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EXECUTIVE SUMMARY 

This document is Deliverable 1.3 of Task 1.3 “Synergies between different missions and applications 
(multi variable/process validation)” of Work Package 1 “Multimission data provision, improvement and 
validation” of the the CEASELESS (Copernicus Evolution and Applications with Sentinel 
Enhancements and Land Effluents for Shores and Seas) project.   

This document provides details about the intercomparison and validation of different wind and wave 
products both using in-situ measurements and model results. High frequency validation against model 
and in-situ data as well as synergies between Sentinel-1 and altimetric fields. Furthermore, ocean surface 
decorrelation scales have been estimated and the availability of numerical simulations are listed.  

Key findings include: 

• For Sentinel-1 the accuracy of the spatial wind speed variability given by SAR near the coastline 
has been compared to scanning LiDAR measurements with RMSE of 1.31 m/s and 1.42 m/s for 
dual Doppler and sector scan respectively. Furthermore, both systems eestimate a relative 
reduction of the wind speed when approaching the coast. 

• Sentinel-1 wind product provided by DTU wind and Sentinel-3 wind product provided by 
EUMETSAT has been compared. This is challenging due to a colocation issue in the coastal 
areas near Denmark. Furthermore, there are indications that the seasons have an effect on the 
comparability between the two missions.  

• Sentinel-3A level 2 significant wave height product from EUMTESAT has been validated 
against in-situ buoy data in the North Sea. The correlation for the open ocean station ranged 
from 0.94 to 0.99 whereas the coastal stations had poorer correlation from -0.08 to 0.52. 

• Sentinel-3A high frequency (20 Hz) significant wave height has been investigated in the 
northern Adriatic Sea with a coastal geometry that is somewhat perpendicular to the satellite 
transit direction. This has been compared to wave model results. A large amount of noise has 
been observed due to the variability in the signal and no improvements were found. 

• Sentinel-3 as well as Jason-3, Jason-2 and SARAL/AltiKa estimation of significant wave height 
has been compared to the ECMWF Wave Model using “new physics” as described in (Ardhuin, 
et al., 2010) This leads to greater correlation between the new wave model and the altimeter-
derived wave heights and improved results in swell dominated seas. 

• Sentinel-3A and Jason-3 collocated satellite measurements have been compared and the wave 
forecasting system SWAN in the western Mediterranean Sea shows great correlation for 
significant wave height with values higher than 0.9. The correlation decreases near the coastline. 
However, it is difficult to state if the decrease is due to the numerical model skill or due to the 
Sentinel-3A ability in measuring the significant wave height near the coastline 

• A high frequency radar setup has been evaluated against a coastal wave buoy at the Catalan 
Coast. Due to data scarcity it was found that high frequency data can be useful where wave 
height tendency is enough such as climatology whereas single the method is not useful to study 
single events 
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• Sentinel-1A radial velocity information is validated using a high frequency radar setup. It was 
found that there was a frequent mismatch in the direction of the velocity seen by the two 
different instruments due to large variability in the satellite data and a negative bias which can 
result in opposite signs in the velocity direction when comparing instruments. Further 
comparisons are planned onward of 19/02/2018. 

• Sentinel-3A sea surface height anomalies have been compared to the anomalies derived from 
the GCOAST-NEMO model setup in the German Bight. The comparison of all 4127 data points 
over a two years period reveals a correlation of about 0.56, a bias of -0.17 m and a rmse of 0.25 
m. With a reoccurring the of every 27 days the temporal resolution is too sparse to draw a 
conclusion for the quality of the satellite observations as it does not resolve the time scales of 
the major non-harmonic variabilities.  

• Sentinel-1 RVL products shows promising results in providing two-dimensional maps of the 
across-track component of the ocean surface current when compared to multimission altimetry 
data. However, in the case of Sentinel-1, uncorrected attitude errors and uncorrected wind-
waves effects prevent further quantitative analyses of the geophysical content of these different 
satellite current products.  

• Sentinel-3A and Jason-3 spatial and temporal decorrelation length scales between observations 
based on synergy show promising results. The spatial decorrelation length scale is 17-38 km for 
SSHA, 51-126 km for SWH and 30-34 km for wind speed. The temporal decorrelation length 
scale is 6-9 hours for SSHA, 5-14 hours for SWH and 3-13 hours for wind speed.  

• A list of numerical simulations is presented in Section 3.2 and the results are available on 
demand (CNR) 
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1 INTRODUCTION 

This document was created in the framework of Work Package 1 (WP1) “Multimission data provision, 
improvement and validation” of the CEASELESS (Copernicus Evolution and Applications with 
Sentinel Enhancements and Land Effluents for Shores and Seas) project.  

The main objective of this work package is the procurement and collation of products from the Sentinel-
1, 2 and 3 missions for dissemination to all partners in the project. The increasing quantity, diversity 
and quality of observations provided by Copernicus Sentinel satellites offer new possibilities to monitor 
complex meteorological and oceanographic conditions in coastal regions with unprecedented level of 
detail. Improvements in spatial resolution, temporal coverage and the benefits of combining 
observations from multiple sensors in the Sentinel family are bringing enhanced capability that is of 
direct relevance to scientific and operations applications that seek to better understand, model and 
forecast marine weather conditions in coastal regions. The aim of this task is to support end users to 
promote wider exploitation of these new Sentinel satellite data in coastal areas that are subject to 
complex atmospheric, sea state and ocean circulation processes and are characterised by high levels of 
man-made pressure and economic activities. 

 

The work in WP1 is composed of four complementary tasks: 

• Task 1.1 Sentinel data for coastal scales (provision and verification)  

• Task 1.2 Multi-variable scientific validation (set of metocean fields & applications).   

• Task 1.3 Synergies between different missions and applications (multi variable/process 
validation).   

• Task 1.4 New and improved Sentinel products for the coastal zone (added value for users and 
CMEMS).  

The work in this task 1.3 aims to combine different Sentinel results for coastal areas where shorter spatial 
scales and rapid metocean development generate tougher conditions for model/satellite sampling. The 
selected areas in the EU will be used as test cases to illustrate these synergies as a function of metocean 
patterns, availability of in-situ instruments, and availability of numerical simulations. 

2 INTERCOMPARISON AND VALIDATION 

2.1 Wind and waves 

2.1.1 LiDAR validation 

In addition to the absolute accuracy, it is essential to test the accuracy of the spatial wind speed 
variability given by SAR near the coastline. Geophysical model functions that are used for the SAR 
wind retrieval processing are tuned to open ocean wind conditions and their accuracy closer to the 
coastline has been questioned for decades. The RUNE data set can be used to quantify the wind speed 
gradient from the coatline and further offshore and for comparisons against the SAR wind maps. In the 
following, we summarize the comparisons of wind speeds from SAR and scanning lidar. Full details of 
the analyses and results are given in (Ahsbahs et al., 2017). 
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A total of 15 colocated Sentinel-1 scenes were acquired during the RUNE measurement campaign using 
scanning lidars on the Danish North Sea coast. The scanning lidars were operated in two configurations: 
Dual Doppler scans performed with an inclination of the lidar beam and sector scans with a uniform 
scanning height of 50 m. In both cases, extrapolation of the lidar wind speeds had to be performed in 
order to match the 10-m wind speeds from SAR. A neutral atmosperic stability had to be assumed since 
no temperature observations were available for calculation of a stability correction. Observations from 
the coastal mast at Høvsøre were used to classify the cases according to stability.  

Figure 2-1 sho (Abdalla & Janssen, 2017)ws the average of SAR and scanning LiDARs wind speeds 
taken over transects going from 1 km off the coastline to the maximum range avasilable. This results in 
a single averaged wind speed over the transect for both the SAR and LiDAR measurements. The RMSE 
is 1.31 m/s for the dual Doppler and 1.42 m/s for the sector scan. The averaged wind speeds are between 
4 m/s and 10 m/s for most cases and only one case has wind speeds as high as 16 m/s. Cases with neutral 
atmospheric conditions and wind directions from the North Sea towards the land showed the best 
agreement. 

 

 
Figure 2-1. Comparisons of mean wind speeds retrieved from SAR and scanning lidar; a) dual Dopple 

lidar; b) sector scans. 

 

In order to get a qualitative estimate of how SAR and LiDARs measure the horizontal wind speed 
gradient, wind speeds are plotted as a function of distance from the coastline. We consider distances up 
to 3 km offshore because all lidars deliver observations here. Wind speeds are nondimensionalized 
through division of all values with the wind speed at 3 km. The nondimensional dual Doppler wind 
speed in Figure 2-2a shows a lower gradient than the SAR wind. The nondimensional wind speed in 
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Figure 2-2b is very close for sector scan and SAR winds, and both systems similarly estimate a relative 
reduction of the wind speed when approaching the coast. 

 

 
Figure 2-2. Relative wind speeds retrieved from SAR and LiDAR and nondimensionalized with the 

wind speed 3 km from the coastline; a) dual Doppler lidar; b) sector scans. From (Ahsbahs, Badger, 
Karagali, & Larsén, 2017). 

 

2.1.2 Intercomparison between wind products of Sentinel-1 and Sentinel-3 

This section contains a comparison between Sentinel-1 SAR scenes and Sentinel-3 altimeter derived 
wind speeds. The wind product of Sentinel-1A&B is created and provided by DTU Wind and can be 
downloaded from https://satwinds.windenergy.dtu.dk/. The SAR image spans for more than a hundred 
kilometers in both track- and along-track direction, with wind estimates scattered in an approximately 
500x500m grid. The Sentinel-3 1 Hz wind data from the official EUMETSAT level-2 has been used. 
To exploit the 20 Hz resolution of the SRAL instrument the backscatter coefficient has been used to 
interpolate the 1 Hz wind data to 20 Hz. Figure 2-3 and Figure 2-4 contain coinciding data from Sentinel-
1B and Sentinel-3A measured 11th February 2017. The data is from Cycle 014 Orbit 170 ascending of 
Sentinel-3A.  
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Figure 2-3 Map of coinciding measurements north of Zealand. The blue dots are Sentinel-3A altimetry 
ground track points with 1 Hz resolution. The black box is the Sentinel-1B SAR image bounding box. 

 

 
Figure 2-4 Sample consisting of a single 20 Hz Sentinel- 3A altimetry footprint. The blue box is the 

foot print and the blue cross is the middle. The red dots are Sentinel-1B SAR measurements outside the 
footprint, the green are inside. UTM 32 

 

From the sample in Figure 2-4 it is seen that a numerus SAR observation points occur within an altimeter 
footprint. The footprint of the altimeter has an along-track length of 300 meters and a cross track length 
of 1640 meters. It should be noted that the cross-track length is dependent on the weather conditions i.e. 
harsher conditions increases the width, this effect has not been accounted for in this analysis. To match 
the internal weighting of the altimeter the SAR observations points are weighted linearly towards the 
middle, such that points close to the center of the altimetry footprint weigh higher than the points further 
away. The analysis described in this section is carried out using data from January 2017 to January 2019. 
Due to the satellite configuration of the two systems the measurements are not carried out at the same 
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time, but with a delay of approximately three hours, where Sentinel-1 has a flyby around 16-17 and the 
subsequent Sentinel-3 flyby has been recorded around 19-20. The consequence of this time difference 
is naturally that it is hard to assume steady wind conditions and thus a generalization of the wind climate 
is difficult. Wind is somewhat governed by the heat flux of the earth which is heavy influenced by the 
sun. Hence seasonal trends in the data is expected. In the summer both measurements are occurring 
while the sun is up, in the winter both measurements occur after the sun has set. In spring and fall the 
sun might be up during the Sentinel-1 flyby but has set before the Sentinel-3 flyby, thus creating very 
difference scenarios. Figure 2-5 illustrates the intercomparison between the two satellites for four 
different months representing four different seasons.  

 

 
Figure 2-5 Comparison between Sentinel-1 and Sentinel-3 for four selected months to illustrate 

seasonal bias. Coastal points has been defined as points closer than 50 km to the shore. 

 

 

Here in Figure 2-5 the general tendency is that the coastal points are causing a lower slope than the 
perfect fit line indicating a negative bias for the SRAL instrument on Sentinel-3 in the coastal areas. 
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This is the general observation for all measurements, but it is more pronounced in the coastal areas as 
indicated by the magenta line. 

 

 
Figure 2-6 Coefficient of determination and slope when comparing the wind product of Sentinel-1 and 

Sentinel-3 for different months. 

Measurements carried out in the coastal region is confirmed to behave worse both in terms of coefficient 
of determination and slope as seen inFigure 2-6. Here a perfect matching dataset would correspond to a 
coefficient of determination of R^2 = 1 and a slope of 1 as well. Generally, the slope is less than one, 
showing that the SRAL instrument has a negative bias both for coastal points and open ocean. The worst 
statistics come from the summer, where the sun is up for the whole duration of the quasi-coinciding 
measurements, indicating that unstable, convective conditions make it hard to reach agreement between 
the two satellite systems. Another influence on this behavior is the fact that less measurements are 
available in the cases where the sun is up at all time as illustrated in Figure 2-7. 

 

 
Figure 2-7 Comparison of the wind product between Sentinel-1 and Sentinel-3 for the three different 
cases. SAD: Sun Always Down, n = 24009. SAU: Sun Always Up, n = 4006. SSR: SunSet Resolved, n 

= 21465. 

Hence further investigation should go into the convective cases where the sun always is up. The best 
correspondence between the Sentinel-1 and Sentinel-3 is found in the fall, as indicated in Figure 4. From 
the analysis so far it can be concluded that the potential of exploiting synergies between the two systems 
is rather limited in this area. Furthermore it appears that the signal corruption in the near coastal areas 
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have an influence on the negative bias of Sentinel-3 when compared to Sentinel-1. This methodology 
would prove more usefull in a setting where the measurements are more simultaneous, such that the 
weather does not change inbetween the two measurements.  

2.1.3 Waves from Sentinel-3  

The following section is an excerpt from work package 2.3 (Ranndal, 2018) in the SIMOS project funded 
by Innovation Fund Denmark written by Ranndal, H DTU Space. It evaluates the performance of the 
Sentinel-3 altimeter product against in-situ buoys. 

This section shows the evaluation of SWH estimates from the official EUMETSAT L2 product. Figure 
2-8 shows that the SWH estimate becomes less precise as the ground track of the satellite approaches 
the coast line. In fact, the SWH estimate seems to be even more affected than the TWLE estimate, 
showing a generally high standard deviation around 20-30 km from the coast.  The median error for all 
data is around 45 cm.  The SWH estimates were compared with in situ data from eight stations – three 
of which had a coastal location. The location of the in situ stations are shown inFigure 2-9. The 
correlation for the open ocean station ranged from 0.94 to 0.99, whereas the coastal stations had much 
poorer correlation (from -0.08 to 0.52). An example of the time series from altimetry and in situ are 
shown in Figure 2-10 and Figure 2-11, for an open ocean and a coastal station, respectively. In general, 
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there is a bias towards and overestimation of the SWH from altimetry in coastal areas, which is seen in 
Figure 2-12. 

	

 
Figure 2-8 1 Hz standard deviation of the 20 Hz SWH product as a function of distance to the coast. 
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Figure 2-9 Map showing locations of in situ stations used for validation of EUMETSAT L2 SWH data. 
Station names written in italic font correspond to coastal locations. Orange lines are the Sentinel-3a 

tracks, and red lines are the altimetry data within a radius of of 20 km from the in situ station. 

 
Figure 2-10 Comparison of in situ data and Sentinel-3a altimetry data close to the F3 platform. In situ 

data were downloaded from http://nwsportal.bsh.de. 
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Figure 2-11 Comparison of in situ data and Sentinel-3a altimetry data close to the Uithuizerwad3 in 
situ station. In situ data were downloaded from http://nwsportal.bsh.de. 

 

	

 

Figure 2-12 Comparison of SWH from altimetry and from in situ stations. 
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2.1.4 Wave evolution modelling  

A different kind of technique has been devised in order to bring the altimeter Hs measurements closer 
to coast. Instead of sampling on a circle pointed on the nadir of the satellite position, the instruments 
sample an area similarly wide, but only 300 m long in the satellite’s moving direction. As a consequence, 
reduced sampling area implies a higher noise in the signal, but, especially when flying perpendicularly 
to the coastline, it should allow to go much closer to it with meaningful data. We explore this possibility 
analyzing one pass in the Northern Adriatic Sea. 

 

 
Figure 2-13 Ground track of a descending pass of Sentinel-3 altimeter. 
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Figure 2-14 Along the ground track as shown in Figure 2-13, comparisons between the model 
significant wave heights and the measurements (c-, ku-, plrm-ku- bands) by the Sentinel-3 altimeter. 

The dash line shows the distance (km/10) of the measurements from the closest coast (km/10). 

� 

Figure 2-13 shows the ground track during an S3 25 July 2017 descending pass firstly over the Adriatic 
secondly over the Tyrrhenian Sea. There was a severe mistral storm in the Western Mediterranean (see 
the Hs scale on the right), but only a tiny bit of it, passing between Corsica and Sardinia, was touched 
by the track. The model and altimeter data are in Figure 2-14, latitude decreasing, hence following the 
satellite, from left to right. For a brief moment we focus on the Tyrrhenian results, the model Hs 
following well the measured quantity. The dash line shows the distance from the closest coast (km/10). 
Note the altimeter spikes when exiting and entering land.  In this perspective we zoom on the short 
passage on the Adriatic Sea (the first short section in Figure 2-14), a passage geographically better 
represented in Figure 2-15.  
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Figure 2-15 Detailed geometry, focused on the Adriatic Sea, of the area of the pass in Figure 2-13. 
The positions and the corresponding altimeter significant wave height values (m) are also shown. 

 

We recognize the Venice lagoon (about 50 km long) and the protruding Po river delta intersected by the 
descending satellite ground track. Dots and close-by numbers represent the 1 sec S3 Hs data (ku-band). 
Make notice of the inconsistent data when passing on the Po delta and when entering land again shortly 
after. The oceanographic situation is shown in Figure 2-16. There is a very mild wind sea from North-
East with significant wave height close to 0.5 m (product of the operational ISMAR Adrioper wave 
forecast system, see (Bertotti & Cavaleri, 2009)). An independent validation (not shown) of the model 
results for this day is provided by the data regularly recorded at the ISMAR oceanographic tower 
(Cavaleril, 2000), located 15 km off the Venice lagoon. The model-measurement Hs differences, close 
to the time of the pass, is less than 10%, so on the base of previous experience and validation (Bertotti 
& Cavaleri, 2009), we value as characteristic of the overall local field, hence of also the model data 
corresponding to the S3 ones. 
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Figure 2-16 Wave field in the Northern Adriatic Sea at 09 UTC 25 July 2017. The arrows show the 

significant wave height and mean direction. The modelled maximum wave height shown in the field is 
close to 0.5 m. 
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Figure 2-17 Intercomparison, for the pass in Figure 2-17 and the time of Figure 2-15, between the 
Sentinel-3 c-, ku-, plrm-ku- band wave heights and the corresponding wave model results. The dash 

line shows the distance from the closest coast (km/10). 

In Figure 2-17 we show the detailed comparison among the three different (c-, ku-, plrn-ku-) bands and 
model Hs values plus the distance (km/10) from the closest coast. There are some obviously absurd 
values by S3 in the three bands, more in the plrn-ku- and c- ones, when the distance from coast is less 
than 10 km.   
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Figure 2-18 As Figure 2-17, but for the 20 Hz altimeter data. Panel a is for the full pass, panel b for 

the Adriatic Sea section. 

At the end in Figure 2-18 we explore the 20 Hz data. Panel a shows the whole pass (the corresponding 
of Figure 2-14). Panel b focuses on the Adriatic Sea. The noise of the signal is evident, also when the 
distance from the coast is about 20 km. Even though there is an high resolution (in the satellite transit 
direction) and a wide perpendicular track, especially in the particularly complex coastal areas as the 
ones which characterise the Adriatic Sea, it is very difficult that the acquired data are perpendicular to 
the coastline. This could be one of the reasons why we perceive a high noise and a relative improvement 
of performances of the satellite data in the areas nearby the coast (O20km). There is a very large 
variability of the S3 altimeter signal also in the Tyrrhenian Sea, a variability that cannot be justified by 
geophysical reasons, and it is therefore natural to associate to the instrument and to the sampling 
variability. Again the S3 approach seems to lead to very large Hs values also when the distance from the 
coast approaches the classical 20-30 km limit of standard altimetry. 

2.1.5 Global wave evolution modelling 

ECMWF uses and develops the ECMWF WAve Model (ECWAM) model. ECWAM is a fork of the 
well-known third generation Wave Model (WAM, see (Komen, et al., 1994)). ECWAM can be run 
coupled to the atmospheric model or as a standalone model (as in the case of the limited-area wave 
configuration or for experimentation of wave model developments). Since 1998, ECMWF has been 
running a coupled forecasting system where the atmospheric component of the Integrated Forecasting 
System (IFS) communicates with the wave model ECWAM through exchange of the Charnock 
parameter which determines the roughness of the sea surface (Janssen, 2004). 

ECWAM, the core of wave prediction system of ECMWF, is based on a statistical description of oceans 
waves (i.e. ensemble average of individual waves). The sea state is described by the two-dimensional 
wave spectrum which gives the distribution of wave variance over different frequencies and propagation 
directions. Wave energy then follows from the product of water density, acceleration of gravity and 
wave variance. 

The evolution of the wave spectrum follows from the energy balance equation which is explicitly solved 
by the ECWAM model. It determines the rate of change of the wave spectrum by adiabatic processes 
such as advection and refraction of wave energy, and by physical mechanism such as wind-wave 
generation, nonlinear four-wave interactions, and dissipation of energy by processes such as wave 
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breaking, micro-scale breaking and bottom dissipation. Detailed description of ECWAM can be found 
in (Janssen, 1995) and (Janssen, 2004). The model witnessed further developments like those described 
in (Janssen, Bidlot, Abdalla, & Hersbach, 2005), (Bidlot, Janssen, & Abdalla, 2007) (BAJ), (Janssen, 
2008) and (ECMWF, 2018). 

The ECMWF wave data assimilation is an implementation of the Optimum Interpolation (OI) 
assimilation scheme (see, for example, (Abdalla & Janssen, 2017)). This should not be confused with 
the sophisticated 4-dimenstional variational (4DVAR) scheme used for the atmospheric data 
assimilation. Data assimilation is used for two reasons. The first is to produce the best description of the 
sea state (model analysis). The second, is to generate a more optimal initial state which is used to start 
the model forecasts. So far, significant wave height (SWH) from radar altimeters carried out by various 
satellites has been assimilated in the ECMWF forecasting system see (Abdalla & Janssen, 2017). ERS, 
ENVISAT, Jason, CryoSat, SARAL/AltiKa and Sentinel-3 altimeter SWH data have been used (or will 
be used shortly). Furthermore, spectra from Synthetic Aperture Radar (SAR) from ERS-2 and 
ENVISAT were also assimilated. 

Recent development 

There was an accumulation of evidence that ECWAM was not providing the best possible estimate of 
sea state in swell dominated regions. It was found that under swell dominated conditions, the wave 
energy dissipation due to wave breaking as parametrized by (Bidlot, Janssen, & Abdalla, 2007) was not 
represented accurately. An alternative parametrization of the dissipation due to wave breaking was 
provided by (Ardhuin, et al., 2010). This parameterisation was implemented in ECWAM with all 
necessary calibrations to produce the best fit with the data and to be in harmony with the coupled 
atmospheric component of IFS. This version of the model is part of the ECMWF IFS change that is 
planned for operational implementation later this year. 

The results presented in this section are based on numerical experiments conducted using the ECMWF 
wave model ECWAM, which is part of Integrated Forecasting System (IFS). In the experiments, the 
wave model ECWAM was run in isolation from the other components of IFS. We refer to this 
configuration as uncoupled or stand-alone wave model runs. The stand-alone model was run using a 
global grid with a spatial spacing of about 14 km. The effective spectral space was discretised using 36 
directions and 36 frequencies. This matches the configuration of the operational high-resolution system.  

The experiments were forced by the reanalyse model fields from ERA5 (latest ECMWF model 
reanalysis which is part of the EC Copernicus Climate Change Service, C3S). Those fields are the 10-
m neutral winds, surface air density, gustiness and sea ice cover. The results presented here are form 
experiments that did not assimilate any wave data (wave model hindcast). 

Results 

Even though, ERA5 wave data are already a major improvement with respect to ERA-Interim 
(Hersbach, et al., 2018), a more recent version of the ECMWF wave model has been used to produce a 
long hindcast. This latest hindcast was found to be of even better quality than ERA5 as discussed below. 
Results from two long-term runs are presented here. They are identical except for the use of two different 
wave physics for wind input and dissipation. The first, which will be referred to as the New-Physics run, 
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uses the model physics of (Ardhuin, et al., 2010). The latter, which is referred to as the Old-Physics run, 
uses the model physics that has been used by ECWAM for more than 12 years which is the BAJ 2007.  

None of the two experiments assimilate wave data. Therefore, the Old-Physics run is equivalent to ERA5 
except for being a higher resolution stand-alone hindcast (ERA5 is a coupled run that assimilates 
available space borne altimeter wave height data). The spatial and spectral resolutions of the two long-
term experiments were finer than those of ERA5 (hindcast spatial grid spacing of 14km compared to 40 
km for ERA5, and the spectral resolution of 36 directions and 36 frequencies compared to 24 directions 
and 30 frequencies for ERA5). Furthermore, the two hindcast runs use the more recent global 
bathymetry data set ETOPO1 compared to the older ETOPO2 used by ERA5. 

The significant wave height (SWH) from the two model hindcasts, was compared against available in-
situ wave measurements. One needs to be careful while interpreting in-situ verification as such data set 
has a limited geographical coverage. Available in situ data are collected mainly around the coasts of 
North America and Europe. Typical geographical distribution of available in-situ data is shown in Figure 
2-19. 

The following statistics will be used to quantify the validation of the model results. The first is the bias 
which is simply the mean difference between the model values (xi) and their corresponding 
measurements (oi), with i and the summations run over all n collocations: 

!"#$ = ∑(()*+))
-

=	< 0 > 	−	< 3 >        (1) 

n is the number of collocations between the model and the measurements and < X > and < O > and the 
ensemble average of the model values and the measurements, respectively. The standard deviation of 
the difference (SDD), which can be used as a proxy to the random error, is defined as: 

455 = 6∑(()*+))
7

-
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The scatter index (SI) is the relative SDD with respect to the mean value of the reference, < O >, or:  

49 = :;;
<=>

           (3) 

SI can also be presented as a percentage by simply multiplying it by 100. The Pearson correlation 
coefficient, or just the correlation coefficient (R), is a measure of the linear correlation between the 
model and the measurements. It can be written as:  

? = ∑(()	+))*-<@><=>
A∑()7*-<@>7		A∑+)7*-<=>7

        (4) 

Finally, the random error reduction (RER) can be used to assess the impact of model changes by 
comparing the SDD reduction of an experiment results against a reference (in-situ of satellite 
measurements) compared to the SDD of a control experiment against the same reference (SDDC-O). In 
other words, RER (in percentage) is 

RER=100*(SDDE-O	-	SDDC-O)/SDDC-O        (5) 

SDDE-O  is the SDD of the experiment to be verified against a reference data set. Negative values of RER 
indicate that the change deteriorates the model results. 
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The time series of the monthly significant wave height (SWH) scatter index (SI), in percentage, with 
respect to the available in-situ data for the New-Physics model hindcasts and the Old-Physics model 
hindcast are shown in Figure 2-20. The time series of the monthly SWH random error reduction (RER) 
values  

 
Figure 2-19 Typical geographical distribution of in-situ measurements. This is a snapshot at a recent 
data. Measuring stations can appear and disappear at any time. Therefore, their number changes by 

time. 
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Figure 2-20 Time series of monthly significant wave height scatter index, in percentage, with respect to the available in-situ data for the model hindcasts using 
the model physics of Ardhuin et al. (New Physics) and the model physic of BAJ 2007 (Old Physics). The curves are smoothed by applying a 3-month running 

mean. 
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Figure 2-21 Time series of monthly random error reduction (percentage) in significant wave height with respect to the available in-situ data due to the use of the 

model physics of Ardhuin et al. (New Physics) taking model run with the physics of BAJ 2007 (Old Physics) as a reference (thin grey lines). The curves are 
smoothed by applying a 3-month running mean (thick black line). 
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due to the use of the “New Physics” is shown in Figure 2-21. The curves in Figure 2-20 and the thick 
line of Figure 2-21 are smoothed by applying a 3-month running mean. The thin line in Figure 2-21 
shows the monthly values without any smoothing. The New-Physics model SI is consistently lower than 
that of the Old-Physics model indicating that it has a lower random error when compared against the in-
situ data. The same result can be easily obtained from Figure 2-21 which is always positive. The RER 
can be as high as 19% during the summer season of the Northern Hemisphere (NH), where most of the 
in-situ measuring stations are located. The oceans in the NH are dominated by swell conditions during 
the summer. This is a clear indication that the New-Physics model improves the model capability of 
predicting the swell conditions properly.  

Since the in-situ measurements do not cover the whole globe, the altimeter SWH measurements are used 
to evaluate the performance of the new model physics. Figure 2-22 shows the global statistics that 
emerge from the verification of the model SWH against available altimeter data (from Sentinel-3A, 
Jason-3, Jason-2 and SARAL/AltiKa) over a 1-year period from 1 July 2017 till 30 June 2018 except 
for CryoSat-2 data which only covers the period from 10 January till 23 July 2018. The bias (= model - 
altimeter), the SDD, the SI and the correlation coefficient of the two model hindcasts against each 
altimeter are shown in panels (a), (b), (c), and (d) of Figure 2-22, respectively. The new model increases 
the global mean of SWH by few centimetres compared to all altimeters (4.0 cm for Sentinel-3A and 
SARAL/AltiKa, and 4.5 cm for Jason-3 and Jason-2) as can be seen in Figure 2-22(a) and decreases the 
SDD value by 6 to 13% as can be seen in Figure 2-22(b). The highest decrease of SDD is in the case of 
the comparison against Sentinel-3A. This can be attributed to the fact that Sentinel-3A altimeter operates 
in the Synthetic Aperture Radar (or Delay-Doppler) Altimetry mode which was found to be sensitive to 
the existence of the swell. The new physics improves the correlation coefficient as can be seen in Figure 
2-22(d) with the best improvement is in the comparison against Sentinel-3A. 

The time series of the monthly increase of the (global mean) SWH due to the use of the model physics 
of (Ardhuin, et al., 2010) compared to the model with physics of BAJ 2007 (Old Physics) is shown in 
the upper panel of Figure 2-23 as verified against data from four altimeters: Sentinel-3A, Jason-3, Jason-
2 and SARAL/AltiKa. The increase compared to data is fairly the same for all altimeters. The highest 
increase (about 8 cm) occurs during the month of July and lowest increase (slightly less than 2 cm) 
happens during the month of April. The time series of the monthly random error reduction (RER, which 
computed as the reduction in the SDD) of SWH, in percent, as verified against the data from the four 
altimeter is shown in the lower panel of Figure 2-23. The consistently highest SWH RER (8-12%) for 
all months is for the comparison against Sentinel-3A data. The monthly SWH RER against Jason-3 and 
Jason-2, which sample the same global region extending between latitudes 66°S and 66°N, are very 
close to each other. The new model physics show the lowest impact in terms of SWH RER (4-8%) when 
the comparison is carried out against data from Jason satellites. The SWH RER is the highest during the 
months of January, May and June and lowest during the months of November and March. 

Data from the same four altimeters during the period from 1 July 2017 till 30 June 2018 are used to 
compute the SWH RER due to the use of the new model physics of (Ardhuin, et al., 2010) compared to 
the model with physics of BAJ 2007 (Old Physics). The variation of SWH RER (percentage) values 
with respect to the SWH itself, is shown in Figure 2-24. The negative RER values indicate increase in 
random error. The number of collocations for SWH above ~ 7 m is very small to produce reliable 
statistics.  The major impact (error reduction) is happening for SWH values in between ~0.8 and 2.5 m.  
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(a)

    
 

(b)

    
Figure 2-22 Global verification of significant wave height from the model run with physics of Ardhuin 

et al. (New Physics) and the run with physics of BAJ 2007 (Old Physics) against various altimeters 
during the period from 1 July 2017 till 30 June 2018: (a) the bias (= model - altimeter), (b) the 
standard deviation of the difference, SDD, (c) the scatter index, and (d) correlation coefficient.  
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(c)

    
 

(d)

    
Figure 2-22 Continued.  
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Figure 2-23 Time series of the impact of using the model physics of Ardhuin et al. (New Physics) 

compared to the model with physics of BAJ 2007 (Old Physics) on change (increase) in significant 
wave height (upper panel) and the reduction in the SWH SDD, or RER, (lower panel) as verified 

against available altimeter data. 
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Figure 2-24 The SWH SDD reduction (or RER), in percentage, due to the use of the model physics of 

Ardhuin et al. (New Physics) compared to the model with physics of BAJ 2007 (Old Physics) as 
verified against available altimeter data for the period from 1 July 2017 till 30 June 2018. 

RER is as high as 17% at SWH value of about 1.8 m for Sentinel-3A and as high as 15% at SWH value 
of ~ 1.6 m for the other altimeters. Comparison against Sentinel-3A data show the highest RER between 
SWH values of 1.0 to 3.5 m. The degradation at low SWH can be attributed to deficiencies in altimeter 
measurements. 

Figure 2-25 shows the geographical distribution of the mean SWH difference (in m) between the model 
run with physics of Ardhuin et al. (New Physics) compared to the model with physics of BAJ 2007 (Old 
Physics) for the one-year period from 1 January 2001 till 31 December 2001. The physics in the new 
model increases the SWH, on average, in the extra tropics almost everywhere. The increase is as high 
as 24 cm in the SH and as high as 12 cm in the NH. In the tropics, however, the new model increases 
the SWH in the western parts of the tropical oceans while decreases the SWH in the eastern parts. The 
increase in the western Tropical Atlantic is as high as 20 cm while the decrease in the eastern Tropical 
Pacific is as high as 21 cm. This pattern is in line with the difference pattern that emerges when 
comparing the old model with altimeter data.  

For example, Figure 2-26 shows the geographical distribution of the mean difference between Jason-3 
and the old model (altimeter-model) SWH over the one-year period from 1 July 2017 and 30 June 2018. 
Note that the period covered by Figure 2-26 is different than the period covered by Figure 2-25. SWH 
from the old model is, on average, lower than that from Jason-3 (positive altimeter-model difference) in 
the eastern tropical basins and vice versa in the western tropical basins. This pattern matches the tropical 
pattern in Figure 2-25. Although Figure 2-26 shows that the old model underestimates SWH in the 
extra-tropics compared to Jason-3, the signal is not as strong as the corresponding signal in Figure 2-25. 
Therefore, the SWH of the new model has the tendency to be higher than Jason-3 in the extra-tropics as 
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can be seen in Figure 2-27 which shows the mean SWH difference between Jason-3 and new-model 
averaged over the same one-year period as in Figure 2-26. This suggests that there may be a need for 
some fine tuning of the new physics. 

 
Figure 2-25 The mean SWH difference (in m) between the model run with physics of Ardhuin et al. 
(New Physics) compared to the model with physics of BAJ 2007 (Old Physics) for the period from 1 

January 2001 till 31 December 2001. 
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Figure 2-26 The mean SWH difference (in m) between Jason-3 altimeter data and the model run with 

the physics of BAJ 2007 (Old Physics) for the period from 1 July 2017 till 30 June 2018. 

 

 
Figure 2-27 The mean SWH difference (in m) between Jason-3 altimeter data and the model run with 

physics of Ardhuin et al. (New Physics) for the period from 1 July 2017 till 30 June 2018. 

 

2.1.6 Spectral wave model (SWAN) data  
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In this contribution, the quality of wave data provided by the new Sentinel-3A satellite is evaluated. We 
focus on coastal areas, where altimeter data are of lower quality than those for the open ocean. The 
satellite data of Sentinel-3A and Jason-3 are assessed in a comparison with spectral wave model 
(SWAN) simulations. 

2.1.6.1 Satellite wave data 

The Jason-3 (J3) and Sentinel-3A (S3A) altimeter missions data are used, which are available at the 
Copernicus catalogue (http://marine.copernicus.eu/). 

In order to be able to compare satellite measurements (along tracks) with numerical model results (2D 
mesh) the data need to be collocated in time and space. Regarding the time collocation, the satellite data 
is collocated to the nearest time step of the model data, which have an interval of 1 h. Thus, just the time 
steps where the difference between the two time stamps is less than 30 min are considered. And 
regarding the space collocation, the 2D meshed data is interpolated to the satellite data points.  

Finally, in order to filter spurious data, satellite data points where the Hs difference with respect to the 
Hs of the corresponding successive along-track point is greater than 0.5 m have been omitted. 

2.1.6.2 SWAN Model Implementation and skill assessment 

The wave forecasting system is composed of two numerical domains (see Figure 2-28) and is based on 
a downscaling technique. The largest domain (MED) covers the western Mediterranean Sea with a 
spatial resolution of 11 km and provides boundary conditions to a second-level domain (BAL), which 
covers the Balearic Sea with a spatial resolution of 3 km. The bathymetry introduced in the model is the 
0.0083º grid resolution bathimetric data from GEBCO. 

The model is forced with winds from two previous WRF model simulations that run operationally at the 
Catalan Meteorological Service (SMC). Winds from a WRF model run at 16 km horizontal resolution 
are used in the 11 km SWAN domain and winds from a WRF model run at 4 km horizontal resolution 
(and nested to the previous 16 km WRF domain) are used in the 3 km SWAN domain. As initial 
conditions, the outputs from the model run 12 hours before are used. 
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Figure 2-28 SWAN numerical domains (MED and BAL; in green). 

The SWAN application has run every day since March 2017, generating hourly information of 
significant wave height (Hs), mean wave period (Tm) and peak wave period (Tp), among others. And 
these parameters have been compared with buoy observations in the Catalan Coast in order to verify the 
numerical model skill. The period used to perform this validation is from 15 March 2017 to 15 March 
2018 (1 year). In addition, the validation process distinguishes between the results obtained for the DAY 
1, DAY 2 and DAY 3 forecasting ranges. 

In Figure 2-29 the scatter plots obtained from the comparison between all the available buoy 
measurements and the BAL domain results for each forecasting range is presented. Although more 
dispersion is observed in the DAY 3 forecasting range, the results show a good fit with the measurements 
in the three cases, with regression slopes of 0.9 - 0.91. 
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Figure 2-29 Scatter plots considering data from all buoys from the Catalan Coast together. The colors 

represent the density of points. The red line is the linear regression line (p=ax+b) and the black 
dashed line show the line that would correspond to a perfect agre 

2.1.6.3 Satellite wave data validation 

Then the predicted Hs data is compared with S3A and J3 data. Since the satellite data is available from 
July 2017, the validation period is somehow reduced: from 15 July 2017 to 15 March 2018 (8 months). 
The scatter plots and the statistics comparing the modeled Hs with the S3A and J3 measurements are 
presented in Figure 2-30 and Table 2-1 and Table 2-2 respectively. It is observed that the BAL domain 
is able to improve the MED domain results, achieving lower biases, higher skill scores and better 
regression slopes. The scatter plots show that the modeled and observed Hs have a better fit for Hs 
values lower than 4 m. For higher Hs values the modeled data tend to be more underestimated. 
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Figure 2-30 Scatter plots comparing the forecasted Hs values (DAY 1) with the observed ones by S3A 
(top) and J3 (bottom) for each domain. The colors represent the density of points. The red line is the 

linear regression line (p=ax+b) and the black dashed line show 
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Table 2-1 Statistics comparing the modeled Hs and the S3A measurements for each forecasting range. 

The bias, MAE and RMSD unit is meters and the number of pair of points is also presented. 

 
Table 2-2 Statistics comparing the modeled Hs and the J3 measurements for each forecasting range. 

The bias, MAE and RMSD unit is meters and the number of pair of points is also presented. 

With the aim of performing a spatial validation of the wave model, the collocated satellite-model pair 
of points for each available measured time lapse have been interpolated in a 2D mesh. In Figure 2-31, 
the bias, MAE and skill score (r) are presented, including also a map of the available number of 
observation at each point. It is observed that the predicted Hs tends to be negatively biased and presents 
MAEs in the range 0.2 - 0.5 m. The worse bias and MAE values are found in the center of the domain. 
Regarding the correlation, the predicted Hs is very high correlated with the observed one, with values 
higher than 0.9. Additionally, it is observed that, especially in the S3A case, the correlations tend to 
diminish near the coastline. However, it is difficult to state if this correlation decrease is due to the 
numerical model skill or due to the S3A ability in measuring the Hs near the coastline. 



CEASELESS WP1 Task 1.3 Synergies between different missions and applications (multi 
variable/process validation) 

March 2019 

 

  

 

40 

 
Figure 2-31 Spatial distribution of bias, MAE and r comparing the predicted Hs (form MED domain 
and DAY 1 forecasting range) with S3A (top) and J3 (bottom) data. The number of observations at 

each location is also presented. 

 

 

2.2 High frequency radar validation  
2.2.1 High frequency radar validation against model and in-situ data 

For validation purposes, oceanographic and coastal meteorological measurements from the Spanish 
Harbour Agency (Puertos del Estado, www.puertos.es) are used. Specifically, data obtained from a 
coastal wave buoy (CB), a deep water buoy (DB) and a High Frequency radar (see Figure 2-32). The 
deep water buoy was deployed in August 2004 and corresponds to an ocean Seawatch buoy located at 
40.68ºN and 1.47ºE at 688m depth.  The coastal wave buoy  is a Triaxys buoy located at 41.07ºN 1.19ºE 
at 15 m depth and deployed in November 1992. Both buoys provide significant wave height, peak 
period, nautical direction and directional spectra, among others (the technical characteristics of both 
buoys are available in www.puertos.es). Besides, the DB also provides wind intensity and direction data. 
The spectrum of each buoy is calculated in a different way. DB provides the energy spectrum divided 
in 14 bands and each band has a fixed fraction of energy. This way, it does not measure in a fixed 
frequency range because it depends on the amount of energy measured. In contrast, CB calculates a 
scalar spectrum doing an average of 128 points with a sampling frequency of 1.28 Hz, which 
corresponds to a Δf of 0.01 Hz. The measured frequency range goes from 0.03 Hz to 0.66 Hz. 
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Figure 2-32  a) Geographical distribution of the Ebro delta in the NW Mediterranean Sea. b) local 

domain at the Ebro delta with the radar range arcs (in green) and the buoys location (blue triangles). 

The HF radar system used in this contribution is a CODAR SeaSonde standard-range system composed 
by three remote shelf-based sites (Salou, Alfacada and Vinaroz; see locations in Figure 2-32) that operate 
at 13.5 MHz. Each site provides measurements of wave height, central period and direction along seven 
concentric arcs (plotted in green in Figure 2-32) every 30 minutes, being the most offshore arc situated 
at 11,6 km from the antenna. In contrast to HF radar current measurements, which are obtained from the 
first-order peaks in the radar echo spectrum, the HF radar wave data is derived from the second-order 
radar spectrum (Lipa & Nyden, 2005). The method used to derive the data is based on a least-squares 
fitting of the radar spectrum with the Pierson-Moskowitz model for the ocean wave spectrum. It assumes 
that the ocean wave spectrum is homogeneous over the range cell. For this reason, the smaller close-in 
radar range cells are used for wave analysis (Lipa & Nyden, 2005). It is important to note that measured 
waves are limited to those felt by the Bragg waves, so the shortest wave period included in the HF radar 
data is 5 seconds (Kohut, et al., 2008). 

In order to evaluate the HF radar performance, two scatter plots comparing the HF radar data and the 
measurements at CB are presented in Figure 2-33. The first one Figure 2-33a was done with the entire 
available data period (7 months) and the second one (2 months) with the data corresponding to the study 
period of this contribution, which has been selected due to the presence of four NW wind-jet events. 
The HF radar data used in these comparisons belongs to the data measured at the 3rd arc of the Salou 
antenna, which is the closest to CB. Besides, in order to avoid isolated data points and inconsistent 
values, the HF radar data has been filtered. Both scatter plots present a good agreement between the HF 
radar data and the CB measurements. However, the HF radar tends to overestimate the wave height up 
to 0.5 m. Besides, it is important to notice the poor number of HF radar data points. The HF radar data 
time serie presents just a 35% of data availability. 
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Figure 2-33 Scatter plots comparing the filtered HF radar data versus CB for two data periods. (a) 
The entire available data period (March-September 2014) (b) the study period (March 15th - May 

15th 2014). 

The model results at CB are also compared with observed wave time-series (Figure 2-34). In general, 
the three parameters (Hsig, Tp and wave direction) show a good agreement with the buoy data. In this 
case, the underestimation during the easterly storms are also present. However, in this case, the NW 
energetic events selected before do not have a relevant significant wave height. This is because the CB 
is located near the coast and out of the wind-jet axis, and thus it is poorly affected by the NW storm. 
Figure 2-34 also includes the measurements from the HF radar. As before, the 3rd arc of the Salou 
antenna filtered HF radar data has been used in the comparison. Similarly to (Long, Barrick, Largier, & 
Garfield, 2011), the filter consists on removing the isolated data points, applying a median filter and 
eliminating the points where the change in wave height is over a threshold of 0.5 m. Even though the 
HF radar is able to capture the main pattern of significant wave height measured by the buoy, especially 
the storm peaks, it is important to notice the poor number of data points. Besides, it can be observed that 
the shortest wave period included in the HF radar data is 5 seconds. Concerning to the nautical direction, 
the HF radar data does not fit well with the buoy observations. This is reasonable since the buoy provide 
a punctual data while the HF radar assumes that the ocean wave spectrum is homogeneous throughout 
the range cell. Altogether, with the HF radar data it can be done a visual validation of the results of Hsig 
and Tp, especially during a storm peak. However, due to the scarcity of data, it is not possible to conduct 
a more thorough validation including a statistical analysis.  
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Figure 2-34 Model results (green) versus CB data (black) and HF radar data (red) comparison. (a) 

Significant wave height. (b) Peak period. (c) Nautical direction. 

The analysis of the HF radar data reliability performed (Ràfols, 2017) shows that, due to its scarcity of 
data, the HF radar data can be useful for undertaking climatology, where the wave height tendency could 
be enough, but it is not useful for studying a specific event. For instance, in Figure 2-34, the comparison 
between the resulting processed HF radar data at the Alfacada site and the modeled wave height at 
different locations within the Alfacada antenna range during a specific event is presented. We note that 
the HF radar data are not useful for validating a short specific event. In addition, it is worth noting the 
differences between the modeled time series. These differences cannot be seen by the HF radar, because 
HF radar data represent averaged measurements over RCs of some kilometers in size and, thus, cannot 
measure individual waves or differentiate different behavior along an RC. In this sense, it is important 
to note that (Long, Barrick, Largier, & Garfield, 2011)  found good agreement between the two datasets, 
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but also stated that, in their study area, the wave height is only minimally variable from 3–45 km off the 
coast. 

 

2.2.2 Validations of Sentinel velocity against HF radar data 

The performance of the Sentinel-1A velocity information was evaluated for the German Bight using the 
HF-radar setup, which is operated in this area in the framework of COSYNA (Coastal Observing System 
for Northern and Arctic Seas), as a reference.  

Analyzing the period between May 18 and December 30 of 2017, the Sentinel radial velocity component 
and the accordingly remapped HF-radar velocity have been compared qualitatively for all swaths with 
common coverage and in adequate temporal proximity (< 20 min, Figure 2-35a): 

   

Having situations of both, worse and better agreement, it showed that there was a frequent mismatch in 
the direction of the velocity as seen by the two different instruments, which is slightly below 50% for 
most of the common coverage area (Figure 2-35b). 

Compiling the snapshots into time series it became evident that radar and satellite show similar long-
term trends, but that a) the variability in the satellite data is significantly larger and that b) there is a 
negative bias, which largely contributes to the occurrence of opposite signs in the velocity direction, 
when comparing both instrumentations (Figure 2-35c). The magnitude of the bias is spatially varying 
with an average value of about -0.5 m/s; the rmse averages to about 0.84 m/s with the largest errors 
occurring in the southern part of the commonly observed area (Figure 2-36). 

 

In a second step, the comparison were repeated for the spatial anomalies of the snapshots (i.e) removing 
the spatial means). This led to an on average better –yet with a regionally noisy pattern– agreement of 
(anomaly) directions but at the cost of eliminating the coherent trends inherent the spatial mean signals, 
and therefore not proofing as beneficial approach to compare both instruments. Further comparisons are 
planned with the data onward of 19/02/2018 (S1A), for which a better data quality is expected.  

 

 

 

 

 

 

 

 

 



CEASELESS WP1 Task 1.3 Synergies between different missions and applications (multi 
variable/process validation) 

March 2019 

 

  

 

45 

 
Figure 2-35 Count of overlapping measurements (a) and  relative directional match (b) in velocities. 

(c) shows am exemplary timeseries. 

 

 
Figure 2-36 Bias (left) and rmse (right) between Sentinel 1A and HF Radar velocities. 

 

2.2.3 Validations of Sentinel sea surface height anomalies simulations with GCOAST-NEMO 

Sea surface height (ssh) anomalies derived from hydrodynamic simulations with the GCOAST-NEMO 
model setup for the years 2016 and 2017 have been compared with the ssh-anomaly data from Sentinel 
3 in the area of the German Bight. The anomalies for the simulations and tide gauge data haven been 
computed via the subtraction of the harmonic reconstruction and the long-term mean from the full 
signals. The comparison of all 4127 data points in the German Bight area (Figure 2-37a) over the two 
years period reveals a correlation of about 0.56, a bias of  ~ -0.17m and a root mean squared error of ~ 
0.25m. 

Having a closer look at individual tracks, it shows that – while for a few tracks there is no major 
correspondence (for example Figure 2-37c) –  for a significant number of them there is still a reasonable 
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good agreement. This shows in a similar along-track slope for model and data (Figure 2-37b), although 
this is frequently accompanied by bias between them (Figure 2-37d). For further validation, both datasets 
have been cross-validated against the anomalies derived from Helgoland tide gauge station (Figure 
2-38). This shows an overall good agreement between the tide gauge data and the model, each mirroring 
the major variabilities. The comparison with the sentinel data at the closest point in time and space 
during the tracks passing Helgoland, seems to be sometimes in line with the model and the tide gauge 
data and sometimes a little off. 

With a reoccurring time of every 27 days, the temporal resolution is a little too sparse to draw a reliable 
conclusion for the quality of the satellite observation at this point, as it does not resolve the time scales 
of the major non-harmonic variabilities. 
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Figure 2-37 Validation between Sentinel 3 along track measurements of ssh anomalies and those 
derived at the closest nodes of the GCOAST-NEMO simulations: a) Scatter diagram between data 

points of sea surface height anomalies from Sentinel 3 data (x-axis) and simulations with GCOAST-
NEM (y-axis) covering the years 2016 and 2017. The inset shows the points in the area of the German 
Bight, which were taken into account for the validation, aligned on the satellite tracks in this area. The 
statistics are given for R the reference data (Sentinel 3) and M the model (NEMO). b),c) and d)  show 

exemplary track comparisons. 

 

 

 

 

 

a) b) 

c) d) 
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Figure 2-38 Cross validation between calculated sea level anomalies of the Helgoland tide gauge 

station (black line), the nemo simulation at the closest grid node (red) and the Sentinel 3 anomaly data 
(blue dots). The timeseries of the data and the model have been filtered with a running mean of 12 

hours. 

 

2.3 Ocean current: synergy between Sentinel-1 measurements and altimetric fields  
This section focuses on the potential synergy between Sentinel-1 Doppler measurements and the 
geostrophic currents derived from altimetry. Despite being very coastal, the Catalan coast is 
characterised by strong geostrophic currents and the presence of strong eddies. This study focuses on 
one of these eddy events occurring in the Catalan Sea with an anticyclonic eddy centred at 41°N;3°E 
between Barcelona and the Balearic Islands (Figure 2-39). Based on altimetry sea surface height and 
geostrophic approximation, the estimated geostrophic current of this eddy reaches more than 0.5m/s. 
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The Sentinel-1 level-2 ocean radial velocity (L2 OCN RVL) product is represented on Figure 2-40 for 
Sentinel-1A at ~6am on the left and Sentinel-1B at ~6pm on the right for the 15th of December 2017. 
The RVL maps have been cleaned for scalloping effects in Doppler as described in CEASELESS 
Deliverable D1.2 and D1.4. The Sentinel-1 RVL is positive when the current is in the line-of-sight 
direction of the radar (represented by a red arrow). If we first focus on the inner core of the eddy as 
observed by Sentinel-1A (Figure 2-40 left), we note positive (greenish) values in the south part of the 
eddy and negative (darker blue) values in the north part of the eddy. The position of this pattern in the 
Sentinel-1 corrected RVL maps is in very good agreement with the large components of the geostrophic 
current in the radar line-of-sight direction.  
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Figure 2-39: Geostrophic current from satellite altimeter SSALTO/DUACS delayed-time level-4 

products based on multi-mission data (Altika, Cryosat-2, HY2A, Jason-3, Sentinel-3A) over 
Mediterranean Sea. This field is for the 15th of December 2017 over the Catalan Sea. 

 

  
z 
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Figure 2-40: Map of Sentinel-1 Level-2 ocean radial velocity (IW OCN L2 RVL products) 
observations over the Catalan Sea for the 15th of December 2017 for (left) Sentinel-1A at 5:53UTC 
and (right) Sentinel-1B at 17:45UTC. The black streamlines represent the same geostrophic current 

field as represented in Figure 2-39. Thick black arrows indicate Sentinel-1 flight direction (left) 
descending for S1A (right) ascending for S1B. Red arrows indicate the radial line-of-sight direction of 

the Doppler (RVL) measurements.  

Let us now focus on Sentinel-1B (Figure 2-40 right) and start by examining the signature of the eddy. 
If we ignore, for now, the most obvious feature in the image (this linear feature across the south-west 
part of the eddy), but focus instead on the ‘untouched’ north-east part, we find again this alternating 
green/dark blue pattern that is consistent with the effect of the eddy geostrophic current 
receding/approaching in the radar line of sight direction (red arrow).  

Looking again at Figure 2-39 and the south-west part of Figure 2-40-right (which is green), we note that 
only the streamlines going North have a geostrophic current higher than 0.2m/s. As this current is nearly 
perpendicular to the line-of-sight of the radar (slightly receding), the imprint of the current in RVL 
should be negligible and the image should not present a strong positive signature on the RVL. Similarly, 
in Figure 2-40-left, if we focus on the green part (hence positive value) on the North-East of the eddy, 
this corresponds to a geostrophic current approaching the radar, for which the RVL signature should 
hence be negative (i.e. blueish). These apparent inconsistencies will be explored and explained next. 

To understand these apparent discrepancies, we need to recall than the SAR Doppler signal measured 
by the radar (Sentinel-1) is also strongly affected by surface motion contributions by ocean wind-waves 
e.g. (Martin, et al., 2016). Indeed, this artefact surface velocity, known as the Wind-wave Artefact 
Surface Velocity (WASV), Wave bias or Wave Doppler, can exceed 1m/s in magnitude depending on 
wind speed and direction. To first order, it is a function of the relative direction between the wind and 
the radar look-direction, and is maximum (in magnitude) when the wind and radar are aligned. When 
the wind is blowing away from the radar (downwind), this WASV is positive, and it is negative when 
the wind is blowing toward the radar (upwind). 

Fortunately, the Sentinel-1 SAR also measures the ocean surface backscatter (Normalised Radar Cross 
Section, NRCS) which is directly related to the surface roughness induced by wind (Bragg waves of 
~5cm). The Sentinel-1 production chain estimates the wind using the NRCS and prior knowledge of the 
ocean wind direction from ECMWF. Figure 2-41 below reproduces the maps of NRCS for the same two 
snapshots as shown in Figure 2-40, with the wind estimated from the Sentinel-1 OWI production chain 
added in the foreground as red wind barbs. There is a general good agreement between the sharp 
gradients observed in NRCS (white to black) and the changes in wind direction (red wind barbs) giving 
a high confidence in the quality of the retrieval in this particular case.  
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Figure 2-41: Map of Sentinel-1 Normalised Radar Cross Section (NRCS) on 15th December 2017 for 

(left) Sentinel-1A at 5:53UTC and (right) Sentinel-1B at 17:45UTC. The red arrows represent the 
wind barbs (showing wind speed in knots) from the Sentinel-1 OWI product.

 
Figure 2-42: Sentinel-1 RVL (as in Figure 2-40) with the addition of wind barbs shown as thin red 

arrows (a long barb represents 10 knots i.e. 5.14m/s) in the foreground (as in Figure 2-41 with 
Sentinel-1A/B NRCS).    

The superposition in Figure 2-42 of the wind barbs on the RVL snapshots in Figure 2-40 helps the 
interpretation. Now starting by examining Sentinel-1B (Figure 2-42-right), we note that the linear 
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feature across the south-west part of the eddy is very well aligned with the change in wind direction, 
indicating the presence of an atmospheric front. The wind is blowing nearly perpendicular (slightly 
downwind) to the radar line-of-sight, so the WASV signature should be close to zero, or slightly positive. 
The geostrophic current contribution is slightly positive (slightly receding from the radar). In total, we 
should expect a slightly positive signature, which is not the case. At this stage, it is worth noting that the 
radial velocity over land on this snapshot is negative, even though it is expected to be zero on average 
(as the land does not move). This points to likely additional errors linked to the uncorrected attitude of 
the Sentinel-1 platform, which is known to have a strong impact on the measured RVL.  

Coming back to Sentinel-1A (Figure 2-42-left), the north-east of the eddy (showing up in green) presents 
a wind field blowing towards the coast, hence in the downwind direction for the radar. This implies a 
strong and positive WASV, which is likely to dominate and obscure the smaller negative signature of 
the geostrophic current in total. Again, in addition to these issues, this snapshot also indicates non-zero 
RVL over land linked to uncorrected attitude problems. 

To conclude, this study highlights the promising potential of Sentinel-1 RVL products to provide two-
dimensional maps of the across-track component of the ocean surface current. These analyses present 
encouraging qualitative agreement with a strong anticyclonic eddy geostrophic current derived from 
multi-mission altimetry data, indicating opportunities for synergies between measurements of 
geostrophic and total currents with different types of satellites. However, in the case of Sentinel-1, 
uncorrected attitude errors and uncorrected wind-waves effects prevent further quantitative analyses of 
the geophysical content of these different satellite current products. 

3 APPLICATIONS  

3.1 Ocean surface decorrelation scales of sea level, wind and waves from altimetry  
This section presents an analysis of decorrelation length scales in space and time in the four case studies 
based on synergetic use of Sentinel-3A Surface Topography Mission SAR-mode altimetry data with 
measurements from the Jason-3 Low-Resolution Mode altimeter mission (Figure 3-1). For simplicity, 
the two case studies in the German Bight and Denmark Strait have been combined into one larger region 
around Denmark.  

The Sentinel-3A and Jason-3 satellites have very different orbits and sampling pattern, both spatially 
and temporally. S3A flies in a sun-synchronous orbit and has a repeat cycle of 27-days, whereas Jason-
3 is non-sun synchronous with a repeat cycle of around 10 days. The time difference at cross-overs 
therefore varies from a few hours to a maximum of 5 days. Combining the data from the two missions, 
it is possible to determine the temporal and spatial decorrelation length scales in the case study regions 
for Sea Surface Height Anomaly (SSHA), Significant Wave Height (SWH) and wind speed (U10).  
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Figure 3-1: Satellite ground tracks (line) and cross-overs (filled circle) of (red) S3A and (blue) Jason-

3. The green circles are cross-overs between S3A and J3 for (top) Denmark and German Bight; 
(bottom left) Catalan Sea; (bottom right) North Adriatic Sea case study regions. 

 

The temporal and spatial decorrelation length scales are calculated by computing semi-variograms. The 
variogram, 2g(x), is the expected value of the squared difference between two points of a stochastic 
process separated by a distance x or time t. For a stationary stochastic process, where the statistical 
properties do not change with space and time, it is equivalent to the autocorrelation function. The 
relationship between the variogram and the covariance function C(x) is given by 2g(x) = 2[C(0) – C(x)], 
therefore a semi-variogram can be by written as g(x) = C(0) – C(x) (Banerjee, Carlin, & Gelfand, 2004). 

Now assuming everything is standardised by the variance so the covariance becomes the correlation and 

C(0) =1 and is the standardised semi-variogram, the space (x) and time (t) semi-variograms of 
observations are expressed as follows: 
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where N(x) or N(t) are a set of pairwise Euclidean Distances, x = i-j and t = ii-jj, |N(x)| and |N(t)| are the 
number of distance pairs of observations in N(x) and N(t) respectively. The observations are Zi and Zj 
at the space location i and j, respectively. Likewise, the data values are Zii and Zjj at the time lags ii and 
jj, respectively. 

Temporally, a semi-variogram is calculated at each cross-over point. The median value and the median 
absolute deviation are determined at each time interval from the total number of cross overs. These 
median observations i.e, g*(t) at each time step are fitted using least squares with three models: Matern, 
Gaussian and Exponential. The best R-Squared Goodness of fit value is used as a criterion to select the 
optimum model function. The selected model produces a “range” value that is referred to as the 
decorrelation length scale (Figure 3-2) 

The process is repeated in space, g*(x), however, the semi-variogram observations are calculated for 
each satellite track, where the median and the median absolute deviation are determined at each distance 
interval from the total number of tracks. 

The common nomenclature terms of describing semi-variogram models are illustrated in Figure 3-2, 
where the “nugget” of the semi-variograms can also be referred to as the Instrument error. 

 

 
Figure 3-2: A schematic diagram illustrating common nomenclature of terms used to describe semi-

variogram models. 

Semi-variograms for the three regions are represented in Figure 3-3 to Figure 3-5, for both space (left 
panels) and time (right panels). The decorrelation length scales in space and time for SSHA, SWH and 
Wind speed are summarised in Table 3-1. (Banerjee, Carlin, & Gelfand, 2004) (Martin, et al., 2016) 
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The spatial decorrelation length scales for these variables vary from 17.4km (SSHA for Catalan Sea) to 
126km (SWH in North Adriatic Sea). SWH presents the largest range of spatial decorrelation length 
scale from 50.5km (Denmark) to 126km (North Adriatic). The low value for SWH around Denmark is 
likely due to the large spatial variability of the wave field linked to the presence of land and islands, 
whereas for the North Adriatic, the waves patterns are more correlated in space. In contrast, SSHA 
shows smaller spatial decorrelation length scales, ranging from 17.4km (Catalan Sea) to 60.2km (North 
Adriatic Sea). The low spatial decorrelation length scales of SSHA in Catalan Sea is consistent with the 
strong and dynamic geostrophic eddy fields in this region. The wind speed decorrelation length scales 
are very consistent between the three regions with a value around 30km. 

In term of temporal decorrelation length scales, current estimates look quite noisy, most likely because 
of the short period of altimeter data available from S3 so far and the small number of cross-overs in 
some regions. This will need further analysis, possibly after adding data from other altimeter missions 
to have a better temporal sampling. This is particularly the case in the North Adriatic Sea as it is the 
region with only 13 cross-overs (20 for Catalan Sea; 74 around Denmark). 

Despite these limitations, we note however the different behaviour between the two Mediterranean 
regions (Adriatic, Catalan) and the Denmark region. For the Mediterranean sites, the decorrelation time 
scales are longer for SSHA than for SWH and Wind speed, whereas for the Denmark region, there are 
indications of the reverse. This difference is likely to originate from differences between the oceanic 
and atmospheric regimes in the North Sea and in the Mediterranean Sea.   

To conclude, these estimations of the spatial and temporal decorrelation length scales based on synergy 
between S3A and Jason-3 observations are very encouraging. These types of analyses provide 
information about the characteristics of observations from different satellites that are extremely valuable 
for models (in particularly for assimilation), and could also provide the means of validating and 
improving new parametrisations and coupling of numerical ocean, wave and atmospheric models. 
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Figure 3-3: Semi-variograms (left) in space and (right) time for the German Bight+Denmark region 

for (top) SSHA, (middle) SWH and (bottom) wind speed. The cyan filled circles represent median 
observed values. The errors bars show the median absolute deviations. The fitted models are (thick 
red line) Matern, (thick black line) Gaussian and (thin green line) exponential. The fit quality of the 
best model are indicated on top of each panel, with the estimated spatial and temporal decorrelation 

length scales. 
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Figure 3-4: Same as above but for North Adriatic 

 
Figure 3-5: Same as above but for Catalan Sea 
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Table 3-1: Decorrelation length scales in space and time of the three regions. 

 Denmark Italy Spain 

 Spatially (km) 

SSHA 37.9 60.2 17.4 

SWH 50.5 126.0 60.8 

Wind Speed 34.3 33.1 29.8 

 Temporally (in hours) 

SSHA 9 6 21 

SWH 11 5 14 

Wind Speed 13 3 7 

  

3.2 Availability of numerical simulations 
A large number of simulations have been carried out within the project, with the aim of implementing 
and assessing in greater detail the importance of air-sea-wave interactions. In detail, the cases studied 
and the technical specifications of the simulations carried out are listed, bearing in mind that the results 
are available on demand for the testing of possible intercomparison algorithms with satellite data 

 

 

 

 

 

 

 

Cold Air Outbreak (CAO 2012) 

Case study: In the application implemented in the work (Ricchi A. , et al., 2016) an extreme event of 
Cold Air Outbreak is studied using different numerical approaches which implement different types of 
Sea Surface Temperature. starting from SST remotely sensed by satellite, at low space-time resolution, 
until the coupling of atmospherico-ocean-waves models  

Atmospheric model 

Grid dimension : 215x240 grid point 

Horizontal resolution : 7 km 

Vertical resolution: 60 levels 

Ocean - wave model 270x720 grid points 
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Horizontal resolution : 1 km 

Vertical resolution: 30 levels 

SST implementation : 

• NOSST : SST taken by atmospherical global models 
• STATIC SST :Satellite SST not upgraded in during the run 
• DYNAMICS : Satellite SST upgraded every 6 hr 
• OML : Simple ocean model 1D with SST upgrade based on atmospherical heat fluxes 
• AO : Coupling between WRF and ROMS models 
• AOW : Coupling between WRF, ROMS and swan models. 

 

 

Figure 3-6 Domains for WRF model (external box) and ROMS-SWAN models (blue box). 

 

Tropical-like cyclones “ROLF” 

Case study: In this application we study (Ricchi A. , et al., 2017) the effect of the different coupling 
levels starting from the use of satellite SST up to the coupling atmosphere + ocean + waves in the case 
of the Tropical-Like Cyclones formed on the Balearic islands between 6 and 9 November 2011 

Atmospheric – ocean -wave model 

Grid dimension : 970x708 grid point 
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Horizontal resolution : 5 km 

Vertical resolution: 55 levels 

 

 

 

 

 
Figure 3-7 The nested WRF domain and, delimited by the red line, the computational domain used for 

ROMS-SWAN which included the whole Mediterranean Sea. 

SST implementation : 

• DYNAMIC : SST taken by atmospherical global models upgraded every 6 hr 
• AO : Coupling between WRF and ROMS models 
• AOW : Coupling between WRF, ROMS and swan models 

 
 

Flash-Flood Venice 2007 

Case study: In this application (Ricchi A. , et al., 2019) under review the effect of the different coupling 
levels starting from the use of satellite SST up to the coupling of atmosphere + ocean + waves in the 
case of the Flash Flood formed on the Venetian lagoon on September 26th 2007. 

 

Atmospheric model 

Grid 1 dimension : 300x500 grid point 

Horizontal resolution : 25 km 

Vertical resolution: 55 levels 

Grid 2 dimension : 400x600 grid point 

Horizontal resolution : 5 km 
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Vertical resolution: 55 levels 

Grid 3 dimension : 350x400 grid point 

Horizontal resolution : 1 km 

Vertical resolution: 55 levels 

 

Ocean - wave model 270x700 grid points 

Horizontal resolution : 1 km 

Vertical resolution: 30 levels 

 

• SST implementation : 
• RTG : SST taken by atmospherical global models upgraded every 6 hr 
• ROMS : SST taken from long spinup with ROMS model at 1 km of resolution 
• AO : Coupling between WRF and ROMS models 
• AOW : Coupling between WRF, ROMS and swan models. 

 

 
Figure 3-8 Domain configuration used for the coupled and uncoupled simulations. 

Tropical-Like Cyclone “ILONA” 

Case study: In this application we study (Ricchi A. , et al., 2019) the multy-pysics ensemble technique 
is applied to evaluate the effect of atmosphere and ocean coupling and the different microphysics and 
PBL schemes in the case of Tropical-Like Cyclones "ILONA" formed on central Mediterranean from 
19 to 22 January 2014 
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Atmospheric – ocean models (same grid) 

Grid dimension : 925x563 grid point 

Horizontal resolution : 3 km 

Vertical resolution: 60 levels 

 
Figure 3-9 Topography and domain configuration used for the coupled and uncoupled simulations. 

 

 

Runs MP MP PBL PBL SST 

WRFUNCP-CTL 8 Thompson  2 MYJ 3km Spinup  

WRFUNCP-1 1 Kessler  2 MYJ 3km Spinup 

WRFUNCP-2 2 Lin  2 MYJ 3km Spinup 

WRFUNCP-3 3 WSM3 2 MYJ 3km Spinup 

WRFUNCP-4 4 WSM5  2 MYJ 3km Spinup 

WRFUNCP-5 5 Eta (Ferrier) 2 MYJ 3km Spinup 

WRFUNCP-6 6 WSM6 2 MYJ 3km Spinup 

WRFUNCP-7 14 WDM5 2 MYJ 3km Spinup 

WRFUNCP-8 16 WDM6 2 MYJ 3km Spinup 

WRFUNCP-9 14 WDM5 1 YSU 3km Spinup 

WRFUNCP-10 14 WDM5 2 MYJ 3km Spinup 

WRFUNCP-11 14 WDM5 4 QNSE 3km Spinup 
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WRFUNCP-12 14 WDM5 5 MYNN2 3km Spinup 

WRFUNCP-13 14 WDM5 8 BouLac 3km Spinup 

WRFUNCP-14 14 WDM5 2 MYJ OML-1D 

WRFUNCP-15 14 WDM5 2 MYJ FLAT-SST 

AO1 14 WDM5 2 MYJ AO-1800s 

AO2 14 WDM5 2 MYJ AO-600s 

 

 

2017 Bora Event 

Case study: In this application we analyze an intense case of Bora wind that occurred between 14 and 
19 January 2017. The purpose of this study is to understand the role of the horizontal and vertical 
resolution of the model in the study of bora jets, and the effect that the SST has on the ground wind and 
on the vertical structure of the jets. 

 

Atmospheric model 

Grid 1 dimension : 300x500 grid point 

Horizontal resolution : 25 km 

Vertical resolution: 55 levels 

Grid 2 dimension : 400x600 grid point 

Horizontal resolution : 5 km 

Vertical resolution: 55 levels 

Grid 3 dimension : 350x400 grid point 

Horizontal resolution : 1 km 

Vertical resolution: 55 levels 

 

Ocean - wave model 270x700 grid points 

Horizontal resolution : 1 km 

Vertical resolution: 30 levels 

 

• RTG: receives SST from satellite radiometer every 6 hours, and represents the typical 
configuration for weather forecast; 
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• RTGp3: same configuration as RTG with SST uniformly increased by 3 °C, aiming at 
identifiying 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. 

• AO : Coupling between WRF and ROMS models 

 

 
Figure 3-10 Domain configuration used for the coupled and uncoupled simulations. 
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