
 Co-ordinator: Universitat Politècnica de Catalunya (UPC) 
Project Contract No: H2020-EO-2016-730030- CEASELESS 
Project website: https://www.ceaseless.eu  
 

Copernicus Evolution and Applications 
with Sentinel Enhancements 

and Land Effluents for Shores and Seas 
 
 

 
 
 
Date: 
 
 
Deliverable Number: 3.3 
Due date for deliverable:33 (July 2019) 
Actual submission date:  
Leader: CNR 
 
 
 
Document Dissemination Level:PU 

 

  

 

PU  Public   
PP  Restricted to other programme participants (including the Commission Services)   
RE  Restricted to a group specified by the consortium (including the Commission Services)   
CO  Confidential, only for members of the consortium (including the Commission Services)   

Ref. Ares(2019)6226057 - 08/10/2019



H2020-EO-2016-730030- CEASELESS 

 
2

DOCUMENT INFORMATION 

 

DOCUMENT HISTORY 

 

ACKNOWLEDGEMENT 

This project has received funding from the European Union’s H2020 Programme for Research, 
Technological Development and Demonstration under Grant Agreement No:H2020-EO-2016-
730030- CEASELESS. 

 

DISCLAIMER 

This document reflects only the authors’ views and not those of the European Community. This 
work may rely on data from sources external to the CEASELESS project Consortium. Members of 
the Consortium do not accept liability for loss or damage suffered by any third party as a result of 
errors or inaccuracies in such data. The information in this document is provided “as is” and no 
guarantee or warranty is given that the information is fit for any particular purpose. The user thereof 
uses the information at its sole risk and neither the European Community nor any member of the 
CEASELESS Consortium is liable for any use that may be made of the information. 

  

Title Error generation/limitation (satellite/numerical/in-situ data) for 
CMEMS candidate applications 

Lead Author Paolo Pezzutto 

Contributors Jue Lin Ye, Vicente Gracia, Manuel García León, Manuel 
Espino, AgustínSánchez-Arcilla, Joanna Staneva, Anne Wiese, 
Johannes Schultz-Stellenfleth 

Distribution  

Document Reference  

Date Revision Prepared by Organization Approved by Notes 

21 Sep 2018 00 Paolo Pezzutto CNR L. Cavaleri Draft 

20Jul 2019 01 Paolo Pezzutto CNR L. Cavaleri Collected and 
merged 
materials from 
the partners 

2 Aug 2019 02 Paolo Pezzutto CNR L. Cavaleri Final Version 

      

      



H2020-EO-2016-730030- CEASELESS 

 
3

CONTENTS 

1. Background ................................................................................................................................... 4 

2. Errors in wave models .................................................................................................................. 5 

2.1. Errors at spectral level ........................................................................................................... 5 

2.1.1. In situ observations ........................................................................................................ 5 

2.2. Error at spectral level VS integral quantities ......................................................................... 9 

2.3. Joint error of integral quantities .......................................................................................... 10 

3. Error structures ........................................................................................................................... 12 

3.1. Overview ............................................................................................................................. 12 

3.2. Pilot area .............................................................................................................................. 12 

3.3. Spatial structure error at coastal areas ................................................................................. 14 

3.3.1. Methodology ................................................................................................................ 14 

3.3.2. Results .......................................................................................................................... 17 

3.4. Spatial structure error at deep waters .................................................................................. 24 

3.4.1. Methodology ................................................................................................................ 24 

3.4.2. Results .......................................................................................................................... 26 

4. Errors, metrics and coupled models ........................................................................................... 33 

5. Synergetic use of CMEMS insitu, model and satellite data for the assessment of wave height 
estimation errors - a focus on wave growth and wave dissipation in coastal areas. .......................... 35 

5.1. Relevance ............................................................................................................................ 35 

5.2. Introduction ......................................................................................................................... 35 

5.3. Methodology ....................................................................................................................... 36 

5.4. Wave growth and dissipation near the coast estimated from CMEMS data ....................... 40 

6. References: ................................................................................................................................. 43 

 

 



H2020-EO-2016-730030- CEASELESS 

 
4

1. Background 

Task 3.3 will explore the errors between observations and models as a prerequisite for improving 
the connection between coastal/regional forecasting systems. It will be done through an innovative 
combination of conditioning and transmission of information across nested/variable grids (UPC) 
that considers the relative weight (energy), spread (spatial gradients) and memory (temporal 
gradients) of the main system components (wind, waves and currents) and applies asymmetric 
statistical correction. The asymmetric character will respect coastal inhomogeneity and metrics that 
account for the “noise” of small-scale processes, while highlighting the more “permanent” and 
application-relevant length scales, with emphasis on quasi permanent features (e.g. eddies) and 
well-known patterns (e.g. shelf edge flow or topographically steered currents) (HZG). Here, we 
shall consider the transmission for structured and unstructured grids, the existence of multiple error 
sources (sensor, analysis and post processing) and the implications for conditioning (HZG, CNR). 

We shall therefore adapt the collocation/error routines to some of the main coastal length scales, 
considering the frame of Sentinel observations and the duration/extent of coastal metocean events to 
determine “static” (induced by domain geometry) and “dynamic” (due to meteo drivers) preferential 
correlations. The error generation/transmission will be analyzed as a function of scale (regional to 
coastal) using ensemble runs (HZG), whereas the implications of having model errors that are 
correlated (restricted domain features/asymmetry) and not normally distributed will be examined 
using advanced statistical techniques (e.g., hierarchical Archimedean copula) (UPC). The result will 
be an objective estimation of model capabilities that considers the various error sources and scales 
of variability plus the coastal asymmetry for heteroscedastic errors. This will allow delving into the 
“discrepancy” between observations and measurements as a function of component (wind, wave, 
current or surge), process (e.g. long shore circulation or diffracted wave fields) or domain geometry 
(e.g. distance to the coast) and how it propagates across domains (e.g. offshore domain from 
Copernicus service). The combination of modelled, satellite and in situ data will allow exploring the 
compatibility of coastally adapted metrics based on triple collocation, paying attention to the 
distinction between random errors (e.g. between different satellite missions) and systematic errors 
(represented by the slope in the triple collocation analysis). 

The regular updating of the domain bathymetry/geometry will allow a dynamic check of 
performance (M3.6) so as to apply the procedure (HZG) to a future coastal scale verification and 
integration within Copernicus. The methodology will also consider the comparison against different 
bases using a suitable normalization, permitting a direct inter-comparison of the resulting metrics. 
By combining different levels of prediction, we shall analyse error generation/limitation and 
performance intervals as a function of forecast lead time, domain characteristics and metocean 
features (D3.3). This approach will advance present knowledge with respect to more conventional 
linear estimators and it will help to identify the role played by coastal inhomogeneity, with the aim 
of providing uncertainty intervals that are acceptable by users in the study sites. 

Expected results: 

• Assessment of limited area effects on error structure and propagation (regional to coastal) 
• Asymmetric correction/metrics (random and systematic error) as a function of 

variable/domain 
• Performance intervals for combined satellite/in-situ/model data in restricted domains 
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2. Errors in wave models 

Given that the evolution equation for the wave spectrum makes sense, all the uncertainty issues lie 
in the imbalance between sources and dissipation processes. 

Some dynamics are strictly sea-state dependent, like the evolution of the spectrum due to non-
linearity, some others depend more on the specific site (bottom dissipation). For those processes, 
granted the equations, the sources of error are mainly internal to the system, and basically reside on 
the numerical schemes adopted. 

Wind input is the least controllable actor, responsible for the most part of the error. It brings error 
from outside the wave system, and then the uncertainty on wind speed inside the wave model 
expands in a complicated manner, depending on the parameterizations, the dissipative processes and 
numerics itself. However, due to the cumulative character, uncertainties are somehow mitigated by 
the natural smoothing process. 

Speaking about errors in general makes no sense, one has to refer to something measurable. This is 
not so easy for wave prediction systems. Models evaluate the evolution of waves energy density in 
space and frequencies, but this quantity can be measured by few instruments, normally in-situ ones. 
In practice our errors refer to some integral quantities which are derived in different ways from 
model outputs and observations raw data. Of course, this additional reformulating process is another 
error amplifier. 

2.1. Errors at spectral level 

2.1.1. In situ observations 

In order to investigate the peculiarities of the errors at spectral level we used the data derived from 
the experiment “gcoast35”. Spectra have been saved at buoy locations. 

Observed and model spectra are produced as densities in different frequency discretisation. For each 
buoy, we thus interpolated the hindcast spectra and the observed ones on a common frequency 
coordinate. Then, at each frequency bin we evaluated the first two moments of the error climate. In 
order to cross compare between different sites, we expressed the metrics in non-dimensional form: 

����� � � � 	 
 �� 
 �  

�� � �� � 	 
�� �� 
� �  

where f stands for forecast, o for observation and angle brackets for expectation. 

Results are shown in Figure 1, Figure 2 and Figure 3, from which we can start drawing some of the 
fundamental concepts which are pervading the present report. 
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There are systematic behaviours of the error along the frequency range, which are common to all 
locations. For example, both NBIAS and SI are somewhat stable over 0.1 Hz. So, taking the 
observations for granted, we can argue that it is difficult for the model to correctly reproduce the 
spectrum in the low frequency region. 

Of course, the hypothesis that observations resemble the truth is false. But, the range in which the 
errors are bigger (f<0.1Hz) is likely to be non-overlapped by the buoy’s resonance band. In other 
words, for low frequencies we can expect the buoys to follow the wave motion sufficiently well. On 
the other hand, at high frequencies, the stable error profiles should show relevant peaks, if, on 
average, the buoys resonance excitements were important. 

 

 

 
Figure 1 distribution of errors along frequency range for Arkona station. Left panel: normalized bias; right panel: Scatter Index
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Figure 2: as in Figure 1, stations Elbe, Fino 1 and Fino 2. 
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Spectral tails are mostly shaped by wave generation (due to wind) and dissipation (due to white 
capping). The fact that above 0.1Hz the NBIAS is almost everywhere small, and the uncertainty 

 

 

 
Figure 3: as in Figure 1, sastionsFino 3, Helgoland and Westerland 
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attains its minimum, means that spectral tails are somewhat nicely reproduced. That is to say that 
the main mechanisms of wave generation and dissipation are likely to be well captured, or, at least 
well balanced. 

In the very low frequency limit, both NBIAS and SI are unitary, meaning that the models have no 
energy at those frequencies. This gap could be partially fulfilled in the model adding at least a 
second order correction to the spectrum. But it could also be addressed to improper energy transfer 
due to non-linear interactions, and in some cases to poor bottom friction representation or wave 
current interaction. 

Any site has its own peculiarities: little far from the low frequency limit, between 0.05Hz and 0.1 
Hz, results are different from station to station. These errors can be depth dependent (the interaction 
with bottom is stronger for low frequency components) and refraction dependent (the interaction 
with strong currents is another important spectrum reshaping mechanism). 

In practice results are calling for local, or regional aspects which cannot be explained with a bulk 
analysis. This addresses us to better understanding the structure of the error where local 
mechanisms arise. Approaching the coast, interaction with bottom and currents, plus the poor 
representation of the wind dynamics, lead to spatial and time dependent error variations. The 
investigation on the existence of some error structures, their identification and description has been 
the main part of our work. 

2.2. Error at spectral level VS integral quantities 

A full analysis all over the frequency range is not normally viable. We can still use condensed 
measures to frame the picture of what is going on at coastal scales. This is what is usually done, 
especially for communicating the forecast skills outside of the community. In the context of 
MYWAVE project, a survey conducted over a set of users (some of them relatively experienced) 
revealed that indication of common skills like BIAS and RMSE on significant wave height, together 
with maybe one or two wave periods, is more than enough. 

At first, we would like to address to spectral error, which zeroth-order error measure is the average 
over frequencies (σ) and directions (θ) of the difference between forecast spectral density (Ef) and 
the observed one (Eo), that is: 

∆� � 12��� 	 ���� ��� 	 �������� 
�!  

This is proportional to the error on squared significant wave height (here denoted with simple H): 

∆"� � 2"�∆" # ∆"�� � 2"�∆" 	 ∆"�� 
Averaging over N samples the latter becomes: 

〈∆"�〉 � 2〈"�∆"〉 # 〈∆"��〉 
At least to lowest order, the correct information on the model error is given by the weighted error on 
significant wave height H. This may help in the cumbersome analyses when assessing skills in low 
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energetic regions/sea states. For example, heteroskedastic H errors may translate into non 
heteroskedastic energy errors. Note that if the ΔH distribution is not sufficiently narrow, the H rmse 
must be included. In other words, the variability of the errors on wave height, are to be explained by 
the first order moment of the energy error distribution. Or, (integrated) error in spectral density 
causes both H error and its uncertainty. 

The same exercise can be done for the RMSE of the zeroth spectral moment: 

〈∆"���〉 � 4〈"��∆"��〉 # 4〈"�∆"�'〉 # 〈∆"�(〉 
Note again how the scales of the baseline enter the equation and affect the skill. Moreover, the 
inclusion of the weighted skewness is somehow physiological, since we are dealing with positive 
definite quantities, that is with error distributions that are necessarily bounded (the value is not 
known a priori). The last term is a measure of the H error kurtosis. Consequently, the error variance 
will be a mixture of all these things. 

2.3. Joint error of integral quantities 

If the information on the quality of the wave prediction is needed with respect to variables which 
are combinations of the one provided by the forecaster (e.g. energy flux) then a combination of 
variables is involved (for energy flux these would be energy wave period and H). We must also 
consider that verification of a wave forecast based on a couple of variables (like e.g. [H, Tm]) is not 
straightforward. This is due to fact that the two quantities are generally not independent. This 
obviously applies to the associated errors too. 

In variables space it may make sense to quantify the joint distributions with respect to observations 
However, in error space the distributions may not be easy to interpret. Questions like: ``is there any 
error relationship between mean period and mean wave height?'', or, ``which is the mean period 
error distribution conditional to a given wave height?'', may not have a straight answer. The 
following figure shows the joint distribution of H and Tm02 errors for a six months forecast in the 
Mediterranean Sea. There are three panels: the first one depicts the “raw” errors, while in the other 
two the data have been scaled in a way that will be explained in the following lines. 
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The first panel shows a dominant bottom- to top- smoothed zone combined with a high ΔTm 
uncertainty zone, where the wave height error (ΔH) is very small. In general, Tm bias is proportional 
to the wave height bias, with constant uncertainty. Note that both quantities are proportional to m0. 
In case of correct H prediction, the uncertainty on Tm prediction is much bigger. Part of this error on 
wave periods is contaminated by the low capability of model (and observation instrument) to 
correctly describe the spectrum shape in case the total energy is small. The classical approach at this 
point would be to set a threshold for the “interesting” cases (e.g. H> 1m) to remove such 
contamination. In general, we wish to look at m-th moment error as: 

∆� � 12��� 	 ���� �)��� 	 �������� 
�!  

which measures how well the spectrum is predicted, giving more importance to the tail (p>0), the 
body (p=0) or the low frequency part/infra-gravity range (p<0). Note that, even in the absence of 
full spectral observations, one could go back to elementary integrals starting from integral 
quantities. For example, m0 from H and m2 combining H and T. In principle, original truncation 
may contaminate the accuracy of the backwards derived quantities. This should be accounted for, 
since error spreading in quotients may become relevant. Let us disregard this, for now, and use 
those variables. 

As expected, the central panel testifies that the m2 errors are strongly dependent on error in energy 
content m0. However, the deviation of the main direction of the nucleus, with respect to the one of 
the backgrounds, pushes us to look for alternative variables that would give a more compact form to 
the error distributions. 

This takes us to rescale ΔTm02 multiplying it by the square of observed Tm02, forming a quantity 
which has the dimensions of a squared length. This new error variable forms the ordinate in the 
right panel. The joint distribution of the transformed quantities appears much smoother (the nucleus 
is aligned with the principal variation). Note also that the order of magnitude is the same on both 
axes. The distribution is therefore more “tractable”. All this suggests that we have reached a form of 
the error distribution that is not only aesthetically nicer, but also approachable by multi-variate 
analysis means. For example, it can be assimilated to a generalized Gaussian elliptical shape, for 
which the derivation of error metrics via a PCA approach makes sense. 

As last instance we wish to point out that the description of such error cloud does not need any a-
priori threshold cut-off to remove “uninteresting” entries, thus the generated metrics can describe 
the behaviour of the predicting system also in relatively calm conditions. 
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3. Error structures 

3.1. Overview 

Error structure can be defined as the spatio-temporal dependence among the residuals of 
measurements and modelled values. Proper error structure characterization is important to discern 
the ocean models limitations. However, different spatial scales co-exist at the same area, ranging 
from large-scale to local ones. Despite that in-situ measurements have excellent temporal coverage, 
the monitored area is restricted to the buffer area within the instrumental deployment. In that sense, 
satellite information can fulfil an important gap for assessing the errors, due to their wider spatial 
coverage. 

The error structures have been analysed at two spatial scales: (i) coastal (Section 3.3) and (ii) deep 
water scale (Section 3.4). The selected pilot area has been the NW Mediterranean Sea. Each scale 
has associated an analysis intrinsic to their physical constraints. Wherever available, both in-situ 
and remote sensing data have been compared with model outputs. Ocean waves and surface wind 
fields have comprised the physical variables, because they constitute the main forcings at the Study 
Area. 

In the coastal analysis (Section 3.3), the wind velocity and the significant wave height present 
geometrical anisotropy near the coast. The degree of anisotropy at both fields can serve as a proxy 
variable for classifying different coastal profiles. The analysis has shown how wind and wave fields 
are influenced by the land-sea border, demonstrating the topo-bathymetric control on met-ocean 
factors. This control depends on topographic (mountain chains and river valleys) and bathymetric 
(bottom slope, submarine canyons or pro-deltas) features, but also on the energetic level of the 
prevailing weather, leading to a dynamic definition of the coastal water domain. 

In the deep-water analysis (Section 3.4), the residuals of altimeter swaths and wind/wave model 
outputs are computed through spatio-temporal kriging. This novel methodology can alleviate the 
inherent problems to state-of-the art altimeter vs. model comparisons: the higher statistical moments 
of the residual, such as variance and kurtosis can be quantified due to the proposed point matching. 
Errors in local phenomena such as sharp spatial gradients can be identified and assessed with this 
method. The testing datasets have been (i) altimeter sources, (ii) Puertos del Estado in-situ network 
and (iii) the Puertos del Estado SIMAR wave hindcast. Integrated values of the statistical moments 
(mean, variance and kurtosis) for the residuals are shown in this section. 

 

3.2. Pilot area 

The selected pilot site for application is a micro-tidal environment such as the western 
Mediterranean Sea (Fig. 8), where enough validated met-ocean simulations exist and where the 
spatial wind/wave structure will not be distorted by tidal forcing. Current fields, slower to respond 
to the overlying meteorological driving, have not been considered in this initial analysis. The focus 
is on the Spanish north-eastern Mediterranean coast, where we have in-situ data available and 
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Sentinel images for support. Moreover, the continental shelf varies in from 10km to more than 
100km in an alongshore distance of less than 500km. The wind fields are affected (most frequent 
wind direction is from land, corresponding approximately to the north-west) by the presence of a 
mountain chain roughly parallel to the coastline and featuring several openings corresponding to 
river valleys. The anisotropy analysis has been performed at four characteristic transects, in terms of 
topo-bathymetric features. They correspond (Figure 4) to the following locations (from south-west 
to north-east): Ebre (40.7ºN, 0.87ºE), Tarragona (41.12ºN, 1.25ºE), Mataro (41.53ºN, 2.45ºE) and 
Begur (42.28ºN, 3.02ºE). 

 

The north- western Mediterranean presents a particularly intense wind forcing (Jordi et al. 2011), 
which is shaped by local orography. The Pyrenees mountain chain across the strip of land 

 
Figure 4: Study area, showing the gradients in topo-bathymetry that exert a strong control over the resulting met-ocean conditions. 
There are depicted the four transects (red lines) used to estimate the limitof the coastal fringe, located in a) Ebre Delta, b) 
Tarragona, c) Badalona and d) Begur. It also shows the Puertos del Estado (PdE) buoys and the division of the Catalan Coast into 
the northern, centraland southern sections (different colours in the land part). 



H2020-EO-2016-730030- CEASELESS 

 
14

connecting the Iberian Peninsula to the European Continent forces a strong northern wind flux 
following the French-Spanish Mediterranean coast (Schaeffer et al., 2011). 

This same wind pattern is channelled by the river valleys resulting in a north-western orientation for 
winds blowing from land to sea further down along the coast (Cerralbo et al. 2015), for latitudes 
southward of 41ºN. The most frequently observed patterns are, thus, from North in the coastal 
sector closer to the Pyrenees barrier and from the northwest further south, conditioned by the river 
valleys and gaps in the coastal parallel mountains. 

The second most frequent pattern corresponds to western winds, associated to atmospheric 
depressions in northern Europe (Sánchez-Arcilla et al., 2014). Easterly winds are frequent during 
the summer, triggered by an intense high-pressure area over the British Islands. 

The most common wave fields in the north-western Mediterranean Sea correspond to wind-sea 
(Bolaños et al., 2009) forced by the easterly winds and the northerly and north-westerly winds 
mentioned above. Because of the semi-enclosed character of the basin, the waves are fetch-limited 
(depending of course on average wind speed over the fetch), with maximum trajectory lengths 
around 600km, one-sixth of the average distance that a wave train travels across the Atlantic (García 
et al., 1993). 

The average wave-climate in the north-western Mediterranean Sea presents a mean significant wave 
height (Hs) of 0.78m at the southern part of the Catalan coast, near the Ebre delta and slightly lower 
values (around 0.72m) further north and close to the French border. The spatial distribution for 
wave storms presents an opposite behaviour, with maximum Hs between 5.48m in the southern 
sector and 5.85m at the northern coastal stretch. Future projections (Casas-Prat and Sierra, 2013) 
indicate, for the interval 2071-2100 and A1B scenario a variation of the significant wave height 
around +/-10%, whereas the same variable for a 50year return-period exhibits rates of change 
around +/-20%. 

3.3. Spatial structure error at coastal areas 

3.3.1. Methodology 

The approach suggested for assessing the geo-statistical anisotropy of wind and wave fields is 
schematized in Figure 5. It requires high-resolution met-ocean fields to determine how the 
covariance of the geo-statistical anisotropies of wind and wave fields evolve with distance to the 
land-sea border. The starting point are wind and associated wave fields, as the suggested candidates 
for reflecting the heterogeneity induced by coastal topo-bathymetry. It is intended to show that, as 
one approaches the coast, the wind and the wave fields should present a greater geo-statistical 
anisotropy. That is, they should display predominant wind and wave directions. Furthermore, there 
should be a geo-statistical boundary to the value of this anisotropy that could help define a coastal 
boundary. 
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The wind fields have been provided by the UK-Met Office, from their Unified Model (Cullen, 
1993) for weather and climate applications. This code solves the compressible, non-hydrostatic 
equations of motion with semi-Lagrangian advection and semi-implicit time stepping, including 
suitable parameterizations for sub-grid scale processes such as convection, boundary layer 
turbulence, radiation, cloud microphysics and orographic drag. There are two atmospheric 
prognostics: the dry one (three-dimensional wind components, potential temperature, Exner 
pressure and density) and the moist one (specific humidity and prognostic cloud fields).  Both long 
and short radiations (from the sun and the Earth itself) are included, whereas the effect of aerosols 
reflecting them is taken into consideration. 

The computational domain of the wind field spans the whole Mediterranean Sea using a regular grid 
with spacing of 17km and a time step of 1h. The wave fields have been calculated with the SWAN 
code, covering the same geographical domain and with an equal time step of 1h. The SWAN is a 
spectral wave model based on the wave action balance equation that includes non-linear interactions 
at various depths and dissipation processes (i.e. whitecapping, bottom friction, wave breaking). It 
applies a fully implicit numerical scheme for propagation in geographical and spectral spaces that is 
unconditionally stable. 

Here, the SWAN model is used by employing an unstructured grid with spatial resolutions of 600m-
40km, which is denser near the land-sea boundary. Mesh sizes are proportional to bathymetry 

 
Figure 5Flow-chart summarizing the methodology in the “error assessment at coastal areas”.  The dashed blue rectangle represents 
the input data, the red dashed rectangle indicates the output data. Rectangles indicate data generation (input/output) and rhombuses, 
the subsequent analyses of the proposed methodology. 
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gradients and distance to the coastline. Such a non-structured grid approach avoids nesting and 
internal boundary conditions, while maintaining a good spatial resolution to capture bottom and 
coastline irregularity (submarine canyons and capes or prodeltas that are found in the Catalan 
continental shelf). Furthermore, unstructured meshes are well suited to tackle non-linear effects 
(Roland et al., 2014). 

The resulting wave fields have been validated with two directional wave buoys at the northern 
(Begur, deployed at 1200 m) and southern (Tarragona coastal buoy, deployed at 15 m) ends of the 
domain, managed by Puertos del Estado (Figure 4). Altimeter data from three satellites (Cryosat, 
Jason-2 and Jason-3) are also used as a complementary observational source. The simulation period 
ranges from October 2016 to March 2017. 

Once obtained the wave outputs, the empirical semi-variograms for the significant wave height and 
the wind velocity at 10m are estimated. In order to have enough data, the spatial radius of influence 
is assumed to be 5km, plus time blocks of 24 hours. From these semi-variograms, the anisotropy for 

the wave height (*+,) and the wind velocity (*-.) is estimated along the four transects in Figure 4. 

The distance to the coast (x) and the water depth (h) are selected as independent variables for 

analysing the anisotropy spatial patterns. *-. and *+, are taken to represent the behaviour of met-

ocean conditions under the effect of the land-sea boundary (in this initial analysis height/depth 

gradients in topo-bathymetry). Hence, *-. and *+, have been interpolated (1km spacing) along a 

100km transect perpendicular to the coast (see Fig. 8), considering periods of 24h, long enough for 
the waves to respond to the acting wind forcing. 

The geo-statistical Anisotropy needs to be computed on a regular grid and therefore, both wind 

velocity (/0) and significant wave height ("1) have been interpolated on a rectangular mesh, first on 
a grid of 1km then to a finer mesh of 10m. The interpolation method used in this case is the inverse 
distance weighted (IDW) interpolation, which estimates the value at an interpolated location (x) as 
the weighted average of neighbouring points with weights w(x) given by: 

23� � 1�3, 35�) 

Here, 35 is a neighbour point, d is the Euclidean distance and p is the inverse distance weighting 

power. The IDW power chosen is 1 for  *-. and 3 for  *+, and for h, based on a sensitivity analysis 

for this area and consistent with the physical relation between wind velocity and generated wave 
height. 

Heatmaps are used to represent the spatial distribution of the geo-statistical anisotropy, showing 

how the density of * behaves as a function of distance to the coast and time. These maps are scatter 

plots that act as a 2D-histogram, in which two variables (in this case, * and distance to the coast) 
are grouped in pre-defined intervals. The elements selected to aggregate samples for the heatmap 

are hexagons with side-length equal to 5km and a scale for the anisotropy of 20 units for both*-. 

and *+,. Both * and its variance are calculated on a discrete number of distances to the coastline, 
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assuming that the width of the fringe affected by boundary effects is below 100km for this coastal 
sector (Sánchez-Arcilla and Simpson, 2002). From here, as is with significant wave height to 
determine the presence of wave-storms (Bernadara et al., 2014), the proposed coastal zone limit is 

the cutting point where the variance of * is equal to the 90th percentile of the total * variance 
spanning a fringe between 0 and 100km: 

6 � 909ℎ;<=><?9@6<
�AB=*+,0CD E 3 E 100CD�� 
This cutting point has shown, as expected, larger stability for the wave field than for the forcing 

wind patterns. The variation of *+,with a coastal distance x indicates, for reference, the distance of 

20km where satellite data offer enough robustness (Cavaleri and Sclavo, 2006). The plot also 

displays depth against x. The obtained *-. and *+, values have been fit to a probability 

distribution, selecting empirically the lognormal function for the inverse of *-. and the log-logistic 

function for *+,. Once estimated the marginal distributions, the dependence structure of the joint 

probability is adjusted to a Gaussian copula (Li et al. 2014). 

3.3.2. Results 

The modelled wave heights ("1) have been validated with buoys from the Puertos del Estado 
monitoring network and available altimeter data (Jason-2, Cryosat and Jason-3). Two locations have 
been selected, located at the southern (Tarragona) and northern (Begur) coastal sectors (Figure 6). 

The "1buoy data show good agreement with the simulated "1, quantified in Table 1 and Figure 7. 

In general, the wave model performs better at deep waters than in coastal waters. The standard 
deviation is higher in the model than in the observations. At Begur, the bias and the Scatter Index 
are lower, whereas the RMSE is higher (Table 1). At the same buoy, the correlation coefficient is 
near 95% and the difference between standard deviations is lower (0.2m vs. 0.4m). Note that the 
Northern part of the Catalan coast is more energetic than the Southern one (see Figure 7). For 
instance, in Begur the storm peaks can reach about 7m, whereas at Tarragona the highest recordings 
are 3.5m. 

The altimeter collocated data have a positive bias in the coastal zone, and the opposite (i.e. negative 
bias) happens at deep waters. Nevertheless, there exists qualitative consistency between the in-situ 
and remote-sensing sources. Additionally, SWAN has been able to capture the regime switching and 
the proper timing of the storms, despite it tends to underestimate the magnitude of the storm peaks. 
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Figure 6Taylor diagram for the significant wave height (Hs) showing correlation, standard deviation and root meansquare error 
(R.M.S.E.) between numerical and observed data for a south sector (Tarragona, upper figure) and a north sector (Begur, lower 
figure). The time period ranges from November of 2016 to March of 2017. 
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*-. and *+, have been analysed with heatmaps (Figure 8 and Figure 9) and scatterplots (Figure 10 

and Figure 11). *-. presents values that span from 1 to 250 and display a dependence on coastal 

distance (Figure 10), featuring a combination of anisotropy close to the land boundary (0 to 20km) 

Table 1Statistics of the agreement between numerical significant wave height fields (SAN model) and observations in terms of root 
mean square error (RMSE), bias and scatter index for the control points at the southern and northern coastal sectors. 

Buoy RMSE (m) Bias (m) Scatter index (%) 

Tarragona coastal 
buoy 

0.248 -0.132 0.502 

Begur 0.393 -0.087 0.249 

 

 
Figure 7Comparison of numerically simulated significant wave height (SWANmodel) with observations, for south sector (Tarragona, 
upper image) and north sector (Begur, lower image), for the period October of 2016to March of 2017. The red dots are altimeter 
data from the available altimeter data (Jason-2, Jason-3 and Cryosat). 
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and then more isotropic behaviour towards the offshore (up to 100km), although with a rich 
variability. 

The wind fields present, in summary, a decreasing variance from 0 to 100km with a pronounced 
slope from 0 to about 40km (southern sector) or even further offshore (northern sector) and then an 

almost asymptotical trend. *+, behaves similarly to *-., but with a turning point at about 40km in 

all transects (Figure 11) and, thus, a higher level of consistency. 

From December to January, there are some winds and waves registered within 20km of the coast 

that present higher *-. and *+,. However, they are so few that the variances of *-. and *+, in this 

area do not differ from warmer seasons. Therefore, there is not a clear seasonality to the *-. or the *+,. 
 

 

 

 
Figure 8(From left to right; from up to down) Heat map of the geostatistical anisotropy ratio of the wind velocity (RVw) against 
distance to the coast for (a) south control transect (near the Ebro Delta), (b) central-south transect (near Tarragona harbour), (c) 
central-north transect (near Mataró harbour) and (d) north control transect (near Begur cape). The elements selected to aggregate 
samples for the heat map are hexagons with 5 km side and a scale for anisotropy of 20 units. The counts are the number of elements 
within a hexagon. A rough limit of the order of magnitude for the direct applicability of remote-sensing data (20 km) is also shown 
(dashed blue line). All plots correspond to February 2017. 
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The limit of the coastal zone, l, corresponding to the 90th percentile of the total variance (fringe 
between 0 and 100km), is calculated from equation 1 (Figure 10 and Figure 11) and is 3km. It is 
consistent with time interval (month of study) and location (sector). 

In order to find a copula structure, marginal probability distributions for the two anisotropies are 

needed. Skewness and kurtosis from the analysed data show that the inverse anisotropy of /0 

follows a log-normal distribution, while the anisotropy of "1 follows a log-logit distribution. 
Quantile-quantile plots have been used to assess the fit of each probability function (not shown 
here) to its target dataset, verifying that the selected samples can be adjusted to the corresponding 
probability distributions. The joint probability structure of the two anisotropies does not present any 
marked dependence for the upper-tail percentiles, suggesting the use of a Gaussian copula, whose 
dependence parameter ρ is shown in Figure 12. The so obtained dependence ranges from total 

independence (0) to a mild (|GH�| � 0.1) dependence between *-.and *+,. 

 

 

 
Figure 9(From left to right; from up to down) Heat map of the geostatistical anisotropy ratio of significant wave height (RHs) 
against distance to the coast for (a) south control transect (near the Ebro Delta), (b) central-south transect (near Tarragona 
harbour), (c) central-north transect (near Mataró harbour) and (d) north control transect (near Begur cape). The elements selected 
to aggregate samples for the heat map are hexagons with 5 km side and a scale for anisotropy of 20 units. The counts are the number 
of elements within a hexagon. A rough limit of the order of magnitude for the direct applicability of remote-sensing data (20 km) is 
also shown (dashed blue line). All plots correspond to February 2017. 
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Figure 10Relation for autumn conditions (November 2016) between distance to the coast x, depth (upper plot) and geo-statistical 
anisotropy ratio of significant wave height (H_s), from shore to 100km offshore.Locations are Ebre delta (upper figure) and Mataró 
(lower figure). A green dash-dot line delimits the coastal fringe, whereas a purple dotted line denotes its elevation. 
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Figure 11Relation for autumn conditions (November 2016) between distance to the coast x, depth (upper plot) and geo-statistical 
anisotropy ratio of significant wave height (H_s), from shore to 100km offshore.Locations are Ebre delta (upper figure) and Mataró 
(lower figure). A green dash-dot line delimits the coastal fringe, whereas a purple dotted line denotes its elevation. 
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3.4. Spatial structure error at deep waters 

Wind and wave model data are usually delivered as gridded-wise data. They can be compared to 
satellite data, which are trajectory-wise. It is common practice to directly choose one area where 
satellite data are available and to compare it to the model data in the area. However, this usually 
only profits from a small proportion of the satellite output, as it makes it necessary to match satellite 
and model that occur closely in space, as well as having to occur at the same moment. 

The proposed new methodology can alleviate this problem by interpolating model outputs at the 
same swaths that the altimeter data. That may improve the characterization of the higher statistical 
moments of the residual (variance and kurtosis). Such assessment can highlight climate patterns and 
seasonality in which the model needs improvement. This error characterization can provide further 
insight on how to improve physical processes at otherwise scarcely measured areas; as for instance, 
ocean wave generation hot-spots at deep waters. 

3.4.1. Methodology 

A point-wise dataset (model) is collocated on satellite trajectories (Figure 13). By doing so, the 
information from the model are transformed into a trajectory-wise format. The relative residuals of /0 and "1can then be computed by subtracting the two trajectories, and statistics can be performed 

Figure 12Copula parameters ρ of the proposed Gaussian copulas for all considered profiles: a) south control transect (near the Ebre 
delta),b) central-south transect (near Tarragona harbour), c) central-north transect (near Mataro harbour) and d) north control 
transect (near Begur cape). The plot shows the variation with time (horizontal axis) between November of 2016 and March of 2017. 
The parameters are placed in a manner that they start from January. 
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on them: mean, variance, kurtosis and correlation. The spatial distribution of the relative residuals is 
also obtained. 

 

 

The SIMAR model dataset is generated using WaveWatch-III (Tolman, 2009), which solves the 
wave action balance equation. It uses wind fields from the HIRLAM atmospheric model (Cullen et 
al 1993), which employs cells of 50km x 50km. The wave models use a regular grid, presenting 
cells of the size of 19km x 19km. Outputs are available every 3h, until June of 2000. These are 
interpolated to an hourly frequency, in order to match the more recent output, which are every 1h. 

The variables that are of interest here are the /0and the "1. 
The observational data is a merged altimeter wave-height dataset. The variables are also  /0,and the "1. These data have been produced within the Globwave initiative, which integrates the information 
from nine satellites. The selected time period is between January of 1991 and January of 2017. The 

 
Figure 13 Flow-chart summarizing the methodology in the “error assessment at deep waters”.  The dashed blue rectangle represents 
the input data, the red dashed rectangle indicates the output data. Rectangles indicate data generation (input/output) and rhombuses, 
the subsequent analyses of the proposed methodology. 
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frequency of the output is secondly. It is converted to hourly by calculating the hourly mean from 
all the nodes within approximately 10km (1º) from each other. 

3.4.2. Results 

Data from three periods are compared to each other: December of 1991, December of 2001 and 
December of 2016. December is a month that can present a higher percentage of stormy wave 
conditions at the study area. 

A wave storm in the north-western Mediterranean sea is herein described as a sea state where 
significant wave heights are above 2m (Lin-Ye et al. 2016). The wave-storminess in the whole study 
area, according to the SIMAR dataset, in December of 1991, 2001 and 2016 are 21.9%, 35.8% and 
28.5%, respectively. 

There is a low ==/0 in calm conditions (Fig. 18), its mean value ranges between 0.00 and 1.00. In 

stormy conditions, this mean value of ==/0 presents both better accuracy and precision. It fluctuates 

between -0.20 and 0.20. In both calm and stormy conditions, the mean value of ==/0 tend to zero, 
when time progresses. 
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Figure 14Mean and variance of the relative residual of wind velocity (==/0) from the whole study area, in: a) calm sea-state 
conditions ("1 E 2D)and b) stormy sea-state conditions ("1 � 2D). 
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Figure 15 Kurtosis of the relative residual of wind velocity (==/0) from the whole study area, in: a) calm sea-state conditions 
("1 E 2D)and b) stormy sea-state conditions ("1 � 2D). 
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The standard deviation of ==/0 ranges between 0.75 and 6.1, in calm conditions, but it decreases in 

stormy conditions and takes values between 0.20 and 1.35. The kurtosis of ==/0 is strictly positive 
in both calm and stormy conditions (Fig. 19). It takes extremely high values in calm conditions, of 
the order of 1000, while in stormy conditions it is of the order of 100. These abnormal high values 
of the kurtosis can be explained due to the low mean values of the wind residual. 

The mean value of =="1 is similar in calm condition (between -0.20 and 0.13) and in stormy 
condition (-0.40m and -0.13m) (Fig. 20). In both situations, it progresses to zero as time passes. The 

standard deviation of =="1 is similar in both calm condition (between 0.25m and 1.6m) and stormy 

condition (between 0.15 and 0.30). The kurtosis of =="1 is strictly positive in calm conditions, 
taking values of the order of 100 (Fig. 21). In stormy conditions, this kurtosis is generally positive, 
it shows an upward trend and is of the order of 1. There is a certain degree of correlation (ρ) 

between ==/0 and  =="1. The ρ are 0.32, 0.27 and 0.03, in 1991, 2001 and 2016, respectively. 

The spatial distribution of the relative residuals exhibits some relevant patterns. ==/0 does not 

depend on the spatial location (see Fig. 22), since the increments of ==/0 is zero, per either the 

increment of longitude and of latitude. However, =="1 decreases eastward, since the increment of =="1 per unit of longitude is mostly negative. The most likely reason for this decrease should be an 

under-prediction of the "1. Additionally, =="1 decreases northward. 
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Figure 16 Mean and variance of the relative residual of significant wave height (=="1) from the whole study area, in: a) calm sea-
state conditions ("1 E 2D)and b) stormy sea-state conditions ("1 � 2D). 
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Figure 17 Kurtosis of the relative residual of significant wave height (=="1) from the whole study area, in: a) calm sea-state 
conditions ("1 E 2D)and b) stormy sea-state conditions ("1 � 2D). 
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Figure 18Trajectory-wise a) relative residual of the wind velocity (==/0) and b) relative residual of the significant wave-height 
(=="1). December of 2001. SIMAR dataset. 
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4. Errors, metrics and coupled models 

The wind speed and significant wave height are the most obvious parameters influenced by the 
coupling between the atmospheric model and wind wave model, since the wind is exchanged 
between the models and directly influences the significant wave height and the other way around, 
the wave height directly influences the roughness length given back to the atmospheric model. 
Hence, the general influences of the two-way coupling on the wind speed and significant wave 
height are investigated. In Figure 19, the wind speeds modelled with both the reference model 
simulation (Figure 19a) and the coupled model simulation (Figure 19b) are compared with the wind 
speeds measured by the Sentinel-3A satellite. The reference model overestimates the wind speeds 
exceeding approximately 7 m/s (Figure 19a). Below 7 m/s CCLM underestimates the Sentinel-3A 
wind speeds. In the coupled model simulation, the overestimation of wind speed above 
approximately 7 m/s is reduced compared to the reference simulation. Furthermore, for high wind 
speeds (exceeding 15 m/s), the overestimation is eliminated entirely (Figure 19b). However, at wind 
speeds below 7 m/s, the coupled model simulation tends to produce a slightly larger 
underestimation than the reference model simulation. According to the statistical values calculated 
between the measured and modelled wind speeds, the results of the coupled model simulations are 
closer to the measurements than are the results of the reference model simulation, thereby reducing 
the error of the modelled wind speed (Table 2). 

(a) (b)  

Figure 19Q-Q scatter plots for the measured (Sentinel-3A) wind speeds and modelled wind speeds with the (a) reference and (b) 
coupled model simulations for January 2017. The Q-Q plot is shown as black crosses, the 45° reference line is denoted by the blue 
line, and the least-squares best-fit line is the red line. 

In the coupled model simulation, the significant wave height is influenced by changes in the wind 
speed, resulting in non-linear feedback in both the atmospheric model and the wave model. The 
modelled significant wave heights below 4 m in both model simulations are in good agreement with 
the satellite measurements (Figure 20). In contrast, significant wave heights between 4 m and 7 m 
are overestimated by the reference model simulation, whereas larger significant wave heights are 
represented quite well by the reference model (Figure 20a). In the coupled model simulation, the 
significant wave height is depicted very well until the significant wave height reaches 6 m, while 
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larger significant wave heights tend to be underestimated by the coupled model simulation relative 
to the satellite measurements during January 2017 (Figure 20b). Regarding the root mean square 
error, the scatter index and the correlation, the statistical parameters are improved for the coupled 
model simulation compared with those for the reference model simulation, which shows a reduction 
of model error (Table 2). 

(a) (b)  

Figure 20Q-Q scatter plots for the measured (Sentinel-3A) significant wave heights and modelled significant wave heights with the 
(a) reference and (b) coupled model simulations for January 2017. The Q-Q plot is shown as black crosses, the 45° reference line is 
denoted by the blue line, and the least-squares best-fit line is the red line. 

Table 2Statistical values of the comparison between the wind speeds (ff) and significant wave heights (hs) measured by Sentinel-3A 
and the modelled wind speeds and significant wave heights. 

 ff hs 

 Reference Coupled Reference Coupled 

Entries 3286 3284 

Mean (Sentinel-3A) 8.85 m/s 2.28 m 

Mean (Model) 9.05 m/s 8.77 m/s 2.25 m 2.14 m 

Standard deviation (Sentinel-3A) 3.82 m/s 1.38 m 

Standard deviation (Model) 4.35 m/s 4.13 m/s 1.49 m 1.35 m 

Root Mean Square Error 1.94 m/s 1.81 m/s 0.49 m 0.45 m 

Scatter Index 0.218 0.204 0.213 0.188 

Bias 0.199 m/s -0.082 m/s -0.029 m -0.136 m 

Correlation 0.896 0.899 0.945 0.951 
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5. Synergetic use of CMEMS in situ, model and satellite data for the 

assessment of wave height estimation errors - a focus on wave growth 

and wave dissipation in coastal areas. 

5.1. Relevance 

In many coastal areas there is an increasing number and variety of observation data available, which 
are often very heterogeneous in their temporal and spatial sampling characteristics. With the advent 
of new systems, like the radar altimeter onboard the SENTINEL-3a satellite, a lot of questions arise 
concerning the accuracy and added value of different instruments and numerical models. 
Quantification of errors is a key factor for applications, like data assimilation and forecast 
improvement. 

In this study the triple collocation method to estimate systematic and stochastic errors of 
measurements and numerical models was applied to CMEMS satellite wave height products, GTS 
buoy data and numerical model results.  As an extension of the already existing methodology two 
components were added, which address two aspects, which are of high relevance for the use of 
CMEMS products. 

● The amount of data available from new satellites like SENTINEL-3 is still quite limited and 
therefore the errors estimated for the respective products can have a high uncertainty. 

● The quantification of product errors in coastal areas is a particular challenge, because of the 
strong spatial heterogeneities found in many regions 

To address the first point, a statistical approach is proposed to estimate the uncertainties of the 
derived product errors depending on the amount of available data and the true errors. Respective 
error maps were created for 2018.Concerning the second aspect, the triple collocation method was 
extended to a muli-collocation approach, which is better able to deal with inhomogeneities in the 
background statistics, which are often found near the coast. 

5.2. Introduction 

With the implementation of higher resolution numerical models, which are of particular importance 
for coastal areas, where a lot of stakeholder activities take place, the validation with different data 
sources becomes more and more challenging. For example, the accuracy of wave models has 
reached a level, where collocation errors and sub-resolution effects have to be taken into account. 
Also, the errors of in-situ measurements, which have traditionally been used as a reference, like e.g. 
wave buoys, can no longer being ignored in validation studies.  

At the same time, the variety of measurement instruments with different observation characteristics 
is growing. In addition to the traditional in situ instrument, new satellite and ground based systems, 
like the SRAL altimeter or HF radar, have been developed and implemented. Hence, there is a need 
for systematic approaches to compare different information sources, which all come with their 
specific error characteristics. 
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Triple-collocation and, more generally, multi-collocation methods are an effective tool to monitor 
errors in different in-situ, satellite and model data sets. Such methods can be used to identify both 
systematic and stochastic errors. To monitor the performance of models and instruments on a 
continuous basis, it is important to apply standardized and documented analysis schemes. This will 
help both operational centres and research groups to make their use of the different data source 
more effective. It will also help data providers to identify problems in data acquisition and 
processing.  

In this study, this methodology was applied to wave information available from the CMEMS system 
for the year 2018. In-situ measurements, satellite observations and model simulations were 
considered. 

5.3. Methodology 

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

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

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

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

1.    Waverider buoy data 

2.    Numerical Wave model data with about 4 km resolution 

3.    Sentinel-3 altimeter wave height measurements acquired every 7 km in SAR mode 

The error model for these data can be formulated as follows (Janssen et al., 2007; Caires and Sterl, 
2003; Vogelzang et al., 2011; Vogelzang and Stoffelen, 2012) 
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Here, Hs is the “truth” significant wave height, and bS3 and bWAM are possible biases of the 
satellite data and the model. Both the model and the satellite data may be affected by calibration 
problems represented by the factors αWAM and αS3. All three data sets have stochastic errors εBuoy, 
εS3, and εWAM  as additive components and these are assumed to be independent. The in situ 
measurement is taken as a reference in so far as not biases or calibration errors are considered. 
Looking into the literature a number of different approaches are proposed to deal with the 
estimation of the parameters in the error model. We have followed, for the main part, the techniques 
explained in Vogelzang and Stoffelen [2012], where the parameters are expressed as functions of 
the first and second order moments of the input data, i.e., 

 

where n is the sample size. 

Before we progress with the application of the method, it is important to discuss the assumption 
about the independence of the stochastic errors. As explained in Vogelzang and Stoffelen [2012], 
this assumption can in fact be violated if three instruments with strongly different spatial resolutions 
are considered. If system Z has the coarsest resolution and systems X and Y have both higher 
resolutions, the errors of X and Y may be correlated. This effect can in fact be included in the theory 
if the spectral properties of the processes are known. In the present analysis it turned out that the 
effective resolutions of the numerical model and the altimeter are very similar and error correlations 
were therefore disregarded. 
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Figure 21 (top left): Sentinel-3a tracks together with positions of CMEMS In situ wave measurement stations (blue diamonds) and 
additional GTS wave stations (red triangles). (top right): Example of CMEMS AMM17 model wave heights for the North sea on  Dec 
10, 2018 00:00 UTC. (bottom) Comparison of wave heights measured by the Elbe buoy with numerical model results (bottom left), 
and Sentinel-3A altimeter measurements (bottom centre) for 2018. The model and satellite data sets were corrected according to the 
calibration factors λAMM15 and λS3 and bias parameters  bAMM15 and bS3 estimated in the triple collocation procedure (see Eq. 21). 
(bottom right) Direct comparison between model and satellite data. Numbers are given for the estimated calibration factors, bias, 
and stochastic error standard deviations  WAM ,  S3 , and  Buoy . The red triangles refer to ascending (asc) satellite passes and the 
green ones to descending (desc) passes.  

Figure 21(top left) shows the altimeter tracks of the SENTINEL-3a instrument together with the 
positions of the buoys found in the CMEMS system (blue diamonds) and taken from the GTS 
system (read triangles). Each of the track is passed by the satellite about once a month. All data 
available from 2018 were used in the analysis. Figure 21 (top right) shows an example of a AMM15 
significant wave height field for Dec 9, 2018 00:00UTC.  

The co-location involves some necessary interpolation steps, which were performed as follows: 
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• The model is interpolated to the buoy using linear interpolation 

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

• Both the buoy and the model are interpolated to the satellite overflight time 

• The model value used for the triple-colocation is taken as the average of  the buoy and the 
satellite interpolation (see Janssen et al., 2007) 

As an example, Figure 21 (bottom) shows wave height measurements from the buoys “ELBE” 
together with estimates from the WAM model and SENTINEL-3 measurements in different 
combinations. The “ELBE” buoy is about 20 km from land in the German Bight. Ascending (red) 
and descending (green) satellite tracks are plotted separately. The plots show the bias and 
calibration corrected values for the model and SENTINEL-3a, i.e. 

As one can see, the corrected values are in pretty good agreement with the smallest stochastic errors 
found for the buoy. Ascending and descending passes are distinguished in the plot by red triangles 
(ascending) and green triangles (descending). Usually, it is assumed that satellite passes going from 
land to sea are affected by stronger noise, but this conclusion cannot be drawn from the plots. 

The results for the biases and calibration errors of the model and the satellite data averaged over all 
tide gauge positions are as follows: 

MEAN(bS3) = 0.157 m 
MEAN(bAMM15) = 0.211 m 

The calibration factor is scattered around unity for the altimeter. For the model, values below unity 
are quite consistently found for many buoy locations. Averaged over all tide gauge positions one 
gets 

MEAN(λAMM15)  =  0.885 
MEAN(λS3)  =  0.977 
It has to be emphasized that the observed scatter of the estimated values is also to some degree 
caused by the relatively small sample size and the respective estimation errors. This situation will 
improve in the future with the availability of longer time series of SENTINEL-3a data.  

Figure 22 shows the stochastic errors estimated by the triple colocation method for the three data 
sets from SENTINEL-3 (left), the WAM model (centre), and the buoys (right). One can see that the 
errors of all three data sets is very reasonable with only few cases exceeding 0.2 m. Averaging over 
all buoy locations the following values are found: 

MEAN(εAMM15) = 0.174 m 
MEAN(εBuoys) = 0.117 m  
MEAN(εS3) = 0.137 m  
This means that the buoys have the smallest errors on average, followed by the altimeter and the 
model. Looking at the distribution of errors in Figure 22, it has to be emphasized again that some of 
the scatter is caused by the relatively small sample size. An approach to quantify the respective 
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estimation errors was presented in Schulz-Stellenfleth and Staneva [2019]. It is also possible that 
the quality control of the buoy data is not optimal in some cases and this may cause some artefacts 
at some locations. 

 

Figure 22 Stochastic errors estimated by triple colocation of the SENTINEL-3 (left), AMM15 (center) and buoys (right). 

5.4. Wave growth and dissipation near the coast estimated from CMEMS 

data 

The growth and the dissipation of wave energy are complicated mechanisms, which are still a 
challenge for today’s numerical wave models. In particular, in coastal areas with small scale 
changes of the bathymetry and complicated coastlines there are many potential error sources. At the 
same time, information on waves with high spatial resolution is required for a lot of practical 
applications.    

In this study wave height gradients in the east southern North Sea were investigated using in-situ 
and model data. Figure 23 (top left) shows a map with the locations of the F3 platform as well as 
the buoys “Elbe” and “Sylt”, which were used for the analysis. Data acquired from these stations in 
2018 were co-located with AMM15 wave model data and available wind measurements. The wave 
height differences between the three stations were transformed into an orthogonal reference system 
with “x” pointing in the zonal direction and “y” pointing in the meridional direction. Figure 23 (top 
right) shows the respective scatter plot for the gradient with the color coding corresponding to wind 
speed. One can see that the wave height is decreasing in easterly direction most of the time. In 
particular in some high wind speed situations there are strong wave height increases in the south 
west direction.  

In order to study the dynamics more closely the meridional and zonal gradient components were 
considered separately, and the wind direction dependence was included. The resulting gradients 
derived from the in-situ data and the corresponding AMM15 wave model data are shown in Figure 
23 (centre and bottom row). One can see that there were cases with high easterly wind, which 
created a strong wave height increase in westerly direction. This wave growth is significantly 
stronger in the in-situ data than in the model. For north westerly wind one finds that the wave height 
decreases in easterly direction due to a dissipation slightly stronger in the in-situ data than in the 
model. Overall, the variability of the zonal wave gradient is higher in the in-situ data. From the 
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meridional wave height gradients one can see that for the strong easterly wind situations higher 
waves are found in the southern part of the area. This is probably due to the shallower water in the 
northern part, which creates more dissipation. This effect is significantly stronger in the in-situ data 
compared to the model.  For stronger wind from the north west the meridional gradients of the 
model and the in-situ data are almost opposite in sign. The in-situ data indicate a decrease in 
northerly direction, whereas the model shows more cases with a wave height increase. 

                

 

 

Figure 23: (top left) Map of the east southern part of the North Sea  with the locations of the F3 platform as well as the Sylt and Elbe 
wave buoys. The blue isolines correspond to bathymetry. (top right) Scatterplot of Hs gradient vector with the color coding referring 
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to wind speed. Zonal (centre row) and meridional (bottom row) wave height gradients derived from in situ data (left column) and 
model data (right column). Gradients are given as a function of wind direction and wind speed. 

 

In summary, one can say that with the availability of a larger number of independent data sets in 
coastal areas new opportunities for the analysis of errors exist, which are of great importance for 
many applications like, e.g., data assimilation. The triple colocation approach is just one technique 
to separate different error sources and to assess the performance of observation and numerical 
modelling systems.  
A good consistency of CMEMS wave height data was found overall. Looking at wave height 
gradients in shallow coastal waters larger deviations were discovered, which are most likely due to 
complicated wave growth and wave dissipation processes in these areas. The availability of 
complementary wave data sources in CMEMS is a very good basis for the further optimisation of 
the respective data processing and modelling tools. 
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