
 

 

 

COPERNICUS EVOLUTION AND APPLICATIONS WITH SENTINEL 
ENHANCEMENTS AND LAND EFFLUENTS FOR SHORES AND SEAS 

 
 
 

 
 

Date: December 2018 

Deliverable Number: 1.4 

Due date for deliverable: April 2019 

Actual submission date: April 2019 

Leader: National Oceanography Centre 

Document Dissemination Level: Public 

 

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

 
 

Ref. Ares(2019)3471044 - 28/05/2019



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

2 

DOCUMENT INFORMATION 

Title New Sentinel hydro-morpho-dynamic coastal products 

Lead Author Adrien Martin 

Contributors Tobias Ahsbahs, Merete Badger, Lars Boye Hansen, Nadim 
Dayoub 

Distribution  

Document Reference  

 

DOCUMENT HISTORY 

Date Version Prepared by Organisation Approved by Notes 

April 10, 2019 0.0 A. Martin NOC  First version, Template 

     First draft with DTU 
Wind and DHI GRAS 
contributions 

May 23, 2019 1.0 All NOC C. Gommenginger Final Version 

 

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.   

  

 



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

3 

CONTENT 

 

DOCUMENT INFORMATION ......................................................................................................... 2	

DOCUMENT HISTORY ................................................................................................................... 2	

ACKNOWLEDGEMENT .................................................................................................................. 2	

DISCLAIMER ................................................................................................................................... 2	

CONTENT ........................................................................................................................................ 3	

Executive Summary ........................................................................................................................... 4	

1.	 Introduction ............................................................................................................................... 5	

2. 	 Sentinel-1 .................................................................................................................................. 6	

2.1.	 Overview .......................................................................................................................... 6	

2.2.	 Improved Sentinel-1 Wind Product .................................................................................... 6	

2.3.	 New Sentinel-1 Radial Current Product ............................................................................. 7	

Land Bias .................................................................................................................................. 8	

Correction of antenna electronic mispointing (range direction) ................................................... 9	

Correction of platform attitude motion ....................................................................................... 9	

Correction of wind-wave artefact ............................................................................................. 12	

New Products .......................................................................................................................... 17	

3.	 Sentinel-2 ................................................................................................................................ 18	

3.1.	 Overview ........................................................................................................................ 18	

3.2.	 New Sentinel-2 Bathymetry, Coastal dynamics and Water Quality Products .................... 18	

Bathymetry product ................................................................................................................. 18	

Coastline Dynamics product .................................................................................................... 23	

Water Quality product ............................................................................................................. 25	

4.	 Sentinel-3 ................................................................................................................................ 27	

4.1.	 Overview ........................................................................................................................ 27	

4.2.	 Improved Sentinel-3 Coastal Altimetry Products (ALES) ................................................ 27	

NOC coastal and Ocean processor Description ......................................................................... 30	

ALES retracking ...................................................................................................................... 30	

Calculating SSHA and TWLE ................................................................................................. 31	

Collocation on reference tracks ................................................................................................ 32	

 



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

4 

EXECUTIVE SUMMARY 

This document is Deliverable 1.4 of Task 1.4 “New and improved Sentinel products for the coastal zone 
(added value for users and CMEMS)” of Work Package 1 “Multimission data provision, improvement 
and validation” of the CEASELESS (Copernicus Evolution and Applications with Sentinel 
Enhancements and Land Effluents for Shores and Seas) project.   

This document provides details about the improved Copernicus Sentinel products for specific 
applications in the coastal zone (Sentinel-1 Wind; Sentinel-3 coastal altimetry) and the generation of 
new products not included in the original satellite portfolio (Sentinel-2 bathymetry; Sentinel-1 line-of-
sight surface currents).   
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1. INTRODUCTION 

This document was produced 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 
Copernicus Sentinel-1, 2 and 3 missions for dissemination to all partners in the CEASELESS 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 levels 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).  

This document relates to Task 1.4 and focuses on the development and improvement of Sentinel-1/2/3 
products for the coastal zone. The document presents in successive order the details of new products 
from Sentinel-1 for wind, Sentinel-1 for line-of-sight surface current, Sentinel-2 for bathymetry and 
Sentinel-3 for coastal sea level, wave height and wind speed. For each mission, the report gives an 
overview of the main characteristics of these new satellite products and their relevance in the context of 
the CEASELESS project. 
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2.  SENTINEL-1 

2.1. OVERVIEW 

The Sentinel-1 mission delivers all-weather observations with global coverage from active microwave 
Synthetic Aperture Radar (SAR) instruments operating at C-band.  

The Sentinel-1 mission consists of a minimum of two units flying simultaneously. Sentinel-1A was 
launched on April 3, 2014 and Sentinel-1B on April 25, 2016. Both satellites are currently operational. 

The SAR instruments on Sentinel-1 offer four scanning modes characterised by different spatial 
resolutions and image sizes. The four modes provide the following capability: 

• Strip Map Mode: 80 km Swath, 5 x 5 m spatial resolution 

• Interferometric Wide Swath: 250 km Swath, 5x20 m spatial resolution [default acquisition mode 
over European Waters] 

• Extra-Wide Swath Mode: 400 km Swath, 25 x 100 m spatial resolution 

• Wave-Mode: 20 km x 20 km, 5 x 20 m spatial resolution 

Further information about the Sentinel-1 A/B payload is available at 
https://sentinel.esa.int/web/sentinel/missions/sentinel-1/instrument-payload 

Over European waters, the default acquisition mode is the Interferometric Wide Swath (IW).  

2.2. IMPROVED SENTINEL-1 WIND PRODUCTS 

High resolution wind fields can be retrieved from SAR images providing the a priori knowledge of the 
wind direction. To ensure global coverage, global circulation models are used to provide the wind 
direction input. For near real time (NRT) processing it is necessary to use model forecasts. Archives of 
NRT processed SAR wind fields are available at https://satwinds.windenergy.dtu.dk/. In this archive, 
the source of wind directions has changed over time such that data from Envisat and the new Sentinel-
1 data are processed using different model wind directions. This can lead to inconsistencies in the 
retrieved wind speed.  

A second issue are differences in the absolute calibration between SAR sensors (addressed in the 
CEASELESS deliverable “1.2 Validated Sentinel fields for the set of met-ocean variables considered”). 
An inter-calibration procedure was proposed in Badger et. al. (2018) that can largly overcome 
differences in the calibration between sensors from a wind retrieval perspective.  

For some applications like wind resource assessment offshore, a high accuracy in the wind retrieval is 
necessary, while quick access to new SAR wind fields is less important. This makes an archive of 
consistently processed SAR winds from Envisat and Sentinel-1 desirable and DTU is therefore 
developing a new an improved Sentinel-1 wind product that breaches the entire collection of European 
SAR data from 2002 onwards.  

For processing of the new wind product, ERA5 reanalysis data is used to give wind direction inputs that 
are likely more accurate than GFS forecasts used for the NRT processing. Sensor specific differences 
are inter-calibrated using the method from Badger et.al. (2018). 
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The new product includes Envisat and Sentinel-1 data over Europe and selected locations, e.g. the US 
East Coast. The new product will be validated with ocean buoy data over Northern Europe and the US 
East Coast and delivered to users towards the end of 2019. From then, DTU is planning to update this 
product annually as new ERA5 data becomes available. 

2.3. NEW SENTINEL-1 LINE-OF-SIGHT SURFACE CURRENT PRODUCTS 

As demonstrated in Deliverable D1.1 and D1.2, the existing operational Sentinel-1 Level 2 products for 
Radial Velocity (RVL) suffer from significant uncorrected instrument calibration effects that presently 
prevent exploitation of the data. New methods have been developed at NOC to mitigate these errors in 
Sentinel-1 RVL products.  The geophysical information content of these improved products was 
evaluated for a specific case of Sentinel-1A acquisitions over the HF radar instrumented site in the 
German Bight. In Deliverable D1.2, we succinctly presented the different corrections that have been 
developed and applied, and evaluated the impact of these corrections by comparing the S1 RVL data 
against HF radar measurements in the case of 14 satellite overpasses. Note that these corrections are 
very dependent on the acquisition configuration of the observed area. So far, the processing has been 
developed for Sentinel-1 acquisitions that include observed land on two sides of the acquired image 
(along both range and azimuth). 

In this deliverable, we provide more details about the necessary correction steps and have enlarged the 
Sentinel-1 dataset over German Bight. The dataset presented here covers the period from 01/12/2017 to 
07/04/2019. All snapshots represent the exact same geometry (Sentinel-1A ascending). This geometry 
occurred exactly every 12-days, resulting in a total of 42 Sentinel-1A overpasses. 

 
Figure 1: Sentinel-1 Level-2 Radial Velocity over the German Bight on 18 January 2018 

(17h17) for (left) original operational products, (right) after correction for scalloping effects. 
The colour bar is in m/s. 

We begin by examining one of the overpasses shown in D1.2. The original Sentinel-1 Level 2 ocean 
radial velocity (L2 OCN RVL) product is represented in Figure 1-left for the acquisition on the 18th of 
January 2018 17h17. The Sentinel-1 default IW (Interferometric Wide swath) products present three 
swaths, clearly delimited here by yellow stripes. In this original operational product, we note the 
repeated wavy patterns in the North-South direction (corresponding to the flight direction of the satellite, 
also known as the along-track or azimuth direction). These patterns are recognised as scalloping due to 
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the SAR acquisition and are consistent between snapshots. However, these patterns are different for the 
three swaths. This scalloping effect in the radial velocity can be estimated as shown in Figure 2. The 
result of applying this de-scalloping to operational RVL product is represented in Figure 1 right, 
illustrating the significant improvement in the quality of the image that can be achieved. 

 
Figure 2: Scalloping correction along azimuth for swath (0; blue) near range, (1; yellow) mid 

range, (2; green) far range. 

 

Land Bias correction: overview 

Looking back at Figure 1-right, we remark that the average velocity over land (East and South part of 
the image) has an average value of minus 2 m/s. After correcting for satellite velocity, the radial velocity 
over land should be zero. This anomalous bias over land comes from two main factors (personal 
communication Nuno Miranda, ESA Sentinel-1 Data Quality Manager): 

• Antenna electronic mispointing: This effect will be constant between snapshots, and is expected 
to present a linear variation with range (across-track) within each swath. 

• Platform navigation and attitude errors: This effect will be mainly visible in the along-track 
(azimuth) direction and should have a roughly similar signature in all swaths. We expect this 
effect to present some similarity between snapshots (as they correspond to the exact same 
portion of the orbit) but we don’t expect the impact to be identical in all snapshots. 

 

There are additional errors characterized by jumps in RVL. These jumps are associated with changes in 
instrumental gain. They are not presently flagged at Level-2 and are therefore not easily detectable and 
removable. These jumps occur in the along-track direction over distances that correspond to an integer 
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number (N) of wave scalloping patterns. The errors affect the separate swaths independently. So far, no 
correction or flagging exist to mitigate these RVL jumps. 

 

Land Bias correction: antenna electronic mispointing 

Here we use only SAR measurements acquired over land in each image, based on the Sentinel-1 surface 
flag information in the products. These observations are averaged along the azimuth direction, and for 
each snapshot, we compute the anomaly against the mean over the full image. The resulting variation 
with range of the median RVL for the 42 snapshots is represented in Figure 3 in different colours.  

 
Figure 3: Azimuth median RVL anomaly as function of range within the swath. Near range 

starts at 0 km. The median value of the RVL in each snapshot has been removed to show 
anomalies only. Coloured curves relate to the 42 different snapshots. The black curve shows 

the median of all colour curves. The dashed black line is the mean square linear fit of the 
black curve for each sub-swath. The solid black line is the same but after removing RVL 

outliers >0.1m/s from the dashed line. 

 

The figure clearly shows the three swaths and the linear evolution of the error within each swath. The 
solid black line for the three sub-swaths is understood to represent the best estimate of the mean 
uncorrected antenna electronic mispointing. This correction is applied to the full image of each snapshot, 
reaching values from +0.4m/s near range to -0.1m/s far range. 

Land Bias correction: platform navigation and attitude errors 
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Using the same data as for the estimation of the antenna electronic mispointing correction, the RVL is 
now averaged in the range direction (across-track), using exclusively data from the eastern sub-swath 
(where land is present for all azimuth positions along-track). Again, we focus only on the anomaly from 
the mean for the full snapshot. Data were smoothed using a median filter of size 19 to remove some of 
the noisiest signal not related to attitude errors.. The filter size of 19 pixels was chosen to fit just within 
the 21-pixels of the scalloping artefact wavy pattern. The resulting variation of the median RVL anomaly 
with azimuth is represented on Figure 4 for the 42 snapshots.  

 

 
Figure 4: Range median RVL anomaly as function of along-track distance (azimuth) for the 
eastern sub-swath. The origin (zero) corresponds to the south part of the picture in Figure 1. 
To remove some of the noise, data have been filtered using an along-track median filter of 19 

pixels. Colour curves correspond to the 42 separate Sentinel-1 snapshots. 

 

From Figure 4, we note that there is some consistency in the patterns between different snapshots, which 
is due to the similar impact of orbital parameters on the observation in the same part of the orbit. The 
correction is applied for the full image of each snapshot and is generally comprised between +/-0.2m/s.  

Considering now the values of the range median RVL over land (rather than anomalies) for each 
snapshot, by far the strongest source of discrepancies between different snapshot is due to uncorrected 
platform attitude errors, which introduce differences between separate snapshots that can reach between 
minus 2.0 m/s to +0.5 m/s (Figure 5). More generally, the biases in RVL introduced by these uncorrected 
effects reach between -1.0m/s and -0.5m/s.  
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Figure 5: Median RVL over land for each snapshots. Data after mispointing and anomaly 

correction along azimuth. 

 

The impact of applying these two corrections is illustrated in Figure 6 for the Sentinel-1A scene obtained 
on 18th of January 2018. As expected, once the corrections are applied, the mean radial velocity over 
land is zero. Close to the coast (East part), we observe strong gradients in the RVL which are un-
geophysical, and are due to the strong gradients in NRCS between land and sea and the way the Doppler 
signal of the surface is estimated. 

 
Figure 6: New Sentinel-1A RVL product for a scene acquired on 18 January 2018 at 17h17 

over German Bight after applying the correction for scalloping and the land-based 
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adjustments (antenna electronic mispointing error + uncorrected platform and attitude 
motions). 

 

Wind-wave artefact velocity correction 

Doppler velocity (RVL) data measured by SAR are dominated by surface motion contributions by ocean 
surface wind-waves (e.g. [Martin et al., 2014 JGR-O]). This wind-wave artefact surface velocity 
(WASV), also sometimes called the wave bias, can reach up to 2 m/s and, to first order, is a function of 
the relative direction between the wind and the radar line-of-sight, and to second order, of the incidence 
angle and wind speed. The amplitude of the wave bias is maximum in the up/downwind directions and 
is described relatively well by the C-DOP empirical model [Mouche et al., 2012] developed for Envisat 
ASAR. 

The WASV correction is estimated using the CDOP model and an estimate of the wind vector. Ideally, 
the wind vector information should also be derived from the SAR data, but conventional side-looking 
SAR systems like Sentinel-1 do not possess the azimuth diversity needed to retrieve wind direction 
directly. Here, we used the C-DOP empirical model with the following three sources of wind vector 
information as input: 

• Sentinel-1 operational wind speed products based on single look Normalised Radar Cross 
Section (NRCS) data and ECMWF model wind direction. 

• ECMWF wind vector 

• German weather service (DWD) wind vector 
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Figure 7: Sentinel-1A image and various estimates of the wind field on 18 January 2018, 
showing (top-left) Sentinel-1A NRCS in linear scale, (top-right) Sentinel-1A operational wind 
product, (bottom-left) wind vector field from ECMWF, (bottom-right) wind vector field from 
German Weather service - DWD. Colours indicate wind speed (using the same colour bar 
from 3m/s to 12m/s using in bottom-left plot) and wind barbs indicate the wind direction 

(typically from north-west in this case). 

 

Figure 7 shows the 18 January 2018 example, indicating there is a good agreement between the three 
sources of wind input in this case. We note that the resolved scales are much finer in the Sentinel-1 wind 
products than in the numerical model winds. None of these fields show any fine scale variability in wind 
direction, which is the first order dependence of the WASV in C-DOP. When applying the C-DOP 
correction using these three different input wind fields, we obtain very similar results, as shown for the 
18 January 2018 example in Figure 8. We remark that the line-of-sight surface current (corrected RVL 
minus C-DOP) shows the same small-scale variability as seen in NRCS. This small-scale variability in 
this region is surprising as we expect the surface current to be spatially very uniform and is certainly an 
artefact of the C-DOP correction. Indeed, the contribution by surface waves to Doppler signals is 
dominated by gravity waves with 1 to 50m wavelength (wind sea), which typically vary over longer 
spatial scales than the centimetre-scale waves generated by wind responsible for the Bragg scattering in 
SAR images (~5 cm wavelength). The origin of this small-scale spatial heterogeneity is directly linked 
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to the NRCS patchiness and the C-DOP correction. The patchiness in NRCS might be due to convective 
and/or rain cells. Small scale variability has not been further deepen yet. 

 

Figure 8: Sentinel-1A line-of-sight surface current on 18 January 2018 obtained by applying 
the full instrument corrections (scalloping, antenna electronic mispointing, platform attitude 
motion) and the C-DOP WASV computed with (left) Sentinel-1 operational L2 wind vector 

product and (right) ECMWF wind vector product. The black box represents the area used in 
the next section for comparison between Sentinel-1A line-of-sight surface current and HF 

radar. The colourbar shows surface current in m/s. 

 

Validation against HF radar surface current data 

Validation against HF radar data was performed as previously done in D1.2 but enlarged to the full 42 
Sentinel-1A snapshots of this extended dataset. HF radar data were missing for some of the Sentinel-1A 
overpasses, resulting in only 26 matchups. The black box represented in Figure 8 indicates where HF 
radar data have been used to estimate the quality of the new Sentinel-1A line-of-sight surface current 
product. The sequence of Sentinel-1A and HF radar surface current data matchups over the black box 
for the S-1A overpasses is represented in Figure 9. The residual difference between Sentinel-1A and HF 
radar measurements is shown in Figure 10. The statistics of the residuals are summarised in Table 1. 

In Figure 9, the thick black line corresponds to the surface current measured by the HF radar in the 
Sentinel-1A line-of-sight, indicating that the surface current fluctuates between -0.5 m/s and +0.5 m/s 
between the different  Sentinel-1A overpasses. The Sentinel-1A operational RVL products (blue line) 
present much stronger variability, with currents ranging from -2 m/s to +0.5 m/s and presenting large 
errors against HF radar (mean bias of -0.6 m/s and a root-mean-square-difference (RMSD) of 0.8 m/s) 
over the 26 HF radar / Sentinel-1A matchup points.  
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Figure 9: Median radial surface current in m/s in the S1A line-of-sight calculated over the 
black box of the previous Figure for the 42 S1A overpasses. HF radar values are represented 

in black and the different S1A applied corrections are indicated in the legend. 

 

The poor performance of the operational Sentinel-1A RVL products against HF radar is not surprising 
given the uncorrected instrument-related errors reported in the prvious section and the lack of correction 
for wind-wave artefact which is well-known to introduce biases of up to 2 m/s. If Sentinel-1A were 
perfectly calibrated, only the wind-wave artefact velocity (I.e. the wave bias) correction would need to 
be applied to enable comparisons between the Sentinel-1A line-of-sight current and the HF radar data. 
The result of correcting the operational Sentinel-1A RVL only for WASV wind-wave bias is represented 
by the orange curve in Figure 9, the wave bias being computed using the C-DOP model and Sentinel-
1A wind vectors. We note that, on its own, the wave bias correction does not improve the agreement 
with HF radar, and in fact, introduces larger errors (negative bias against HF radar greater than 0.7 m/s 
and RMSD greater than 0.9 m/s). 

In contrast, if the original operational RVL products are adjusted using the land corrections (green 
curve), we get much better comparisons with HF radar, with only a small positive bias (1 cm/s), a RMSD 
of 0.31 m/s and a correlation of 0.6. If we then correct for the wind-wave artefact, the overall statistics 
are degraded slightly, with a small negative bias (-8 cm/s) and RMSD of 0.4 m/s using Sentinel-1 wind. 
This result is unexpected and suggests possible errors in the input wind direction used to compute the 
WASV. The same slight degradation is obtained when computing the WASV using ECMWF or DWD 
input wind. 



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

16 

Further work is necessary to understand the exact origin of this small deterioration, for example by 
comparing wind direction from regional numerical weather prediction system and from in situ 
measurements. Doppler signal from the waves being dominated by wind sea waves, it will be enlightning 
to use the wind sea direction from numerical model instead of wind direction to see if it brings any 
improvement. 

 

Figure 10: (top) Median Sentinel-1A NRCS for the sequence of S1A overpasses over the black 
box over German Bight (bottom) Residual difference of Sentinel-1A line-of-sight surface 

current against HF radar (S1A minus HF radar). 

 

Table 1: Statistics of S1A line-of-sight surface current against HF radar for S1A overpasses 

 Bias 
(m/s) 

RMSD 
(m/s) 

Correlation (p-
value if > 1%) 

S1A RVL Original Operational products -0.64 0.82 0.5 (1.3%) 
RVL corrected for wave bias with C-DOP (S1) -0.73 0.93 Not significant  
RVL corrected for biases over land 0.01 0.31 0.6 
S1A with full corrections applied (C-DOP S1) -0.08 0.39 0.3 (12%) 
S1A with full corrections applied (C-DOP ECMWF) -0.10 0.44 Not significant  
S1A with full corrections applied (C-DOP DWD) -0.13 0.41 Not significant 
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New Sentinel-1A line-of-sight surface current products 

New Sentinel-1A products of the RVL corrected for biases over land and the WASV have been produced 
for the sequence of Sentinel-1A overpasses over German Bight described above. The WASV is 
computed using the C-DOP empirical model and wind vector input from the Sentinel-1A operational 
wind products. These quantities are distributed in the same NetCDF format as the original Sentinel-1A 
RVL products with two new additional variables (line-of-sight surface current, WASV). 
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3. SENTINEL-2 

3.1. OVERVIEW 

Sentinel-2 is a wide-swath, high-resolution, multi-spectral imaging mission consisting of two 
operational satellites.  

Sentinel-2A was launched on 23 June 2015 and Sentinel-2B was launched on 7 March 2017.  

The Sentinel-2 Multispectral Instrument (MSI) samples 13 spectral bands: four bands at 10 metres, six 
bands at 20 metres and three bands at 60 metres spatial resolution. The spectral bands of Sentinel-2 are 
illustrated in Figure 10. 

 

 

Figure 11: Spectral bands sampled by Sentinel-2 Multispectral Instrument (MSI) 

 

Further information about the Sentinel-2 A/B payload is available at 
https://sentinel.esa.int/web/sentinel/missions/sentinel-2/instrument-payload. 

 

3.2. NEW SENTINEL-2 BATHYMETRY, COASTAL DYNAMICS AND WATER QUALITY 
PRODUCTS 

Bathymetry product  

The bathymetry focus under CEASELESS is to examine a Sentinel-2 approach for deriving accurate 
and high resolution satellite-derived bathymetry (SDB). There are multiple approaches to deriving 
bathymetry from satellite imagery. In this case, a DHI GRAS proprietary sensor independent (can be 
applied to any data from any optical sensor) physical radiative transfer has been used. The physical 
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approach allows bathymetry retrieval without input from ancillary data (known depth values) but 
performance can be optimized by inclusion of a small amount of calibration data. For technical details 
please see the CEASELESS deliverable “1.2 Validated Sentinel fields for the set of met-ocean variables 
considered”. 

The primary strengths of SDB is the timeliness, repeatability, low cost, and easy accessibility to remote 
or dangerous shallow waters. The spatial resolution of the Sentinel-2 imagery also allows for very 
detailed bathymetry mapping, typically order of magnitude better than otherwise available bathymetric 
datasets. Since the approach is based on optical data there is a limit to the depth penetration of around 
one secchi depth, so clear waters are a requirement for optimal SDB retrieval.  

The Sentinel-2 data allows for much more detailed SDB retrieval than what is typically available. For 
modelling purposes, a coarse resolution bathymetry is fine for deeper waters but for shallow and 
dynamic coastal areas up-to-date and high-resolution bathymetry is required for reliable high-resolution 
modelling activities. Sentinel-2 data allow for both a high-resolution bathymetry retrieval and with the 
free and open Copernicus data policy the cost for bathymetry creation can be kept to a minimum, making 
it a very cost-efficient solution accessible for a much wider range of activities. Combining the cost-
effectiveness with the frequent overpass of Sentinel-2 it also becomes possible to start looking at the 
seabed dynamics (changing bathymetry over time) and quantifying volume changes etc. During 
CEASELESS, several use cases has been demonstrated through the creation of bathymetry models over 
various areas of interest.  

German Bight Example: up-to-date and high resultion bathymetry  

The bathymetry in German Bight area is extremely complex due to the dynamic nature of the Wadden 
sea and the significant tidal effects and re-suspension taking place.  

A 10m bathymetry model was derived from Sentinel-2 for the shallow, intertidal part of the area. This 
data was integrated into the EMODnet 2018 high resolution bathymetry layer to create a full and 
complete bathymetry coverage of the model domain used by HZG. By integrating the detailed and up-
to-date Sentinel-2 bathymetry data into the coarse-scale EMODnet data, a complete layer was created 
with EMODnet coarse-scale in the deeper and more stable areas and sentinel-2 in the shallower and 
dynamic parts where high spatial resolution is also most important. 
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Figure 12: Subset of bathymetry around the island of Sylt near the Danish/German border in 
the Wadden Sea. The combined Sentinel-2/EMODnet bathymetry (left) show much greater 

level of detail than the original EMODnet data (right). An artefact in EMODnet data (a cut-
line in the north-eastern part of the area) is corrected in the fused bathymetry layer. The 

orange lines relate to the transects shown later in Error! Reference source not found. and 
Error! Reference source not found.. 

 

Two transects have been extracted to make a qualitative evaluation of the two bathymetry models at the 
location of the orange lines shown in Figure 12.  

In Figure 13, the high correlation between the two datasets can be seen for the transect south of the 
island of Sylt. However, in Figure 14, the transect across the shallow areas north of the island of Sylt 
indicate that EMODnet struggles in this region (due to the low density of information), whereas the 
combined EMODnet+ Sentinel-2 bathymetry product maintains the necessary level of detail. 



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

21 

 

Figure 13: Bathymetry transect across the waters south of Sylt island from EMODnet (blue) 
and EMODnet+Sentinel-2 (green) products. There is a high degree of correlation between 

the two datasets in this region, but notable differences in the shallow parts where the 
combined model shows higher level of detail and small-scale variations. 

 

Figure 14: Bathymetry transect across the waters north of Sylt island from EMODnet (blue) 
and EMODnet+Sentinel-2 (green) products. The area between 0-5000 shows an example 

where the EMODnet data and the combined product disagree, due to inconsistencies within 
EMODnet. 
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The large differences seen in Figure 14, especially around the 5000m point of the transect, likely relates 
to issues with merging data sources in the EMODnet dataset, as the vertical jump in depths coincides 
with the national border between Denmark and Germany. Note that the positive values shown in Figure 
13 and Figure 14 are related to the data being vertically referenced to lowest astronomical tide (LAT).  

The study illustrates important lessons such as:  

- SDB can capture small scale features in the shallow parts of the dynamic coastal zone. 

- SDB can provide up-to-date information in the shallow parts of the dynamic coastal zone and 
add value to large-scale data layers such as EMODnet.  

- The EMODnet example in Figure 14 shows a clear offset along the Danish/German border and 
illustrates potential issues with multi-source large-scale datasets. SDB can provide a full and 
continuous coverage across national borders or administrative boundaries. 

 

Danish North Sea example: dynamic sea bed mapping 

The cost efficiency and repeatability of SDB allows for multi-temporal bathymetry retrieval as a means 
of studying sea bed dynamics. An example of deriving SDB at multiple time steps to detect and quantify 
sea floor dynamics and movement rates of seabed features is shown below. In this study – an example 
from the Horns Rev area in the North Sea, off the west coast of Denmark – the 10m SDB was derived 
twice, once in 2016 and once in 2018, to quantify the movement rates of large-scale sand banks in the 
Horns Rev area.  

The example clearly highlights the need for high resolution and regularly updated bathymetry to 
accurately resolve hydrodynamic processes in the highly dynamic coastal zone occurring at high spatial 
resolution. As can be seen on the two illustrations, the sand bank moved between 100m and 200m over 
just under 23 months. 
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Figure 15: Crest of the main sand bank in the Horns Rev area in the North Sea off the west 
coast of Denmark as observed on 8th of May, 2016, illustrated by a yellow line. 

  

 

Figure 16: Crest of the main sand bank in the Horns Rev area in the North Sea off the west 
coast of Denmark as observed on 2nd of June, 2018, illustrated by a red line, along with the 
yellow line from the previous figure, showing the position of the same sand bank in 2016. 

 

 

Coastline dynamics product 
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With Sentinel-2, we have an excellent source of information for monitoring coastal dynamics. The high 
spatial resolution combined with the high temporal revisit result in good likelihood of cloud free 
conditions at any tidal period for any location globally. In the same way that accounting for bathymetry 
dynamics is important for model setups, updated and detailed land/water boundary data is important for 
high resolution modelling. A detailed assessment of Sentinel-2 based assessment of coastal dynamics 
has been performed over the Ebro Delta area in Spain. Following a semi-automated approach, an 
efficient workflow has been established for the derivation of coastlines based on these overall steps:  

1. Manual selection of input images: this allows optimal quality of the input data and a controlled 
handling of the tidal component. 

2. Derive a threshold used to separate land/water. Currently the NDWI is used. 
3. A K-Means unsupervised classification is applied, and from the bi-modal distribution, two 

classes are derived and used to separate the land/water. 
4. Postprocessing: calculate connected pixel count size (how many pixels of the same class are 

next to each other) from the K-Means classification. 
o Remap the class where patch size is below a certain threshold 
o Run a focal median kernel over any remaining patches below a minimum patch size. 

5.  Vectorise the results. 

An illustration of the workflow is presented in Figure 17. 

 

Figure 17: Illustration of the workflow from Sentinel-2 input imagery to derived index to a 
final vectorized coastline. 

 

With the developed approach, it is possible to analyse both long-term dynamics (with the inclusion of 
Landsat data the period can span 20+ years) and the very short-term dynamics e.g. following specific 
events such as storms where geomorphological changes have occurred (Sentinel-2 allow for potential 
coastline extraction every 3-5 days depending on the location and cloud cover).  
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Figure 18: Example time series of the satellite-derived coastline over a 5-year period in the 
northern part of the Ebro Delta, Spain. The products are based on Landsat 8 and Sentinel-2 

imagery. 

 

Water Quality product 

For a detailed description of the Water quality activities under CEASELESS, we refer to the 
CEASELESS deliverable “1.2 Validated Sentinel fields for the set of met-ocean variables considered”. 

Although the technical characteristics of the Sentinel-2 sensors mean that the data is not optimal for 
water quality mapping, it was demonstrated that Sentinel-2 has good potential for coastal monitoring of 
both Chlorophyll-a and suspended sediments at both regional and local scales. Figure 19 shows an 
example of Sentinel-2 based sediment concentration map over the Ebro Delta, Spain.  

DHI GRAS has designed a flexible cloud-based processing environment where different retrieval 
methods can be added and modified. Output from the system is continuously being tested and 
demonstrated over a range of different geographical conditions.    
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Figure 19: Sentinel-2 based sediment concentration map over the Ebro Delta study area from 
21st April, 2018. On this day, a significant plume from the river outlet in the central part is 

clearly visible. The plume extends more than 20km from the outlet. 



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

27 

4. SENTINEL-3 

4.1. OVERVIEW 

Sentinel-3 is the Copernicus Medium Resolution Land and Ocean Mission with currently two satellites 
in operation. Sentinel-3A was launched on 18 February 2016 and Sentinel-3B on 25 April 2018. Both 
satellites are flying in an exact 27-days repeat cycle orbit.  

There are five payloads onboard these satellites, including:  

• Ocean and Land Colour Instrument (OLCI) 

• Sea and Land Surface Temperature Radiometer (SLSTR) 

• And three instruments in the Surface Topography mission, including: 

o SAR-mode Radar ALTimeter (SRAL), a dual-frequency Ku/C-band radar altimeter. 

o MicroWave Radiometer (MWR) to correct SRAL data for wet tropospheric delays. 

o Precise Orbit Determination (POD).  

Further information about the Sentinel-3 mission and its payloads is available at 
https://sentinel.esa.int/web/sentinel/missions/sentinel-3.  

4.2. IMPROVED SENTINEL-3 COASTAL ALTIMETRY PRODUCTS (NOC ALES) 

The performance of conventional pulse-limited radar altimetry in the coastal zone has been a challenging 
concern for many years. This is mainly due to the contamination of the received signals by strong 
reflections from land and very calm coastal waters in the footprint of the altimeter (Figure 20). This 
usually results in poor quality altimeter data when processed by standard processing techniques, and 
until a few years ago, satellite data in these important and strategic zones were flagged as unreliable and 
discarded.  

This has recently been, to a large extent, overcome by the relatively new field of coastal altimetry, that  
aims to recover meaningful measurements of sea level, significant wave height and wind speed in the 
coastal zone. 
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Figure 20: Schematic illustration of (left) altimeter reflected echoes over the ocean and the 
contamination by land in the coastal zone (right) the sub-waveform altimeter retracking 

concept (ALES). 

 

NOC has been at the forefront of this new field, leading technical developments including new 
algorithms for reprocessing multi-mission coastal altimetry records, and promoting validation and 
exploitation activities, such as the Sea Level SpaceWatch service and the Coastal Risk Information 
Services (C-RISe) projects which provide sea level statistics around the coast of the UK and SW Indian 
Ocean respectively. These initiatives enable the characterisation of long-term changes in coastal sea 
level, with the provision of robust coastal sea level statistics from reprocessed altimetry and tide gauges, 
and the characterisation of coastal sea state (mainly significant wave height so far) from satellite 
altimetry.  

The NOC ocean and coastal altimetry processor is based on the Adaptive Leading-Edge Sub-waveform 
(ALES) retracking approach proposed by Passaro et al. (2014). ALES is capable of retrieving data closer 
to land in the coastal zone by avoiding artefacts from bright targets that appear in the trailing edge part 
of the waveforms as the altimeters approach land (Figure 20). Hence, ALES considers mainly the portion 
of the waveforms that correspond to the clean leading edge and ignores the contaminated portion of the 
trailing edge. ALES has the capability of maintaining the same level of accuracy in the coastal area as 
in the open ocean. This coastal processor can be applied to all conventional Low Resolution Mode 
(LRM) altimeter missions such as Jason-1 and thus increase the quality and quantity of valid altimeter 
data in the coastal zone. The NOC ALES processor has already been applied to Jason-1, Jason-2, Jason-
3, Envisat and SARAL/Altika missions and was recently extended to process Pseudo LRM (PLRM) 
waveforms from the Sentinel-3A Surface Topography Mission.  

To illustrate the performance of the NOC ALES processor, we processed one year of Sentinel-3A PLRM 
data over the Denmark Strait and German Bight (Figure 21) and compared the ALES coastal altimetry 
output with the operational Sentinel-3A Sensor Geophysical Data Record (SGDR) products. Full details 
about the S3A performance in this region are available in Dayoub et al., (2019).  

 

 



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

29 

 

Figure 21: Sentinel-3A tracks within the Denmark Water and German Bight. 

 

In Figure 22, the output of the NOC ALES processor is assessed against the operational S3A SGDR 
products by considering various altimeter measurements as a function of the distance to the coast (x 
axis). NOC ALES values are shown in green, S3A SGDR data are shown in magenta. The different 
subplots show respectively a) the median successive difference of the uncorrected sea surface height 
(USSH), which represents a robust estimation of the 20Hz precision; b) the number of valid 
measurements; c) the significant wave height (SWH or Hs); and d) the altimeter backscatter coefficient, 
Sigma0, which is inversely related to surface wind speed. In subplot a), the median 20Hz noise on USSH 
is shown with the 75th and 25th percentiles, and were estimated for all tracks in the considered region. 
(Figure 21).  

The results in Figure 22 indicate that: 

• In terms of 20Hz SSH noise, NOC ALES provides the same performance as operational SGDR 
products offshore of 5km from land, and less noisy measurements than SGDR inwards of 5km.  

• NOC ALES provides a larger number of valid observations within 5 km from the coast 
compared to SGDR. 

• NOC ALES SWH and Sigma0 present more realistic evolution as the satellite approaches the 
coast than the operational products i.e. the green line (ALES) follows a smooth continuation of 
the behaviour seen further offshore, whereas the magenta line (SGDR) shows abrupt changes 
around 5km from land. 
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Figure 22: Comparison of the 20Hz noise on uncorrected sea surface height (USSH), number 
of valid observations, SWH, sigma0 for Sentinel 3A SRAL PLRM SGDR with ALES against 

closest distance to the coast. 

NOC coastal and ocean altimetry processor: description 

This section describes the steps that are performed at NOC to produce the improved coastal altimetry 
products using the NOC ALES processor. The different steps are highlighted in Figure 23.  

Sub-waveform retracking 

We first identify and acquire all Sentinel-3A Level 2 SGDR products in the region of interest which 
contain the altimeter waveform data and the outputs from the operational retracker. For each 20Hz 
location along the altimeter track, the PLRM waveform is fitted with the Brown model by means of a 
least-square iterative procedure whose convergence is found through the Nelder–Mead nonlinear 
optimisation technique. The NOC ALES processor uses the Brown theoretical ocean model (Brown, 
1977, Hayne, 1980) whose functional form is given explicitly in Passaro et al., 2014. To apply the ALES 



CEASELESS WP1 Task 1.4 New and improved Sentinel products for the coastal zone May 2019 

 

  

 

31 

sub-waveform retracker, only a selected part of the waveforms is fitted, using a two-pass approach and 
a variable fitting window width determined by the value of the SWH, as described in detail in Passaro 
et al., 2014. The fitting procedure yields the estimated parameters of range, significant wave height and 
radar backscattering coefficients (sigma0).  

Calculating SSHA and TWLE 

The SGDR products provide only a limited set of geophysical correction options, and often do not 
include the most up-to-date versions of the various corrections required to compute the corrected Sea 
Surface Height from the measured altimetric range (e.g. Mean Sea Surface model, tides, wet 
tropospheric correction, etc.). In contrast, the RADS (Radar Altimeter Database System) online 
altimeter archive provides all the latest corrections, although only at 1 Hz posting. The 1-Hz posting rate 
is usually sufficient to represent the spatial variability of the various corrections but, in the case of coastal 
applications, these corrections need to be re-computed at 20 Hz by linear interpolation of the 1Hz fields.  

Further parameters can be computed from the altimeter range data, including the Sea Surface Height 
Anomaly, SSHA, a quantity used by oceanographers for studies of ocean dynamics, which is computed 
using ALES-derived range and updated and interpolated corrections from RADS as:  

SSHA = orbit – (range + ssha_corrections) - MSS 

With 

ssha_corrections = ionospheric + dry_tropospheric + wet_tropospheric + sea state bias + 
solid_earth_tide + loading_tide + ocean_tide + Earth_tide + pole_tide + dynamic_atmosphere + 

inverted_barometre 

and where MSS is the reference Mean Sea Surface, also available from RADS (e.g. most recent versions 
include DTU15 and DTU18).  
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Figure 23: NOC Ocean and Coastal Altimetry Processor flow chart. 

 

Another quantity of interest for specific applications includes the Total Water Level Envelope (TWLE), 
which represents the actual water level that would be measured by an observer at the coast. This is 
computed as for the SSHA above, but without applying corrections for ocean_tide, pole_tide, 
dynamic_atmosphere and inverted_barometer. This quantity is of use particularly for storm surge studies 
and modelling. 

 

 

Two years of Sentinel-3A STM data were reprocessed with the NOC ALES coastal altimetry processor 
for the three CEASELESS regions (German Bight/Danish Stait, Adriatic, Catalonia) and made available 
in NetCDF format for exploitation by other partners in the CEASELESS project.  
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