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1.  Introduction 

The description of the meteo-oceanic processes impacting the coastal regions is a challenging task 

that is receiving a growing attention, also considering that these areas are going to be significantly 

affected by climate change effects. The increasing availability of observational data, in particular 

from remote sensing platforms, provides an unprecedented potential for facing with some of the 

main challenges in the representation and understanding of coastal processes, such as the presence 

of strong spatial gradients and anisotropic variability structures.  

Within this framework, Sentinel data provide a unique opportunity to improve our knowledge of 

coastal dynamics, both for meteorological (e.g., low-level jets and topographically deflected winds) 

and oceanographic phenomena (e.g., wave/current fields interacting over shallow bathymetry). In 

fact, the new data will allow, in combination with the data provided in other missions, to achieve a 

representation of meteo-ocean features at high temporal-spatial resolution in a given littoral zone. 

This will result in: better understanding of the control exerted by domain geometry and boundary 

conditions on (oceanic and atmospheric) model simulations, using both traditional grid nesting 

techniques and unstructured mesh approaches, both standalone and coupled atmospheric-oceanic 

modelling systems; assessing relevant sub-mesoscale processes, such as sea breezes, low level jets, 

local convection/precipitation and flash floods, by combining wind data with the novel capabilities 

of Sentinel for high-resolution column integrated water vapour; leading to more robust assimilation 

frameworks in order to evaluate coastal risks in densely populated coastal areas in Europe.  

In particular, the task 2.3 “Coastal system memory and controls” is focused on the factors 

controlling air-sea interaction processes and on the assessment of different strategies for their 

description. This approach is critical in particular near the coasts, where high-resolution features 

emerge as the effect 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. The study has been carried out mainly from 

a modelling perspective, in order to explicitly identify the sensitivity of the phenomena to the lower 

boundary, although with a strong support from satellite observations. The analysis is performed for 

selected atmospheric features, such as local cyclogenesis, flash-floods, coastal wind jets, surges and 

storms, as well as for longer period simulations, in order to assess the modelling skills in different 

conditions.  

An account of the potential benefit of improved satellite-retrieved fields in the description of coastal 

meteo-ocean processes and indications on the relevance of air-sea interaction for these phenomena 

is provided first for a set of cases of severe weather impacting the northern Adriatic. A mesoscale 

data assimilation scheme (Local Analysis and Prediction System; LAPS) has been employed to 
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ingest Sentinel wind data in the analysis. This will be helpful not only for a nowcasting perspective 

but also in order to provide a prognostic model (WRF model) with more detailed and realistic initial 

conditions over the sea. The way modelled field will benefit of the mesoscale assimilation at later 

times are analyzed systematically.  

Also, a particular event, a Mediterranean tropical-like cyclone developing over the Ionian Sea, has 

been analyzed by means of the integrated diagnostic and prognostic tool. This kind of events, which 

are becoming an important research topic due to their relevant impact in coastal zones in terms of 

heavy rainfall and strong wind gusts, is often subject to limitation in the predictability arising from 

the limited amount of information available at small scales in the large-scale initial and boundary 

conditions used to force the numerical models. The approach presented here will face with this 

limitation by ingesting sea surface wind data in the initial conditions.  

The role of the sea boundary conditions on the three-dimensional spatial structure of orographic 

wind jets is also analyzed for a case of Bora impacting the north-western Adriatic coast using a 

coupled ocean-atmosphere modeling system. Coupled models are nowadays available for an 

integrated, high-resolution description of meteo-oceanographic processes at an acceptable 

computational cost. This approach allows to represent consistent sea surface fluxes in the 

atmospheric and oceanic part of the modeling system. Sea surface temperature datasets at a growing 

level of complexity are here employed to disentangle the importance of an appropriate 

representation of air-sea interaction processes for this specific event. 

The traditional wave modelling approach uses a downscaling procedure where higher-resolution 

wave fields are generated near the coast using a sequence of grids nested one into the other. This 

determines an error associated with lateral boundary conditions, topo-bathymetric errors as well as a 

long computational time. Unstructured grids do not use multiple meshes, thus allowing to avoid the 

problem of boundary conditions. Here, high-resolution wave simulations are analyzed for a full year 

in a domain off the Catalan coast, characterized by sharp gradients in bathymetry and orography 

and correspondingly sharp variations in the wind and wave fields. Additionally, the case study of a 

storm affecting the area is analyzed in detail, due to the interest for this category of events in terms 

of coastal early-warning systems.  

Finally, the German Bight was taken as an example of very shallow and tidal-dominated coastal 

areas, strongly affected by bottom friction and small scale bathymetry processes. From the 

numerical modelling point of view, there are a number of systematic and stochastic error sources 

affecting numerical simulations of the German Bight circulation. Considering these peculiarities, a 

4DVAR assimilation system was implemented in this region based on a barotropic circulation 

model and the respective adjoint. Different sources of model systematic errors were considered in 

the analysis, such as errors in bottom roughness, in the drag coefficients for wind forcing and 
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internal friction parameters associated with turbulence. The respective parameters were optimized 

using the adjoint model combined with a conjugate gradient method. 

 

2. Numerical simulations: mesoscale assimilation 

2.1 Sentinel-1 

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

a C-band Synthetic Aperture Radar (SAR) instrument. The data retrieved can be used both for 

ocean wind and wave retrievals. The website https://sentinel.esa.int/web/sentinel/missions/sentinel-

1/observation-scenario reports the Sentinel-1 observation scenario, including the revisit and 

coverage frequency.  

2.2  Wind fields 

DTU operates a processing chain for SAR wind retrieval built around the SAR Ocean Products 

System (SAROPS) [1]. Level-1 SAR scenes covering the European Seas are downloaded daily from 

the Copernicus Open Access Hub; next, the scenes are calibrated to give the Normalized Radar 

Cross Section, and lastly the Geophysical Model Function called CMOD5.n [2] is applied for 

estimation of the Equivalent Neutral Wind speed at 10 m above sea level. 

For each SAR wind field, two output types are available for download via the web interface 

https://satwinds.windenergy.dtu.dk: an image file in .png format, which shows a display of the wind 

field with a fixed color scaling; a NetCDF file, which holds the wind speed and a number of 

ancillary data used for the wind processing and metadata (describing the product). Figure  shows the 

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

download upon registration.  
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Figure 2.1: The web interface for DTU’s SAR wind archive at https://satwinds.windenergy.dtu.dk. 

2.3 Modelling tools 

2.3.1  Atmospheric models 

For the present task, two atmospheric models have been used: the Local Analysis and Prediction 

System (LAPS) and the Weather Research and Forecasting (WRF). LAPS is a diagnostic model, 

mainly used for nowcasting purposes and to provide mesoscale analysis as initial conditions to a 

prognostic limited area model, WRF. The details of the two systems is provided in the following. 

2.3.1.1 Prognostic Model 

The Advanced Research-Weather Research and Forecasting (WRF-ARW) model is a numerical 

weather prediction system that solves the fully compressible, nonhydrostatic Euler equations, using, 

in the latest versions, hybrid vertical coordinates that are terrain-following near the surface and 

become isobaric at higher levels. It is a worldwide used model and it has been mainly developed at 

the National Center for Atmospheric Research (NCAR) in collaboration with the National Oceanic 

and Atmospheric Administration (NOAA) (Skamarock et al., 2008), serving a wide range of 

meteorological applications across scales ranging from tens of meters to thousands of kilometers. 

The horizontal domain can be defined depending on the user need, as it can be composed by 

multiple nested domains and the projection can be chosen among different choices, i.e. polar 

stereographic, Mercator and Conical Lambert Conformal (LCC).  

The geographical domain selected for the WRF model in the simulations discussed here is shown in 

Figure 2.2. It is a two domains nested configuration, with d01 and d02 defined as follows: d01: 250 

x 220 (lon x lat) points with 8 km grid spacing; d02: 413 x 233 (lon x lat) points with 2 km grid 

soacing. Both d01 and d02 are set in tangent LCC projection. The vertical hybrid levels are set 

equal to 41 for both domains, the Initial Condition (IC) and Boundary Conditions (BC) used to 
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initialize the model forecasts are provided every 3 hours by the GFS (Global Forecast System), 

downloaded from the web site https://www.ncdc.noaa.gov/. 

On the domains shown in Figure 2.2, control or background simulations are performed (WRFBG), 

covering 18 hours for each case study listed in Table 1. The initial time of each WRFBG run is set 

depending on the Sentinel 1 pass, which occurs two times per day on the northern Adriatic basin, at 

around 05:00 UTC and 17:00 UTC. As a consequence, the WRFBG start is set at 00:00 UTC (12:00 

UTC) if the S1 retrieval occurs at 05:00 UTC (17:00 UTC). The 5-hour interval between the 

WRFBG start and the S1 retrieval is left for the spin up of the model. Figure 2.3 shows the 

operational setup in which the WRGBG simulations are organized. 

The high resolution (WRFHR) simulations are performed over the d02 domain only; the starting 

time of each simulation is determined by the survey time of the S1 retrieval, approximated at the 

closest hour, i.e. 05:00 UTC and 17:00 UTC, respectively, for the morning and afternoon retrievals. 

The IC for the WRFHR simulation is determined by the analysis provided by the LAPS assimilation 

system (see the following Subsection), while the BC are provided hourly and are timely interpolated 

from the GFS fields. The initialization of WRFHR is performed in “hot” start mode, which means 

that the IC provide also the microphysical species that are generated by the LAPS analyses. This 

requires the assimilation of the Brightness Temperature of the infrared channel at 10.8μm (BT10) of 

the SEVIRI/MSG (Geostationary Eumetsat) as input in LAPS. 

 

 

 

Figure 2.2 The static domains d01 and d02 used to perform the WRFBG simulations. 
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Figure 2.3 Set up for the simulations of the case studies with the LAPS-WRF modeling system. 
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Table 2.1 Set up for the WRF simulations and parameterization schemes. 

 

 
WRF 

Version 3.7.1 

WRF name simulation WRFBG, WRFHR 

Domains d01, d02 (see Figure 2.2) 

Horizontal resolution 8 km, 2 km 

Time step 24 s, 6 s 

Horizontal grid size (lon x 

lat) 

250 x 220, 413 x 233 

Vertical levels 41, top at 50hPa 

Length simulations 18 h, 13 h 

Physics & Dynamics schemes 

Microphysics Thompson (Thompson et al, 2008) 

Cumulus Kain-Fritsch (Kain, 2004) (only 

grid 1) 

Surface Layer Monin-Obukhov 

Land Surface Unified Noah Land Surface Model 

(LSM)(Chen and Dudhia, 2001) 

Planetary boundary layer 

(PBL) 

Mellor-Yamada-Janjic (Janjic, 

1994) 

Long-wave radiation Rapid Radiative Transfer Model 

(RRTM) 

(Mlawer et al., 1997) 

Short-wave radiation Dudhia (Dudhia, 1989) 
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The setup of the experiments and the list of parameterization schemes adopted in the simulations 

discussed here is summarized in Table 2.1.  

2.3.1.2 Diagnostic Model 

The Local Area and Prediction System (LAPS) has been developed at the Earth System Research 

Laboratory (ESRL) of the U.S. National Oceanic and Atmospheric Administration (NOAA) to 

generate gridded analysis of meteorological data at the mesoscale (Albers et al., 1996). It is 

finalized at nowcasting purposes and at the assimilation of meteorological data to initialize 

numerical prognostic regional models. LAPS has been designed to perform 3-D analyses on a 

limited domain by ingesting and harmonizing data recorded by a variety of sources and platforms: 

surface stations, radio-soundings, wind profilers, instrumented and commercial aircrafts, and 

meteorological radars and satellites, and virtually any kind of data available. 

LAPS analyses are performed by means of separated modules for winds, temperature, moisture, ice 

and water cloud content. The modules are based on different approaches: the interpolation method 

implemented in the early versions uses the recursive Barnes scheme. However, more recent 

versions migrated toward an implementation of a variational approach (3DVAR and 4DVAR) with 

the perspective of application to the Ensemble Kalman Filter (EnKF). The LAPS version used to 

produce the analyses for the model initialization shown in this report implements a mixed approach 

(Barnes and 3DVAR). 

The LAPS model performs analyses by modifying a background field (typically a coarse-scale 

gridded analysis or a model run; in our case, the WRFBG output) after the ingestion of 

observations. Among the other data, the SEVIRI/MSG data are necessary for the generation of 

microphysical species and are ingested into LAPS through a module developed at ISAC. Suitable 

interfaces between specific observations and limited area model outputs have been created in order 

to read the specific format of the data. 

The sequential assimilation scheme starts with the wind analysis near the surface and in the free 

atmosphere. Next, the surface module provides near-surface analyses of temperature and humidity. 

The free atmosphere analysis of temperature, cloud condensate, and moisture are then performed in 

sequence and merged with the surface analysis.  

Several preliminary tests have been made to check and eventually modify the tuning parameters of 

the LAPS modules. For example, some parameters have been tuned to consider the data density and 

the topographic characteristic of the area of interest. 

One of the greatest advantages of LAPS is its high adaptability to different hardware architecture 

without requiring large computer resources, which made LAPS a striking tool for nowcasting and 

for short range weather forecasting also in operative environments. In the present context, LAPS is 

used to assimilate data for the initialization of the WRF model. 
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Date 
 

WRFBG start 
Time (UTC) 

Description 

2014-12-31 12:00 Bora wind in the Northern Adriatic Sea 

2015-11-20 12:00 *Combined Bora-Sirocco sea states in the Northern Adriatic  

2015-11-24 00:00 Bora wind in the Northern Adriatic Sea 

2016-06-11 12:00 *Storms with hail and coastal floods (Adriatic Sea) 

2016-07-28 00:00 *Precipitation and strong winds 

2016-09-15 12:00 *Convective precipitation 

2016-11-06 00:00 *Heavy rain in the Northern Adriatic Sea (convectiive rain) 

2016-11-19 00:00 *Heavy rain in the Northern Adriatic Sea (convectiive rain) 

2016-11-30 00:00 Bora event in the Northern Adriatic Sea 

2017-02-28 00:00 *Convective precipitation 

2017-03-26 12:00 Strong wind 

2017-06-28 00:00 *Convective precipitation 

2017-06-30 12:00 *Convective precipitation 

2017-07-24 12:00 Convective precipitation 

2017-07-30 12:00 *Convective precipitation 

2017-11-01 00:00 High pressure low wind 

2018-03-13 00:00 *Convective precipitation 

2018-03-15 12:00 
*Scirocco with possible convective precipitation 

2018-10-29 12:00 
*Storm in the North East of Italy 

2018-11-28 12:00 Bora wind in the Northern Adriatic Sea 

Table 2.2 Complete list of the case studies analysed. The asterisks denote events 

characterized by precipitation. 
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2.3.1.3 Data: assimilation and verification for 20 case studies of severe weather in 

the northern Adriatic Sea 
Data have been used in our work for two different purposes: assimilation and verification. First, we 
consider the role of data assimilation of sea surface winds retrieved in the northern Adriatic Sea for 
the simulation of 20 case studies of severe weather. 
The assimilation has been performed using the LAPS model with the aim of initializing the WRF 
model experiments. Such an initialization generates high-resolution analyses, helping the model to 
better represent local-scale processes. With this focus, particular attention is devoted to the sea 
surface wind provided by the Sentinel 1 (S1) sensors. 
The data used for the initialization of the WRF model through LAPS are: 

- MSG Brightness Temperature obtained from the radiances measured by the 10.8μm 
channel of the geostationary satellite sensor SEVIRI/MSG (BT10). The MSG data are 
necessary to initialize WRF in a “hot” start configuration. 

- Data from the METAR network. These surface data are important to describe the local 
dynamics at low levels. They have been ingested in several model runs, both alone and 
together with Sentinel 1 winds (S1W), in order to analyze its impact on the analysis. 
Figure 2.4 shows the METAR station distribution (blue circles), which have been 
downloaded from the web site https://www.wunderground.com/. The METAR stations 
considered in the assimilation process, i.e. falling into the d02 domain (Figure 2.4), are 
77. 

- S1 wind data. These data are expected to give an important contribution to the model in 
representing local patterns of the sea surface wind field, where there is a poor 
observation coverage compared to the land. 

Other sources of data have been exploited at CNR-ISAC in the past, such as soundings and 
reflectivity radar data (3 CAPPI levels) provided by the Italian Civil Protection Department; 
however, their contribution is out of the scope of the present work whose goal is to single out and 
assess the impact of the S1W in the assimilation process. 
The verification task is necessary in order to quantify the model performances throughout the 
experiments. A quantitative assessment of the model experiments is performed here and involves 
the calculation of the BIAS and the Root Mean Square Error (RMSE) for 2m temperature (T2M), 
2m relative humidity (RH), and 10m wind speed (WSP).  
A second set of quantitative assessment of the experiments involves the comparison of the modeled 
cumulated precipitation versus the cumulated rain gauge observations. The model performances are 
expressed using the correlation coefficient C and the linear regression index R (Taylor, 1997).  
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Figure 2.4 Geographical distribution of METAR (blue circles) and OSMER (red triangles) surface 
stations involved respectively in the assimilation/verification and the verification tasks. The complex 
topography is highlighted with colors.  
 
 
Two sets of surface data are available for the verification: 

- METAR: the available stations are represented in Figure 2.4 as blue circles. The 
verification task involves the comparison between simulated and measured T2M, RH, and 
WSP. The METAR stations considered in the analysis are 77 (Figure 2.2). 

- OSMER (OSservatorio MEteorologico Regionale) data: these data are provided by the 
Friuli Venezia Giulia (FVG) regional network and managed by the Regional Civil 
Protection Department, collected and checked by the OSMER of the Environmental 
Protection Agency (ARPA) of FVG. The OSMER dataset is composed by measurements 
sampled every minute and then aggregated into hourly data. The 63 WMO-compliant 
regional stations are shown as red triangles in Figure 2.4. The set of data exploited for the 
verification task are T2M, RH, and WSP.  
 

The S1W data over sea surface used in this work is provided by the Technical University of Denmark 
(DTU), Department of Wind Energy, and is available at the website 
https://satwinds.windenergy.dtu.dk/. S1W is calculated based on empirical geophysical model 
functions, with the assumption of a stably stratified atmosphere and a logarithmic vertical wind 
profile. Thus, the assumption for the inversion of the wind intensity is the presence of a stable 
atmospheric scenario, which is not always representative of the real state of the marine boundary 
layer. However, due to the lack of data over the sea far from the coasts, the provided S1W can 
represent a valuable piece of information. The S1W data represent the wind speed 10 m above sea 
level, with a pixel resolution of 500 m. The methodology used for the derivation of the surface wind is 
based on the algorithm developed within the SAR Ocean Products System (SAROPS) for the 
inversion of sea surface wind in previous satellite missions. The wind direction is originally taken 
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from the GFS forecasts taken at the closest synoptic time (00:00, 06:00, 12:00, and 18:00 UTC). In the 
implementation used here, the assimilation is limited to the wind speed only, taking the WRFBG wind 
direction at the closest forecast time (i.e., every hour) because of its higher resolution (2 km in the 
domain d02) and the better representation of the smaller scale wind patterns compared to the global 
model. For the ingestion into LAPS, the S1W field is treated as a surface observation, with the tuning 
parameter representing the initial radius of influence in the Barnes scheme of assimilation set to 10 
km.  

The interface procedure is summarized in the following steps: 

- verifying that the retrieved S1W corresponds to a sea point in the model land/sea mask 
in the d02 domain (Figure 2.3); 

- degrading the resolution of the data from 500 m to 2 km adopting the nearest neighbor 
grid point approach; 

- writing the wind data in a format compliant with the LAPS ingestion routines. 

After S1W and other data are ingested into LAPS, the analysis is performed using the forecast at the 
closest time (05:00 or 17:00 UTC) of the WRFBG run as background field. LAPS analyses are used 
to initialize a WRFHR simulation covering the following 13 hours, until 18:00 UTC or 06:00 UTC 
of the following day, depending on the initial time of the simulation, according to the scheme 
shown in Figure 2.3. 

2.3.1.4 Numerical setup for a case study of Mediterranean tropical-like cyclone 

The setup of the numerical experiment adopted for twenty cases of severe weather in northern 

Adriatic discussed above is similar to that used for the simulation of a Mediterranean tropical-like 

cyclone (TLC) affecting the Ionian regions in November 2017.  

The geographical domain selected for WRF is centered on the Ionian Sea (not shown). It is a two-

domain one-way nested configuration, with d01 and d02 defined as: 

- d01: 350 x 441 (lon x lat) points with 8km grid spacing; 

- d02: 213 x 401 (lon x lat) points with 2km grid spacing. 

Apart from the geographical position and the number of grid points used in the numerical 

experiments, the remaining settings are left unchanged with respect to the domain set up introduced 

in Section 3.1.1. 

WRFBG is the reference forecast, starting at 00:00 UTC of November 17, 2017 and covering 24 

hours. The starting time of the WRFHR runs (05:00 UTC) is determined by the time of the S1 

retrievals, i.e. 04:47 and 04:48 UTC, shown in Figures 2.5a and 2.5b, respectively. LAPS analyses, 

used as initial conditions of the WRFHR forecast, are performed using the WRFBG forecast at 

05:00 UTC as background field. 

The WRFHR experiments are organized in the following way: 
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• WRFH3: experiment initialized with SEVIRI/MSG, METAR, and radar reflectivity (CAPPI 

3 levels). 

• WRFH4: experiments initialized with SEVIRI/MSG, METAR, radar reflectivity (CAPPI 3 

levels), and S1W. 

The assimilation of the CAPPI 3 level radar reflectivity is due to the availability of Pettinascura 

radar data for this specific case study. The METAR observations considered for the initialization of 

the WRFHR experiments are 46. 

 

a) 

 

b) 

 

Figure 2.5 Retrievals of S1W at 04:47 UTC (a, left) and 04:48 UTC (b, right) of November 17, 2017, 
nearby the center of the Medicane. 

 

2.4 Assimilation of wind speed and impact on weather simulations 

Examples of Sentinel 1 wind speed data assimilation and its impact on the meteorological model 
forecast are discussed in the Section. The assimilation is performed through the LAPS system, and 
the analyses are implemented to initialize the WRF model. The impact of the S1 wind (S1W) is 
assessed for the twenty case studies listed in Table 2.2. These are selected among those 
characterized by heavy precipitation (rain, hail, ...), mainly of convective type, or Bora wind 
occurrence. The cases are selected so that the retrieved Sentinel 1 wind (S1W) fit the whole 
northern Adriatic basin in order to avoid discontinuities in the analysis, associated with sharp edges 
in the sea surface wind. The selection of the case studies depends also on the availability of the 
S1W retrievals, since the S1 lies on a polar orbit; thus, its repetition time of 6 days rule out the 
possibility to study a large number of episodes of severe weather. Also, the precipitation event is 
analyzed only when its occurrence is within 3-9 hours after the retrieval time, so that the simulation 
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will benefit of the ingestion of S1 wind. 

2.4.1 Impact of the assimilation of Sentinel-1 wind speed data on the simulation of 

severe weather events 

For each case study listed in Table 2.2, 5 different initialization experiments have been performed, 

for a total of 100 WRF model simulation. For each case study, the following WRF experiments are 

considered: 

• WRFBG: control run, used as background for the LAPS analyses; it is a reference 

simulation to assess the impact of the assimilation of different data on the initialization of 

the WRFHR runs. 

• WRFHR: four different experiments initialized using the LAPS analyses and performed on 

the d02 domain shown in Figure 2.1. In the following, the experiments are indicated as it 

follows: 

◦ HR0: initialized with BT10 only; 

◦ HR1: initialized with BT10 and S1W; 

◦ HR2: initialized with BT10 and METAR; 

◦ HR3: initialized with BT10, METAR, and S1W. 

The ingestion of the BT10 SEVIRI/MSG in the analysis is common to all the experiments in order 

to provide the microphysical species to the WRF model, which are necessary for the hot start 

initialization. The analysis of the HR0 experiment provides an indication on the impact of the BT10 

data with respect to the model background, while the contribution of the surface data can be 

appreciated respectively in the HR1 (ingestion of S1W) and HR2 (ingestion of METAR) 

experiments: limiting the assimilation to the surface data only (and the necessary BT10) is meant to 

single out the impact due to the assimilation of the surface data only. Eventually, the HR3 

experiment shows the overall effect of all data on the simulations.  

Figure 2.6 shows a typical S1 retrieval of the sea surface wind, at 16:58 UTC of June 11, 2016. The 

S1W shows some peaks in wind speed, representing local patterns, which are likely related to 

atmospheric instabilities in the marine boundary layer.  
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Figure 2.6 Sea surface wind retrieved by the Sentinel 1 in the north Adriatic sea at 16:58 UTC of June 
11, 2016. 

Figure 2.7a shows the 10 m wind of the WRFBG run (initial time: 12:00 UTC) at 17:00 UTC (the 

forecast time closest to the satellite retrieval), while Figure 2.7b shows the corresponding analysis 

provided by LAPS, used to initialize the HR1 experiment. The WRFBG surface wind field is forced 

with the coarse 0.5° grid resolution of the GFS global forecasts. The analyzed HR1 surface wind 

field has a manifest impact through the whole basin covered by the satellite retrieval. The retrieved 

peaks around the eastern coast of Istria are accounted for as well as a general reduction of the sea 

surface wind in the open sea. Also, the HR1 analysis shows a reduction of the wind peak over the 

Venice lagoon, while the wind jet is confined in front of the Dalmatian coast. 

  

Figure 2.7. (a) 10m wind forecast by the WRFBG model and (b) surface wind analysis after the 
assiilation of S1W (Figure 2.6) and SEVIRI/MSG. The forecast and the analysis refer to 17:00 UTC of 
June 11, 2016. 
 

A quantitative evaluation of the HR1 analysis of the surface wind fields has been performed. An 

independent set of surface wind records, provided by the 63 OSMER stations, whose geographical 

distribution is shown in Figure 2.4, is considered for the comparison with the WRFBG run, using 

the RMSE. Statistical indexes are based on 659 measures of surface wind. The RMSE shows a 

reduction from 3.73 to 3.54 m s-1 due to the assimilation of S1W compared to the WRFBG forecast. 
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Figures 2.8a and 2.8b show the BIAS and RMSE of the 10 m wind speed in the simulations 

WRFBG and WRFHR as a function of the forecast time. The indexes are calculated after comparing 

the model winds versus the METAR and OSMER wind records. The plots are limited to the 

forecast times between the 1st and the 9th hour of the WRFHR experiments. In such a range of time, 

the benefit of the initialization of the WRFHR experiment with LAPS is apparent. The three 

experiments HR1, HR2, and HR3 (respectively red, green and blue lines) show a clear improvement 

in terms of both BIAS and RMSE with respect to WRFBG (black line), demonstrating the great 

importance of surface data in the assimilation and initialization of limited area models, also several 

hours after the initial time of the simulations.  

 

 

 

Figure 2.8: 10 m wind speed: BIAS (a) and RMSE (b) versus the forecast hour for the whole set of 20 
case studies, where the METAR and the OSMER surface wind data are considered for sake of 
comparison within the 1st and the 9th forecast hour of each WRFHR experiment. 

 

Similarly, Figures 2.9a and 2.9b show the time evolution of T2M BIAS and RMSE calculated for 

the WRFHR simulations over the whole set of surface stations (METAR and OSMER). As for the 

surface wind forecast, the BIAS and RMSE scores for the HR1, HR2, and HR3 experiments 

demonstrate a positive impact of the assimilation of surface data on the model forecast of 2m 

temperature. After the first hour of simulation, the differences between these three experiments 

remain within 0.1 K. For both BIAS and RMSE, the scores for HR3 show the best results, i.e. when 

the surface stations and the S1 data are assimilated together to initialize the model.  
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Figure 2.9: BIAS (a) and RMSE (b) versus the forecast hour for the whole set of 20 case studies, for 
the model surface temperature T2M, where the METAR and the OSMER surface wind data recorded 
between the 1st and the 9th forecast hour of each WRFHR experiment are considered for sake of 
comparison. 

Figures 2.10a and 2.10b shows the time evolution of BIAS and RMSE respectively for 2m relative 

humidity RH. While BIAS has relatively small variations (1%) among the different simulations, 

RMSE improves significantly in all HR experiments compared to WRFBG.  

Finally, the model precipitation is compared with the observations. Among the 20 case studies listed 

in Table 2.2, 14 cases refer to events of precipitation, mostly due to convection. The space and time 

coincidence of these events with the S1 retrievals confined the study to a limited number of the 

severe weather events that affected the region in the last few years. For example, the case study of 

the July 24, 2017 was characterized by abundant convective precipitation in the late morning and 

afternoon, while the S1 retrieval occurred at 16:58 UTC, too late for any benefit of Sentinel 1 wind 

assimilation in the simulation of precipitation. The case study has been included in the verification 

of the BIAS and the RMSE shown above, but is ruled out from the following analysis of 

precipitation. Thus, the case studies with precipitation are 13 and are indicated in Table 2.2 with an 

asterisk. 

  

Figure 2.10 BIAS (a) and RMSE (b) versus the forecast hour for the whole set of 20 case studies for 
2m relative humidity (RH), where the METAR and the OSMER surface wind data recorded between 
the 1st and the 9th forecast hour of each WRFHR experiment are considered for sake of comparison. 
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The cumulated precipitation simulated in these case studies is compared with the rain gauges of the 

OSMER network. These observations have been preprocessed by means of an objective analysis 

based on a recursive method (Daley, 1991). Three iterations have been performed to calculate the 

observed amount of precipitation at each model grid point in the d02 domain (Figure 2.2), 

corresponding to three radii of influence of 10, 5, and 2 km. The statistical quantities used to 

compare simulated versus observed precipitations are the correlation C and the linear regression R 

(Taylor, 1997). 

The analysis of correlation C was performed to compare the spatial distribution of the simulated 

versus the observed precipitation, being the latter obtained after an objective analysis based on the 

rain gauge data (C = 1 means perfect correlation, C = -1 means perfect anticorrelation). The linear 

regression index R gives an indication if the numerical experiments overestimate (R>1) or 

underestimate (R<1) the observed cumulated precipitation. 

Table 2.3 summarizes the average <C> and <R>, for rainfall cumulated over different time 

intervals, in order to evaluate the impact of assimilated data on the simulation of precipitation. 

Results summarized in Table 2.3 consider all 13 case studies; a filter has been applied to rule out 

singularities emerging in the calculation of C, associated with zero covariance between simulated 

and observed precipitation amounts. 

The first three blocks in Table 2.3 show the average <C> and <R> relative to three intervals of 6 

hours each, respectively in the forecast window 1-7, 4-10, and 7-13 hours. The fourth block in 

Table 2.3 shows the average <C> and <R> calculated in the 12-hour interval 1-13 h. The first hour 

of forecast has not been considered due to possible adjustments of the model run in the first hour, 

due to the fact that LAPS analyses are not balanced. The numbers highlighted in bold in Table 2.3 

indicate the best result in the considered period of integration. Hereafter, the results for different 

periods of rainfall accumulation are considered. 

For the time interval 1-7 h, a small improvement in <C> with respect to WRFBG occurs for all the 

WRFHR experiments (except for HR0), the best scores being obtained for the HR2 and HR3 runs. 

Also <R> shows an improvement for all WRFHR cases compared to WRFBG; the best score is for 

HR2. Similarly, for the time interval 4-10 h and 7-13 h, there is a general improvement due to the 

assimilation of surface wind data, both in terms of <C> and <R>, in particular for the latter 

statistical index. Really, the average correlation is similar for all the experiments, but it is higher for 

the HR runs. Concerning <R>, the HR2 and HR3 experiments demonstrate a net positive impact of 

the assimilation of surface data with respect to the reference WRFBG run. The simulation for which 

<R> is the closest to 1 is HR1, but a deeper analysis shows that this is partly due a strong 

overestimation in a single case (in that case, the maximum R is above 5), that partially compensate 

for the general underestimation.  
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We noted that the assimilation of MSG data is more relevant in the first 3 hours of simulation (the 

statistics relative to this time interval are not reported here), as the BT10 provides the microphysical 

species to the model at the initial time; however, if these patterns are not supported by local scale 

processes simulated by the model, they are lost at later times. In contrast, the assimilation of 

METAR and S1W surface wind affects the dynamics in the lower troposphere, modifying the wind 

pattern at local scale. These changes are projected by the WRF model even at following times: this 

aspect is apparent in the 12-hour window (1-13 h), where the runs ingesting the surface data (HR1-

3) provide a significant improvement with respect to WRFBG and HR0 both in terms of <C> and 

<R>.   

It is worth noting that the BIAS and RMSE scores in the HR1 (initialized with both BT10 and the 

S1W winds) and HR2 runs (initialized with both BT10 and METAR) are generally higher than 

those in the HR0 run, where only the assimilation of MSG data is considered. The simultaneous 

assimilation of the METAR and S1W winds in HR3 further improves the results only slightly. 

In conclusion, the results obtained in terms of 10m wind, 2m temperature and precipitation show a 

general positive impact of the assimilation of S1 wind on the model simulations. The retrieval of S1 

surface wind over the sea, where in situ data are sparse, can be crucial for the proper representation 

of local scale flows and instabilities in the model initial conditions, that otherwise could not be 

simulated by the model at later times. 

In general, the values of the statistical indices are consistent with the results available in literature 

using the WRF model alone (Avolio et al., 2017) and using the LAPS analysis as initial conditions 

for the WRF model (Barcons et al., 2015). However, one should consider the complex topography 

of the domain d02 (see Figures 2.2), where complex circulation, induced by the orography and the 

sea-land contrast, may develop (Jiménez et al., 2012; Gómez-Navarro et al., 2015). 

 

 

 

 

 

 

 

 

 

 



H2020-EO-2016-730030- CEASELESS 

 
26

Rain cumulated in 6 hours 

Interval # cases) Experiment <C> <R> 

 
 

6 hours (1-7) 
 

 

WRFBG 0.26 0.15 

HR0 0.25 0.17 

HR1 0.27 0.18 

HR2 0.28 0.19 

HR3 0.28 0.18 

 

 
 

6 hours (4-10) 
 
 

WRFBG 0.17 0.10 

HR0 0.20 0.19 

HR1 0.20 0.16 

HR2 0.20 0.16 

HR3 0.20 0.17 

 

 
 

6 hours (7-13) 
 
 

WRFBG 0.27 0.24 

HR0 0.28 0.22 

HR1 0.30 0.77 

HR2 0.29 0.50 

HR3 0.29 0.37 

 

 
 

12 hours (1-13) 
 
 

WRFBG 0.26 0.19 

HR0 0.24 0.22 

HR1 0.30 0.28 

HR2 0.33 0.30 

HR3 0.33 0.31 

 

Table 2.3 <C> and <R> calculated for different time intervals for the rain events listed in Table 2.2. 
The comparison of the simulated cumulated precipitation is performed versus the OSMER rain 
gauge network. 
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2.4.2 Impact of the assimilation of Sentinel-1 wind speed data on the simulation of 

Mediterranean tropical-like cyclones (Medicanes) 

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

cyclones have been detected over the Mediterranean basin. 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 (Miglietta and Rotunno, 

2019). From a dynamic point of view, they are characterized by an axi-symmetric structure, vertical 

alignment of pressure minima, 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. These cyclones may last for several days, although the presence of tropical 

characteristics is generally limited to a few hours. They form in baroclinic environments, associated 

with a cold trough extending in the Mediterranean, and develop in the mature stage 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 sea surface heat fluxes 

is very important for the intensification and maintenance of TLC. 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.  

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

category of cyclones. For example, on 17 November 2017 (Fig. 2.11) a TLC (named Numa) 

approached the coast of Apulia region (southeastern Italy), and was covered be several Sentinel-1 

passes. The structure of the cyclone in its inner part is shown in Figure 2.12a with unprecedent 

resolution and detail. Figure 2.12b shows the typical features of a Mediterranean hurricane (“eye”, 

rainbands, deep convection) identified in the Meteosat image.  

 

 

 

 

 

 

 

 

Figure 2.11 Image of the Medicane Numa taken by MODIS/Aqua at 12:00 UTC of November 17, 
2017. 
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Figure 2.12: a) Sentinel-1B wind data: Pass over the northern Ionian Sea at 16:39:45 UTC, 17 
November 2017. 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 at 
09:45 UTC, 18 November 2017. 

Figures 2.13a and 2.13b show the surface wind field of the WRFBG forecast (after 5 hours of 

simulation) and the WRFH4 initial condition, i.e. the analysis containing the assimilation of the 

Sentinel-1 wind data shown in Fig. 4. From a visual comparison between the two wind fields, the 

importance of the S1W assimilation is apparent for the definition of the surface wind, both for the 

intensity of the jets around the “eye” of the depression and for defining better the cyclonic 

circulation around the pressure minimum. 

 

a) 

 

b) 

 

Figure 2.13. Surface wind field at 05:00 UTC in the WRFBG forecast (a), and in the LAPS analysis 
after the assimilation of S1W (b). 
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However, at 11:00 UTC, i.e. six hours after the model initialization, Figures 2.14a, 2.14b, and 2.14c 

show that the surface wind field in the WRFBG, WRFH3, and WRFH4 runs is similar, thus the 

benefit of the assimilation of S1W is apparently limited after this time interval. However, some 

sensible differences can be identified in the mean sea level pressure (MSLP) maps of the three runs 

at the same time, shown in Figs. 2.15a, 2.15b, and 2.15c. In particular, the position of the minimum 

MSLP for each model run and the center of the Medicane evaluated from the IR 10.8um 

SEVIRI/MSG channel, reported in these figures, show that in the WRFH4 experiment the distance 

between the two minima is reduced compared to the other runs.  

 

 

a) 

 

b) 

 

c) 

 

Figure 2.14: 10m wind field at 11:00 UTC, 17 November 2017 in the simulations WRFBG (a), 
WRFH3 (b), and WRFH4 (c). 

 

The distance between the center of the Medicane in the model runs (minimum MSLP) and the 

location determined by the IR 10.8um SEVIRI/MSG channel is shown in Figure 2.16 as a function 

of the forecast time for WRFBG (black), WRFH3 (green) and WRFH4 (red). The WRFH4 

experiments reproduces the minimal distance from the initial time for the first seven hours of 

simulation. Also, the benefit of the assimilation of S1W is apparent, considering that HR4 improves 

significantly the prediction of the pressure minimum location compared to the HR3 run, where all 

data apart from S1W are ingested into the model. 
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a) 

 

b) 

 

c) 

 

Figure 2.15. MSLP at 11:00 UTC in the runs WRFBG (a) and WRFH4 (b). The position of the 
minimum MSLP in the model simulations and the center of the Medicane determined by the IR 
10.8um SEVIRI/MSG channel are also shown (cross and asterisk, respectively). 

 

Thus, the assimilation of Sentinel-1 wind data for the representation of a specific Medicane shows 

some benefit both in the analysis (wind speed at the initial time) and in the simulation (location of 

the pressure minimum in the first 7 hours of simulation). This technique should be applied in future 

to similar cases, with the aim of better understanding the dynamics and the thermodynamics of such 

intense events occurring in the Mediterranean basin, and hopefully contributing to the knowledge 

developed so far in the subject (Moscatello et al., 2008a; 2008b; Gaertner et al., 2018; Miglietta et. 

al., 2013). 

The 500 m resolution of the wind speed retrieved by the Sentinel-1 mission and assimilated into the 

LAPS-WRF modeling system can give a consistent contribution to a better simulation of the local 

structures of the surface wind field over the sea. The preliminary results shown for this case 

demonstrate the high potentiality in exploiting the Sentinel-1 retrievals both for the analysis and the 

prediction of these cyclones. 
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Figure 2.16.  Distance (in degrees) between the center of the Medicane in the different model runs and 
as determined by the IR 10.8um SEVIRI/MSG channel. 

 

3. Influence of sea boundary conditions on coastal processes: orographic 

jets  

The description of the meteo-oceanic processes impacting the coastal regions is a challenging task 

which is gaining increasing attention, also in a climate change perspective. The increasing 

availability of observational data, particularly from remote sensing missions, provides an 

unprecedented potential for tackling some of the main challenges in the description of coastal 

processes, such as the presence of strong spatial gradients and anisotropic variability structures. In 

this application we explore the impact of the sea boundary conditions on the three-dimensional 

spatial structure of orographic wind jets impacting the north-western Adriatic coast. Besides 

providing important indications on the relevance of air-sea interaction for these phenomena, this 

study indirectly gives an account of the potential impact of improved satellite-retrieved fields in the 

description of coastal meteo-ocean processes. 

The reference event is a Bora (local name of the cold and dry northeasterly wind blowing from the 

eastern Alps and the Dinarides) outbreak occurred in January 2017 as a part of a an intense cold 

wave that hit eastern, central and southern Europe, characterised by a stable high pressure system 

over western Europe drawing cold wind from Scandinavia to Eastern and central Europe. Two 

north-easterly intrusions between January 6th and 12th and January 15th and 19th led to negative 
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thermal anomalies up to -3/-6°C over Italy, and locally to -7°C in the Balkans. In the Adriatic basin, 

this led to intense storms, characterized  by northeasterly jets of strong and dry wind locally known 

as Bora, with rough sea and snowfall in the mainland. In addition, the unlucky concurrence of an 

earthquake in those days caused an avalanche that buried the Rigopiano Hotel in Abruzzo, causing 

several casualties. Generally speaking, Bora wind is one of the most important drivers of Adriatic 

Sea meteo-marine climate and coastal dynamics, giving rise to storms with significant wave height 

up to 3m and more, causing sediment resuspension and redistribution throughout the basin (Sclavo 

et al., 2013) and coastal erosion along the western sandy beaches (Bonaldo et al., 2015). 

Furthermore, since the Adriatic is a Dense Water formation basin, Bora is also one of the triggers 

for Mediterranean thermohaline circulation. In fact, under appropriate wintry conditions, Dense 

Shelf Water forms in the NA due to Bora-induced cooling and evaporation (Benetazzo et al., 2014, 

and references therein) and then propagates southward, flowing off the shelf break and contributing 

to deep sea ventilation (Carniel et al., 2016), continental margin reshaping (Bonaldo et al., 2016) 

and triggering continental shelf waves (Bonaldo et al., 2018). 

 

Figure 3.1: Observed air pressure and wind speed in the Vipava valley, Slovenian Karst 

 

With reference to the outbreak that took place on January 15-20, 2017, wind speed and pressure 

time series collected in the Slovenian Karst (where the northernmost jets are triggered, Figure 3.1) 

show the features of the high-frequency variability of these quantities, particularly during the early 

stages of the event. In order to investigate this event, we carried out a set of numerical runs based 

on WRF with different descriptions of the sea forcing. The atmosphere domain is discretized into 3 

nested grid downscaling from central Europe to the northern Adriatic region with a 1:5 ratio (25, 5 

and 1 km grid spacing). The baseline run is the 2-way coupled AO (Atmosphere-Ocean) run, in 

which WRF exchanges Sea Surface Temperature (SST), wind stress and heat fluxes with the 

underlying 1-km ROMS running on the whole Adriatic Sea. 
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Figure 3.2: WRF (a) and ROMS (b) model domains. Red dot in panel (b) represents the position of 
the Acqua Alta oceanographic tower. 

 

After a 1-month spinup carried out in a coupled configuration, all the runs start from the same initial 

conditions but with different descriptions of the sea boundary. Besides the AO run, we have 3 

standalone WRF runs: 

• RTG: receives SST from satellite radiometer every 6 hours, and represents the typical 

configuration for weather forecast; 

• RTGp3: same configuration as RTG with SST uniformly increased by 3 °C, aiming at 

identifying the effect of SST on the properties of the air masses reaching the Italian 

mainland (also in a climate change perspective); 

• WRFR: represents the conceptual link between the uncoupled and coupled runs. It is still a 

standalone run, but forced with the SST computed by ROMS in the coupled configuration, 

thus having the most «physically meaningful» values, though in this case in the absence of a 

feedback to the ocean. 

The process overall features have been investigated by analyzing the time series of observed and 

modelled (AO run) wind speed at the Acqua Alta oceanographic tower (Figure 3.3) and the two-

dimensional features of the Bora jets, both in plain view at the sea surface level and along a transect 

on the axis of one of the main jets (Figure 3.4, Figure 3.5). The transect ideally connects the Acqua 

Alta oceanographic tower and the Vipava Valley, in the Slovenian Karst, locally known as one of 

the “gates of Bora”, and provides a clear picture of the development of the jet and of its vertical 

structure. 
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Figure 3.3: Observed and modelled (AO run) wind speed at the Acqua Alta platform. Vertical 
yellow lines refer to the timing of the patterns depicted in Figures 3.4 and 3.5. 

 

Since the first phase of the event (Figures 3.4a,b), it is easy to observe the katabatic downflow of 

dry and cold air from the Slovenian heights, displacing the warmer and moister masses lying over 

the Adriatic basin. Oscillations in the profiles, most likely associated with topographic lee effects 

downwind of the mountain ridge, are visible on the eastern regions of the transects. As the process 

intensifies (Figures 3.4e,f, and Figure 3.5), a strong extraction of humidity takes place, with an 

increase of its value in the lower layers of the atmosphere, the core of the jet progressively sets its 

position in a layer at approximately 1000 m above the sea surface. Quite interestingly, the 

resolution of this implementation shows a small-scale, multiple jet pattern whose structure should 

be verified against SAR (e.g. Sentinel 1) observations. 
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Figure 3.4: modelled (AO run) wind speed (a,c,e, and upper panels of b,d,f), potential temperature 
and relative humidity (lower panels of b,d,f, colour and white shading respectively) on 15/01 - 
06:00, 15/01 - 18:00, 16/01 - 06:00. 
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Figure 3.5: Modelled (AO run) wind speed (a,c, and upper panels of b,d), potential temperature and 
relative humidity (lower panels of b,d, colour and white shading respectively) on 16/01 - 18:00, 
17/01 - 12:00. 

 

The comparison of wind speeds produced by different model implementations (Figure 3.6) shows a 

moderate influence of SST values and patterns on the main wind features during the process 

evolution, together with a numerical drift from observed records approximately 2 days after 

initialization. 

 

Figure 3.6:  Comparison of modelled wind speed at the Acqua Alta tower in different runs. 
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Figure 3.7: Impact of SST on 2D patterns - Wind speed (top), Potential Temperature (middle), and 
relative humidity (bottom) difference between runs RTG and RTGp3. 

 

 

Figure 3.8: Impact of SST on 2D patterns - Wind speed (top), Potential Temperature (middle), and 
relative humidity (bottom) difference between runs RTG and WRFR. 

The picture changes when considering two-dimensional patterns at the sea surface level and along 

the transect (Figures 3.7 and 3.8), showing that a higher SST implies a stronger wind speed (the 

sign indicates the direction, so a negative difference implies a stronger wind as the flow is 
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westward) and a higher potential temperature particularly in the higher layers of the atmosphere, 

with major implications on the vertical structure of relative humidity profiles. 

In conclusion, model coupling systems are nowadays available for an integrated, high-resolution 

description of meteo-oceanographic processes at an acceptable computational cost. In the case of 

coastal wind jets, we found that different descriptions of SST have overall moderate influence on 

wind patterns, relevant implications for the vertical structure of the lower layers of the atmosphere. 

What is still unanswered (at least in quantitative terms) is how can we define a priori the importance 

of model coupling for a given event, or what controls the importance of coupling in different 

conditions and at different scales. Generally speaking, this question needs a thorough assessment 

and validation of different coupling schemes and parameterizations, which is a long-term effort in 

which the achievements provided by CEASELESS as a whole will provide a fundamental heritage. 

 

4. Comparison between nested grids and unstructured grids for a high-resolution wave 

forecasting System in the western Mediterranean Sea 

Traditionally wave modelling uses a downscaling process by means of successive nested grids to 

obtain high-resolution wave fields near the coast. This supposes an uncertain error due to internal 

boundary conditions, topo-bathymetric errors and a long computational time. Unstructured grids 

avoid multiple meshes and thus the problem of internal boundary conditions.  

In the present study high-resolution wave simulations are analysed for a full year where high-

resolution meteorological models were available in a domain off the Catalan coast. This coastal 

case presents sharp gradients in bathymetry and orography and therefore correspondingly sharp 

variations in the wind and wave fields.  

Simulations with SWAN (Simulating Waves Nearshore) v.4091A using a traditional nested 

sequence and a regional unstructured grid with varying resolution have been compared. A local 

unstructured grid covering the Catalan coast and nested into an operational forecast system is 

included in the analysis. The obtained simulations are compared with wave observations from 

buoys near the coast; almost no differences are found between the unstructured grids and the regular 

grids. Simultaneously, tests have been carried out in order to analyse the computational time 

required for each of the alternatives, showing a decrease to less than half the time when working 

with regional unstructured grids and maintaining the forecast accuracy and coastal resolution with 

respect to the downscaling system.  



H2020-EO-2016-730030- CEASELESS 

 
39

4.1. Methodology 

4.1.1. Study area  

The wave forecast presented in this study is focused on the Catalan coast, despite all the 

configurations covering the Western Mediterranean Sea. The Catalan coast is located on the north-

eastern Spanish coast, between latitudes 40º45’N and 42º25’N and longitudes 0º45’E and 3º15’E, 

and has a length of about 600 km. The Pyrenees mountain range, located northern of the study 

domain, is the main orographic feature in the area and determines in great measure the 

meteorological conditions on the coast. The wind fields are highly variable, mainly controlled by 

the heterogeneous orography, the air-sea temperature differences and the passage of low-pressure 

centres from the Atlantic. The prevalent winds, on average not very intense except for storm events, 

come from the north and north-west, mainly during winter; southerly and easterly winds are also 

important, particularly during the months of February, March, April and November (Arnau, 2000).  

When the wind blows from the north, the mountain ranges induce wind channelling through river 

valleys, with the most important being the Ebro Delta wind jet. These characteristic land-to-sea 

winds are highly variable both in space and time (Sánchez-Arcilla et al., 2008) and are particularly 

intense and persistent during autumn and winter (Alomar et al., 2014).  

The predominant wave direction, as happens with the wind fields, varies along the coast, showing 

the topographic control due to a complex bathymetry, with submarine canyons and a heterogeneous 

continental shelf width (Sánchez-Arcilla et al., 2008; Bolaños et al., 2009). Sánchez-Arcilla et al. 

(2008) describe how the southern and northern sections of the coast show a predominance of north-

west and north wave conditions, while the central part of the Catalan coast is dominated by east and 

south wave conditions. The higher waves come from the east, where the largest fetches and stronger 

winds coincide. In the areas where the wind blows from the north-west (offshore winds), there is a 

tendency to develop a large amount of bimodal spectra due to the co-existence of sea and swell 

waves (Bolaños et al., 2007). 

4.1.2. The SWAN model 

The SWAN Cycle III v.4091A code has been used to simulate the wave evolution in the area. 

SWAN (Simulating Waves Nearshore) is a third-generation wave model that computes random, 

short-crested wind generated waves in coastal regions and inland waters (Booij et al., 1999; Ris et 

al., 1999). This model is an extension of deep water third-generation wave models based on the 

wave action balance equation with sources and sinks: it incorporates the triad wave-wave 

interactions and the depth-induced breaking, which are especially useful in shallow waters; it also 

admits ambient currents as an input. 
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Pallares et al. (2014) performed a calibration process of the SWAN model for semi-enclosed 

domains, particularly on the Catalan coast; the coefficients determined therein have been used in the 

present work. Spherical coordinates and nautical convention have been selected. The wind growth 

is obtained as the sum of a linear term due to Cavaleri and Malanotte-Rizzoli (1981) and an 

exponential term that is the same used in WAM Cycle 3, due to Snyder et al. (1981) and rescaled by 

Komen et al. (1984). The quadruplet non-linear wave-wave interactions are computed using the 

Discrete Interaction Approximation (DIA) proposed by Hasselmann et al. (1985).  The 

whitecapping term used is the Komen et al. (1984) formulation but using a delta coefficient of 1. 

Regarding the numerical aspects, the scheme for geographic propagation has a maximum number of 

iterations per time step of 15, and a time step of 15 min has been chosen, which is small enough to 

reproduce the wind and wave variability but still allows an affordable computational cost. The 

frequency range considered is 0.01Hz to 1Hz, with 49 values logarithmically spaced with a 

frequency resolution of df/f=0.1 as recommended by the SWAN manual (SWAN team, 2015a), and 

the directional resolution is 10º. 

4.1.3. Unstructured grids  

Traditionally, the methodology to improve the resolution of wave forecasting near the coast consists 

of a downscaling process with a system of nested domains. Each of them has a smaller resolution 

and covers a smaller area than the previous one (Sánchez-Arcilla et al., 2014; Alomar et al., 2014; 

Alari et al., 2008), where the required boundary conditions are provided by the coarser mesh. 

In the present study the usage of an unstructured grid with a varying mesh size is also considered. 

The main advantage of employing an unstructured grid for wave modelling is that it allows working 

with a single grid with different resolutions at each sub-domain, thus improving the resolution in 

coastal areas, and therefore nesting is not needed. Another advantage is that the unstructured grid is 

able to reproduce the sharp coastline more accurately than regular meshes. Finally, unstructured 

grids allow indirectly what is known as two-way nesting, where information is transferred not only 

from the coarser to the finer domain but also in the other direction – a process especially interesting 

in situations with inland winds, such as the case of the Mistral on the Mediterranean coast. 

The unstructured grids have been used in wave modelling mainly in small domains (Siadatmousavi 

et al., 2015; Zijlema, 2010; Hsu et al., 2005) nested to regional or global grids. This classical 

approach has been applied in the present study in comparison to a regional unstructured grid 

designed to cover the entire Western Mediterranean Sea.  

The SWAN model is able to work with both types of grids, nested regular systems and unstructured 

meshes, using exactly the same physics, allowing thus a comparison under the same conditions. 

Zijlema (2010) presents and validates the numerical scheme adapted for unstructured grids, 

consisting of a vertex-based, fully implicit, finite-differences method that requires several sweeps 
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through the grid. For the regular grids, SWAN provides several numerical schemes; however, 

among them the one that was used for this exercise is the backward space and backward time 

(BSBT), a first-order upwind scheme (SWAN team, 2015b), since it is the equivalent to the 

numerical scheme used for the unstructured grids. As mentioned by Zijlema (2010), in most of the 

situations the CPU cost per grid point is higher for the unstructured meshes; however, the reduction 

of the number of grid points in this type of meshes offsets the total time.  

4.1.4. Experimental configuration  

Four different configurations have been tested to determine which may be the best option, regarding 

the accuracy of results and the computational time, when designing an operational wave forecasting 

system (figure 4.1). Different situations are considered: on the one hand, the regular nested grids are 

compared with a unique unstructured mesh, while, on the other hand, the systems covering the 

entire Western Mediterranean Sea, a semi-enclosed domain, are compared with local grids nested in 

actually running regional forecast systems. The aim of this comparison is to provide accurate wave 

conditions with high resolution in coastal areas in an efficient way.  

 

 

Figure 4.1. Representation of the four configurations tested in the study. The yellow dots in 
configuration D represent the buoy locations. 
 



H2020-EO-2016-730030- CEASELESS 

 
42

Regarding the grids covering the entire semi-enclosed domain, the regular nested system (herein 

named A) is comprised of three meshes with a spatial resolution of 9 km, 3 km and 1km. The 

regional unstructured mesh for the Western Mediterranean Sea (herein named B) has 8.317 

elements and 4.548 nodes, with a resolution from 40 km in open waters to 800 m in shallow waters 

(figure 4.2a). Similar systems to the ones presented previously are considered in the second 

alternative, albeit covering a smaller area, the Balearic Sea, and nested to an actually running 

regional operational system. The first one (herein named C) consists of the two smaller regular 

nested grids (with 3km and 1km spatial resolution), and the second one consists of a local 

unstructured grid covering the same area (herein named D), with 4.928 elements and 2.710 nodes, 

with a resolution from 25 km at the boundaries to 800 m in the coastal area (figure 4.2b). In table 

4.1 and table 4.2 the characteristics of all used meshes and the configurations considered are 

presented.  

 

Figure 4.2. Detail of the unstructured grids used for the Western Mediterranean Sea grid (top), used 
as configuration B, and the Balearic unstructured grid (bottom), used in configuration D. The color 
scale represents the grid size in km as the medium length of the sides of each triangle.  
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Grid Resolution  Lat - Lon Grid points Wind forcing 

Mediterranean 

regular  

9 km 4,9000 W – 16,0481 

E 

35,0000 N – 44,5227 

N 

119 x 196 

(23.324 

nodes) 

Hirlam 0,16º 

Balearic 

regular  

3 km 0,4700 W – 4,5000 E 

38,6700 N – 42,8300 

N 

155 x 139 

(21.545 

nodes) 

Hirlam 0,16 º 

 Local regular  1 km 0,1450 E – 3,2908 E 

40,0833 N – 42,7870 

N 

136 x 332 

(45.152 

nodes) 

Hirlam 0,05º 

Mediterranean 

unstructured  

40 km to 800 

m 

5,4954 W – 16,2178 

E 

35,0910 N – 44,4243 

N 

4.548 nodes 

8.317 

triangles 

Merged wind  

Balearic 

Unstructured  

25 km to 800m 0,3310 W – 4,5000 E 

38,6700 N – 42,8300 

N  

2.710 nodes 

4.928 

triangles  

Merged wind 

 
Table 4.1. Description of the grids used in the study, including the mesh resolution, the domain 
covered, the number of grid points for regular grids and the number of nodes and triangles for 
unstructured grids and the wind forcing.  
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Configuration Grids used Boundary conditions 

A Mediterranean regular 

Balearic regular  

Local regular 

No  

B Mediterranean unstructured No  

C Balearic regular 

Local regular 

Yes 

D Balearic unstructured Yes  

Table 4.2.  Description of the four configurations considered in the present study, named A to D and 
formed by one or several grids. The need of boundary conditions is resumed in the third column.  

 

In order to provide some general results and conclusions, avoiding the seasonal effects, one year of 

simulations is performed, corresponding to 2013. Additionally, a storm event is also analyzed in 

detail, since during these periods the information provided by the model forecast needs to be more 

accurate, for example for coastal early-warning systems.  

4.1.5. Data available   

Three buoys located along the Catalan coast and operated by the Spanish harbour agency Puertos 

del Estado (www.puertos.es) were considered for the validation process. Two of the buoys, 

Barcelona coast and Tarragona coast, are moored near the coast; the other buoy, Tarragona, is 

moored in deep waters (figure 4.1, table 4.3).  The bathymetry used for the simulations is obtained 

from GEBCO (General Bathymetric Chart of the Oceans, www.gebco.net) with a grid resolution of 

30 arc-seconds (0,0083º).  
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Name Lon Lat Depth Parameters provided 

Begur 3,65º E 41,92º N 1.200 m Hs, Dir, Tm02, Tp, Wind 

Barcelona coast 2,20º E 41,28º N 68 m Hs, Dir, Tp 

Tarragona 1,47º E 40,68º N 688 m Hs, Dir, Tm02, Tp, Wind 

Tarragona coast 1,19º E 41,07º N 15 m Hs, Dir, Tp 

Table 4.3. List of the instruments location and the information provided by each of them for the 
Catalan coast. 

 

The winds for the present study have been provided by the Spanish Meteorological Agency 

(AEMet, www.aemet.es) and include a coarser wind field that provides wind conditions at 10 m 

above the sea level. The spatial resolution is of 0.16 degrees for the entire Western Mediterranean 

Sea, and a better resolution wind field that covers only the Catalan coast area, with a spatial 

resolution of 0.05 degrees. Both wind fields are obtained using the High-Resolution Limited Area 

Model (HIRLAM) (Unden et al., 2002) and have a temporal resolution of 1 h and a forecast horizon 

of 72 h. In the present study analyzed winds have been used for the two resolutions available, herein 

named Hirlam 0.16º and Hirlam 0.05º.  

The bad accuracy of the winds, especially when the resolution is low, is commonly reported as one 

of the main causes of poor results of the wave models near the coast (Ardhuin et al., 2007), so a 

validation of the wind fields over the sea has been performed for a one-year period. Since it has not 

been possible to find other wind measurements at sea for the selected period, only one validation 

location is presented, corresponding to the Tarragona buoy described previously.  

The results obtained are shown in figure 4.3, where the histograms obtained as the distribution of 

the different winds during the whole period are presented using a range of 1m/s and adjusted to a 

Weibull distribution. Additionally, some statistics have been calculated and are shown in table 4.4. 

From the validation process it can be stated that the general quality of the wind is good, with 

correlation coefficients around 0.85 in intensity and slightly lowers, around 0.67, in direction for the 

two models, although both of them tend to slightly overestimate the intensity of the wind fields. It 

can be observed that in the validation location there are no important differences in the accuracy of 

the two models despite the different resolution, so one cannot be considered to work better than the 

other. However, as Alomar et al. (2014) concluded, the wave field tends to improve considerably 

when forced by winds with better resolution in space and time, so, when possible, the high-

resolution wind field will be used instead of the coarser one. In table 4.1 the wind forcing used for 

each of the SWAN domains is detailed.  
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Figure 4.3.  Weibull distribution of the wind intensity (m/s) for the buoy measurements (black), the 
Hirlam 0.16º wind model (blue) and the Hiram 0.05º high resolution wind model (yellow) for the 
2013.  

 

 Wind intensity  Wind direction  

Model RMSE 

 [m/s] 

Bias  

[m/s] 

SI  R RMSE 

[degrees] 

SI  R 

Hirlam 

0.16º 

1,89 0,54 0,397 0,844 77,45 0,368 0,668 

Hirlam 

0.05º 

2,02 0,92 0,424 0,856 77,08 0,214 0,667 

Table 4.4. Results of the validation of the two wind models including the wind intensity (m/s) and 
wind direction (degrees) for the 2013 year in Tarragona buoy location. 

 

For both unstructured grid configurations, a unique wind field can be used, so to take advantage of 

the high-resolution information a merging process has been performed to combine both existing 

wind fields into a new one. Since both wind fields proceed from the same source and the continuity 

is assured, the merging process consisted in a suitable boundary interpolation.   

As previously introduced, and in order to avoid increasing computational time when running the 

coarser wave domain, our system has been designed for nesting into an actually working 
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operational service. The boundary conditions necessary for running configurations C and D are 

obtained from the wave forecast system of the Spanish harbour agency, Puertos del Estado, using 

the significant wave height, the mean wave period, the mean wave direction and the wave spread 

coefficient to generate a theoretical spectrum at the boundaries. The operational forecast system, 

described in Gomez and Carretero (2005), consists of an application of the WAM model (the 

WAMDI group, 1988) for the Spanish Mediterranean coast, with two nested domains with a spatial 

resolution from 5 to 10 minutes and a temporal resolution of 1 h that are operated on a twice-a-day 

cycle and provide a forecast horizon of 72 h. However, analyzed wave fields have been used in the 

present study. The system is forced with the Hirlam 0.16º wind field described previously.  

4.1.6. Computational structure 

The computations were performed in a small cluster named ‘Alien’ belonging to the computational 

center of the civil engineering school of Barcelona, BarcelonaTech. The machine is made up of Dell 

computers and a Red Hat Linux operating system, including four nodes with Intel processors and 

two nodes with AMD processors. Each of the four Dell PowerEdge R900 nodes has four quad-core 

Intel Xeon processors with 2.4GHz, 16 MB of L3 cache per processor and 128 GB of RAM, while 

the two Dell PowerEdge R805 nodes have quad-core AMD Opteron processors with 2.5 GHZ, 6MB 

of cache per processor and 32GB of RAM.  

An initial test was performed to determine the time requirements for running the SWAN model 

depending on the number of CPUs used. The Western Mediterranean Sea domain was chosen for 

the exercise, forced with the Hirlam 0.16º wind field, for a period of three days. Only the Intel 

nodes were considered, and the parallelization was carried out through the OpenMP protocol.  

The results presented in figure 4.3-4.4 show an exponential decrease of the computational time 

required to run the model when increasing the CPUs. The reduction of time is especially significant 

from one to eight processors, while adding more processors does not result in an appreciable time 

savings. It can be concluded that, for the machine used, the optimal situation would be to work with 

eight or more processors. However, the machine available is shared with other users, so only one 

core can be guaranteed per jobs (equivalent to four processors). For this reason, it was decided 

herein to use four processors to run the SWAN model.  
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Figure 4.4. Time requirement in minutes necessary to run the test case using from one up to sixteen 
processors.  

4.2. Results 

4.2.1. Validation tools 

The validation of results from the different simulations was mainly based on time series and Taylor 

diagrams (Taylor, 2001). Some statistical parameters have also been also employed for quantitative 

comparisons; the main ones are the root mean square error (RMSE), the bias, the scatter index (SI) 

and the correlation coefficient (R). These parameters are obtained as follows:  

        (1) 

         (2) 

          (3) 

        (4) 

where S corresponds to the simulated data and O to the measured ones (observations); N is the 

number of data; and  and  correspond to the mean value of the time series for observed and 

measured values, respectively.  All these formulations except the bias have been adapted to analyze 

the wave direction, considering the minimum angle between the two data (simulated and measured).   
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The data measured by the instruments and those obtained from the SWAN simulations both 

correspond to 1 h time resolution for the entire study period, providing a time series longer than 

8.000 values. The wave parameters considered for the validation are summarized in table 4.5. 

Results from the wave model correspond to the same location as the measurement instruments after 

an interpolation performed by the SWAN model: a spatial interpolation in the discrete components 

of the spectra; hereafter the integral parameters are computed.  

 

Moment mn 

 

Significant wave height Hs 
 

Mean wave direction Dir 

 

Mean zero-crossing 
period 

Tm02 

 

Peak wave period Tp Period corresponding to the maximum energy 

Table 4.5. Definition of the bulk parameters used to compare the SWAN simulations 

 

 

4.2.2. Yearly analysis 

Four different configurations have been tested for a one-year period and validated at three different 

locations.  In these sections, only the most representative results are presented. That implies that 

two unique locations will be shown: the Tarragona deep water buoy, since it is the only one located 

in the open sea, and the Barcelona coastal buoy. The results obtained from the Tarragona coastal 

buoy present very similar behaviour to the Barcelona coastal buoy, and the observed differences 

will be mentioned in the discussion but not shown in detail.  

A comparison between the results from the different configurations and the Barcelona coastal buoy 

measurements are represented in the Taylor diagrams in figure 4.5 for the significant wave height 

and the mean wave period, respectively. The results for the peak period are not presented but have 

behaviour very similar to the Tm02. From the graphics, it is straightforward to declare that 

configurations A and B have almost the same statistics, while configuration C is slightly further 

from the buoy point and configuration D presents the worst results.  
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Figure 4.5. Taylor diagram of the significant wave height (left) and the mean wave period (right) for 
the annual analysis in the Barcelona coast location. The letters correspond to the configurations 
tested.  

 

In the first columns of table 4.6 the statistic for the significant wave height are shown, with a RMSE 

around 22 cm and a negative bias of 5 cm in all the configurations except D. The correlation 

coefficient is very good for configurations A, B and C, with values around 0.92, but the scatter 

index is slightly high, around 0.30. Configuration D is the only one presenting a positive bias.  

 
 Hs Tm Dir 

RMSE  

[m] 

Bias  

[m]  

SI  R RMS

E [s] 

Bias 

[s] 

SI  R RMS

E [º] 

SI  R 

A 0,227 -0,053 0,304 0,921 0,602 0,076 0,155 0,827 33,93 0,094 0,686 

B 0,223 -0,048 0,299 0,922 0,614 0,092 0,158 0,816 33,69 0,094 0,681 

C 0,227 -0,046 0,304 0,920 0,654 0,083 0,169 0,798 36,25 0,101 0,668 

D 0,295 0,156 0,396 0,823 0,849 0,726 0,219 0,668 54,35 0,151 0,534 

Table 4.6. Results of the validation of the four configurations including the significant wave height 
(m), the mean wave period (s) and the wave direction (degrees) for the 2013 year in Barcelona coast 
buoy location. 
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Also, in table 4.6 the results for the mean period are presented. The RMSE is around 0.6 s for 

configurations A, B and C, and the bias is not very important except for configuration D, where a 

clear overestimation is present. The correlation coefficients take values around 0.80, and the scatter 

index has values around 0.16.  

The wave direction is validated with RMSE around 36 degrees, a very low scatter index and a 

correlation coefficient of 0.68 in the best situations.  

In summary, configurations A, B and C have a similar quality for the significant wave height, while 

configurations A and B work slightly better than C for the mean period and the wave direction. For 

the three wave parameters considered, configuration D is clearly the one presenting the worst 

results, showing an overestimation of the significant wave height and the mean wave period not 

present in the other alternatives.   

Almost the same conclusions may be extracted from the comparison between the four 

configurations and the measurements of the Tarragona coastal buoy (not shown). The main 

differences derive from the fact that the mean values of the variables are smaller, so the RMSEs are 

also smaller, and the correlation coefficients slightly worse (e.g. around 0.86 for the significant 

wave height or 0.68 for the mean period). The results from the validation process for the deep-water 

Tarragon buoy are presented in figure 4.3-4.6, where the Taylor diagrams for the significant wave 

height and the mean wave period are shown. From the diagrams it can be declared that there are no 

important differences between configurations A, B and C, while configuration D tends to work 

slightly worse mainly for the mean wave period. 

 

Figure 4.6. Taylor diagram of the significant wave height (left) and the mean wave period (right) for 
the annual analysis in the Tarragona location. The letters correspond to the configurations tested. 
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The results in table 4.7 show that, in contrast with the previous case, configuration D does not 

present results very different from the others for the significant wave height in terms of correlation 

coefficient. At this point located in deep water the RMSEs are around 25 cm; the bias is negative in 

all the configurations except D, as was happening in coastal waters; and the correlation coefficients 

tend to be higher than in coastal zones, between 0.91 and 0.94.  

 
 Hs Tm Dir 

RMS

E 

[m] 

Bias 

[m]  

SI  R RMS

E [s] 

Bias 

[s] 

SI  R RMS

E [º] 

SI  R 

A 0,249 -0,033 0,276 0,935 0,614 -

0,262 

0,149 0,855 37,83 0,105 0,685 

B 0,245 -0,025 0,271 0,940 0,607 -

0,248 

0,148 0,856 36,89 0,103 0,714 

C 0,242 -0,022 0,268 0,939 0,604 -

0,210 

0,147 0,857 37,71 0,105 0,704 

D 0,323 0,150 0,358 0,914 0,683 0,321 0,166 0,755 48,43 0,135 0,606 

Table 4.7. Results of the validation of the four configurations including the significant wave height 
(m), the mean wave period (s) and the wave direction (degrees) for the 2013 year in Tarragona buoy 
location. 

 

A similar behavior can be observed when looking at the mean wave period in table 4.3-4.7. The 

RMSE is around 0.60 s, there is an underestimation of the Tm02 in all the configurations except D, 

and the correlation coefficients and scatter index are better than in coastal areas.  

The wave direction is analyzed in the last columns of table 4.3-4.7. In deep water, the RMSE is 

slightly higher, around 37 degrees, for configurations A, B and C, while for configuration D the 

RMSE is smaller than in coastal areas. In general, the correlation coefficients are better, with values 

around 0.70 for configurations A, B and C, and 0.6 for configuration D (still better than in coastal 

areas).  

In summary, the four configurations present good accuracy for the significant wave height, but D is 

the worst among them. For the mean wave period, the wrong behavior of configuration D is 
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enhanced. However, in general all the configurations work better in deep water than in coastal 

areas.  

4.2.3. Storm analysis  

The previous results show the average behavior of the four configurations over a one-year period. 

However, one of the main purposes of an operational forecast system is to be able to predict a storm 

event a few days in advance.  For this reason, the annual results have been analyzed in order to 

identify all the storm events reaching the coast. The criteria used to define a storm were a 

significant wave height threshold of 2 m and a minimum duration of 8 h (Lin-Ye et al., 2016). At 

the Tarragona deep-water location seven storms were detected, with significant wave heights at the 

peak of the storm between 3 and 4.5 m. However, only three of them reached the coast and were 

detected from the Barcelona coastal buoy or Tarragona coastal buoy.  The three storms had a 

similar pattern, occurring during autumn and winter and generated by important east winds.  Since 

one of them was particularly intense and caused severe damages on the Catalan coast, it has been 

selected for the present study. The chosen storm occurred between the 26th of February 2013 and 

the 6th of March 2013, and it presents a two-peak profile. The first peak reaches a significant wave 

height of 4.5 m, and the second one between 3 and 4 m depending on the locations.  

In figure 4.3-4.7 the time series for the significant wave height, the mean wave period and the 

direction, both observed and modelled, are presented for the Barcelona coast and Tarragona 

locations. The storm also reached the Tarragona coastal buoy, but the results are not shown due to 

their similarity to the Barcelona buoy. From a qualitative analysis it seems that the four 

configurations tested work properly for the first storm peak but present some errors for the second 

one.  
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Figure 4.7.  Time series for the significant wave height (first row), the mean wave period (second 
row) and the mean wave direction (third row) for the Barcelona coast location (first column) and the 
Tarragona location (right column) during the storm event. In black the buoy measurements are 
represented, while the colours correspond to the four configurations tested.  

 

The statistics obtained for the Barcelona coastal buoy, presented in table 4.8, show that for 

significant wave height there is almost no differences between configurations A, B and C, while 

configuration D presents the worst results, with a RMSE that doubles the others. It is interesting to 

remark that during the storm event configuration D presents an important negative bias in contrast 

with what happens in the annual mean, where configuration D presents an overestimation. For the 

mean wave period, configurations A and B have similar behavior, while C and D present some 
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problems in the RMSE for the first one and the correlation coefficient in the second one. The bias 

for all the configurations is higher than that observed for the annual average.  The direction is quite 

constant during the entire event and is well represented by the four configurations, although A and 

B present better results than C and D. 

 
 Hs Tm Dir 

RMSE 

 [m] 

Bias 

 [m]  

SI  R RMSE 

[s] 

Bias 

[s] 

SI  R RMSE 

[º] 

SI  R 

A 0,364 -0,190 0,171 0,965 0,871 0,656 0,162 0,935 11,31 0,031 0,943 

B 0,351 -0,209 0,165 0,969 0,860 0,611 0,160 0,940 13,45 0,037 0,811 

C 0,326 -0,068 0,153 0,958 1,049 0,693 0,196 0,925 16,29 0,045 0,689 

D 0,689 -0,301 0,324 0,826 0,808 0,394 0,151 0,796 20,81 0,058 0,676 

Table 4.8. Results of the validation of the four configurations including the significant wave height 
(m), the mean wave period (s) and the wave direction (degrees) for the storm event in Barcelona 
coast buoy location. 

 

The results in deep waters, presented in table 4.9, show that, in contrast with the results for coastal 

areas, the significant wave height has better behavior for configurations A and B than for 

configurations C and D, which depend on the boundary conditions obtained from the operational 

model. As previously seen, configuration D tends to underestimate the significant wave height 

during storm events as opposed to the annual behavior. For the mean wave period and the mean 

wave direction similar observations can be made.  

In conclusion, configurations A and B work best, and configuration D is the one presenting the 

worst results. The main difference can be found in configuration C, which works fine in coastal 

areas but not so well in deep waters.  
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 Hs Tm Dir 

RMSE 

 [m] 

Bias 

 [m]  

SI  R RMSE 

[s] 

Bias 

[s] 

SI  R RMSE 

[º] 

SI  R 

A 0,222 0,008 0,108 0,975 0,565 0,045 0,094 0,899 16,19 0,045 0,754 

B 0,233 0,005 0,113 0,975 0,532 0,010 0,088 0,915 17,64 0,049 0,722 

C 0,370 0,137 0,180 0,949 0,809 0,227 0,134 0,873 21,53 0,060 0,546 

D 0,438 -0,058 0,213 0,903 0,822 -

0,130 

0,136 0,756 24,60 0,068 0,608 

Table 4.9. Results of the validation of the four configurations including the significant wave height 
(m), the mean wave period (s) and the wave direction (degrees) for the storm event in Tarragona 
buoy location. 

 

4.2.4. Computational time requirements 

Until now the comparison has been focused on the accuracy and quality of the results. However, 

there is another key point to account for in the comparison: the computational time required to 

obtain the results. This aspect can become vital in an early-warning system when the information is 

required as soon as possible in order to be able to take decisions.  

Following this idea, a comparison of the four configurations described in section 4.1.4 has been 

carried out. The selected period for the comparison was June 2013, and the computer used is the 

one described in section 4.1.6.  

The results for each of the grids are presented in the third column of table 4.10. The total time for 

each configuration can be obtained as the sum of the time required for each of the domains included 

in it. The results show a reduction of time of about 66% from the traditional way of providing a 

high-resolution wave forecast (the nested grids, configuration A) to the regional unstructured grid 

proposed in the present study (configuration B). Configuration C, using boundary conditions from 

an operational system, presents a reduction of time of about 23% with respect to configuration A. 

Finally, the Balearic unstructured grid (configuration D) is faster than configuration C but slower 

than configuration B due to the time required to read the boundary conditions, despite configuration 

D having fewer nodes than B.   
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Configuration Grids used Grid time Total time  

A Mediterranean regular 

Balearic regular  

Local regular 

7 hours 46 mins 

8 hours 10 mins 

8 hours 21 mins 

24 hours 17 mins 

B Mediterranean unstructured 8 hours 11 mins 8 hours 11 mins  

C Balearic regular 

Local regular 

9 hours 1 min 

8 hours 21 mins 

17 hours 22 mins 

D Balearic unstructured 14 hours 33 mins 14 hours 33 mins 

Table 4.10. Computational time requirements for each of the grids used in the study (third column) 
and for each configuration tested (fourth column).  

 

4.3. Conclusions  

In recent years the application of unstructured grids to wave modelling has been gaining relevance.  

In the present study an unstructured grid applied to a regional environment like a semi-enclosed sea 

is compared to the traditional downscaling method in terms of both the accuracy of the results and 

the computational time required. Two local grids (one regular and the other unstructured) nested in 

an operational system are also included in the comparison. The main conclusions obtained are the 

following: 

o Designing a good unstructured grid is a hard process that only needs to be done once. After 

obtaining an efficient and accurate unstructured grid, it is possible to achieve the same 

forecast accuracy and coastal resolution as the traditional downscaling method, with an 

important reduction of the computational time. 

o For semi-enclosed domains it is more interesting to generate a regional unstructured grid 

than a local grid nested into an operational forecasting system. However, if the operational 

system provides good boundary conditions, as it happens in the present study, the local 

nested grid may provide accurate results with a reduction of time with respect to the 

traditional method. 

o The SWAN model may present some differences when using boundary conditions in terms 

of bulk parameters when comparing unstructured grids with respect to regular grids. These 

differences tend to disappear when the boundary conditions come in a spectral format.  
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5. German Bight: observations and application of data assimilation 

The German Bight is an example of a very shallow and tidal dominated coastal area, which is 

strongly affected by bottom friction processes and small-scale bathymetry features. For this region, 

a 4DVAR assimilation system was implemented based on a three-dimensional barotropic 

circulation model and the respective adjoint model. A setup with 1 km spatial resolution and 5 

sigma layers was considered for the analysis. On the observation side, measurements from three HF 

radar stations as well as tide gauge data and ADCP data were used. The tide gauge measurements 

provide additional information on volume transports, which are not fully contained in the surface 

current estimates provided by the HF radar. The ADCP provides valuable information on the 

vertical current distribution. The tide gauge and HF radar measurements represent information that 

can in principle be obtained also from satellite systems, but with strong limitations with respect to 

spatial and temporal sampling, as well as accuracy. The analysis, thus, gives a general idea about 

the potential benefit of satellite data for the considered region. Different sources of model errors 

were considered in the analysis. The focus was on errors which affect the model performance in a 

systematic way, such as errors in bottom roughness, errors in the drag coefficients for wind forcing 

and internal friction parameters associated with turbulence. The respective parameters were 

optimized using the adjoint model combined with a conjugate gradient method. It turned out that the 

analyzed model run shows good agreement with the HF radar data and excellent agreement with 

both the tide gauge and the ADCP.  The analyzed model run was used for different transport and 

drift calculations and compared with first guess runs, which were characterized by deviating 

parameter settings.  Special focus was put on the role of the bottom friction and the momentum 

diffusion at the surface, which can for example be influenced by ocean waves.  

The simulation shows that the turbulence in the top layer can have significant impacts on the 

trajectory of surface drifters. In a separate analysis, it was shown that HF radar data can provide 

valuable information on turbulence parameters in the surface layer. The bottom friction seems to 

play a smaller role with the exception of areas with strong bathymetry gradients. In a second step 

trajectories of substances, which have a daily cycle in the depth location, like different phyto- and 

zooplankton types, were investigated.  In this case the bottom friction had a higher importance 

compared to the pure surface drifter simulations. Finally, transports into the German Bight through 

the westerly and northerly boundary were investigated. The intertidal volume transports for both 

boundaries are very different and are shown to be strongly dependent on the bottom friction. 
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5.1. Description of the general circulation dynamics in the German Bight 

 

 

 

 

 

 

Figure 5.1.  (left) M2 tidal ellipses of surface currents computed with a 3D circulation model. Blue 
indicates counter-clockwise rotation and red clockwise rotation; (right) Residual surface currents in 
the German Bight derived from a numerical model. Volume fluxes into the box superimposed in 
orange are considered in subsequent sections.  
 

The German Bight is characterized by very shallow water with maximum depth of about 50 m and 

the dominance of the diurnal tidal component M2. The circulation dynamics is strongly affected by 

bottom friction, which leads to the generation of higher harmonics in the tidal spectrum. The tidal 

range is about 3 m and typical current speeds range from 0.5 m/s to 1 m/s. The situation is further 

complicated by small scale structures in the bathymetry, which often evolve over time due to 

sediment transport processes. Some areas are so shallow that they fall dry during low tide (Wadden 

Sea). Usually the water columns are quite well mixed due to the relatively strong tides. 

Stratification can occur however in the estuaries of the rivers Elbe, Weser and Ems. Typical 

salinities are between 32 PSU and 5 PSU in the mouth of the river Elbe depending on the season.  

Figure 5.1 (left) shows tidal ellipses of surface currents with blue indicating counter-clockwise 

sense of rotation and red clockwise sense of rotation. One can see that there are different regimes 

with very flat ellipses in the south-westerly part and more circular shapes in the north. One can also 

see that the currents are strongly steered by bathymetry features, in particular in the estuaries of the 

Weser and Elbe rivers. Figure 5.1 (right) shows the residual currents obtained by averaging out the 

tidal component. These currents to a large extend reflect the wind climatology, which is 

characterized by dominant westerly wind directions.  
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From the numerical modelling point of view the circulation in the German Bight is quite 

challenging and there are a number of well-known systematic and stochastic error sources affecting 

numerical simulations of the German Bight circulation, such as: 

• Uncertainties in bottom roughness 

• Uncertainties in bathymetry  

• Uncertainties about turbulence parameterisation  

• Errors in open boundary forcing  

• Errors in meteorological forcing  

• Errors in turbulent kinetic energy  

The errors associated with meteorological and open boundary forcing usually have a quite short 

time scale and are, therefore, a challenge for data assimilation systems, because the information 

retrieved from observations tends to have only short impacts. The turbulence parameterisation is of 

particular relevance for the friction between the top layer measured by the HF radar and the 

underlying water body, which dominates the water transports and hence the water levels measured 

by tide gauges.     

 

5.2. Description of the available observation data in the German Bight 

 

Figure 5.2.  Location of the three HF radar antenna stations in the German Bight. The color maps 
represent exemplary snapshots of measured radial current components. 
 

As part of the COSYNA system three HF radar stations are operated in the German Bight. The 

locations and typical coverages of the WERA systems are shown in Figure 5.2. The Büsum and Sylt 

stations use a radio frequency of 10.8-MHz and the Wangerooge station runs at 12.1-MHz. The 

spatial resolution is 1.5 km in range and 3 deg in azimuth. Because of the relatively high salinities, 
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the German Bight offers good conditions for HF radar operation and the ranges can be up to 120 km 

depending on specific conditions.  

Within COSYNA, the WERA HF radar is run continuously for 58 min. During this time, the stream 

of radar echoes from all receiver antennas of the linear array is sampled at 0.26-s intervals and 

stored every 128 samples. This leads to about 33-s lasting coherent fractions, which can later be 

combined to form longer time series as required for further processing. The remaining 2 min within 

an hour are used to scan the frequency range the HF radar is licensed to be operated at, and to select 

the cleanest frequency range with the lowest RFI possible for the next 58-min radar run. The 

integration time for surface current measurements is 9 min. For ocean current processing, time 

series of 2048 samples are combined and processed in 20-min steps. These time series are then split 

up into 13 sliding fractions of 512 samples with 75% overlap. The spectra of these fractions are 

calculated after dynamic recalibration of the antenna gains by normalizing the first-order Bragg 

power received by each antenna and applying a Blackman–Harris window. By combining the 

complex spectra from all antennas of the linear array, beam forming is done in the frequency 

domain. 

Error statistics for the current velocities is derived from the width of the first-order Bragg peak(s). 

The spectral-averaged radial current velocity ur and its accuracy Accr are calculated from the 

Doppler shift of the spectral lines within an interval of i=+/- 8 lines around the Bragg peak locations 

and their signal to noise ratios. The surface current measurements generated every 20 minutes are 

transferred to HZG and are typically available about 30 min after the data were taken.  

In addition to the HF radar data, tide gauge measurements taken near the island of Helgoland in the 

centre of the German as well as ADCP data acquired near the FINO-1 research platform were used. 

Both systems provide measurements every 10 minutes. The FINO-1 ADCP is a bottom mounted 

device with some well-known issues concerning current measurement near the sea surface. For this 

reason, only measurements 6 m below the surface were taken into account. 

5.3. Description of the DA systems optimized for transport estimations  

The data assimilation experiments for the German Bight were done using a 4DVAR approach based 

on a 3D barotropic circulation model. The model solves the momentum equations for the zonal and 

meridional current components (u,v): 
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as well as the continuity equation:  

 

which ensures conservation of mass. For the vertical momentum diffusion A, a Kochergin type 

model is used, i.e. 

 

In the original version, the term S(z) describes the stability of the water column, e.g., the damping 

of turbulence due to stratified water. In the present barotropic model, this term is used as a tuning 

variable. The model is discretized on an Arakawa C-grid using sigma-coordinates with 7 layers in 

the vertical. An explicit numerical scheme is used for the forward propagation with a time step of 

10 seconds.   

As most assimilation approaches, 4DVAR is based on the minimisation of a cost function, which is 

in our case of the form: 

 

with ξ control vector, y observation vector, and H observation operator, which translates the ocean 

state vectors into the observation space. In addition, the cost function includes some regularization 

terms, which are here omitted for brevity.  
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Figure 5.3. Comparison of the analyzed model with observations. On the top left and right the rms 
differences with respect to the HF radar are shown for the zonal (left) and meridional current 
components. The lower left plot shows the water levels from the analyzed model (dashed blue), the 
Helgoland tide gauge (red crosses) and the model run at the Hydrographic Center. FINO-1 ADCP 
current measurement in the bottom layer compared to the analysis are presented on the lower right. 
 

The main problem in the minimization of the cost function is the efficient estimation of the gradient 

of J with respect to the control vector. In 4DVAR, the common approach is to use an adjoint model, 

which makes use of the fact that numerical ocean models are of the form:  

 

where x0 is the initial state and the nonlinear operators M evolve this state forward in time. It then 

turns out that the gradient can be computed as: 

 

 + …. 
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Here, the different terms are the linearized transposed model operators and only one term of the 

sum of the cost function is shown for brevity. This means that the original model has to rewritten in 

reverse order, which is a quite tedious programming work. Furthermore, some parts of the forward 

model trajectory have to be available during the backward run. This is realized using direct access 

files written during the forward run.  Having the gradient available, the cost function minimization 

is performed using a conjugate gradient method with step size control. This exercise has been 

performed for the 3D barotropic model introduced above resulting in an adjoint model, which can 

be used for different assimilation and sensitivity studies.   

5.4. Application of the DA system to transport estimations in the German Bight 

The inverse model introduced in the previous section was used to reduce systematic errors in the 3D 

barotropic model. For this reason, the following parameters were considered as control variables for 

the optimization process: 

• The bottom drag coefficient, which relates the near bottom current velocity to bottom stress 

 

• The atmospheric Drag coefficient, which relates the 10 m wind to surface stress 

 

• The background momentum diffusion coefficient, which quantifies the internal friction  

 

• The initial model state. 
 

The following observations were injected into the adjoint model  

• The radial components of the three WERA HF radar stations 

 

• Measurements from the tide gauge Helgoland 

 

• ADCP measurements from the FINO-1 ADCP below 6 m  

Tide gauge measurements are injected at 10 min intervals and HF radar data at 20 min intervals. 

The first inversions were performed based on a 54 hrs analysis window. Figure 5.3 shows 

comparisons of the inverted model with the observations.  One can see reasonably good agreements 

for both the zonal (top left) and meridional (top right) current component. For the most part, the rms 

is below 15 cm/s. Only in some areas, which are characterized by more complicated small-scale 

bathymetry features, the deviation is higher. Looking at the comparison with the Helgoland tide 

gauge (lower left), one can see that the agreement with the inverted model is very good in particular 

for high tides. The low tides are slightly overestimated by the model. To put these results into 

perspective, data from the operational model run at the German Hydrographic Center are 
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superimposed. Figure 5.3 (lower right) shows a comparison of the analysis with FINO-1 ADCP data 

at the near bottom level. Again, the agreement is very good, taking into account that the ADCP data 

at times are affected by considerable noise.     

There is very little a priori information about suitable settings for bottom roughness and internal 

friction and the values used for the first guess runs were very different from the optimised 

parameters used in the analysis. In the following, the improvements achieved by the inversion are 

illustrated by comparing the analysis to different first guess runs. In the first set of experiments 

surface drifter trajectories were simulated by solving the ordinary differential equation:  

 

This was done using a Euler forward scheme with 5 min time stepping.  

 

Figure 5.4. Comparisons of surface drift trajectories derived from analyzed model runs (blue 
trajectories) in comparison to first guess runs (red curves) over a period of five days. The yellow 
dots indicate the release locations. The red trajectories in the left plot are based on a higher estimate 
for the bottom roughness. The red trajectories on the right are related to a reduction of the 
momentum diffusion in the surface layer. In addition, the 10m, 20m, and 30 m isobaths are 
superimposed as grey lines. 
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Figure 5.4 shows simulations over a period of 5 days for 8 simulated drifters released at different 

locations in the German Bight. The release points are indicated by yellow dots and isobaths for 10 

m, 20 m, and 30 m are superimposed as grey lines.  In the left plot, the surface drifter trajectories 

derived from the analysis (in blue) are compared with a first guess run with 10 times rougher 

bottom surface (in blue). One can see that the bottom roughness does not seem to have a very strong 

effect except for the drifter on the lower right, which happens to be released at a location with quite 

strong bathymetry gradient.  The two drifters in the upper right released in water depth below 20 m 

show a slightly stronger sensitivity with respect to bottom roughness, but the effect is still small.  

Figure 5.4 (right) shows again a comparison of the analysis with a first guess run, but this time the 

first run differs by a smaller momentum diffusion in the top layer (10 times smaller). One can see 

that this has a quite substantial impact on the surface drifter trajectories. The reason for these 

observations is the role that the momentum diffusion plays for the connection of the top layer to the 

underlying water mass. If the turbulence in the top layer is small, the upper water layer experiences 

less friction and can be more easily moved around by both pressure gradients and the wind forcing. 

As it can be seen on the map, it is not easy to predict in which areas this mechanism has the 

strongest impact on the trajectories. 

In a second set of experiments, the advection of substances within the water body was analysed. 

The background for this study was the fact that biological materials (e.g., zooplankton, 

phytoplankton) often move up and down in the water column depending on light conditions. 

Because the current conditions change at lower depth, this behaviour has an impact on the 

respective trajectories. In a first approach we assumed that the vertical position follows a simple 

daily cycle with a near-surface position at noon and the lowest positions at midnight.  We are aware 

that this is a very simplistic view for most zooplankton or phytoplankton types, but the goal here 

was to illustrate the potential role of the vertical current structure on the advection of biological 

substances and not to simulate the evolution of biological species in a fully realistic way.  Results 

achieved based on these assumptions are shown in Figure 5.5. Again trajectories derived from the 

analysis run (in blue) are compared with first guess runs (in red). The first guess run on the left was 

characterised by lower surface turbulence and the first guess run on the right had a rougher ocean 

bottom. The release locations were the same as those used in Figure 5.4. First of all, comparing 

these trajectories inside the water body to the surface trajectories shown in Figure 5.4, one can see 

that the vertical structure of the current field has a significant impact on the advection of materials. 

Most of the trajectories at the surface have a slightly more easterward direction, which is likely due 

to the fact that these simulated drifters are more strongly affected by the near surface wind field. 

Comparing the analysis with the first guess runs, it is evident that the bottom roughness now has a 

bigger impact than for the pure surface drifter case. This makes sense because the deeper layers, 

where the material now spends more time, is more affected by the bottom. The role of the surface 



H2020-EO-2016-730030- CEASELESS 

 
67

turbulence illustrated in Figure 5.5 (left) is reduced compared to the surface advection situation, 

because the material spends less time at the surface.  

 

  

Figure 5.5. Comparisons of drift trajectories derived from analyzed model runs (blue trajectories) in 
comparison to first guess runs (red curves) over a period of five days. To simulate biological active 
material, a daily cycle of depth position was assumed with the maximum distance to the water 
surface at midnight. The yellow dots indicate the release locations. The red trajectories in the left 
plot are based on a higher estimate for the bottom roughness. The red trajectories on the right are 
related to a reduction of the momentum diffusion in the surface layer. In addition, the 10 m, 20 m 
and 30 m isobaths are superimposed as grey lines. 
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Figure 5.6. Volume fluxes through the northern boundary and the western boundary of the box 
depicted in Figure 5.1 (right). The colors refer to analyzed run (green), the first run with stronger 
bottom friction (blue) and the first guess run with reduced momentum diffusion in the surface layer.  

 

The last set of experiments was concerned with volume transports in the German Bight, which are 

of relevance for biological processes as well. For this purpose, a control volume as indicated by the 

orange box in Figure 5.1 (right) was considered. This box only has exchange with the surrounding 

ocean through the westerly and the northerly open boundary. In the flux computations, not only the 

surface currents perpendicular to these boundaries, but also the respective water levels have to be 

taken into account. Figure 5.6 shows time series of transports in units of Sverdrup for the westerly 

boundary (left) and the northerly boundary (right).  Again, the analysis (green line) was compared 

to the first guess run with increased bottom friction (blue line) and the first guess run with reduced 

top layer turbulence (dashed red line). The first aspect to notice is that this is an interesting system 

with substantially more inter-tidal volume fluxes through the western boundary (about +/- 1 

Sverdrup) than through the northern boundary (between -0.05 and 0.15 Sverdrup). Because of 

volume conservation, the residual currents through both boundaries are about the same and of the 

order of 0.05 Sverdrup. The rivers Elbe and Weser contribute some volume, but this amounts to 
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only about 1000 m3/s =0.001 Sverdrup, which is one order of magnitude lower than the fluxes 

through the western and northern boundaries. Looking at the impact of the surface roughness and 

the turbulence in the top layer, it is evident that the bottom friction is a more important factor for 

volume fluxes. 

6. CONCLUSIONS 

Coastal dynamics for meteorology and oceanography have been investigated by exploiting 

assimilation schemes and numerical models together with the unprecedented resolution of Sentinel 

data over the sea. Low level jets and topographically deflected winds, heavy rain events, 

Mediterranean cyclones, wave and ocean fields interacting over the complex bathymetry near the 

coast are analyzed. The control exerted by domain geometry and boundary conditions have also 

been investigated, using different state-of-the-art modelling systems equipped with updated 

assimilation schemes, coupled atmosphere-ocean-wave models, unstructured grids. The models are 

fine-tuned in order to improve their capability of correctly reproducing meteo-oceanic processes. 

Different modeling strategies have been applied. First, a mesoscale data assimilation system 

(LAPS) has been implemented in order to ingest Sentinel wind data and to develop higher-

resolution mesoscale analyses as forcing for mesoscale models. Results show that the integration of 

sea surface wind data in the initial conditions is beneficial for the numerical simulations of surface 

parameters, such as 10 m wind and 2 m temperature, up to 6-9 hours. The changes in the low-level 

fields propagate also in the upper level, so that important improvements are reported also in the 

short-range (6-12 hours) simulation of precipitation in the northern Adriatic region. The application 

of the LAPS-WRF modeling system to a specific Mediterranean tropical-like cyclone developed in 

the central Mediterranean Basin shows that the location of the vortex can be greatly improved with 

the assimilation of Sentinel wind data, and is beneficial not only for the analysis but also for the 

fields simulated by the WRF model at later times. 

Special emphasis is dedicated to the impact of different model coupling strategies on the description 

of the interactions among the atmosphere and the ocean, also accounting for the role of waves in 

modulating the heat and momentum fluxes at the air-sea interface and distributing these quantities 

throughout the water column. The application of such advanced high-resolution modelling tools 

allows to consider the small-scale variability of coastal dynamics, indirectly giving the possibility to 

test the model sensitivity to air-sea interaction processes. These models are nowadays available for 

an integrated, high-resolution description of meteo-oceanographic processes at an acceptable 

computational cost. 

Here, model coupling systems have been applied to analyze coastal wind jets in the northern 

Adriatic Sea. Our simulations show that different representations of SST have a moderate influence 

on surface wind patterns, and also affect the atmospheric fields in the lower atmospheric levels. A 
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thorough assessment and validation of different coupling schemes and parameterizations is however 

a long-term effort in which the achievements reached in CEASELESS will provide an important 

contribution. 

Wave modelling using a traditional nested sequence and a regional unstructured grid covering the 

Catalan coast with varying resolution have been compared with wave observations from coastal 

buoys. Different configurations have been tested over one year of simulations (2013) to determine 

which may be the best option for an operational wave forecasting system, aimed at providing 

accurate wave conditions at high resolution in coastal areas in an efficient way. After the long 

process of designing an efficient and accurate unstructured grid, it is possible to achieve the same 

forecast accuracy and coastal resolution as the traditional downscaling methods, but with an 

important reduction of the computational time. For semi-enclosed domains, we found that it is more 

generally convenient to generate a regional unstructured grid than a local grid nested into an 

operational forecasting system. However, if the operational system provides good boundary 

conditions, the local nested grid may provide accurate results as well with a reduction of time.  

The German Bight was selected to test a 4DVAR data assimilation system. The modelling system 

was used for different transport and drift calculations.  Simulations show that the turbulence in the 

top layer can have significant impact on the trajectory of surface drifters, while the bottom friction 

seems to play a smaller role with the exception of areas with strong bathymetry gradients. However, 

for trajectories of substances with a daily cycle in the depth location, like different phytoplankton 

and zooplankton, the bottom friction had a higher importance. Finally, transports into the German 

Bight through the westerly and northerly boundary were investigated. The intertidal volume 

transports for both boundaries are very different and are shown to be strongly dependent on the 

bottom friction.  

In this document we reviewed the main achievements obtained with the purpose to understand the 

factors responsible for coastal system memory and controls in the framework of the CEASELESS 

project. Although the outcomes of this modelling strategy are already largely satisfactory, a long-

term effort is required to fully exploit its potential, especially in the perspective of delivering 

improved operational systems and dealing with the associated risks in the densely populated coastal 

areas in Europe.  
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