Wave Model 

The computation of wind-wave dynamics in the Mediterranean Sea within the COAWST system 

traditionally relies on SWAN (Simulating WAves Nearshore), a third-generation wave model that 

computes wind-generated waves in offshore and coastal regions (Booij et al., 1999). This model 

describes the generation, evolution and dissipation of the wave action variance density spectrum. 

SWAN solves a radiative time-dependent transport Equation, accounting for the wind input, the wave-

wave interactions, and several dissipation terms both in deep and shallow waters. Typical output fields 

are the significant wave height, the peak and mean wave periods, and the mean wave propagation 

direction. Worth pointing out, although not used in the COAWST implementations described in this 

document, the recent releases of this coupled modelling system now include WaveWatchIII (Tolman, 

2014) 

 

3.2.  GEESTCHACHT COASTAL MODEL SYSTEM (GCOAST): ATMOSPHERE, 

WIND WAVES AND OCEAN 

Accurate coastal ocean forecasting remains a challenging topic in coastal flooding research, not least 

along the European shelf which is characterized by vast shallow tidal flats and a large coastal 

population. The increased demand for improved water level predictions requires further development 

and refinement of the physical processes represented by the hydrodynamical models to properly 

account for wave generated currents and the corresponding changes to the water level. The effect of 

coupling on model predictions becomes more important (Janssen et al. 2004) with increasing the grid 

resolution, which therefore emphasizes the need for coupling on the regional scales. Spatial and 

temporal changes in the wave and wave energy propagation are not yet sufficiently addressed in high-

resolution regional atmospheric models. The shallow water terms in the wave equations (depth and 

current refraction, bottom friction and wave breaking) play a dominant role near coastal areas, 

especially during storm events, where the wave breaking term prevents unrealistically high waves near 

the coast. The spray caused by breaking waves modulates the atmosphere boundary layer. Air-sea 

interaction is also of great importance in regional climate modelling. Understanding the wave-current 

interaction processes is important for the coupling between the ocean, atmosphere and waves in 

numerical models. Storm surges are meteorologically driven, typically by wind and atmospheric 

pressure. Waves combined with higher water levels may break dykes, cause flooding, destroy 

construction and erode coasts. Coastal flooding can be caused by the combined effects of wind waves, 

high tides and storm surges in response to fluctuations in local and remote winds and atmospheric 

pressure. The role of these processes can be assessed using high-resolution coupled models. However, 

in the frame of forecasting and climate modelling studies, the processes of wave and current 

interactions are not sufficiently exploited. We examine the effect of wave-current interaction in the 

North Sea and the Baltic Sea during the extremes with an example of storm Xaver (5-7 December 
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2013). We quantify the individual and collective role of the coupled processes and compare the model 

results with observational data. 

 

3.2.1. NEMO 

NEMO (Nucleus for European Modelling of the Ocean, Madec et al, 2008) is a framework of ocean-

related computing engines, from which we use the OPA package (for the ocean dynamics and 

thermodynamics) and the LIM3 sea-ice dynamics and thermodynamics package (Madec et al, 2008). 

In OPA, six primitive equations (momentum balance, the hydrostatic equilibrium, the 

incompressibility equation, the heat and salt conservation equations and an equation of state) are 

solved, where the Arakawa C grid is used in the horizontal. In the vertical, terrain-following 

coordinates, z-coordinates, or hybrid z-s coordinates can be used. For a complete description of the 

model, see Madec (2008). Previously, NEMO has been applied to the Baltic Sea and the North Sea 

area in uncoupled mode, coupled to atmospheric models. For the north-western European shelf NEMO 

is used as a forecasting model in the Copernicus Marine Services. The Circulation model NEMO 

(Nucleus for European Modelling of the Ocean, Madec et al, 2008) is a framework of ocean related 

computing engines, from which we use the OPA package (for the ocean dynamics and 

thermodynamics) and the LIM2 sea-ice dynamics and thermodynamics package (Madec et al, 2008).  

 

3.2.2. WAM 

The wave model WAM is a third-generation wave model, which solves the action balance equation 

without any a priori restriction on the evolution of spectrum. The last release of the third generation 

wave model WAM Cycle 4.5.4 is an update of the WAM Cycle 4 wave model, which is described in 

Komen et al. (1994) and Staneva et al., 2015. The wave model WAM is a third-generation wave 

model, which solves the action balance equation without any a priori restriction on the evolution of 

spectrum. The wave action density spectrum N is considered instead of the energy density spectrum E 

because in the presence of ambient currents, action density is conserved, but energy density is not. 

Action density is related to energy density through the relative frequency (Komen et al. 1994): 

          (1)

  

The variable σ is the relative frequency (as observed in a frame of reference moving with the current 

velocity) and θ is the wave direction (the direction normal to the wave crest of each spectral 

component). The action balance equation in Cartesian coordinates reads: 
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     (2) 

On the left-hand side of Eq (2) the first term represents the local rate of change of action density in 

time; the second one denotes the propagation of wave energy in two dimensional geographical space, 

where cg is the group velocity vector and U the ambient current vector. The third term represents 

shifting of the relative frequency due to variations in depths and currents (with propagation velocity cσ 

in σ space). The fourth term represents depth induced and current-induced refraction (with propagation 

velocity cθ in θ space). On the right-hand side of the action balance equation is the source term that 

represents physical processes which generate, redistribute, or dissipate wave energy in the WAM 

model. These terms denote, respectively, wave growth by the wind Swind, non-linear transfer of wave 

energy through four-wave interactions Swind and wave dissipation caused by white capping Swc and 

bottom friction Sbot. In the present calculations we also took into account depth-induced wave breaking 

Sbr. 

In the Wave2NEMO we further developed and use the latest release of the third generation wave 

model WAM Cycle 4.5.4 which is an update of the WAM Cycle 4 wave model. This has been made 

publicly available after the EU FP7 Project myWave (WAM: http://mywave.github.io/WAM/).   The 

model has been set-up for the three target areas: The North Sea, The Baltic Sea and the Mediterranean 

sea (Task 1.1). Within the Wave2NEMO Project the newest WAM code that included the additional 

wave-induced parameters is already made freely available to the MFCs. This wave model WAM is the 

model code that is maintained by the HZG as an open source and is used by most of the regional 

MFCs for the wave production.  Therefore, the new implementations done in the frame of 

Wave2NEMO will be of direct benefit for the future CMEMS productions and services. 

For the three target areas NEMO and WAM share the same computational grid and bathymetry. 

The horizontal resolution of 3.5 km covering the North Atlantic, the North Sea and the Baltic Sea is 

used. Here we focus on the North Sea. In the vertical, NEMO was set up with 56 levels. The spectrum 

in WAM was discretized with 24 directions and 25 frequencies. Hourly atmospheric forcing is taken 

from subsequent short-range forecasts from the regional atmospheric model COSMO-EU, operated by 

the German Weather Service (DWD)  and ERA-5. The open boundaries of the North Sea model are 

handled with CMEMS AMM7. As for the initial conditions, the wave model starts from rest, while the 

ocean model uses CMEMS data. In this study, the analysed period is from 2013 until now. In WAM, 

the source term integration time step was 60 s and the propagation time step was 10 s. In the 

circulation model NEMO, the baroclinic time step was 180 s and the barotropic one 10 s. 

The NEMO ocean model has been modified to take into account the following wave effects: (1) The 

Stokes-Coriolis forcing; (2) Sea state dependent momentum flux; and (3) Sea state dependent energy 

flux. In Wave2NEMO we coupled NEMO with WAM fluxes and fields (ie, no two-way coupling). All 

technical details can be found in Staneva et al. (2016), and references therein.  This implementations 

http://mywave.github.io/WAM/
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followed also the latest development performed under the CMEMS Servise Evolution Project 

Wave2NEMO. 

 

3.2.3. COSMO-CLM 

The atmospheric model used in the study is the non-hydrostatic regional climate model COSMO-CLM 

(CCLM) version 4.8 (Rockel et al., 2008, Baldauf et al., 2011). The model is developed and applied 

by a number of national weather services affiliated in the Consortium for Small-Scale Modeling 

(COSMO, see also http://www2.cosmo-model.org/). Its climate model COSMO-CLM (CCLM) is used 

by the Climate Limited-area Modelling Community (http://www.clm-community.eu/). CCLM is based 

on primitive thermo-hydrodynamical equations that describe compressible flow in a moist atmosphere. 

The model equations are formulated in rotated geographical coordinates and a generalized terrain 

following vertical coordinates. The model uses primitive equations for momentum. The continuity 

equation is replaced by a prognostic equation for perturbation pressure (i.e., pressure deviation from a 

reference state representing a time-independent dry atmosphere at rest, which is prescribed as 

horizontally homogeneous, vertically stratified and in hydrostatic balance).  

In our setup, we use a spatial resolution of ~7 km and 51 vertical levels to discretize the area around 

the North Sea and Baltic Sea (Figure 6, left panel). Forcing and boundary condition data are taken 

from the coastDat-2 hindcast database for the North Sea (Geyer, 2014) covering the period 1948-2013 

with a spatial resolution of ~24 km (0.22°) and temporal resolution of six hours. 

 

 
 

Figure 6: left: model area; right: wave-induced processes included into NEMO 
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3.3. ATMOSPHERE-WAVE COUPLING IN THE NORTH SEA 

DTU and DHI investigated a number of ways to couple the atmospheric and wave modelling, with 

special interest in finding out the effect of coupling on storm simulation, as well as for coastal areas, 

where such an effect is expected to be non-negligible. 

The examined modelling systems are:  

WRF – SWAN within the COAWST framework. The scientific and technical contribution from DTU-

DHI can be summarized as: implementing new roughness length parameterization schemes (e.g. Fan 

et al. 2012, Liu et al. 2011); implementing a wave boundary layer model (WBLM) in SWAN where 

the use of momentum and kinetic energy conservation links the atmospheric and wave model (Du et 

al. 2017); experimenting with the above two different coupling approaches (one through 

parameterizing z0 and one through explicit momentum and kinetic energy). Two-way online coupling 

has been used. 

WRF (or Meteorological Reanalysis data) – MIKE. The scientific interest is to see how wave 

modelling can be improved with wind input. One-way offline coupling has been used. 

 

3.4. COUPLING WWIII AND NEMO FOR WAVE AND SURGE MODELLING IN 

THE NORTH SEA 

With reference to the North Sea test area, a coupled wave-ocean currents modelling configuration has 

also been implemented to represent waves and surge in response to six storm events (Section 4.6), by 

relying on the spectral wave model WaveWatch III (Tolman 2014), the hydrodynamic model NEMO 

(Madec et al 2016), and Unified Model (Cullen 1993) for the atmospheric component. These model 

components are applied to the UK in a coupled configuration, with the atmosphere forcing the ocean 

(one-way), and the ocean and wave components coupled together (two-ways). Here were use two 

slightly different configurations: UKC3owg and AMM15 (outlined in Table 6).  

 

Model name Atmospheric forcing Ocean-wave coupling Run mode    

UKC3owg Forced with global resolution 

meteorology (hourly) 

Partially coupled ocean-

wave coupled system 

(hourly) 

Experimental 

amm15_da_couple

d2 

ECMWF core forcing Partially coupled ocean-

wave coupled system 

(hourly) 

Operational 

Table 6: The Summary of model configurations used for storm comparison. 
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The UKC3owg has atmospheric forcing from the Unified Model, and the detailed model configuration 

is described in Lewis et al. (2018) with domains shown in Figure 7. The AMM15 model is an 

operational set-up on the same grid, with almost the same configuration but the atmospheric forcing 

comes from ECMWF core.  

The CryoSat-2 observations used here are obtained from the Level 2 Geophysical Ocean Product 

(GOP) distributed by ESA, which is available at ftp://science-pds.cryosat.esa.int. It is important to 

remark that, although in the North Sea, CryoSat-2 operates in Synthetic Aperture Radar (SAR) mode, 

SAR data in the GOP are processed into the so called pseudo low resolution mode (PLRM) 

measurements (for the time period considered here), and hence no full SAR processing has been 

implemented. The Sentinel-3A data were downloaded from the Copernicus Online Data Access 

(CODA) Service 

(https://www.eumetsat.int/website/home/Data/DataDelivery/CopernicusOnlineDataAccess/index.html

). The observed total water level is computed as the sea surface height anomaly with no adjustment for 

ocean tides and atmospheric effects, and so it represents the sum of the ocean tide, the surge, and the 

mean sea level. 

 

 

Figure 7: Left: the UKC2 domain (black boundary) used to define UKA2 atmosphere, UKO2 ocean and 

UKW2 wave components. The model orography and bathymetry are also shown. The blue outline shows 

the extent of the current operational AMM7 ocean domain. The grey dashed area shows the approximate 

extent of the regular 1:5 by 1:5 km inner region of the atmospheric grid. Figure reproduced after Lewis et 

al. (2018). Right: example tracks from CryoSat-2 during storm Barbara, and the corresponding closest 

model points used for comparison. 

 

In the configuration used here, the model is forced one-way from the atmosphere to ocean. The 

hydrodynamic and wave components are coupled, together with the wave model receiving water levels 

ftp://science-pds.cryosat.esa.int/
https://www.eumetsat.int/website/home/Data/DataDelivery/CopernicusOnlineDataAccess/index.html
https://www.eumetsat.int/website/home/Data/DataDelivery/CopernicusOnlineDataAccess/index.html
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and currents from the ocean model. The coupling occurs hourly, and hourly outputs are used to 

compare against satellite observations.  

 

4. APPLICATIONS: RESULTS AND DISCUSSION 

4.1. MEDITERRANEAN TROPICAL-LIKE CYCLONES: SENSITIVITY TO 

PARAMETERIZATION SCHEMES AND THE ROLE OF COUPLING 

With the advent of satellite images, some peculiar vortices having characteristics very similar to 

tropical cyclones have been detected over the Mediterranean Sea. These vortices, usually known as 

Tropical-Like Cyclones (TLCs) or Medicanes (Mediterranean Hurricanes), are characterized by spiral-

like cloud bands elongated from the center, a calm “eye” without cloud coverage, and intense wind 

speed maximum some tens of km far from the center of the cyclone. From a dynamic point of view, 

they are characterized by an axi-symmetric structure, showing vertical alignment of pressure minima 

at different levels, weak vertical wind shear and deep warm anomaly. TLCs have a typical diameter of 

100–300 km, while the associated surface wind speed can occasionally reach hurricane 1 strength 

according to the Saffir-Simpson scale. These cyclones may last for several days, although the presence 

of tropical characteristics may be limited to a few hours. They form in baroclinic environments, 

associated with the cut-off of an Atlantic depression in the Mediterranean. A typical feature of 

Medicanes is the presence of a warm core developing over the whole extension of the troposphere, due 

to the release of latent heat associated with convection developing around the pressure minimum. The 

intensity of surface heat fluxes can be very important, mainly for the intensification and maintenance 

of TLC; for this reason, SST may play a key role in their evolution. Due to the central role of air-sea 

interaction, the interplay between atmosphere and ocean in generating and maintaining these 

Mediterranean hurricanes should be properly modelled. As for hurricanes, the feedback between the 

two environments has been recently investigated with the aid of numerical 2-way coupled atmosphere-

ocean numerical simulations carried out within the COAWST system. 

The presence of Sentinel data can be extremely useful for the detection and the identification of these 

cyclones. For example, on 17 November 2017 a TLC approached the coast of Apulia region 

(southeastern Italy) and was covered by a Sentinel-1B pass. The structure of the cyclone in its inner 

part is shown in Figure 8a with unprecedent resolution and detail. Figure 8b shows that the typical 

features of a Mediterranean hurricane (“eye”, rainbands, deep convection) are identified in the 

Meteosat image. 
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Figure 8: a) Sentinel-1B wind data: Pass over northern Ionian Sea on 17 November 2017, at 16:39:45 

UTC. The presence of bands of intense wind speed (red strips) around the central low pressure in a 

Medicane (with weak wind speed) is shown; b) Meteosat image-Visible channel on 18 November 2017, at 

09:45 UTC. 

 

 

4.1.1. November 2011: Rolf 

Miglietta et al. (2015) performed numerical experiments using the WRF model to investigate which 

category of model physics is most critical for a proper simulation of the structure and intensity of a 

Mediterranean hurricane. Several combinations were used, and the model outputs were compared with 

the available observations and a reference simulation. The choice of the microphysics scheme, and in a 

minor way, of the cumulus parameterization, had the greatest impact on the model results. Boundary 

layer schemes and land–surface models appeared to play only a marginal role.  

A similar investigation was repeated in the framework of CEASELESS for the TLC named ROLF, 

selected as a “reference” case study due to the very long persistence (more than 48 h) of its tropical 

features (Ricchi et al., 2017). The cyclone affected the western Mediterranean basin from 4 to 9 

November 2011, producing heavy rain on Liguria region (northwestern Italy) and the French Riviera. 

A significant sensitivity of the simulations to the initial condition is apparent both in terms of intensity 

and track. None of the simulations published by Ricchi et al. (2017) is able to capture the observed 

evolution of the cyclone, in particular the central part of track, when the cyclone makes a ring-like 

rotation following the upper-level steering flow. 

The effect of two different PBL schemes is analyzed by comparing the run using MYJ (run WRF5) 

with that using MYNN2.5 (run WRF8). The choice of the PBL parameterization does not lead to 

significant changes in the trajectories, except for the last few hours of the simulations, when the 

trajectory in run WRF8 is significant closer to the observed track near the landfall point. Also, one can 
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note that the MYNN2.5 scheme generates a less intense cyclone during most of the simulation (Figure 

9).  

 

  

Figure 9: Track and pressure minimum of the TLC in the simulation with MYJ PBL scheme (WRF5, red) 

and MYNN2.5 scheme (WRF8, blue). 

 

During the genesis of ROLF, the western Mediterranean sub-basin was characterized by an anomaly of 

SST of around 3°C with respect to the climatology. Thus, we decided to evaluate how relevant the 

observed anomaly was for the generation and evolution of the cyclone, also in order to test the 

relevance of sea surface fluxes for its development. To assess this, we decreased the SST by 3°C (run 

WRF9). The trajectory shows some variations, but it remains relatively close to that retrieved from 

satellite images (Figure 10, left panel). However, in the simulation WRF9, the pressure minimum is 

about 10 hPa less deep (Figure 10, right panel) than in the run with the observed SST (run WRF5) 

during most of the simulation, thus it produces a wind speed weaker by about 5 m/s. 

 

 

 

Figure 10: Track and pressure minimum of the TLC in the simulation with observed SST (WRF5, red) 

and climatological SST (WRF8, blue). 
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To explore the interaction among atmosphere, ocean (run AO1) and wave (AOW1), we chose to 

initialize the model at 00:00 UTC, 6 November 2011, i.e. the initial time of the best standalone 

simulation (WRF5), using MYJ as PBL scheme. The tracks in the coupled runs are directed more 

westward near the landfall time (Figure 11) and closer to the observed track compared to the run 

WRF5 (and to the run WRF10, which has the same implementation as WRF5, apart from the high-

resolution SST taken from a standalone ocean run). The effect is more pronounced in AOW1, which 

also simulates a slightly slower cyclone in the central part of the track, likely related to the higher 

roughness. The runs AO1 and WRF10 reduce the intensity of the cyclone, due to a colder SST and 

reduced surface fluxes (Figure 11). In AOW1, the higher roughness, due to the inclusion of the waves 

in the calculation, makes the pressure minimum more intense compared to AO1, with similar intensity 

as WRF5; however, at the same time, because of the increased drag, the wind speed is weaker (not 

shown). 

 

  

Figure 11: Track and pressure minimum of the TLC in the runs WRF5, WRF10 (with high resolution 

SST from MFS-system), AO1 and AOW1 (AO and AOW with MYJ PBL scheme). 

 

As a further step, the best performing WRF-standalone and coupled implementations were repeated by 

introducing a spectral nudging to filter out the possible noise entering the domain from the boundary 

conditions. In the following we will only refer to three runs, that is WRF, AO and AOW. The first 

evident improvement lies in the description of the medicane trajectories, that in all the three cases are 

largely closer to the observations, being also able to capture the ring-like rotation in the middle of the 

track (Figure 12). The capability of the ocean of reacting to the heat extraction produces a significant 

variation in the SST fields, as well as a non-negligible difference in the heat fluxes fields (Figure 13). 

More in detail, Figures Figure 14 and Figure 15 show the timing and the extent of the impact of the 

medicane on the air-sea interface in the coupled configurations. 
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Figure 12: SST difference between final and initial conditions in the WRF-standalone, Atmosphere-

Ocean, and Atmosphere-Ocean-Waves implementation relying on the spectral nudging of the boundary 

conditions. The black lines indicate the trajectories of the medicanes 

  

 

Figure 13: mean heat fluxes during the event in the WRF-standalone and in the coupled configurations 

implementing the spectral nudging of the boundary conditions. 

 



H2020-EO-2016-730030- CEASELESS 

 
28 

 

Figure 14: Sea surface temperature evolution along the Rolf medicane trajectory (represented by the 

latitude on the y-axis). The passage of the atmospheric pressure minimum is identified in the Hovmöller 

diagrams by the black line. 

 

Figure 16 shows how different coupling configurations affect the vertical distribution of the 

temperature in the upper layers of the ocean. As anticipated, in this case the explicit description of 

waves dynamics modifies not only the sea surface temperature distribution, but also the thermal 

structure of the water column, with a deeper mixing up to the thermocline depth and an intensification 

of the cooling particularly below the surface. 
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Figure 15: Heat fluxes evolution along the Rolf medicane trajectory (represented by the latitude on the y-

axis). The passage of the atmospheric pressure minimum is identified in the Hovmöller diagrams by the 

black line. 
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Figure 16: Vertical distribution of the potential temperature (first and third panel) and its variation rate 

during the event (second and fourth panel) in the upper layers of the ocean along the medicane track  

(represented by the latitude on the x-axis). 
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Some upcoming research efforts are envisaged in order to explore the possible implications for coastal 

dynamics (related with flooding hazard, but also with the generation and propagation of coastal waves, 

see for instance Dukhovskoy et al., 2009) of the relevant sea surface elevation anomaly induced by the 

deepening of the atmospheric pressure minimum and, indirectly, by an appropriate description of the 

interactions between ocean and atmosphere (Figure 17).  

 

 

 

Figure 17: Sea surface elevation along the Rolf medicane trajectory (represented by the latitude on the y-

axis). The passage of the atmospheric pressure minimum is identified in the Hovmöller diagrams by the 

black line. 

 

 

4.1.2. January 2014: Ilona 

Another intense TLC, named “Ilona” occurred on 19-22 January 2014. As described in Cioni et al. 

(2016), the cyclone formed over the Alboran Sea, moved eastward over the Tyrrhenian Sea, then it 

crossed southern Italy before intensifying again over the Adriatic Sea. A sensitivity study to different 

parameterization schemes has been performed for this case study too. 
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For this event, both the sensitivity to microphysics (Figure 18) and to PBL schemes (Figure 19) are 

relevant. For both sets of experiments, the simulated tracks cover a wide area, diverging especially 

during the transit of the cyclone over the Adriatic Sea. Such a spread suggests that differences among 

the schemes can dramatically affect the simulated evolution of the cyclone. Significant differences 

come out also in the pressure minimum and the maximum wind speed.  

 

 

Figure 18: Tracks of the TLC for simulations using different microphysics schemes. The color of the points along the 

tracks denote the intensity of the cyclone pressure minimum. The PBL scheme is fixed in all runs. 

 

 

Figure 19: Tracks of the TLC for simulations using different PBL schemes. The color of the points along 

the tracks denote the intensity of the cyclone pressure minimum. The microphysics scheme is fixed in all 

runs. 
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When we perform atmosphere-ocean coupled simulations (AO, no waves explicitly considered in this 

case) with the COAWST system with different coupling intervals (that is, 1800, 600 and 300 s), we 

consider more realistic air-sea interaction processes and the results improve dramatically in 

comparison with the stand-alone runs. On the one side, Figure 20 shows that the use of coupled runs 

makes the simulated tracks much closer to the observed trajectory with respect to the stand-alone run 

MP14. In general, considering the whole lifetime, the shorter the coupling time, the better the 

simulated track is, and the coupled runs significantly outperform the stand-alone simulations (Figure 

21). In a similar way, the cyclone intensity is reproduced much better by the coupled runs than by the 

stand-alone experiments with the same set of parameterization schemes (see for example Figure 22). 

On the other side, the run using the 1D simplified ocean model available in the WRF model (run 

OML) simulates a track far from the observations (Figure 20) and overestimates the cyclone depth 

(Figure 22).  

 

 

Figure 20: Tracks of the TLC for simulations using different coupling techniques. 
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Figure 21: Average geometrical distance between the modelled position and the observed (satellite 

derived) track during the whole TLC lifetime for all the simulations. 

 

 

 

Figure 22: Pressure minimum in different experiments. The observed values are denoted with stars (see 

Cioni et al., 2016). 

 



H2020-EO-2016-730030- CEASELESS 

 
35 

4.2. FACTORS CONTROLLING THE DESCRIPTION OF SEVERE CONVECTIVE 

EVENTS IN THE ADRIATIC BASIN 

4.2.1. Sensitivity to parameterization schemes: Friuli 2012 Supercell 

The sensitivity of a severe convection event (supercell) affecting the northern Adriatic target area, in 

particular the Friuli-Venezia Giulia region (FVG, northeastern Italy), to initial and boundary 

conditions has been analyzed using the WRF model. The event produced hail and severe damage to 

trees and buildings in the morning of September 12, 2012 (Manzato et al., 2015) and was one of the 

case studies of the HyMeX campaign during the first Special Observational Period (SOP1). 

Numerical simulations show a strong sensitivity to the initial/boundary conditions, since only one over 

six runs starting from different large-scale analysis/forecasts (ECMWF/GFS) at different initial times 

(00 UTC, 11 September; 12 UTC, 11 September; 00 UTC, 12 September) was able to correctly 

reproduce the development of the supercell and the associated rainband elongated near the Adriatic 

coast (Miglietta et al., 2016). We found that the development of the supercell was critically dependent 

on the capacity of the model to simulate the convective triggering near the Alpine foothills; in 

particular, the tongue of high equivalent potential (Figure 23), due to the intense flow of moist and 

warm air from the Adriatic Sea, should be correctly reproduced in time and space. The best simulation 

shows that the warm air moves synchronously with the cell, which is a distinctive feature with respect 

to the US Plains supercells. 

 

 

Figure 23: Wind vectors at 350m height (white arrows), equivalent potential temperature at 300m 

(shaded, for clarity no data shown between 332 and 335 K) at 0600 UTC, 12 September 2012, from GFS 

runs initialized at 1200 UTC 11 September. 
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In the framework of CEASELESS, numerical simulations using different PBL parameterization 

schemes have also been performed (Figure 24). Although the differences in the simulated rainfall 

amount and location are not negligible, in all runs the rainband near the Adriatic coast and the peak in 

the foothills are reproduced around the correct position; thus, the sensitivity to PBL schemes appears 

as relatively smaller compared to that due to the initial conditions. 

 

 

Figure 24: Six-hour rainfall simulated (WRF inner grid) from 0600 to 1200 UTC, 12 September 2012; all 

runs are initialized at 1200 UTC 11 September from GFS large scale forcing, using different options for 

PBL scheme. On the right, the observed 6-hour accumulated rainfall is also shown. 

 

4.2.2. The role of coupling in the simulation of flash floods: Venice 

2007 

Another relevant case study in the northern Adriatic basin is the “flash-flood” that took place in the 

Venice lagoon on September 26, 2007, between 06 and 12 UTC. As described in Davolio et al. (2009), 

the event was due to the convergence between dry and cold air coming from the Alps with warmer and 

humid air traveling from the southern Adriatic (sirocco winds). The convergence of these two different 

air masses near the coastline triggered intense convection. The storm activity persisted in the same 

area for about 5 hours, presenting the typical V-shape of a back-building convective system (see 

Figure 25), and caused intense precipitation localized in the cities of Marghera and Mestre with 

accumulated rainfall of 340 mm in 6 h. Remarkably, all operational models employed in the region in 

real-time and simulations in hindcast mode performed after the event were not able to reproduce the 

observed rainfall.  
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Figure 25: Satellite image that shows the V-shaped thunderstorm system developed over Venice Lagoon; 

in the inset, a picture near Venice during the event. 

 

We speculate that the effect of small-scale SST features, which are typically not represented in the 

initial conditions used to force meteorological models, can be relevant for the proper simulation of 

heavy rain events, both in terms of rainfall amount and localization. For this reason, we perform 

numerical simulations of this case study using COAWST and we compare them with stand-alone 

atmospheric runs, forced with observed satellite SST. Compared to the standalone simulations, the 

coupled runs show a higher SST and stronger wind speed (not shown). Although the convergence line 

is simulated more or less in a similar area in all numerical experiments, simulated rainfall amounts are 

extremely different. Actually, only coupled numerical models are able to forecast the correct timing, 

location and total accumulation of rain, as depicted in Figure 26. We can therefore conclude that 

coupled numerical models can represent a valid support for the accurate forecast of such extreme 

events, at least in proximity of coastal regions.   
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Figure 26: 6h rainfall accumulated from 06 UTC to 12UTC in the numerical experiments: stand-alone 

WRF forced with satellite-retrieved SST (top left); stand-alone WRF forced with SST simulated with 

ROMS in stand-alone configuration (top right); COAWST run with 2-way coupling between atmosphere 

and ocean (bottom left); COAWST run with 2-way coupling between atmosphere, ocean and wave 

(bottom right). 
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Figure 27: SST difference between final and initial conditions in the WRF-uncoupled runs driven by the 

spectro-radiometer (FF_RTG) and by the ROMS-uncoupled run (FF_ROMS), and in the Atmosphere-

Ocean (FF_AO), and Atmosphere-Ocean-Waves (FF_AOW). The black lines indicate the reference 

transect. 
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Figure 28: mean heat extraction during the event, acronyms are as defined in Figure 27 caption. 

 

Figure 29: Temperature (contours) and humidity (colour) along the cross section identified in panel A 

(longitude on the x-axis). A dry air layer at approximately 1500-2000 metres partially hampers the effects 

of convection. Atmosphere-ocean coupled runs (AO and AOW) produce more humid air and a more 

uniform humidity in the lower layers of the atmosphere. 

 

Figures Figure 27 and Figure 28 compare the spatial distributions of the SST variation and of the heat 

extraction, respectively, during the event in the different simulations, also identifying the reference 

southeast-northwest transect used for investigating the detail of the vertical dynamics during the event. 

In fact, a very important contribution to the understanding of the mechanism by which model coupling  

provides “better” (in terms of localization of the convergence line estimate of the precipitation) 

performances is given by Figure 29. The temperature and humidity patterns along the reference 

transect highlight that the air-sea interactions precondition the lower levels of the atmosphere by 

posing the base for a deeper convection, a more stable convergence line, and a more intense 

precipitation. On the “ocean” side, Figure 30 shows the variations of the potential temperature profiles 

along the transect, in the presence of a coastal plume characterized by relatively colder (and fresher) 

water compared to the surrounding conditions. It has not been explored yet how much the locally 

different properties of this surface layer contribute in the overall process (and this is for sure 
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something to be investigated in the upcoming analyses), but it is clear that the explicit description of 

the waves enhances the mixing across the water column, thus modifying the properties of the surface 

layer itself. 

  

 

Figure 30: Vertical distribution of the potential temperature (first and third panel) and its variation rate 

during the event (second and fourth panel) in the upper layers of the Northern Adriatic Sea along the 

reference transect, whose latitude is represented on the x-axis. 
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4.2.3. Sensitivity to SST in the simulation of a tornadic supercell 

(Taranto 2012) 

 

Another relevant case study in the central Mediterranean was a tornadic supercell affecting Taranto 

(southeastern Italy) on November 28, 2012. As shown in a recent climatology of tornadoes and 

waterspouts in Italy, developed in the framework of CEASELESS (Miglietta and Matsangouras, 

2018), this area is one of the most affected in Italy by tornadoes (Figure 31).  

Again, we hypothesize that modifications in SST may affect the convection intensity. SST values in 

the simulation (extracted from the ECMWF analysis at the initial time) are increased/decreased 

uniformly all over the domain by 0.5 K and 1 K with respect to the control run (no change in SST), 

while the atmospheric fields in the initial and boundary conditions are kept fixed. Since the observed 

SST anomaly was around +1 K in the area where the supercell developed, the proposed experiments 

provide an indication of the way the supercell could have changed in the case of a normal SST or of a 

warm SST anomaly of +2 K. 

 

 

Figure 31: Spatial distribution (yearly density within a square neighborhood of 100 km side) of tornadoes 

in Italy. The density map was calculated with the point density method using ArcGIS 10 software. Sea 

points are masked. 
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The impact of SST on the supercell development is analyzed by comparing the sensitivity simulations 

with the control run (Miglietta et al., 2017). An indication of the intensity of the supercell is provided 

by the 2–5 km updraft helicity UH, a diagnostic parameter designed for identifying rotation in 

simulated storms. UH is computed by taking the integral of the vertical vorticity times the updraft-

vertical velocity w between 2 and 5 km. In the control run, UH reaches peak values of 250 m2 s−2 just 

before landfall (Figure 32). Within small variations of SST (+/− 0.5 K), the supercell still forms and 

the evolution appears similar to that in the control run, although convective activity appears more 

spread in the warmer simulation. However, when SST is modified by 1 K, the changes are dramatic 

and highly nonlinear. Near the time of the observed landfall, the simulated UH span two orders of 

magnitude for variations in SST of just 2 K. In the coldest run, only a limited peak of UH ≈ 20 m2 s−2 

is simulated; in contrast, the case with the warmest SST produces a strong intensification of the 

updraft rotation in the supercell, since a peak of UH higher than 800 m2 s−2 is reached when the cell 

gets close to the coastline near Taranto. These results clearly provide an indication of the role of SST 

in the development of severe convection and that an increased SST, as expected in climate change 

scenarios, will affect the intensity of these events. 

 

 

Figure 32: Updraft helicity simulated in the run with SST decreased by 1 K (thin dashed line) and by 0.5 

K (bolded dashed line), in the control run (bolded solid line), in the run with SST increased by 0.5 K 

(bolded dotted line) and by 1 K (thin dotted line) from 09:00 to 11:00 UTC, 28 November 2012. The values 
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represent the maximum simulated in the window [lat = 39.7 °N, 40.7 °N; lon = 16.7 °E, 18.0 °E], inside the 

area where the supercell developed. The vertical scale is logarithmic. 

 

4.3.  WAVE-CURRENT INTERACTIONS IN A WIND-JET REGION 

4.3.1. Study area 

The North Ebro Shelf (NES) is located at the southern part of the Catalan coast, between latitudes 

40.4º N - 41.1º N and longitudes 0.4º E - 1.3º E (see Figure 33). The shelf of this region is 

characterized by the transition from a narrow shelf (~10km) at its northern margin to a broader shelf 

(~60 km) towards the south. 

The most characteristic wind of the region is the northwesterly wind (locally called Mistral), which is 

channeled through the Ebro valley resulting in a cross-shelf wind jet when it reaches the sea. This 

wind jet is related to the presence of a high-pressure area over the Iberian Peninsula and a low-

pressure area over the Mediterranean Sea. Thus, it is more common during autumn and winter  (Grifoll 

et al., 2015), when large atmospheric pressure gradients occur. The predominant regional current is the 

quasi-permanent slope current known as the Northern Current, which is an entity flowing along the 

continental slope (Millot, 1999) that can be modified by mesoscale events such as current meandering 

or eddies (Font et al., 1995). The water circulation in the inner and mid-shelf presents strong temporal 

and spatial variability due to the strong gradients in the bathymetry and the wind field associated to 

wind-jet episodes (Ràfols et al., 2017b, Grifoll et al., 2016). The wave climate at the Ebro Delta is 

characterized by the predominance of NW conditions (which coincides with the predominance of NW 

winds) with also significant storms form the E and S. These storms tend to develop a bimodal 

directional spectrum due to the coexistence of sea and swell waves (Sánchez-Arcilla et al., 2008; 

Ràfols et al., 2017a). Local wind-waves (sea system) show a broadband spectrum with a high variety 

of frequencies associated with irregular sea states. In contrast, waves generated far away (swell 

system) present a narrowband spectrum with a frequency range with few associate energy. It is well 

known that sometimes different wave systems coexist, resulting in a mixed sea (Sánchez-Arcilla, 

2008). Then, when the sea and swell components exist at the same time, bimodal spectra occur (Ràfols 

et al., 2017a). 
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Figure 33: Study area. (a) NW Mediterranean Sea and numerical domains: 15 km resolution domain for 

the SWAN model (green), 3 km resolution domain for the SWAN model and 350 m resolution coastal 

domain for the ROMS and SWAN models (red).  (b) Coastal domain, buoys location (red triangles; CB 

and DB), points where the numerical results are examined in detail (red dots: P1, P2 and P3) and HF 

radar coverage area (in green). 

 

4.3.2. Results 

4.3.2.1. Numerical model skill assessment 

The ROMS and SWAN models for the same study period and the same model configurations have 

been validated thoroughly in previous studies (Ràfols et al., 2017a and Ràfols et al., 2017b). The aim 

of this section is to analyze the skill of the coupled run in comparison to the uncoupled runs. 

The first step in the numerical skill assessment is to examine the quality of the WRF wind field, which 

is used to force the numerical models. Table 7 shows the bias, the root mean square deviation 

(RMSE), the Pearson’s correlation (r) and the model skill score (d, following method presented in 

Willmot, 1981) obtained from the comparison between the DB buoy measured data (see Figure 33) 

and the wind field provided by the SMC. The wind shows a negative bias of 0.75 m/s, which indicates 

that the wind field is slightly underestimated. This can be also observed in Figure 35, where the time 

series for the modelled and measured wind intensity are shown. Nevertheless, the main 

underestimation does not correspond to the NW wind events, which are the focuss of this study. 

During the study period, four NW wind-jet events have been selected (see the red boxes in Figure 34) 

and the modelled wind during these events is less underestimated and the wind pattern is properly 

reproduced. 
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 bias RMSE r d 

Wind -0.75 m/s 2.20 m/s 0.83 0.88 

Hs 
uncS -0.25 m 0.38 m 0.89 0.86 

cRS -0.28 m 0.40 m 0.90 0.85 

Tm02 
uncS -0.95 s 1.09 s 0.79 0.67 

cRS -0.34 s 0.52 s 0.85 0.86 

Dir 
uncS -8.33 º 38.04 º 0.88 0.93 

cRS -10.25 º 39.30 º 0.88 0.93 

Table 7: Statistics comparing the wind and the modelled wave parameters with the DB data. 

 

 

 

Figure 34: (a) Comparison between the wind measured by the DB buoy (black) and the one modelled by 

the WRF model and used as input for the SWAN and ROMS models (green). See statistics in Table 7. The 

red boxes are the four wind-jet selected events. 

 

 also shows the statistics obtained from the comparison of the measured wave parameters at DB and 

the modelled ones. The Hs does not show relevant differences between the uncoupled  SWAN (uncS) 

run and the ROMS and SWAN model two-way coupled (cRS) run results. It is important to note the 

negative bias, which indicates that the Hs parameter is slightly underestimated. This is a clear 

consequence of the previously mentioned underestimation of the wind. In contrast, Tm02 shows a clear 

improvement when the models are coupled. Similar results are presented in Table 8, where the 

modelled data are compared with measures from CB. The most noticeable difference between the two 

tables is the Dir parameter which present better agreement in the DB case. The comparison at DB 

shows very good results with high correlations and no relevant differences between the uncS and cRS 
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runs. In contrast, at CB location, the agreement with observations is lower but a clear improvement of 

the results is obtained when the currents are considered (i.e. with the cRS run). 

 

 bias RMSE r d 

Hs 
uncS -0.14 m 0.23 m 0.87 0.79 

cRS -0.17 m 0.24 m 0.89 0.79 

Tm02 
uncS -1.24 s 1.43 s 0.42 0.48 

cRS -0.34 s 0.64 s 0.71 0.79 

Dir 
uncS 8.09º 35.12º 0.43 0.65 

cRS 0.002º 25.73º 0.54 0.75 

Table 8: Statistics comparing the modelled wave parameters with the CB data. 

 

In Table 9, the modelled water currents are compared with the HF radar surface currents 

measurements. The metrics presented in the table correspond to point P3 (see Figure 33) and show a 

good agreement, with skill metrics that are in accordance with values found in previous works when 

comparing HF radar data with modelled data (Port et al., 2011; O’Donncha et al., 2015; Lorente et al., 

2016). Comparing the results from the ROMS model uncoupled (uncR) run with the results from the 

cRS run, some differences are observed (e.g. a decrease of the bias is obtained in the cross-shelf 

velocity component when the models are coupled) but the differences are not relevant enough to 

discern if one configuration agrees better than the other. A similar conclusion can be reached 

analyzing the scatter plots (not shown) comparing the HF radar data with the modelled data at P3. The 

differences between the cRS and uncR runs are not relevant but the modelled cross-shelf components 

show a better fit with the measurements, with regression slopes of 1.01 for both runs, than the along-

shelf components, with regression slopes of 0.64 and 0.68, respectively. In general, the modelled water 

currents show major intensities than the measured ones. 

 

 bias RMSE r d 

u 
uncR -4.20 cm/s 14.02 cm/s 0.56 0.73 

cRS -1.49 cm/s 13.71 cm/s 0.55 0.74 

v 
uncR 3.50 cm/s 14.18 cm/s 0.65 0.77 

cRS 2.88 cm/s 14.86 cm/s 0.66 0.77 

Table 9: Statistics comparing the modelled water currents at P3 with data from the HF radar. 
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4.3.2.2. Description of the wave effects on currents 

In Figure 35, the HF radar water surface current time series during the wind-jet event E3 (see figure 2) 

at P1 (73.7 m depth), P2 (76.1 m depth) and P3 (98.9 m depth) are compared with the uncR run and 

the cRS run results. The figure also shows the wind intensity evolution at each point and the Hs 

comparison between the uncS and cRS run results. The wind jet event E3 starts on 25 April at 02:00, 

is formed very quickly, reaches its maximum intensity at 06:00 and fades gradually. The water current 

time series show that during the wind jet, there is a negative increase of the cross-shelf current 

component (i.e., offshoreward) and a decrease of the along-shelf current. Then, after the wind-jet peak, 

the along-shelf component increase toward negative values (i.e. southwestward). Comparing the 

results from the uncR and cRS runs, it is observed that the higher differences occur at the shallowest 

point (P1), with differences up to 20 cm/s, while at P3 both runs present very similar results. No 

measured data is available for P1, thus it can not be discerned which run fits better the observation. In 

contrast, at P2 and P3, the modelled results are compared with the HFR data and, although during the 

start of the wind jet at P2 the cRS seems to fit better with the measured data, it is difficult  to state 

which simulation reproduces better the observation. The influence of the waves at the cross-shelf 

circulation is limited and the surface circulation of both runs present similar patterns. 

 

 

Figure 35: Wind intensity,  along- and cross-shelf surface current and Hs time series at  P1, P2 and P3 

during the wind-jet event E3 (25 April 2014). Negative values mean offshore and southwestwards. In red, 

the modelled wind intensity, in black the HF radar data, in green the uncR and uncS run results and in 

blue the cRS run results. 

 



H2020-EO-2016-730030- CEASELESS 

 
49 

With the aim of visualizing the differences in the current patterns and the spatial variability between 

the different runs, in Figure 36 the measured HF radar currents are compared with the currents 

obtained with the uncR and cRS runs in four snapshots, which correspond to the evolution of the 

wind-jet event E3. For clarity, the figure presents the results up to the mid slope. At the start of the 

wind jet, the surface water currents tend to be aligned with the wind direction and their intensity 

increase when the wind intensity increase. Then, when the wind-jet loses intensity, the surface currents 

are turned perpendicular to the wind-jet axis and, from that moment, an inertial circulation appears 

(Ràfols et al., 2017a). The modelled water currents are more intense than the water currents measured 

by the HF radar but the circulation patterns are consistent. There are slight differences between the 

uncR run results and the cRS run results. An increase of the current intensity is observed at the start of 

the wind jet when the waves are considered (Figure 36c second column). Nevertheless, the main 

current pattern obtained with both runs are very similar. 
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Figure 36: Results for the wind-jet event E3. (a) Wind intensity; (b) HFR current intensity; (c) modelled 

current intensity by uncR run; (d) modelled current intensity by cRS run; (e) modelled Hs by cRS run. 

For clarity, the results are shown up to the mid-slope. 

 

The evolution of the buoyancy or Brunt-Väisälä frequency is investigated in order to analyze the 

differences between the uncR and the cRS run results in the water column structure. Figure 37 shows 
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the Brunt-Väisälä frequency evolution (before and after the wind jet) at P3 during the four wind-jet 

events (see Figure 34) for both uncR and cRS runs. It is observed that the vertical structure of the 

water column is significantly different when the waves are taken into account. The cRS run presents 

always a less stratified water column, either before and after the wind jet. When a wind jet occurs, the 

expected behavior is that the water column after the wind jet becomes less stratified than before it. 

This is observed in all the studied wind-jet events but the surface mixed layer depth (SML; i.e., the 

distance from the surface until the top of the pycnocline) after the wind jet obtained with the cRS run 

is larger (i.e. deeper) than the one obtained by the uncR run. Thus, the vertical mixing is significantly 

enhanced when the waves are taken into account. Analyzing the results from uncR and cRS runs, it is 

found that there is a clear enhancement of the TKE when the waves are considered, with also some 

increase of the SStr. The mean TKE and SStr values obtained with the model during the wind-jet event 

E3 at P3 shift from 8.14x10-4 m2/s2  and 0.25 N/m2 with the uncR run to 5.13x10-3 m2/s2  and 0.31 

N/m2  with the cRS run, respectively. Besides, the TKE and SStr peak coincide with the wind jet peak 

(25 April at 06:00) and the peak values found at P3 are 2.44x10-3 m2/s2 and 0.75 N/m2 for the uncR 

run and 1.11x10-2 m2/s2 and 0.88 N/m2 for the cRS run, respectively. Thus, the TKE when the waves 

are considered is one order of magnitude higher, which leads to an enhancement of the water column 

mixing and thus a decrease of the stratification. 

 

 

Figure 37: Comparison of the Brunt-Väisälä frequency at the start (solid line) and the end (dashed line) of 

each wind-jet event obtained from the results of the uncR run (in black) and the cRS run (in red) at P3. 

 

Overall, the main differences between the uncR and cRS runs have been detected in the water column 

structure. The vertical mixing of the water column is higher when the waves are considered. This 

behavior can be explained with the TKE injection and the use of a wave dependent sea surface stress 

in the cRS run. Similar results have been observed in previous works. Rong et al. (2014) studied the 

WCI over the Texas-Louisiana shelf and found that the wave effects can redistribute the freshwater 

both vertically and horizontally and thus affect the stratification. Bruneau and Toumi (2016) also 
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found that the mixed layer depths were enhanced in presence of waves. Niu and Xia (2017) 

investigated how the Lake Erie dynamics were impacted by the wave-induced surface stress and found 

that it produced an enhancement of the surface mixing and a weakening of the stratification strength. 

The results presented above show that including the wave effects does not produce a relevant 

difference on the water current velocity during a wind-jet event and has a weak impact on the water 

circulation patterns. Similar results where presented by Bruneau and Toumi (2016), who analyzed the 

wave-induced processes at the Caspian Sea and found that they have a weak impact on the dynamics 

of the region. As a matter of fact, Osuna and Wolf (2005) studied the WCI in the Irish Sea and found 

that the effect of waves on currents are evident in the eastern coastal areas, with daily mean current 

differences larger than 10 cm/s during strong wave events. 

4.3.2.3. Description of the current effects on waves 

In Figure 35 and Figure 36 is observed that, during the wind-jet event, the wave field responds directly 

to the wind. In Figure 36, the 2D Hs maps show a clear increase of the wave height at the wind-jet axis 

that, at the wind-jet peak, reaches values up to 2.43 m. The time series presented in Figure 35 show 

that the major differences (~15 - 20 cm) occur during the wind-jet peak. Comparing the results from 

the cRS and the uncS runs, it is found that considering the water currents produces a mean effect of 

11% in the Hs parameter at CB location and a mean effect of 4% at DB location. 

Figure 38 shows the Tm02 and Dir time series obtained with the uncS and the cRS runs compared to 

the CB measured data. Qualitatively, the cRS run shows a clear improvement of the agreement of the 

Tm02 results with the measurements, which is consistent with the statistical parameters collected in 

Tables Table 7 and Table 8. Comparing the results from the cRS and the uncS runs, it is found that 

considering the water currents produces an average effect of 48% in the Tm02 parameter at the CB 

location. This effect is reduced to 27% at the DB location. 
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Figure 38: Comparison of the Tm02 and Dir parameters time series obtained with the uncS (green) and 

cRS (blue) runs with the data measured by CB (black). Note that the first 24 h of the model results have 

been rejected 

 

 

Regarding the mean wave direction, no relevant differences are observed between the uncS and cRS 

runs at deep water (not shown). However, similarly to the results presented in Table 8, in Figure 38b it 

is observed that at the CB location (i.e. at shallow waters) the mean wave direction is improved during 

the wind-jet events. Analyzing the mean wave direction differences between the uncS and cRS runs, it 

is found that relevant differences occur near the coastline. 

In order to analyze the Hs differences obtained with the two runs, Figure 39 shows the differences in 

Hs at P2 distinguishing the differences in the propagation direction of waves and currents. It is found 

that the Hs from the cRS run tends to be lower/higher than the Hs from the uncS run when the 

difference between the propagation direction of waves and currents is lower/higher. This is to say that 

including the current effects on waves results in a/an decrease/increase of Hs when the waves and the 

currents propagate in the same/opposite direction. In general the Hs differences between both runs are 

small (ΔHs < 5 cm). However, during the NW wind jets these differences increase up to 10-14 cm and, 
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in the case of event E3, reach 20 cm. The mean differences observed at this point correspond to a 10% 

of the Hs. 

 

 

Figure 39: (a) Hs differences at P2. The different colors correspond to the angle between the wave and 

current propagation direction. (b) Zoom for the period corresponding to event E3. 

 

The irregular nature of wind causes irregular wind-waves with different heights, periods and 

directions. For this reason, wind waves are usually described using spectral techniques, where the 

random motion of the sea surface is treated as a summation of harmonic wave components. In Figure 

40 the wave response during a wind-jet event is analyzed in terms of the variance density spectrum 

E(f,θ) evolution obtained from the numerical model. The one-dimensional and two-dimensional 

frequency-direction spectra evolution at P2 (i.e., at the wind-jet axis) obtained with the uncS and cRS 

runs during the wind-jet event E3 are compared. Both runs show similar spectrum evolution patterns. 

When the wind jet starts, the wave field is adapted to the new wind generating a bimodal spectrum, 

with a swell system and a new sea system consistent with the wind direction. At the peak of the wind 

jet, the spectra are dominated by the sea system and, when the wind-jet intensity diminishes, a new sea 

system occurs while the energy due to the wind jet decrease gradually. The main difference between 

the uncS and cRS runs is that the spectra obtained with the cRS run present less energy at the peak 
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than the uncS run. It can be also observed an energy increase at higher frequencies (i.e. at the spectrum 

tail) when the currents are considered, but overall the uncS runs presents more energy. A less energetic 

spectrum means lower Hs values, which is consistent with the values obtained from the numerical 

results. 

 

 

Figure 40: Spectra evolution during event E3 at P2. a) 2D spectrum from uncS run. b) 2D spectrum from 

cRS run. c) 1D spectra from both runs and the corresponding Hs values. The arrows shown in a) and b) 

indicate the direction and magnitude of wind (red) and current (blue). 
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The numerical results present an improvement in the Tm02 parameter when the coupling effects where 

considered (see Figure 39).  The Tm02 is defined as follows: 

 

      (1) 

 

where E(ω,θ) is the variance density and ω is the absolute radian frequency. The latter is determined 

by the Doppler shift phenomena with ω = σ + k·U, where σ is the relative radian frequency (i.e., as 

observed in a frame of reference moving with the current velocity), k the wave number vector and U 

the current vector. In absence of currents, the relative radian frequency equals the absolute radian 

frequency. In this work the uncS and cRS run results have been compared with the buoy 

measurements (see Figure 38a) in order to determine the effect of considering waves and a clear 

improve has been observed. It is important to note that the buoy measures at a fixed location (i.e. in an 

absolute frame) and, for this reason, the comparison of the measured period with the modelled one is 

more realistic when the results from the cRS run are used (i.e. the absolute period) instead of the 

results from the uncR run (i.e. the relative period). Therefore, the differences found in the Tm02 

parameter can be explained by the differences in frequency due to the Doppler shift phenomena that is 

included in the wave model when the models are coupled. In consequence, the inclusion of the current 

velocity on the estimation of wave period is not negligible and the Doppler shift must be considered if 

high-quality modelling is required (similar to Bolaños et al.,2014). It should be noted that the results 

show that the effects of currents on the wave field is stronger for the Tm02 parameter than for the Hs 

parameter. For instance, Osuna and Monbaliu (2004) found that the effect of coupling is one order of 

magnitude stronger for the Tm02 parameter (about 20%) than in the case of Hs (about 3%). 

During a wind-jet event, a decrease of the Hs is found when the currents are taken into account. The 

decrease/increase of Hs in the presence of an opposite/following current is a well-known effect that 

has been investigated before by several authors (e.g., Benetazzo et al., 2013; Dotour Sikirić et al., 

2013; Viitak et al., 2016). For example, Benetazzo et al. (2013) studied the WCI at the semi-enclosed 

Gulf of Venice and found that during Bora conditions, with the currents propagating in the same 

direction as waves, the comparison between coupled and uncoupled models showed a reduction of Hs 

of the order of 0.6 m when the waves were considered. 

The differences in mean wave direction found at shallow waters could be due to the current-induced 

refraction (Wolf and Prandle, 1999; Olabarrieta et al., 2011). However, it is important to note that 

these differences were found very near the coastline, specifically until 2 km offshore. Since the model 

mesh resolution is of 350 m, there are very few grid points and thus it is not possible to extract a 
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concise conclusion about this phenomena with the results obtained in this study. A study at more 

coastal scales would be necessary to discern such processes. 

Finally, considering the currents causes a wave spectral reshaping. During a cross-shelf wind-jet event, 

the presence of currents induce a shoaling-like process. In general, a reduction of the energy peak and 

a slight increase of the energy at the tail of the spectrum is observed. This is consistent with the results 

presented in Fan et al. (2009), where the authors found that when the wave–current interactions were 

considered, the peak of the frequency spectrum was reduced and shifted toward higher frequency. 

Rusu (2010) also found that the presence of currents leads to a redistribution of the wave energy over 

the spectrum. 

 

4.4.  VALIDATION OF A COUPLED MODEL WITH RESPECT TO SATELLITE 

AND IN-SITU DATA 

In this Section we present an overview of the extensive skill assessment performed on the GCOAST 

modelling framework described in Section 3.2. To validate our experiments, we will concenrate on the 

CEASELESS Pilot case of the German Bight (Figure 41).   

4.4.1. Validation against altimeter data  

We use also wind speed and significant wave height data measured by satellite altimeters 

SARAL/AltiKa, Jason-2 and CryoSat-2 over the North Sea (see Figure 42 for the dominant wind and 

Figure 43 with the tracks of the different satellites over the three-month study period). The first two 

carry on-board a classical pulse-limited altimeter that operates in a low resolution mode (LRM), while 

the CryoSat-2 instrument operates in an LRM or in Delay Doppler Altimetry (DDA) mode. The 

CryoSat-2 data used here were extracted from the RADS database (Scharroo et al., 2013), where 

CryoSat-2 data acquired in DD mode in our region was processed to generate pseudo-LRM data 

(PLRM). Accuracy and precision of PLRM data are slightly lower than LRM and SAR data (Smith 

and Scharroo, 2015). The altimeter satellites observe along their ground-track offshore up to a few 

kilometres from the coast (Figure 43). Their ground track pattern and repeat period are different for 

each of the three missions, as the same location is revisited by each mission every 27, 10, and 350 

days (Chelton et al., 2001). The SARAL/AltiKa data are of special interest in our study because this 

satellite passed over German Bight during the storm Xaver when the surge was at its maximum 

(Fenoglio-Marc et al. 2015). The in-situ wave data from four directional waveriders at German Bight 

are provided by the Federal Maritime and Hydrographic Agency (BSH) (see Fig. 1b for the buoy 

locations). The wind speed measurements close to the shore of the Island of Sylt, near the Westerland 

buoy location, and on the island of Helgoland are provided by the DWD. At station FINO-1 (see 

Figure 41b for its location), there were also wind speed measurements available at 50 and 100 m 

above sea level for the selected period.  
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The long revisiting time of the same location and the global coverage could be considered as intrinsic 

characteristics of the satellite altimetry. Therefore, a longer interval of analysis is needed when 

statistically analyzing the agreement between the altimeter and in situ measurements, collected from 

waveriders and anemometers. The tracks during the study period for the three different satellites are 

illustrated in Figure 43. Time-series for the period of Xaver storm in regards to in situ wave height and 

wind speed measurements at the FINO-1 station, and the nearest point observations of the satellite 

altimeter SARAL/Altika, as it passed over the region at 5:45 on December 6th (see also Fenoglio-

Marc et al., 2015) are also shown in Figure 43. The wave height and wind speed measured by the 

SARAL/Altika altimeter (blue symbol) during the Xaver storm are in good agreement with in situ 

observations. 

 

 

 

Figure 41: (a) Bathymetry (m) of the North Sea embedded in the COSMO model area (using a logarithmic 

scale) and (b) bathymetry (m) of German Bight as used in the WAM model. The positions of four 

waverider buoys used for the validation is indicated, too. 
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Figure 42: Distribution of wind speeds in m/s (see color bar) and directions at the FINO-1 waverider buoy 

for October - December 2013. 

 

The differences between the altimeter and in situ measurements over longer time intervals provide an 

estimation of the accuracy of the altimeter data relative to the situ-data assumed as ground-truth. 

Fenoglio-Marc et al. (2015) considered both wave height and wind speed derived from DDA, (also 

called SAR altimetry) located at a distance to coast larger than 10 kilometres and showed that 

comparison to in-situ observations from the same in-situ stations network in the German Bight gave 

standard deviations between 30 and 15 cm for wave height, 1.6 m/s and 1.8 m/s for wind speed. They 

also found a good consistency between pseudo-conventional (PLRM) and DDA in the open ocean, 

with rms differences of 21 cm, and 0.26 m/s for wave height and wind speed respectively. The cross-

validation of PLRM and DDA showed for DDA a higher precision in wave height and a lower 

precision in wind speed (precisions for DDA were 6.6 cm and 5.8 cm/s for wave heights of 2 meter 

respectively). In-situ analysis showed a higher accuracy for DDA compared to PLRM. As a 

demonstration, Figure 44 shows the scatterplots for FINO-1 and CryoSat-2 DDA and PLRM 

measurements. For the wind speed the accuracy of CryoSat-2 DDA and PLRM is similar (std is 1.9 

m/s). For the significant wave height, we observe a higher accuracy in DDA than in the standard 

PLRM retracking (std are 18 and 30 cm, respectively). The accuracy in the significant wave height 

from PLRM increases (std is 19 cm) when a dedicated retracking procedure is applied (Fenoglio-Marc 

et al., 2015). Figure 44b shows an underestimation of wind speed of altimetry relative to the in situ 

data (slope is below 0.8 in all cases).  
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Figure 43: (top pattern) Tracks of all satellites during the study period; (middle and bottom pattern) 

Wind speed (middle) and wave height (bottom) during five days , which include the Xaver storm at the 

station FINO-1. 

 

 

Figure 44: Comparison of wave height (SWH, in m, left pattern) and wind speed (U10 in m/s, right 

patternt) of in-situ and CryoSat-2 altimeter data at the station FINO-1. Altimeter data used are DDA 
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altimetry (SAR, triangle), standard PLRM (PLRMr and TUDA, square and inverse triangle) and 

improved PLRM (TUDaL, circle). 

 

Here, we quantify the performance of one-way versus two-way coupling by comparing the output of 

the atmospheric and wave models against remotely sensed data. Table 10 gives the statistics of the 

differences (bias and standard deviations) between the model and altimeter-derived values of wave 

height and wind speed over the selected three-month period. The numbers of matched pairs 

(approximately 7000) of observations and simulations are also given in Table 10: Bias and standard 

deviation of validation of wind speed (m/s) and significant wave height (m) of the one- and the two-

way coupled models against the available satellite data over the whole period (measured minus 

modelled). for the different satellites. 

 

 

 Significant wave height [m] Windspeed [m/s] 

 one-way two-way one-way two-way 

Saral/AltiKa # 6886 

mean meas.  2.35 9.76 

bias -0.27 -0.12 -0.64 -0.33 

std. dev. 0.93 0.86 3.33 3.16 

Jason-2 #  6710 

mean meas. 2.38 9.62 

bias -0.29 -0.15 -0.73 -0.40 

std. dev. 1.07 1.01 3.85 3.75 
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Cryosat-2 # 7477 

mean meas. 2.71 10.62 

bias 0.18 0.31 0.39 0.65 

std. dev. 0.90 0.87 3.33 3.18 

Table 10: Bias and standard deviation of validation of wind speed (m/s) and significant wave height (m) of 

the one- and the two-way coupled models against the available satellite data over the whole period 

(measured minus modelled). 

 

For all three satellites, the standard deviation in the two-way coupled model is smaller than in the one-

way coupled model. Similarly for Jason-2 and SARAL/Altika, the bias in the two-way coupled model 

is nearly halved compared to the one-way model, due to the reasons explained in the introduction; 

thus, this finding is the first indication that the model offers a skill improvement. Measured values are 

lower than the modelled values in the one-way and two-way experiments. In contrast, for Cryosat-2, 

the opposite is true. In other words, the measured values are higher than the modelled values on 

average for both the wave height and wind speed. The biases between the CryoSat-2 data and the two-

way model simulations (see the red shaded values in Table 10) are larger than the biases between the 

CryoSat-2 data and the one-way model runs. Fenoglio-Marc et al. (2015) also found that the CryoSat-

2 derived wave height data overestimate the wave model data from the DWD. However, they found 

the opposite for the wind speed. i.e. the CryoSat-2 derived wind speed underestimates the COSMO 

winds from the DWD data. This disagreement is due to the different data that have been used to force 

the atmospheric models by DWD and this study.  This demonstrates again that a determination of 

wave height from satellite altimetry is particularly challenging for waves smaller than one metre 

(Passaro et al., 2015).  

To perform a spatial comparison between model simulations and the satellite data, we analysed 

individual tracks over the North Sea, and two of these are shown in Figures Figure 45 and Figure 46. 

The satellite altimetry observations along the ground-track at the time of the overflight at German 

Bight last ~38 sec. The selected SARAL/AltiKa passes are very diverse, as one was taken under calm 

conditions (Figure 45) and the other pass occurred during the storm Xaver (Figure 46). Therefore, an 

opportunity was provided to compare measured and modelled wave heights and wind speeds along the 

satellite tracks under different atmospheric and wave conditions. Here, we provide a demonstration 

only for two tracks, but these tracks offer illustrative comparisons for calm conditions and an extreme 

storm event. Under calm conditions, differences between the results of the one- and two-way coupling 
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are very small (Figure 45a). Both models (WAM-NS-1wc and WAM-NS-1wc 2wc) overestimate the 

measured wave height (red line) over a large part of the track. However, the increased modelled wave 

height with latitude appears to be consistent with the northward wind speed increase observed by the 

satellite data and simulated in the two simulations (Figure 45b). During the storm Xaver, the 

difference between the wave height in the WAM-NS-1wc and WAM-NS-2wc simulations (Figure 

46a) increases up to 1 m in the southern North Sea. The altimeter-derived quantities fluctuate greatly. 

However, the two-way coupled-model results are closer to the satellite data, in comparison to the ones 

in WAM-NS-1wc, except for the latitude ~56 deg. N, where the significant wave height from the 

satellite measurements has a local peak. The modelled significant wave height (black lines) is much 

smoother than the satellite observations (red line). This result can be explained by the different post-

processing of the significant wave height in the satellite data and by the statistical nature of the wave 

spectral model. The corresponding wind speed does not grow at this latitude, neither for the measured 

nor modelled wind speeds. It is noteworthy that the measured peak of the storm is underestimated in 

both experiments and also shifted northwards by ~2 degrees (Figure 46a). The modelled wind speed 

fits well with the altimeter-derived wind speed in the calm situation for both experiments (COSMO-

1wc/2wc, Figure 45b). Northwards of 55 degrees N, the wind speed is higher than 10 m/s, and the 

wind speed in the two-way coupled experiment (COSMO-2wc, full line) is reduced. During the storm 

Xaver, the measured wind data fluctuate ~18 m/s, whereas the modelled data show much higher values 

of ~20 m/s, which reached ~22 m/s at latitudes ~57 and 59 degrees N (Figure 46b). This finding 

indicates that the algorithm for retrieving wind speeds is saturated under these extreme conditions. 

Fenoglio-Marc et al. (2015), who had compared the same altimeter data to ERA-Interim, NOAA/GFC 

and COSMO/EU winds, have suggested that the low wind speeds derived from the altimeter are 

caused by an overestimation of the atmospheric attenuation of the radar power in Ka-band. Indeed, a 

larger attenuation correction would result in a too large backscatter coefficient and hence a reduced 

wind speed. The correction in the SARAL/AltiKa products is larger than the correction based on 

surface pressure, near-surface temperature, and water vapour content (Lillibridge et al., 2014). The 

wind speed simulated by COSMO-2wc is lowered up to 1 m/s compared to that of the COSMO-1wc. 

Similar analyses along all tracks over the study period agree with the two examples demonstrated in 

Figure 45 and Figure 46. In general, the measured wind speeds were in slightly better agreement with 

the two-way coupled model results, which was also demonstrated by statistics presented in Table 10. 

The track during the time of storm Xaver was the only track taken under such extreme conditions.  
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c)  

Figure 45: Time series wave height (m) and wind speed (m/s) from the Saral/AltiKa data and as modelled 

by WAM-NS under calm weather conditions on 13 of November, 2013. The track of the satellite (the white 

line) is shown together with the model significant wave height at the time of the passage (bottom panel). 

 

 

     

Figure 46: As Figure 45 but for the storm ‘Xaver’ on 06 December 2013. 

 

4.4.2. Validation against in situ measurements 

Analyses of the temporal variability of the significant wave heights at German Bight under stormy 

conditions allow us to investigate not only the impact of two-way coupling but also the role of the 

horizontal resolution. The comparison between data from two waverider buoys (see for locations 

Figure 41b) and from the coarse North Sea wave model (WAM-NS-1wc/2wc) and fine German Bight 

model (WAM-GB-1wc/2wc) are exemplified in Figure 47 during the storm Xaver. Throughout this 

period, the highest values of significant wave height are simulated by the WAM-NS-1wc experiment. 

The lowest values, and closest to the observations, are from the WAM-GB-2wc simulations (Figure 

47). At the beginning of December, during the calm atmospheric conditions, all model results are 

similar and fit relatively well with the in situ measurements. The differences in the wave growth 
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between the different model simulations become significant after the storm onset. The peak of the 

storm, as estimated by the WAM-NS-1wc simulation, overshoots the measured wave heights by ~3 m 

at the Helgoland station (water depth 30 m, Figure 47a) and by ~4 m at the shallow water of the 

Westerland station (water depth 13 m, Figure 47b). This peak occurs earlier in all simulations in 

comparison to the in situ measurements, due to the time-shift in the wind data. The wave heights 

predicted by the WAM-GB-2wc are in better agreement with the observations, especially for the 

Westerland station (Figure 47b, the red-line), in comparison to the other experiments.  

 

 

(a) 

 

(b) 

Figure 47: Significant wave height (m, top) and wind speed (m/s, bottom) during the storm  ‘Xaver’ at the 

buoys Helgoland (a) and Westerland/Sylt (b). 

 

 The influence of spatial resolution on the simulated characteristics can be clearly seen in the time 

series at the deep water buoy at Helgoland. This buoy is located in an area of large gradients in water 

depth (Figure 41), which explains why the differences of wave height during the storm Xaver reach ~1 

to 1.5 m in the corresponding North Sea and German Bight simulations (Figure 47a). This finding 

identifies the importance of increasing the horizontal resolution of the models in the coastal areas with 

complex bathymetry.  

Additionally, the wind speeds are validated against measured data from FINO-1 in 50 m and 100 m 

height over the whole modelling period (Table 11). We find better agreement in the two-way coupled 

run. The bias in wind speed is negative for the one-way coupled setup; thus, the modelled wind speed 

overestimates the measured wind speed. The bias is significantly reduced due to the lower wind in the 

two-way coupled model. The root mean squared difference (RMSE) is ~3 m/s in either case, but 

slightly improved for the full coupled setup.  
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For a more quantitative validation of the WAM-GB-1wc/2wc results, we use four buoys (see Figure 

41b for their locations) in water depths of 13 to 30 m. Table 12 gives the statistics for significant wave 

height (Hs) over the whole period (there are ~4000 matched pairs). For the four buoys and regardless 

of the type of coupling, the bias for Hs is slightly negative, i.e., the modelled data over predict the 

measured values. The simulated significant wave heights are lower and the bias between the 

measurements and model results are significantly reduced in the WAM-GB-2wc experiment. The 

standard deviation of the significant wave height of the two-way coupled simulation is similar to that 

of the one–way coupled simulations. Only for the FINO-1 station, the standard deviation is reduced by 

~5% by the two-way coupled model. 

 

 

Figure 48: Significant wave height (m) in the North Sea (a) and the German Bight (b) at the peak of the 

storm ‘Xaver’ (2013/12/6 9UTC) calculated by WAM-NS/GB-2wc. 
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 Wind speed [m/s] at 50m Wind speed [m/s] at 100m 

 one-way two-way one-way two-way 

mean meas.  11.03 11.85 

bias -0.67 -0.41 -0.23 0.01 

rmse 3.26 3.17 3.33 3.22 

 

 

 

bouy name (depth) FINO-1(30m) Elbe (25m) Helgoland (30m) Sylt (13m) 

mean meas. hs [m] 1.95 1.42 1.63 1.45 

 1-way 2-way 1-way  2-way 1-way 2-way 1-way 2-way 

bias hs [m] -0.14 -0.03 -0.07 -0.01 -0.13 -0.03 -0.15 -0.05 

std. dev. hs [m] 0.45 0.50 0.49 0.49 0.54 0.55 0.59 0.59 

Table 12: Significant wave height (m) bias and standard deviation of the one- and two-way coupled WAM 

German Bight model data against the available buoy data over the whole period (measured minus 

modelled). 

 

4.4.3. Impact of the two-way coupling  

 

Table 11: Wind speed (m/) bias and standard deviation of the one- and the two-way coupled COSMO 

model data against the FINO-1 data  over the whole period (measured minus modelled). 
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In the following discussion, the impact of coupling is analysed for the North Sea focusing on the 

spatial patterns under different physical conditions. Three-month averaged significant wave height and 

wind speed is reduced significantly (Figure 49) due to the two-way coupling, which results from an 

extraction of energy and momentum by waves from the atmosphere. The average difference (bias) in 

wave height (Figure 49a) is ~20 cm, which is a reduction of ~8% of the three-month mean value (~2.3 

m). The RMSE between the two simulations (Figure 49b) is ~40 cm in the central North Sea. For the 

wind speeds, the bias (Figure 49c) is ~30 cm/s when averaged over the model area, corresponding to a 

reduction in wind speed of ~3% of the three-month mean value (~10 m/s). The RMSE (Figure 49d) 

between the two-way and one-way coupled simulations over the whole North Sea area is ~80 cm/s. 

The spatial patterns in the bias in Figure 49 can be explained by the dominant westerly winds (Figure 

42). As the wind comes from land (Great Britain) and strikes the North Sea, the differences in the 

wind speed between the two models are larger closer to the coast because of differences in sea surface 

roughness. Moving further east, the atmospheric boundary layer adapts in both cases to the winds over 

sea, and there is less difference between the one- and two-way coupled models. For the wave height, 

differences in bias close to the western coasts and in the English Channel are small because some fetch 

is needed for the waves to evolve and the fetch is too short there.  

The differences in the mean sea-level pressure between COSMO-1wc/2wc for the storm Xaver period 

is analysed in Figure 50. The mean sea level pressure at the peak of the storm (Figure 50a) has values 

of ~900 hPa over Norway and ~1000 hPa over the North Sea. Compared to the one-way coupled 

setup, the pressure increased by ~50-100 Pa in the southeast (Figure 50b). The slightly decreased 

pressure in the remaining part of the model area indicates a shift of the pressure low minimum, 

confirming the results of Cavaleri et al. (2012), who found similar patterns in the Mediterranean Sea 

under developing cyclones. As was noted by Janssen and Viterbo (1996), the timescale of wave 

impact on the atmospheric circulation is on the order of five days. However, our model area is too 

small to observe this impact. More plausible is that our results are caused by the wave-mean flow 

interactions in the atmosphere. This effect of wave coupling on the atmosphere circulation will be 

analysed more deeply in future experiments.  
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(a)   (b) 

 

 (c)                                  (d) 

Figure 49: (a,c) Average difference (bias) and (b,d) rms difference (rmse) of WAM modelled significant 

wave height (m, top panel) and COSMO modelled wind speed (m/s, bottom panel) when comparing one-

way minus two-way coupled modelling results. The differences are calculated as average over the whole 

three month period. 
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 (a)      (b) 

Figure 50: (a) COSMO pressure (Pa) at mean sea level height in the North Sea during storm ‘Xaver’ and 

(b) mean sea level pressure differences when comparing one-way minus two-way coupled modelling. 

 

Another illustration of the influence of the coupling is given by the two time series at the FINO-1 

station, each of about two weeks and taken under very different conditions. One period is in 

November, which was rather calm, and contained young and developing wind seas (Figure 51). The 

other period was in December with several storms coming from the North Sea (including Xaver) with 

higher wave ages (Figure 52). The differences in significant wave height and wind speed between the 

one- and two-way coupled models are mostly positive, i.e., both parameters are reduced in the two-

way coupled model. The largest differences can be observed when the wave age (the ratio of phase 

velocity at the peak of the wave spectrum with friction velocity) is well below 20 and occurs before 

the maximum wave height has been reached (this can be well seen for Xaver, Figure 52). Thus, the 

waves grow slower in the two-way coupled model. Negative differences seldom occur, only occurring 

when the wave age increases rapidly (when the wind speeds go to zero, the wave age goes to infinity). 
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Figure 51: Time series of significant wave height (m, top), wind speed (m/s, middle) and wave age (bottom) 

from the two-way coupled German Bight setup at FINO-1 for (a) a rather calm period with young wind 

sea and (b) during the storm ‘Xaver’. Red lines in the top 

 

 

 

Figure 52: As Figure 8 but during the storm ‘Xaver’ 
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4.5. ATMOSPHERE-WAVES COUPLING IN THE NORTH SEA: MODELLING 

RESULTS 

The modelling systems as described in section 3.3 have been used particularly to examine the 

following two issues:  

(1) Which interface should be recommended for coupling the atmospheric and wave modelling, 

the roughness length that has been parameterized using the many schemes or the WBLM? 

(2) How did the wind field in the presence of atmospheric open cellular structure affect the 

development of the extreme significant wave height observed at the FINO 1 site during the 

storm Britta (2006-10-31 to 2006-11-01)? 

The first question was first raised under the observation that when wind speed is stronger than about 

15 m/s, the difference in z0 using different parameterization schemes becomes so significant (as on the 

order of 0.01 m at 20 m/s at Horns Rev 1 site) that it becomes a question which scheme to choose 

(Larsén et al. 2018). Secondly, it is noted that these existing parameterization schemes have been 

calibrated with field measurements for open sea conditions, mostly with light to moderate wind speed, 

so that the uncertainty for winds greater than 20 m/s is in general large. Thirdly, it was also observed 

that a significant part of the information from the detailed wave modelling is disregarded using the 

post-processing of the wave model output into a few wave parameters in terms of surface roughness 

length. The results will be briefly presented in section 4.5.1. 

The second question was raised as following a series of researches on the possible effect from the 

gustiness related to the open cellular wind field on the extreme wave development (e.g. Behrens and 

Günther 2009; Brusch et al. 2008; Emeis and Türk 2009; Kettle 2015a and b; Larsén et al. 2017). The 

results will be briefly presented in section 4.5.2. 

 

4.5.1. The effect of coupling 

The effect is first examined for a coastal area around the Horns Rev 1 site where the SAR radar 

backscatter data reflects the complex coastal bathymetry in this area, see Figure 54: (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).. This case is 

chosen to show firstly that the bathymetry does have an effect on the wind field in this coastal area, 

and secondly we compare 8 schemes for the wind simulation: 



H2020-EO-2016-730030- CEASELESS 

 
73 

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 WRF-WBLM-SWAN model has three domains, shown in Figure 53: Model domains of WRF-

WBLM-SWAN. The background is storm track data and the maximum 3 second gust footprints of this 

storm (downloaded from XWS datasets.).. The spatial resolutions are 9 km, 3 km and 600 m, 

respectively, for domain I, II and III. Two-way nested and online coupling were used. The simulation 

is for two days starting from 2004-02-22 6 am and ends at 2004-02-24 6 am. Details of the setup can 

be found in Du (2017), section 8.2.3. 

 

Figure 53: Model domains of WRF-WBLM-SWAN. The background is storm track data and the 

maximum 3 second gust footprints of this storm (downloaded from XWS datasets.). 
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Figure 54: (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). 
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Figure 55: 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 56: Scatter plot of the drag coefficient Cd as a function of wind speed at 10 m for all grid points in 

the innermost domain, using the 8 schemes as shown in Fig. 4.6.2. This is a copy of Fig. 8.11 in Du (2017). 
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Figure 57: Difference of Cd between coupled modelling and non-coupled modelling for 20:40 on 2004-02-

23. 
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Figure 58: Difference of U10 in percentage between coupled and non-coupled modelling for 20:40 on 2004-

02—23, the same time as Figure 57.  
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Figure 59: Spatial distribution of wind speed at 10 m, U10, at 21:00 on 2002-01-28.  (a) using COARE 3.0 

in WRF, not coupled; (b) WBLM; (c) difference with U10 from (b) minus (a). This is a copy of Fig. 8.15 in 

Du (2017). 

 

The differences between these schemes are clearly shown for this case in Figure 55 with snapshots of 

z0 at the time of the SAR radar backscatter picture in Figure 54b. The effect of the bathymetry is 

absent in Figure 55a where the modelling is not coupled, whereas it is present in the 7 coupled 

modelling configurations (b) to (h). To quantify the spatial distribution of z0 shown in Figure 55, 

positions A to E are selected to represent the different bathymetry conditions and to describe their 

correspondence of z0 to the ASAR backscatter data. This analysis suggests that Figure 55h gives the 

best correspondence to Figure 54b and therefore the WBLM outperforms the other schemes for this 

case. 

At the same time, using data from the whole innermost domain for the two day simulation, the drag 

coefficient Cd is calculated and plotted as a function of the 10-m wind speed U10 for the 8 

simulations. The results are shown in Figure 56 together with observations from the literatures. The 

non-coupled modelling provides a line of Cd with U10, shown in Figure 56a where the variation of Cd 

at each U10 is missing. The spread of Cd at a given U10 is caused by the wave conditions. Comparing 

the distribution of  the modelled results to the observations, with consideration of the trend, the level-

off of Cd with U10 at strong winds, the level of spread of Cd at a given U10, WBLM is in a leading 

position in the performance.  

At 9:40 am on 2004-02-23, the wind speed at Horns Rev I site is less than 10 m/s, the effect of 

coupling on the wind speed is not significant. During this event, when U10 is about 15 m/s, it was 

observed that different z0-schemes can bring a difference in U10 of about 4 m/s, which is 

considerable. We move the focus to model domain I where the storm center and the strong wind field 

are. The difference of Cd and the 10-m wind speed between the 7 coupled schemes and the non-

coupled Charnock parameterization is shown in Figure 57 and Figure 58, respectively. In Figure 57, 

artifical patterns are present showing discontinuity of Cd when using the parameterization schemes for 

z0 and they are absent when using the Janssen scheme and WBLM. The wind speed can be different 

by 10% or larger, which is non-negligible at such strong winds.    
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Figure 59 shows the difference in wind speed at 10 m in percentage where the wind speed is about 20 

m/s in the area and the difference is about 6% in areas where the bathymetry is complex. This is from 

another event 2002-01-28, for which we do not have the ASAR data. 

 

4.5.2. The effect of open cell wind field gustiness         

The purpose is to see how the spectral wave modelling react to the highly fluctuating wind fields, 

which are sometimes called gustiness. This particular wind field structure is visualized in the cloud 

picture and SAR image shown in Figure 60 (from Larsén et al. 2017). It is the so-called open cellular 

structure. Figure 60b shows the highly varying wind speed in the space. The open cellular structure is 

characterized by circles of clouds, which are associated with upward motion, and in the center, it is 

clear sky associated with downward motion. There are both high fluctuation in wind speed in time and 

space (Figure 60b shows such a variation of wind speed of 5 m/s over 3 km). 

We used the WRF-SWAN model, where the SWAN model is initiated with a JONSWAP spectrum 

and the outer domain open boundaries are set to the JONSWAP spectrum with Hs=0.5 m and Tp = 1s. 

Details of the modelling can be found in Larsén et al. (2017). The Fan scheme is used to model z0, 

which is calculated inside SWAN and sent to WRF.  

This storm, the Britta storm, has been studied previously using weather model, spectral wave model 

and deterministic wave model. These model either has been set at rather coarse resolution due to the 

technical availability at that time of the studies or due to the knowledge of modelling such open cell 

event, or due to the technology of wind and wave coupling, it is the first time, the organized wind 

structure field is coupled directly to the wave modelling. In this study we examined each calculation 

step the effect of the wind field to the wave modelling 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 modelling. It was 

shown at the same time, the standard setup of such a coupled modelling succeeded in capturing the 

extreme significant wave height observed at the FINO 1 site, suggesting that it is not the gustiness of 

the organized open cellular wind field that has caused this extreme value of Hs. Figure 61 shows the 

organized wind features over the space during the storm.    

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.  
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Figure 60: (a) Cloud picture from NOAA 17 satellite on 2006-11-01 10:34. (b) ENVISAT SAR 10 m wind 

speed on 2006-11-01 10:26:41. This is a copy of Fig. 1 in Larsén et al. (2017). 

 

 

Figure 61: spatial distribution of the 10-m wind speed over the innermost model domain during storm 

Britta at (a) 4:00, (b) 10:00, (c) 13:00 and (d) 22:00. The color bars are in m/s. This is a copy of Fig. 7 from 

Larsén et al. (2017). 
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4.6. Waves and surge modelling in the North Sea 

This section presents an inter-comparison between the satellite observations and the regional 

modelling tools introduced in Section 3.4, examining total water level (combination of tide and surge) 

and surface wave height.  Comparisons are made for six storm events affecting the North Sea during 

2015 – 2016 (Table 13). 

 

Storm name Start date End date Platform Model configuration 

Heinio 17/11/2015 18/11/2015 CryoSat-2 UKC3owg 

Barbara 26/12/2015 27/12/2015 CryoSat-2 UKC3owg 

Qasim 26/12/2015 31/12/2015 CryoSat-2 UKC3owg 

Eugene 12/11/2015 15/11/2015 CryoSat-2 UKC3owg 

Eckard 25/12/2016 31/12/2016 Sentinel-3A amm15_da_coupled2 

Walpuga 25/9/2016 4/10/2016 Sentinel-3A amm15_da_coupled2 

Table 13: The Summary of the storms used as test cases, along with the corresponding dates, the 

instrument used for observations, and the model configuration. 

For a direct comparison, the closest model point to the passing track is used, and also the closest 

model value in time. Thresholds of 5 minutes and 2 km were used within which to accept ‘close’ 

comparison. The correlation coefficient (R2) is calculated, where 1 is a perfect fit, and 0 implies no 

correlation. The root-mean-square error is calculated as: r.m.s.e. = (∑(Dm-Do)2 / N) ½ , where Dm is 

the modelled data, Do is observed, and N is the number of records used. A median percentage bias 

(Bias) is used, defined as: PBias = 100* (Dm-Do)/Do. 

 

 Significant wave height (Hs) Total water level (SSH) 

Storm 

name 

R2  PBias (%) r.m.s.e. (m) N. recs R2  PBias (%) r.m.s.e. (m) N. recs 

Heinio 0.95 +0.47 0.39 2,490 0.70 -79.72 0.50 2,353 

Barbara 0.75 -4.14 0.53 2,173 0.83 -26.61 0.38 1,729 

Qasim 0.96 -17.96 0.50 1,744 0.89 -2.23 0.38 1,510   

Eugen 0.97 -4.42 0.47 2,169 0.86 -35.17 0.30 2,031 

Eckard 0.84 -27.00 2.31 2.451 0.46 -54.83 0.98 2.451 

Walpuga 0.70 -28.31 1.24 2.871 0.77 -66.62 0.64 2.871 

Table 14: Summary statistics of model validation for six storm cases 

 



H2020-EO-2016-730030- CEASELESS 

 
83 

 
 

 
 

 

Figure 62: Scatter plots of observed vs. modelled significant wave height (m) for four storms observed 

using CryoSat-2, and two observed using Sentinel-3A. 

 

 



H2020-EO-2016-730030- CEASELESS 

 
84 

 
 
 

 
 

 

Figure 63: Scatter plots of observed vs. modelled water level (m) for four storms observed using CryoSat-

2, and two observed using Sentinel-3A. 
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Figure 64: time series plots of observed vs. modelled water level (top) and significant wave height (below) 

in meters for storm Qasim observed using CryoSat-2. 
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Figure 65: time series plots of observed vs. modelled water level (top) and significant wave height (below) 

in meters for storm Eckard observed using Sentinel-3A. 

First considering the CryoSat-2 mission, a very good agreement is seen between the modelled and 

observed significant wave height (Table 14, Figures Figure 62, Figure 63, Figure 64). This is 

especially the case for the more severe storms e.g Eugen reaches Hs =10m, while the poorest 

agreement is for storm Barbara, where Hs remains below 5m throughout the event. The tide and surge 

components (making up the total water level) seem less well correlated, and more sensitive to large 

spikes in the satellite data. There does not seem to be any constant offset / datum shift between 

observations and model, which could account for the relatively large model biases seen (Figure 64). 

Turning to Sentinel-3A, for the two events considered here, there is a poorer agreement between 

model and observations (Table 14, Figures Figure 62, Figure 63, Figure 65). The presence of large 

spikes is more prominent in Sentinel-3A than in CryoSat-2 and largely explains the relatively worse 

performance of Sentinel-3A. Such spikes occur predominantly near the coast, and hence they are 

likely related to land contamination of the altimeter footprint. We also note that there is a large 

discrepancy between the observed and modelled Hs at the start of the Eckard record (26/12/2016) 

(Figure 65), with observed waves almost double the height of those seen in the model. The remainder 

of the record appears much closer. An offset is seen between modelled and observed water level from 

Sentinel-3A, leading to large biases in the water level for storm Eckard (Figure 65). This offset could 

be due to the fact that the altimetric water levels are relative to the mean sea surface and thus they are 

not necessarily zero in the absence of a surge event but include a time-dependent offset due to any 

underlying sea-level rise. 

 

5. CONCLUSIONS  

In this document we reviewed the main achievements obtained in the modelling description of the sea-

atmosphere interface in the framework of the CEASELESS Project. In doing this, different state-of the 
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art modelling systems were equipped with new parameterizations or coupling possibilities and/or fine-

tuned in order to improve their capability of correctly reproducing meteo-oceanic processes, especially 

in the perspective of delivering improved operational systems for coastal and marine applications. 

Special emphasis has been put on the impact of different model coupling strategies for explicitly 

describing the interactions among the atmosphere and the ocean, also accounting for the role of waves 

in modulating the heat and momentum fluxes at the interface and distributing these quantities 

throughout the water column.  

The application of such advanced modelling tools, implemented at a high resolution in order to be able 

to deal with the small-scale variability of coastal dynamics, to a broad set of paradigmatic events 

throughout the Project’s test areas came with a twofold payback. While it allowed to explore the 

possible improvements (as well as the possible shortcomings and upcoming challenges) associated 

with different descriptions of the air-sea interactions, it also indirectly gave an account of the 

sensitivity of the processes (of course, through conceptual filter given by the model representation) to 

the investigated interface mechanisms. 

The assessment of the model performances has been carried out by means of in-situ data and satellite 

products, also relying on the data provided by the Sentinel mission when these were available. Since 

the routinary issuing of Sentinel Ocean products is presently at its early stages (see Section 2), only a 

part of the considered events benefited from the Sentinel data availability: nevertheless, the analysis 

methodologies implemented here also with reference to products from other missions can 

straightforwardly be applied to Sentinel products as the dataset grows with time.  

The coupled modelling systems implemented for these activities are: 

 COAWST, allowing to couple WRF (atmosphere), ROMS (ocean currents) and SWAN 

(waves); 

 GCOAST, with a focus on the coupling between COSMO-CLM (atmosphere) and WAM 

(waves); 

 NEMO (ocean) + WaveWatchIII (waves) + Unified Model (atmosphere) 

Numerical experiments have also been carried out by running WRF in standalone mode under 

different parameterization schemes and the hydrodynamic model MIKE, forced offline by WRF.  

The coupled atmosphere-ocean numerical reconstruction of two Medicanes (Mediterranean 

Hurricanes, Section 4.1) within the COAWST system showed that the sensitivity to the Planetary 

Boundary Layer parameterization can vary depending on the event, whereas atmosphere-ocean 

coupling, in particular through the effect of waves, has a strong impact on the description of heat 

fluxes and therefore on the thermal and baric properties of the cyclone. The quality of the results also 

depends on the coupling time, for which suitable values appear to be in the range between 300 and 600 

seconds. The description of the trajectory strongly depends on the boundary conditions, and spectral 
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nudging techniques seem to be particularly effective in improving the results. It is important to notice 

that, although Sentinel data was not available at the time of the considered events, they do have a great 

potential in the upcoming studies on medicanes, due to their unprecedented resolution and detail 

(Figure 8a). Strong sensitivity to sea surface temperature (and therefore to heat fluxes) has also been 

highlighted in the formation of tornadic supercells (see Section 4.2.3). 

Initialization time also seems to play a major role in controlling the quality of the results in the case of 

intense meteo-oceanic events (see for instance Section 4.2.1), whereas an explicit description of 

ocean-atmosphere interaction seems crucial in preconditioning the lower layers of the atmosphere and 

describe the creation of favorable conditions for a deep and intense convection giving rise to intense 

precipitation events (Section 4.2.2).  

On the ocean side, it appears that the explicit coupling between waves and currents enhances the 

vertical mixing (e.g. Sections 4.2.2 and 4.3.2.2), thus modifying the heat transport processes at the sea 

surface. In turn, the set of numerical experiments on the effects of wind jets in the Catalan coastal sea 

showed that the feedback of currents on wave dynamics modifies the spectral properties of the 

modelled sea state mostly in the shallow areas, improving the model performances.  

The presence of a two-way coupling between wave and atmospheric models resulted in an 

improvement of both models skills in the German Bight test case, in which WAM and COSMO were 

respectively used (Section 4.4). Precisely, the effect of waves-atmosphere model coupling strongly 

depends on the choice of the scheme adopted for the description of the interface, as pointed out by a 

set of experiments carried out in the North Sea (Section 4.5.1). Also with reference to the North Sea, 

the skill assessment of the NEMO+WWIII coupled modelling system (Section 4.6) has given an 

opportunity to draw some considerations on the potential of Sentinel 3A altimeter data and the present 

limitations in their use. 

What is emerging from the broad set of numerical experiments presented in this deliverable is that 

there is not a “universal recipe” for air-sea interface parameterization and for model coupling, as this 

depends on several aspects of the problem, such as the basin geometry, the scale of the phenomena and 

the main drivers of the processes. Nonetheless, in this set of case studies we do have a number of 

indications on what choices should be recommended for different kinds of meteo-oceanic events, 

although this does not exempt from the need of a case-specific fine-tuning. Such a fine-tuning is then 

particularly crucial in the case of coupled modelling experiments. In fact, it is true that model coupling 

has an intrinsic advantage on uncoupled approaches, related in primis to a more consistent description 

of heat and momentum transfer (guaranteeing energy conservation at the scale of the atmosphere-

ocean system) and to the possibility of explicitly describing the detail of the interaction process. But it 

is also worth keeping in mind that the models that we here presented in coupled configurations are 

actually the result of a long-term calibration mostly performed in uncoupled conditions, in which some 

effects of the interactions that were not explicitly described were somehow accounted for by more or 
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less “realistic” parameterizations. Paradoxically, for the reason stated above, the very promising 

improvements in the results of some of the described coupled experiments could not even be a strict 

requirement at this stage: we could expect, for instance, some decrease in the coupled models skills 

due to some “overshooting” in the explicit description of processes that were already implicitly 

accounted for in the models calibration. Therefore, although the outcomes of this modelling strategy 

are already largely satisfactory, a long-term effort is required to fully exploit its potential. If on the one 

hand there is still a relevant amount of work to do in this direction, on the other hand there is still room 

for important improvements. We positively expect that significant advances can be achieved in the 

framework of the CEASELESS Project, starting with the systematic error analysis to be described in 

the upcoming Deliverable 3.3 (Error generation/limitation (satellite/numerical/in-situ data) for 

CMEMS candidate applications) 
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