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1. Introduction

This document represents the Product Validation and Intercomparison Report (PVIR) for the
Sea_State_cci phase 2 project, corresponding to Deliverable D4.1 of WP4000.

The purpose of the PVIR is to present results of consistency checks and validation of new CCI
CDRs as described in the Product Validation Plan (PVP). The PVIR is a working document
that is updated after each CCI product release, nominally following the initial production of a
new version of the Sea_State_cci CDRs.

The PVIR is structured to address the requirements outlined in the ESA Statement of Work.
In this report, validation results are presented into subsections as follows:

e Algorithm development (altimetry, S1 SAR) calibration / verification data summary
[WP4110]: This section provides a summary of data verification activities undertaken
during algorithm and CDR development ;

e Validation of Level-2 altimetry significant wave height [WP4130]: evaluation of L2p
global significant wave height statistics from altimeters, and comparison with other
reference data sources ;

e Validation of Level-4 gridded significant wave height [WP4120]: evaluation of
consistency of global long term trends in significant wave height from the L4 gridded
product, compared to other reference data sources ;

e Validation of sea state parameters from SAR imaging [WP4140]: evaluation of long
term sea state parameters from Sentinel-1 SAR “Wave Mode” (global) and
“Interferometric Wide” mode (global and coastal), and comparison with other reference
data sources ;

e Conclusions and future work

Material in this document is being prepared for publication.

Complete version 4 CDRs were finalised and released in September 2025. The scope of
CDRs included within this release are shown in Table 1, which is an updated version of the
original release scope and schedule captured in the PVP (Table 1). All of these datasets are
included within the scope of this report, with the following exceptions due to resource and
programme constraints.

Sentinel-1A/B EW mode developed by DLR, is explicitly excluded (highlighted in red), and
only a preliminary validation of Sentinel-1A/B IW mode data (highlighted in amber) is provided
(Section 5.4). These evaluations will be updated in future releases of this document. Note,
however, that these datasets are substantial in both size and data diversity, comprising
~750,000 local fields of wave parameters (nearly 1 billion data points per parameter), mostly
around coastal regions, and so an in-depth exploration of all aspects of this data is beyond
the scope of this phase of the Sea_State_cci.

Note also that measures of uncertainty for sea state parameters are provided for all L2

products but these are excluded from evaluation in this report. This is in part due to resource
constraints, and in part, to some extent these are accounted for through the data sampling
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required to produce the L4 gridded monthly CDR. Measures of uncertainty are expected to be
included explicitly for monthly summary wave statistics in the version 5 L4 CDR.

Table 1: Planned production schedule for altimetry, SAR imaging and other sea state data
and parameters

Altimetry datasets:
Version 4 (2024) Version 5 (2026)

L2P - fix issues or shortcomings reported in | fix issues or shortcomings

v3, e.g.: reported in v4
e SARAL retracking (improper
definition of the boundaries of the adding new missions not
sub-waveform to be fitted) covered in v1, v3, v4 and
e some issues w/ancillary fields extending already included

missions : HY-2B/C/D,

Retracking of selected altimeters: SARAL GeoSat, SWOT, ...

(to 2023), ERS-1, ERS-2 (complete),

Jason-3 (to 2023), CryoSat-2 (to 2023); revision of cross-calibration
wrt to year 2 assessment

Included L2 from: Topex, S3A, S3B, S6 MF
Adding or enhancing the

Revision of each processing step : new variables tuned during
averaging to 1Hz, editing, cross-calibration, | Year 2 (uncertainty, other
uncertainties, ancillary fields, filtering, .... variables than Hs:

sigma0/wind, ...)

L4 - Revision of content to 2023, based on
all L2 data listed above.

SAR datasets:
Version 4 (2025) Version 5 (2026)
Sentinel-1 IW, EW and WV (DLR) ERS-1, ERS-2 WV (Ifremer,
Sentinel-1 WV (Ifremer) TBC)
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In the remainder of this document, we set out in more detail the activities, datasets and
methods used throughout this document. Further sections of the document are structured as
follows:

Section 2 presents the sources of independent validation reference data to be used;
Section 3 presents a summary of training / verification data, methods and references
for algorithm development teams [WP4110]

Section 4 describes validation of Level-2 altimetry significant wave height [WP4130]
Section 5 describes validation of Level-4 significant wave height and uncertainty
[WP4120]

Section 6 describes validation of wave parameters from SAR imaging [WP4140]
Section 7 summarises key findings from the CDR validation and future validation
priorities.
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2. Validation reference data general summary

In this section we summarise the reference datasets used to validate the version 4 CDRs. For
both the altimetry (L2p and L4) and Sentinel-1 SAR wave mode CDRs, validation focuses on
climatologies of significant wave height (Hs) and long term trends over global fields. For
Sentinel-1 SAR interferometric wide mode, a more detailed, but limited, coastal scale
evaluation is provided.

Prior to describing the reference datasets in Sections 2.2 to 2.6, we first summarise the sea
state variables that have been produced, in Section 2.1.

A number of sea state parameters have been generated during Sea_State cci version 4
CDRs. These are largely consistent with the format of earlier data versions released during
Phase 1 of the project. For altimetry data, “denoised” Hs (Quilfen & Chapron, 2019; 2020) is
provided, together with an uncertainty estimate per 1 Hz data point, and a range of supporting
data including quality control flags and relevant match-up data from ERAS reanalysis, provided
for convenience (see also the Product User Guide). The DLR processing of Sentinel-1 WV
mode and IW mode provides total Hs, windsea Hs, swell primary and secondary Hs, together
with the first 3 moments of wave period (Tm0, Tm1, Tm2). The Ifremer processing of Sentinel-
1 provides only total Hs. Note that only a subset of the DLR parameters, total Hs, Tm2 and
swell primary Hs, are considered in this report. A list of parameters, partitions (where
applicable), associated work packages and their anticipated version of release are shown in
Table 2.

Table 2: Sea state parameters for validation.

Parameter Formal definition (from dir. Algo. Dev. WP CDR
integrated surface elevation Team (Missions) version
power spectral density E(f) )

n®™ moment ma=/E(f) " df

(used in the definition of

other parameters) Note that the moment is extended

beyond the high frequency limit of
model or data, usually using a f tail.

Total sig. wave height Hs = 4Vmpo WP2410 4

Hs Nadir altimetry
(L2/L3/L4)
WP2440 (All)

Mean Period Tmo2=(mo/my)"2 WP2440

Tmo2 (Tmz2, T2) DLR (S1-A/B) 4
ODL (S1-A/B) 5

Partition parameters Windsea SWH (DLR) WP2420

Partition 1 & 2 SWH (DLR) DLR (S1-A/B) 4

Ifremer (S1-A/B) 5
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The use of in situ data, typically from moored buoys, in this version of the PVIR is limited to
algorithm team internal calibration and verification activities, where it has been used
extensively. This is summarised in Section 3.

While wave model data are not the result of a wave measurement, they provide continuous
long term global data coverage for a range of sea state parameters a valuable source of
intercomparison, and a means of generating a large number of collocations with satellite data.
Models can also provide full spectral output and additional parameters related to wave energy
sources and sinks (such as whitecap information).

However, deficiencies associated with errors in forcing field (winds, currents, sea ice) errors
or lack of representation of some physical processes (swell dissipation, wind-wave generation,
wave breaking ...) and errors caused by limitations in numerical schemes lead to very
important errors in wave model spectral shapes. Energy levels for some frequencies and
directions can be off by more than one order of magnitude (e.g. Alday & Ardhuin, 2023), and
biases that vary in space and time. Long period swells are the most prone to errors as they
are very sensitive to forcing and parameterizations in very small regions at the centre of
storms, and suffer the most from imperfect numerical schemes that do not represent the
continuous frequencies and group speeds of real waves, but instead use discrete frequencies
and directions.

Intercomparison with model data is well motivated since models tend to be quite accurate for
many applications, and are both convenient and widely used. However, (dis)agreement
between observations and models does not confer (lack of) accuracy on either dataset.

In this report, two datasets derived from numerical models are used for intercomparison.

Resource Code long term high-resolution European wave hindcast

Version 4 of the Sea_State_cci CDRs includes previously unseen data arising form the DLR
processing of Sentinel-1 interferometric wide-swath mode. This data is well suited to
nearshore and coastal applications, with a particular abundance of data over European seas.
It comprises successive spatial fields taken along-track, with an image coverage of
approximately 250 km x 250 km, with a spatial resolution of approximately 5 km per grid cell
(see e.g. Figure 6.14). Furthermore, up to 8 sea state parameters (wave heights, periods, etc)
are provided per 5 km cell, which motivates the need for more abundant data sources for
intercomparison and validation, particularly close to the coast.

At such spatial scales, in situ data is almost universally unavailable, so in this PVIR we exploit

the “ResourceCODE” long term wave hindcast (Accensi et al. 2019). The following text is
reproduced from the publication, but note that since the initial release of the hindcast, it has
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been updated to 2024. Wave parameters, and in many locations, complete directional spectra,
are provided hourly on a spatial resolution at sub-kilometre scale near the coast.

“The ResourceCODE tool suite is supported by a comprehensive hindcast database of high-
resolution ocean energy resource parameters for European waters. The configuration of the
ResourceCODE wave hindcast model is based on a high-resolution unstructured grid
extending from the south of Spain to the Faroe Islands and from the western Irish continental
shelf to the Baltic Sea. Forcing winds are extracted from the ERAS database while the currents
and water levels are recomposed from a database of harmonics of tidal currents (MARS and
FES2014). These forcing fields have been used to run WAVEWATCH-III® to generate a 28-
year metocean database covering the [1993-2020] period with an hourly time step. A set of
39 global parameters as well as the frequency spectra are made available as output at each
of the 328 000 nodes of the grid while directional spectra are provided on a coarser grid. The
model configuration and dataset have been extensively validated against measurement data,
both in situ and remote. Special consideration was given to the assessment of the spectral
distribution of the energy within sea-states spectra.”

Details of the comparisons between the DLR Sentinel-1 IW mode data and the ResourceCode
hincast are provided in Section 6.4.

ERAS5 monthly reanalysis

The European Centre for Medium Range Weather Forecasts (ECMWF) reanalysis dataset,
ERAS (Hersbach et al. 2020), is ubiquitous in geophysical sciences. It also represents one of
the most widely used sources for wind and wave data (Aarnes et al. 2015; Timmermans et al.
2020a). Note, for example, that the ResourceCode hindcast (Section 2.3.1) is forced using
ERAS5 wind fields. As such, it is important that Sea_State cci CDRs are intercompared with
ERAS sea state data. We note, however, that in spite of its wide use, several studies, including
those associated with Sea_State_cci Phase 1, have raised questions over the stability of the
long term wave climate record in ERAS, likely linked to step changes in assimilation schemes
and source data (Meucci et al. 2020; Timmermans et al. 2020). ERA5 assimilates a variety of
remotely sensed data, including wave height data from altimeters. Historically this includes
Jason-2 and SARAL Altika, but is currently limited to Cryosat-2 (ECMWF, personal
communication). A number of other altimeters (Jason-3, Sentinel-3A/B and Sentinel-6A) are
assimilated operationally, but not included in the ERA5 reanalysis. Efforts are underway to
improve the historic and ongoing stability of the sea state record in the forthcoming ERAG.

In this report, ERAS5 monthly fields are used to intercompare climatological values of sea state
parameters in various ways. Typically the native ERA5 wave fields, which are provided on a
grid at 0.5° x 0.5°, have been linearly interpolated using standard tools to a 2° x 2° grid. Note
that monthly fields are limited to providing only mean values of sea state parameters, and that,
although hourly data is available and may be used to derive more detailed information, such
as higher percentiles and extremes, it is not used in this version of the report.

Details of the comparisons between ERA5 monthly significant wave height fields and both
altimeter and SAR data are provided in Sections 4 and 6.2 respectively. Comparisons between
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the sea state parameters of DLR Sentinel-1 WV mode data are provided in Section 6.3. Long
term trends for monthly Hs from ERA5 are shown in Section 5.2.

Owing to the wide inclusion of historic and current satellite missions and sensors into
Sea_State_cci CDRs, independent reference data from satellites is somewhat limited.
Furthermore, the lack of detailed examination and reprocessing as applied through the
Sea_State_ccileaves many questions about the reliability of those mission data excluded from
the project.

The most notable and relevant alternative source of sea state observations from satellite
altimeters, calibrated into a consistent product, is the long term Level-2 global dataset of Ribal
& Young (2019). This dataset has been consistently updated to provide recent data under a
consistent calibration approach, hereafter referred to as RY2023. Noting that these datasets
are widely used, it is important that Sea_State_cci CDRs are intercompared to identify areas
of (dis)agreement. RY2023 is described further in Section 2.4.1.

The dataset of Ribal & Young (2019) is widely used and incorporates nearly all available
historic sea state observations from low resolution (LR) mode (and pseudo-LRM for SAR
mode altimeters) nadir-pointing altimeters. It spans the complete altimetry record dating back
to Geosat, launched in 1986, and is updated on an approximately annual cycle to incorporate
the most recent observations. Data from different missions are intercalibrated using a
methodology based upon in situ data, somewhat similar to Sea_State_cci. Since this dataset
is based on the same original altimetry observations, a strong statistical consistency between
RY2023 and Sea_State_cci CDRs is unsurprising. Nonetheless it was shown by Timmermans
et al. (2020), and noted in the PVIR version 3, that global climatological summary statistics,
and long term trends in Hs, differed appreciably between the two datasets. This has
highlighted the possible impacts of mission intercalibration methodology on the long term sea
state record (Young & Ribal, 2022).

In this report, RY2023 data are typically intercompared with Sea_State_cci data by producing
global climatological fields through aggregating 1 Hz observations on a 2° x 2° grid.

We note also that the RY2023 dataset differs somewhat from Sea_State cci in terms of sea
state and environmental parameters provided. For example, RY2023 provides estimates of
both sigma0 (C + Ku bands) and wind speed components, together with an estimate of wave
period, based on an empirical algorithm from altimetry data. These additional variables are
not considered in this version of the PVIR.

With the growing diversity of sea state parameters beyond significant wave height, notably
those produced from SAR processing, such as wave periods, partition parameters and
directional information, the probability of discrepancy between data sources may increase. For
example, this may affect sea state parameters with sensitivity to the calculation of the spectral
tail. While significant wave height is likely to be somewhat insensitive to this issue, during
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Sea_Phase_cci phase 1, it was identified that processing methods for wave period, likely
linked to machine learning training data gave rise to somewhat artificial discrepancy in wave
period Tm2. This was detailed in version 3 of the PVIR (see Section 2.5.1 below).

More generally, as the diversity of satellite sensors and processing methods grows, in
particular anticipated in the forthcoming version 5 of the Sea_Phase cci CDRs, and
elsewhere, we caution users to be aware of such evolving discrepancies.

2.5.1 Sensitivity of wave period evaluation to spectral frequency cut-off

In situ observations such as those made by buoys are limited in their ability to observe high
frequency waves above a cut-off frequency fc ~ 0.4 - 0.5 Hz. However, wave models generally
discretize their spectrum in the range, 0.035Hz < f < 0.5 - 1.0 Hz, but generally the frequency
range is extended to infinity, by assuming a f° high frequency tail, such as done in WAM and
Wavewatch lll. Historically, models have output Tg, but Tme2 (Tz) and T4 are also common.
Tmo2 is often available from in situ observations, but not necessarily the wave spectrum.
Therefore, if one is unable to recompute the mean periods, does the choice of fc matter when
comparing mean wave periods between observations and model output?

(A) 2002-2012[annual] Envisat : Climatological Tm2 meal

e

Tm2 (s)

Tm2 (s)

Public document 12



LOPS and CCI_Sea_state Team CCI+ Phase 2: Sea_State_cci: PVIR

Figure 2.1: Global annual climatological values of Tno2 from Envisat ASAR (top panel) and
mean difference in Tno2 between Envisat and ERAS over the same period (bottom panel).

This issue became apparent during Phase 1, when global fields of estimated Tmo2 from Envisat
ASAR were intercompared with ERA5. Results of this analysis are shown in Figure 5, where
a strong bias can be seen over most of the global oceans. Subsequent analysis, reported in
the PVIR, Annex A, revealed that the frequency cutoff value was likely responsible for
discrepancy between the two data sources. This type of issue will be particularly relevant to
intercomparisons of integral wave parameters performed during Phase 2.
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3. Algorithm development (altimetry, S1 SAR) calibration /
verification data summary [WP4110]

This PVIR provides a limited independent validation process for new Sea_State cci CDRs.
Typically, CDRs are intercompared and validated against a range of high quality reference
data. However, during algorithm training, calibration and verification activities, performed

by algorithm development teams under WP2000, a substantial amount of intercomparison
between data sources was undertaken. In effect, these have a downstream effect on
independent validation activities (WP4000), since data re-use can lead to both repeated
work and invalidate independent assessment. Fiduciary reference data for sea state is
somewhat limited and so it is important to track data sources that are being used throughout
the production process.

A summary of data usage and methods employed by algorithm development teams is
provided in Section 3 of the Product Validation Plan, but an updated summary is also
provided here for reference. In this section, further information is provided on the calibration
of the altimetry L2p CDR and DLR Sentinel-1 processing.

3.2.1 Use of CMEMS In Situ database

The CMEMS In Situ Thematic Assembly Center (CMEMS INSTAC) is a component of the EU
Copernicus Marine Service and its role is to ensure consistent and reliable access to a range
of in situ data for service production and validation. For this purpose, CMEMS INSTAC collects
multi-source/multiplatform data, and performs consistent quality control before distributing the
data in a common format to the CMEMS Marine Forecasting Centres (MFC). The dataset is
updated on a yearly basis and can be found at http://www.marineinsitu.eu/. For the validation
of nadir altimetry wave data, we have considered all in situ platforms located at a minimum
distance of 50 km from the shore. The number of selected buoys vary between 42 and 216,
depending on the considered mission and its lifetime. As an example, the locations of the
buoys used for the validation of ERS-1 and Jason-2 are shown in Figure 3.1.

Selected platforms from CMEMS In situ TAC (184/552)
Selected platforms from CMEMS In sn:u TAC (66/140) 60°N =

= S N =
60" <« -GS BN VAL A -
" g = AN .
soons Ve .Ei \ 30V e
| ? * ‘n" "‘, |/ . ; ’
| |0° .
0° ‘. i \‘ Gﬁ‘ o 1 f
L!‘ . . " . \
30°5 7’ 30°5y
™ All platforms b L ‘ <Al platforms
60°S Selected platforms 60°5- s Selected platforms
120°wW 60 w 0° BU E 120°E ’ 120°W 60°W 0° 60°E 120°E

Figure 3.1. Locations of in situ data used for the validation of ERS-1 (left) and Jason-2 (right)

In order to ensure that only valid measurements are selected, a number of tests have been
applied:
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e Stationarity: rejecting SWH buoy measurements having a constant SWH value over
more than 48 hr;

e Location: rejecting SWH buoy measurements over unrealistic position change within
a short period of time;

e CMEMS quality check: using the CMEMS native quality flags on time, location and
SWH to reject bad or suspect SWH buoy measurements;

e Precision: detecting and rejecting SWH buoy measurements having a precision equal
or larger than 0.5 meters;

e Range: rejecting SWH buoy measurements out of the 0-30 metre range.

Match-ups between altimeter and in situ platform measurements were computed within 50 km
distance and 30 minute time window. The nearest denoised along-track altimeter SWH record
was selected and the in situ SWH observations were smoothed with a 1 hour running average
in order to reduce high-frequency variability.

In order to estimate the impact of the bias correction method on the nadir altimeter SWH
records, error metrics (bias, root-mean-squared error, scatter index, correlation coefficient)
were computed for each mission (Tables 3.1 and 3.2). These results were computed before
and after the bias-correction is performed, using either comparisons between missions at
crossover locations or comparisons with in situ data at match-up locations.

Cross-overs between two altimeter missions are identified when the two altimeter ground
tracks cross each other within a 3 hour time window. Denoised SWH records are considered
in order to filter out high-frequency variability.

During tandem phases (Topex SideB/Jason-1, Jason-1/Jason-2, Jason-2/Jason-3, Jason-
3/Sentinel-6), the two altimeter missions are sharing the same orbit with a slight time delay
(less than 1 min) and the so-called “cross-over” data simply correspond to the denoised SWH
data recorded at nearly the same location.

The table below summarizes the statistical metrics for 12 pairs of altimeter missions before
and after bias correction is applied. As expected, for most mission pairs the bias correction
methods reduce the systematic errors between two altimeter missions. The largest normalized
bias reduction reaches 13.6% (between ERS-1 and TOPEX sideA) and the mean normalized
bias is reduced from 3.5% to 0.6%.

Table 3.1: Error metrics based on comparisons at missions crossovers

Mission 1 Mission 2 NVAL NBIAS (%) Sl (%) R

Raw Adjusted Raw Adjusted Raw Adjusted
ENVISAT-V3 JASON-1E 76690 6,91 0,10 5,32 5,24 0,992 0,993
CRYOSAT-2E  JASON-2D 54338 3,34 0,05 4,53 4,51 0,994 0,994
SARALF JASON-2D 48353 -1,62 0,14 4,55 4,72 0,994 0,994
SENTINEL-3_A JASON-3F 31778 8,61 0,11 5,27 5,10 0,993 0,993
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SENTINEL-3_B JASON-3F 31807 8,76 0,11 5,37 5,19 0,993 0,993
JASON-3F SENTINEL-6 306 -10,00 -2,43 4,40 4,61 0,993 0,994
ERS-1 TOPEX_A 17675 14,63 -1,08 9,79 5,95 0,99 0,99
ERS-2 TOPEX_A 27270 2,37 -3,51 8,45 6,21 0,989 0,99
ERS-2 TOPEX_B 30349 1,06 -0,29 13,86 13,37 0,949 0,953
TOPEX_B JASON-1E 9364097 8,63 0,03 2,64 2,82 0,998 0,998
JASON-1E JASON-2D 8705496 -0,82 -0,02 2,12 2,27 0,999 0,999
JASON-2D JASON-3D 10654786 0,48 0,03 2,20 2,33 0,999 0,999
MEAN 24202452 3,53 -0,57 5,71 5,19 0,990 0,991
MEDIAN 40080 2,85 0,03 4,91 4,91 0,993 0,994

An additional verification is carried out by computing error statistics between in situ platform
and altimeter records before and after bias correction. These statistics are shown in Table 3.2.
The largest normalized bias reduction reaches 17.5% (between Jason-3F and in situ data)
and the mean normalized bias is reduced from 1.2% to -0.6%.

Table 3.2: Error metrics based on comparisons at in situ match-ups

NBIAS (%) Sl (%) R
Mission NVAL
Raw Adjusted Raw  Adjusted Raw  Adjusted

ERS-1-REAPER 2274 -13,82 -5,89 18,44 18,06 0,93 0,93
TOPEXF_TOPEX_A 3755 -3,11 -8,38 17,27 17,16 0,941 0,94
TOPEXF_TOPEX_B 4918 0,56 -0,53 16,87 16,96 0,947 0,946
ERS-2-REAPER 4825 -1,24 -2,74 17,72 17,99 0,932 0,932
JASON-1E 9826 12,28 0,77 15,80 15,64 0,955 0,956
ENVISAT-V3 7058 1,80 -0,70 15,94 15,91 0,955 0,955
JASON-2D 15226 11,72 -0,63 14,12 13,99 0,968 0,969
SARALF 11379 17,50 -1,35 17,79 17,83 0,951 0,953
JASON-3F 5704 24,68 7,18 20,70 20,44 0,938 0,94
SENTINEL-3_A 005 8298 -2,32 -0,19 20,26 19,88 0,94 0,941
SENTINEL-3_B_005 4684 -1,43 0,97 19,82 19,33 0,946 0,947
SENTINEL-6_A_FO08 2743 6,20 7,00 28,15 28,46 0,89 0,882
MEAN 6724 4,40 -0,37 18,57 18,47 0,94 0,94
MEDIAN 5311 1,18 -0,58 17,76 17,91 0,94 0,94

Sentinel-1 SAR mode data is provided in Sea_State_cci version 4 CDRs. Algorithm
development calibration and verification procedures for both the DLR and Ifremer processing
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methods provided in Sections 3.2 and 3.4 of the Product Validation Plan. No substantial
changes have been made to those methods.

In particular, the DLR development process involves the use of both the Météo-France
WAve Model (MFWAM) output, based on the IFS-WAM code, jointly developed by ECMWF
and Meteo-France. These results are available with a spatial resolution of 1/12 degrees,
available from 2016 onwards from CMEMS (2024). Sea state data from a large number of in
situ data buoy measurements were used for algorithm verification. All these details are
documented in (Pleskachevsky et al., 2022; 2024).
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4. Validation of Level-2 altimetry significant wave height [WP4130]

The CCIv4 altimetry L2p CDR includes the following missions: ERS-1, ERS-2, Topex, Jason-
1, Envisat, Jason-2, Cryosat-2, SARAL-Altika, Jason-3, Sentinel-3A/B and Sentinel-6A MF.
CClIv4 altimetry CDRs span 1992 to 2023 (complete years). ERS-1, ERS-2 and Topex
altimeters represent new additions compared to the version 3 CDR, and extend the record
back into the 1990s. Sentinel-3B and Sentinel-6A MF, together with extensions to the other
current missions; Cryosat-2, SARAL-Altika, Jason-3 and Sentinel-3A, provide new data up to
2023 (complete year). For 2024, some monthly data is provided depending on availability.
Note that long term climatological values of Hs are calculated using complete years only, to
avoid the introduction of bias from partial years at the beginning or end of any mission record.

In this section, global data from selected missions is intercompared with ERAS monthly mean
Hs and RY2023 altimetry. In general, climatological average values of Hs are calculated. For
the altimetry datasets (CClv4 and RY2023), both 90th percentile (P90) and standard deviation
(sd) of Hs are also calculated. In particular, the periods of the first 10 years of the record (1992
to 2001), represented by ERS-1/2 and Topex, and the last 10 years (2014 to 2023),
represented by Cryosat-2, SARAL-Altika, Jason-3 and Sentinel-3A are examined. Noting its
importance for multimission intercalibration, and its occurrence during the middle of the CClv4
record, Jason-2 (2009 to 2018) is individually intercompared with the reference data.

Analysis of CClv4 data is based exclusively on the variable “swh_denoised”’. Quality control is
enforced through filtering “swh_quality _level’ for “good” data, indicated by a value of 3, against
each 1 Hz data point. Data is gridded to 2° x 2° grid cells by taking the median value of all the
valid data along each complete track segment within the cell, with a minimum of 5 separate 1
Hz observations. These median values, often referred to as “super observations”, are
subsequently used to generate climatological summary statistics.

Mean Hs for CClv4 Jason-2 (2009-2018) is intercompared with ERA5 monthly data. JJA and
DJF "seasonal” global values are shown in Figures 4.1 and 4.2 respectively. In both
datasets, typical climatological patterns for different seasons are apparent, with the most
energetic conditions occurring in the lower (JJA) and higher (JFM) latitudes. Little difference
can be detected visually but percentage difference is shown in Figure 4.3. Globally,
differences are small (up to ~5%), with an overall tendency for CClv4 to show lower values
than ERA5. However, in a few cases, regional differences can reach ~20%. These occur
largely in swell dominated regions, sheltered seas and the northern Indian Ocean. While the
percentage differences can be large, since average Hs in these regions is often close to 1 m
(Figures 4.1, 4.2), absolute differences are quite small (< ~20 cm). It is not unusual to find
discrepancies between various reference datasets in these regions, although the exact
causes remain unclear. A possible explanation is that low wave heights, dominated by swell,
are represented differently due to the specific data source and production methodology.
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Figure 4.1: Mean Hs for 2009 to 2018 (JJA) on a 2° x 2° grid for Jason-2 from CClv4 (top)
and ERAS5 (bottom).
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Figure 4.2: Mean Hs for 2009 to 2018 (DJF) on a 2° x 2° grid for Jason-2 from CClv4 (top)
and ERAS5 (bottom).
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Figure 4.3: Difference in mean Hs (CClv4 - ERAS) for 2009 to 2018 on a 2° x 2° grid for
Jason-2 during JJA (top) and DJF (bottom).

Difference in mean Hs (middle panel), P90 Hs (top panel) and Hs sd (bottom panel) for Jason-
2 (2009-2018) between CClv4 and RY2023 is shown in Figure 4.4. Globally, differences in
mean Hs are small (up to ~5%) and broadly homogeneous, with an overall tendency for CClv4
to provide slightly lower values than RY2023. However, a negative difference in the northern
Indian Ocean is apparent, somewhat consistent with the difference with ERA5 seen in Figure
4.3. The exact cause remains unclear. Interestingly, for P90 Hs, although CCIl shows a
tendency for lower values, across the global oceans the difference is highly consistent, with
only a small number of regional discrepancies. For sd (bottom panel), CClv4 shows a
tendency for lower values at higher and lower latitudes. This is likely linked to the denoising
processes applied to CClv4 Hs. Seasonally higher values of sd for CClv4 can be seen in some
regions (Pacific and sub-tropics). Reasons for this are unclear.
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CClv4 - RY2023 2009-2018 [JJA] CCiv4 - RY2023 2009-2018 [DJF]
JASON-2 JASON-2

Figure 4.4: Difference in Hs statistics between Jason-2 from CClv4 and RY2023 for JJA (left)
and DJF (right) on a 2° x 2° grid, covering 2009 to 2018.

4.3.1 Comparisons with ERA5 monthly

The earlier (and later) parts of the satellite observational record are important since bias can
disproportionately affect the representation of long term Hs trends. Mean Hs for CClv4
ERS-1/2 and Topex (1992-2001) is intercompared with ERA5 monthly data. Figure 4.5
shows AMJJAS (top panel) and JFMOND (bottom) "seasonal” global percentage difference.
Results are rather similar to those seen for the intercomparison of Jason-2 in Figure 4.3.
However, in this case the difference appears to be slightly larger, particularly in swell
dominated regions. The northern Indian Ocean is again seen to exhibit the latest
discrepancy.
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Figure 4.5: Difference in mean Hs (CClv4 - ERAS) for 1992 to 2001 on a 2° x 2° grid, using
ERS-1, ERS-2 and Topex during AMJJAS (top) and JFMOND (bottom).

Difference in mean Hs (middle panel), P90 Hs (top panel) and Hs sd (bottom panel) for ERS-
1/2 and Topex (1992-2001) between CClv4 and RY2023 is shown in Figure 4.6. While these
results are similar to the comparison with Jason-2, in this case the apparent underestimation
seen in CClv4 compared to RY2023 for mean and P90 Hs is somewhat larger. Globally there
is little variation, with a magnitude approaching 10% in most regions. For sd (bottom panel),
CCIv4 shows systematically lower values almost everywhere. Again, this is likely linked to the
denoising processes applied to CClv4 Hs.
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CCIv4 - RY_1992-2001 [AMJJAS] CClv4 - RY_1992-2001 [JFMOND]
ers-1_CClIv4, ers-2_CClv4, topex CClv4 : ERS-1, ERS-2, TOPEX ers-1_CClv4, ers-2_CClIv4, topex CClv4 : ERS-1, ERS-2, TOPEX

Figure 4.6: Difference in Hs statistics (CClv4 - RY2023) for 1992 to 2001 on a 2° x 2° grid,
using ERS-1, ERS-2 and Topex during AMJJAS (left) and JFMOND (right).

4.4.1 Comparisons with ERA5 monthly

To complement the comparisons in the first 10 year period, mean Hs for CClv4, (1992-2001)
is intercompared with ERA5 monthly data. Figure 4.7 shows AMJJAS (top panel) and
JFMOND (bottom) "seasonal” global percentage difference. Results are similar to those
seen for the intercomparison of 1992-2001 (Figure 4.5) although in this case the differences
appear to be consistently closer to zero. In some swell dominated regions, differences are
slightly larger (~5%), and again the northern Indian Ocean showing the largest difference for
JFMOND. More sheltered seas, including the South China Sea and Indonesia, show more
variation in difference.

Over most of the global oceans, the closer agreement in Hs climatology in this more recent
time period suggests a convergence over time in observations and reanalysis. This might be
expected due to increasing, and more accurate, observations, together with a concurrent
improvement in modelling. However, regional discrepancies still exist, mostly associated with
swell dominated regions.
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Figure 4.7: Difference in mean Hs (CClv4 - ERAS) for 2014 to 2023 on a 2° x 2° grid, using
Cryosat-2, SARAL and Sentinel-3A during AMJJAS (top) and JFMOND (bottom).

The corresponding intercomparison with RY2023 for the most recent 10 year period is shown
in Figure 4.8. The same three satellite missions and sensors are used for the comparison. As
seen for ERADS, differences in both mean and P90 Hs are remarkably small (< 5%) and globally
homogeneous.

Of particular note in this comparison is that the strong regional discrepancies, such as in the
northern Indian Ocean and sub-tropics, are largely absent. One possible explanation is that
the consistency and accuracy of the most recent mission source data used here is overall
much improved compared to earlier missions (such as ERS-1/2), so that both CClv4 and
RY2023 arrive with highly consistent datasets. Only very small differences in calibration can
be seen, with CCIv4 slightly lower in value.

Differences in Hs sd (bottom panels) are also mostly very low (< 5%), but there appears to be
some cause of a larger discrepancy, possibly associated with a single mission. SARAL has
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exhibited some historic instability which may be relevant, and possibly filtered out by the CClv4
denoising process.

CCIv4 - RY_2014-2023 [AMJJAS] CClv4 - RY_2014-2023 [JFMOND]
cryosat-2 CCIva, saral_CCIvd, jason-3_ CCIvd, sentinel-3a_CClv4 : CRYOSAT-2, SARAL, JASON-3, SENTII  cryosat-2 CClv4, saral_CCIv4, jason-3_CCIv4, sentinel-3a_CCIv4 : CRYOSAT-2, SARAL, JASON-3, SENTII

P90 P90

Figure 4.8: Difference in Hs statistics (CClv4 - RY2023) for 2014 to 2023 on a 2° x 2° grid,
using Cryosat-2, SARAL and Sentinel-3A during AMJJAS (left) and JFMOND (right).

Data intercomparisons throughout this section tend to be based on abundant and somewhat
uniform global sampling. For example, with the exception of Jason-2, three missions have
used over a time period of at least 10 years. However, we draw attention to the fact that
some missions exhibit orbital and sampling variation. In particular, Cryosat-2 operates in
different altimetry modes. Over most of the global oceans the altimeter operates in traditional
low resolution mode (LRM), but over a number of regions, including the European shelf, it
switches to synthetic aperture radar (SAR) altimetry mode. This “mode masking” can
possibly lead to unexpected data sampling characteristics, and data instability, depending on
the time and location of the analysis.

To illustrate this, data sampling for all complete years 2011 to 2023 (JFMOND seasonality)
is shown in Figure 4.9 for CClv4 (top) and RY2023 (bottom). The “box-like” discontinuities in
the regular sampling pattern indicate the application of the SAR mode mask. In these
regions, little or no LRM data is captured, and so is not included in CClv4 or RY2023.
However, for some SAR regions, the mask is not permanently applied though the mission
history, and so at least some data is available. An important consideration therefore, when
using Cryosat-2 data in these regions (or subset thereof), is whether a consistency of data is
available, and that (e.g. seasonal) bias is not introduced.
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Furthermore, in Figure 4.9, both panels are very similar, but with some very small difference
in data sampling levels, indicated by small differences in colour. For example, under close
scrutiny, one can see that RY2023 shows a slightly larger sample over Europe. This is
attributed to different original data sources.
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Figure 4.9: Data sample patterns (ONDJFM) per 2° x 2° grid cell for CCIv4 L2p Cryosat-2
(top panel) and RY2023 (bottom panel). Note that the square features are due to the Cryosat
SAR-mode mask.

5. Validation of Level-4 significant wave height [WP4120]

5.1 Scope

5.1.1 CCI

The data release for CClv4 includes an update to the Level-4 (L4) gridded monthly dataset on
a global 1° x 1° grid. The dataset follows the same formatting and data structure as version 3.
It comprises the following missions: ERS-1, ERS-2, Topex, Jason-1, Envisat, Jason-2,
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Cryosat-2, SARAL-Altika, Jason-3, Sentinel-3A/B (PLRM) and Sentinel-6A MF. Temporal
coverage is from 1992 (complete year) until 2024 (January only).

The L4 gridded product is intended for efficient long term analyses based on monthly summary
statistics, including the mean and max observed Hs. More extreme measures of Hs can also
be studied, though the use of the threshold exceedance statistics. For example, within each
month, the number of individual observations exceeding certain levels of Hs (e.g. at various
values between 0.5 m and 10 m) are recorded. These can be used directly, or to generate a
coarse estimate of the monthly Hs distribution. However, these data are not considered in this
report.

Having already examined global Hs climatologies from the constituent L2p datasets, in this
section, long term linear trends are estimated, and intercompared with ERAS, in a way similar
to that reported in the PVIR version 3 and Timmermans et al. (2020). Data are regridded to a
global 2° x 2° grid, where monthly values are used to fit a linear model to explain the linear
trend. For consistency with the PVIR version 3, trends are calculated on seasons JJA and
JFM.

Here, comparisons with the CClI version 1 long term altimetry CDR (1992 to 2017) and ERAS
monthly mean Hs, are provided.

Trend estimation is an area of continuing interest and particularly relevant under global
warming and climate change. Linear trends can be estimated using annual mean Hs from the
L4 product. Timmermans et al. (2020) found little difference between linear regression and the
widely used non-parametric “Sen” method (Young & Ribal, 2019; Hirsch et al., 1982).

The PVIR version 3 reported long term linear trend estimates using the version 1 L4 dataset
spanning 1992 to 2017. We are now able to update that work with the CCIlv4 L4 dataset.
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1992-2017 (CClv1_L4): LM trend in swh_mean (JJA,n_summer,none)
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Figure 5.2: CClv4 L4 mean Hs trend for JJA (1992 to 2017) on a 2° x 2° grid.

Comparison between trends from the CClv1 and CClv4 datasets for JJA are shown in Figures
5.1 & 5.2. Differences are small, although overall we see a strengthening of trends globally,
with some regional exceptions: in the Atlantic equatorial and lower latitude regions, trends are
somewhat reduced (towards zero). These changes are likely due to the CCIv4 recalibration
(compared to CCIv1) of earlier missions including ERS-1/2 and Topex. The strongest trends
are seen in the Southern Ocean, exceeding 1 cm / year, largely consistent with other findings
(Young & Riba, 2019; Casas-Prat et al., 2024).

A similar pattern of change in trends in CCIv4 is also seen for JFM (Figures 5.3, 5.4), in
particular, higher latitude (negative) trends are positively increased (compared to CClv1) and
in the tropical Indian Ocean trends now appear more neutral.
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Figure 5.3: CCIv1 L4 mean Hs trend for JFM (1992 to 2017) on a 2° x 2° grid.
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Figure 5.4: CClv4 L4 mean Hs trend for JFM (1992 to 2017) on a 2° x 2° grid.

The CClv4 dataset now provides data up to 2023 (complete year), adding 6 years to the
existing record. Linear trends, calculated using the same method, are obtained and shown in

Figures 5.5 & 5.6.
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Figure 5.5: CCIv4 L4 mean Hs trend for JJA (1992 to 2023) on a 2° x 2° grid.
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Figure 5.6: CClv4 L4 mean Hs trend for JFM (1992 to 2023) on a 2° x 2° grid.

The updated results reflect the difficulties in estimating global trends over a relatively short
time period in a system of high variability. Updates for both JJA and JFM, now including years
2018 to 2023, both show diminished trend magnitudes (both negative and positive) compared
with the earlier evaluations. For JJA in particular, trends appear to be close to zero over most
of the globe, with the exception of the Southern Ocean. The region west of Australia now
shows a negative trend with a much reduced magnitude. For JFM, regional trend variability in
the northern hemisphere remains, vis-a-vis positive trend in the North Atlantic vs negative
trend in the North Pacific, although with reduced magnitudes (possibly excepting the North
Pacific). The positive trend in the Southern Ocean is also somewhat diminished.

5.2.2 Trend estimation from ERA5 (JFM only)

Linear trends for JFM only are computed for ERA5 over two different time periods. Firstly, we
note that issues with ERA5 long term Hs trends have been identified (Timmermans et al.,
2020; Meucci et al., 2020), along with a general disparity between trends from reanalyses
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(Casas-Prat et al., 2024), whereby instability in the earlier ERA5 record was introduced due
to changes in assimilation schemes.

Trends for ERAS during 1992 to 2023 (JFM) are shown in Figure 5.7, which can be seen to
differ somewhat from those over the same period and season from CClv4 altimetry (Fig. 5.6).
In general, trends are lower, particularly in the Southern Ocean.
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Figure 5.7: ERA5 mean Hs trend for JFM (1992 to 2023) on a 2° x 2° grid.

However, taking trends over the past 20 years, thereby excluding instabilities in the earlier
ERADS record, both datasets can be seen to be in quite close agreement. Trends from 2004 to
2023 from CCIlv4 are shown in Figure 5.8, which can be compared with those from ERAS5 in
Figure 5.9. On inspection, ERA5 may exhibit very slightly lower trends, but the spatial patterns
and magnitude of trends are remarkably similar.

These results are consistent with those shown for data from individual missions in Section 4,
that over the past decade or so, there appears to be very little difference between various
reference data sources (e.g. CClv4, RY2023, ERAS). This is likely further evidence of steady
historical improvement in satellite data accuracy and modelling.
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Figure 5.8: CClv4 L4 mean Hs trend for JFM (2004 to 2023) on a 2° x 2° grid.
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Figure 5.9: ERA5 mean Hs trend for JFM (2004 to 2023) on a 2° x 2° grid.
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6. Validation of wave parameters from SAR imaging [WP4140]

Building on the SAR-derived datasets from Envisat ASAR and Sentinel-1 (S1), produced
during phase 1, version 4 CDRs provide additional data from S1 wave mode (WV) and new
data from S1 “Interferometric Wide-Swath” (IW) and “Extra-wode” (EW) modes. Two
processings of S1 WV are available, from DLR and Ifremer (IFR).

With the failure of S1-B in December 2021, only years beyond 2021 (up to Dec 2024) are
available for S1-A. DLR processing is based on the “CWAVE” machine learning method
(Pleskachevsky et al., 2022), whereas the IFR processing is based on the “QUACH2020”
(Quach et al. 2021). No changes in the algorithmic processing is reported from version 3
CDRs and so results are expected to be largely consistent with those found in the PVIR
version 2.

From DLR, a similar range of sea state parameters are available, which includes: Hs total,
Hs windsea; three moments of period and partition Hs for two partitions. Ifremer processing
provides only total Hs. For reference, the approximate global spatial coverage of the different
S1 operating modes is shown in Figure 1 of Pleskachevsky et al. (2022).

Note that, as was the case for CCl version 3 CDRs, no intercalibration between SAR and
L2p altimeter datasets has yet been applied in version 4.

In this section, climatologies for SAR parameters including total Hs (DLR and Ifremer), Tm2
and swell primary Hs (DLR) are compared with both the CCI L2p (Jason-3, Cryosat, SARAL,
Sentinel-3A) and ERAS monthly fields.

This section presents the S1 (DLR processing) climatological mean Hs compared with
altimeter L2p version 4.

During AMJJAS “season” (Figure 6.1), the northern hemisphere experiences less energetic
sea states than ONDJFM, and S1 appears to overestimate, ranging from 5%, up to 10% in
places, compared to the L2p. The overestimate at lower wave heights is particularly
apparent in swell dominated regions during ONDJFM. Mean Hs in these regions can be as
low as 1 m. However, this difference appears to be less pronounced for higher wave heights
as seen for P90 Hs (top panels).

In general, for larger wave heights, such as during the Southern Ocean winter (Figure 6.1),
agreement between S1 and the L2p is good.

Note also that the difference in Hs standard deviation (sd, bottom panels) frequently exceeds
the lower scale bound (-35%) resulting in some black speckled patterns, showing out-of-
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range values. This is not due to “bad” data, but an issue of constraining the scale for
consistent visualisation. This phenomenon is relatively homogenous over the globe. The
cause of the large difference in sd, where S1 appears to underestimate with respect to the
L2p, remains unclear but may be linked to the nature of the sampling and differences in the
respective derivation methods for Hs observations. For example, estimated Hs sd may be
artificially low if, for any reason, a sensor were to systematically miss, or underestimate, the
peak Hs events. In this case, that would correspond to the SAR missing, or smoothing, the
peaks leading to a lower data variance. Unequal sampling between the two analyses could
also lead to biases and differences in the representation of Hs variability.

For reference, sample counts (for AMJJAS, 2017-2023) are shown in Figure 6.3. While there
is spatial heterogeneity due to the different operational modes of the SAR and altimeters
(reported previously in the PVIR version 2), the overall level of sampling between the two
SARs (top panel) and three altimeters (bottom panel) is comparable. Therefore, it seems
unlikely that sampling alone should lead to such dramatic differences in the Hs sd. However,
S1 SAR measurements (single image processing based on a ML methodology) are also
derived in a rather different way to the altimeters (smoothed along-track high frequency
samples), and thus the interpretation of a sampling comparison may not be intuitive.
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S1-WV - CCIv4_2017-2023 [AMJJAS]
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Figure 6.1: Differences in global seasonal (AMJJAS) climatological values (P90, mean and
standard deviation) of Hs between CClv4 L2p and Sentinel-1A/B WV.
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S1-WV - CCIv4_2017-2023 [JFMOND]
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Figure 6.2: Differences in global seasonal (JFMOND) climatological values (P90, mean and
standard deviation) of Hs between CClv4 L2p and Sentinel-1A/B WV.
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Figure 6.3: Data sample patterns (AMJJAS) per 2 degree grid cell for Sentinel-1A/B WV (top
panel) and CClv4 L2p (bottom panel). Note that the square features in the bottom panel are
due to the Cryosat SAR-mode mask.

6.2.2 Long term climatology [DLR processing] compared with ERA5

This section presents the S1 (DLR processing) climatological mean Hs compared with ERAS
monthly fields. As such, only a comparison of the mean climatology is available, shown
seasonally in Figure 6.4.

Overall, for both seasons, there is relatively little difference between S1 and ERAS5. Globally,
the net difference appears to be slightly positive (< ~5%). However, there is considerable
regional heterogeneity in differences, with the largest differences associated with sheltered
and coastal seas. The northern Indian Ocean and far western Pacific are notable examples.

Some of these differences may be linked to differences in spatial resolution between the two
datasets, where S1 WV samples at 20km x 20km compared with 0.5 degree grid cells in
ERAS. However, the regions of difference correspond somewhat to those seen for the L2p
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altimetry CDR (e.g. Figure 6.2), suggesting that the differences are induced in some way by
the S1 processing, rather than specific to ERA5.

swh: S1-WV - ERA5_2017-2023 [AMJJAS]

wv_dIr-sla-CCiv4, wv_dir-s1b-CClv4 : ERA5_monthly
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swh: S1-WV - ERA5_2017-2023 [JFMOND]
wv_dlr-sla-CCiv4, wv_dIr-s1b-CCilv4 : ERA5_monthly
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Figure 6.4: Differences in global seasonal AMJJAS (top) and JFMOND (bottom)
climatological values of Hs between Sentinel-1A/B WV and ERAS monthly fields.

This section presents the S1 (IFR processing) climatological mean Hs compared with L2p
version 4.

During AMJJAS (Figure 6.5), the equatorial and swell dominated regions show moderate
positive mean bias that largely disappears for P90 Hs. However, this grows stronger during
ONDJFM (Figure 6.6). This is spatially consistent with the DLR processing, although a
stronger effect, notable in the northern India Ocean and far western Pacific. At higher and
lower latitudes, where sea states are seasonally stronger, S1 data underestimates with
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respect to the L2p. This underestimate is quite severe (10% to 20%) at larger wave heights,
particularly for the North Pacific summer, and Southern Ocean winter, as shown by the P90
Hs.

Note also that the difference in standard deviation (bottom panels) frequently exceeds the
scale range (-35%) resulting in some black speckled patterns in the figures. As for Figures
6.1 & 6.2, this is not caused by “bad” data. As seen for the DLR processing, the large
difference in standard deviation may be attributable to a general low bias at large Hs.
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S1-WV - CCIv4_2017-2023 [AMJJAS]
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Figure 6.5: Differences in global seasonal (AMJJAS) climatological values (P90, mean and
standard deviation) of Hs between CClv4 L2p and Sentinel-1A/B WV.
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S1-WV - CCIv4_2017-2023 [JFMOND]
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Figure 6.6: Differences in global seasonal (JFMOND) climatological values (P90, mean and
standard deviation) of Hs between CClv4 L2p and Sentinel-1A/B WV.
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This section presents the S1 (IFR processing) climatological mean Hs compared with ERA5
monthly fields. A comparison of the mean climatology is shown seasonally in Figure 6.7.

Regional heterogeneity in differences can be seen, similar to the DLR processing, with the
largest differences associated with sheltered and coastal seas. The northern Indian Ocean
and far western Pacific are notable examples, where the latter difference seems to be
somewhat stronger than for DLR processing, approaching 20%.

More striking is the apparent underprediction in the Southern Ocean (AMJJAS) and North
Atlantic (JFMOND). This is similar to the comparison seen with the CCIv4 altimetry, and
largely expected since the altimetry is in broad agreement with ERAS.

swh: S1-WV - ERA5_2017-2023 [AMJJAS]
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mean

5

-5

% Diff
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Figure 6.7: Differences in global seasonal AMJJAS (top) and JFMOND (bottom)
climatological values of Hs between Sentinel-1A/B WV and ERA5 monthly fields.
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DLR processing for Sentinel-1 SAR images generates a number of sea state parameters
included in the CDR. In this validation, global averages of Tm2 and swell primary Hs are
considered.

This section presents the S1 (DLR processing) climatological mean Tm2 (see Section 2.1)
compared with ERA5 monthly. A comparison of the mean climatology is shown seasonally in
Figures 6.8.

Overall, in both seasonal periods, agreement between the two datasets is good. During
AMJJAS (top panel), some small regional variations of up to approximately 5% are apparent,
which increase slightly during JFMOND. Regionally, these variations coincide closely with
those seen for Hs, and are localised to equatorial, swell dominated and sheltered regions.

Tm2: S1-WV - ERA5_2017-2023 [AMJJAS]

wv_dIr-sla-CCliv4, wv_dir-s1b-CClv4 : ERA5_monthly
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Tm2: S1-WV - ERA5_2017-2023 [JFMOND]
wv_dIr-sla-CClv4, wv_dir-s1b-CClv4 : ERA5_monthly
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Figure 6.8: Differences in global seasonal AMJJAS (top) and JFMOND (bottom)
climatological values of Tm2 between Sentinel-1A/B WV and ERAS5 monthly fields.

This section presents the S1 (DLR processing) climatological mean swell primary Hs
compared with ERA5 monthly data. Figure 6.9 shows the results for AMJJAS (top panel) and
JFMOND (bottom panel). Interestingly, distinct regions of agreement and disagreement are
apparent. In both seasons, good agreement can be seen in the higher and lower latitudes.
However, disagreement, exceeding 20% in some locations, is apparent in the sub-tropics,
particularly in the Atlantic and Indian Oceans. Both spatially, and in magnitude, the
discrepancy is similar in both seasonal periods. We speculate that the areas of strongest
discrepancy may be associated with the lowest values of swell Hs, but secondary well
systems may be relevant, and further investigation is needed.

swell_swh_primary: S1-WV - ERA5_2017-2023 [AMJJAS]

wv_dIr-sla-CClv4, wv_dir-s1b-CClv4 : ERA5_monthly
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swell_swh_primary: S1-WV - ERA5_2017-2023 [JFMOND]
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Figure 6.9: Differences in global seasonal (JFMOND) climatological values of swell primary
Hs between Sentinel-1A/B WV and ERA5 monthly fields.

Data from Sentinel-1 SAR "Interferometric Wide-swath Mode” (IW) is a new addition to the
Sea_State_cci CDRs. Like S1 WV data, sea state data generation is based on the DLR “C-
WAVE” processing algorithm. Notably, however, IW mode provides data over the entire image
domain, giving rise to abundant spatial information within each image. This differs from S1
WYV, based on smaller images, since only one estimate of local wave parameters is generated
per image. In this section we provide an overview of the characteristics of this CDR, and
intercompare with the CClv4 altimetry and ResourceCode high resolution wave hindcast (see
Section 2.3.1).

Similar to wave mode (WV), DLR processing for Sentinel-1 SAR IW images generates a
number of sea state parameters included in the CDR. In this validation, global averages of
total Hs, together with Tm2 and primary swell Hs are considered. Be aware that for version 4,
no intercalibration has been performed between SAR and altimetry CDRs (for Hs). This is
anticipated in later versions.

6.4.1 Data structure

S1 IW mode captures sea surface observations in images that span approximately 250 km x
250 km of ground coverage—far larger than the 20 km imagettes captured in WV mode.
Although the resolution is reduced with respect to WV, images may be processed to provide
wave parameters on a grid within each image. For the CClv4 S1 IW CDR, a grid of ~5 km
within each image is used. Images are captured every ~25 s along-track. As such, the CDR
comprises around 750,000 imagettes, each providing a grid of approximately 35 x 50 cells for
each wave parameter. This is a substantially larger dataset than the equivalent from an
altimeter.

Some data “snapshots” captured over the U.K. in January 2020 are shown in Figure 6.10,
although note that each descending strip of images is separated by approximately 48 hours.
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The spatial structure of the Hs can be seen within each snapshot, and the spatial gradient in
Hs, approximately from west to east, corresponds to the prevailing wind conditions for the U.K.
winter. The sheltering effect of the land can be seen on the east coasts.

Only data from images from the descending passes of S1A are shown in Figure 6.10, while
the location of some “interleaved” passes are indicated by white outlines. No data from
ascending passes is shown, nor are data from S1B. While the density of imaging varies
geographically due to S1 operational mode switching (see e.g. Figure 6.13 for global counts),
in some areas, such as the U.K. and European shelf, data density can be high. In addition to
Hs fields, “swell primary Hs” fields for the same “snapshots” over the U.K. are shown in Figure
6.11. Note that the wave height scale is reduced to a maximum of 5 m, and that a large
difference in the western and eastern sides of the U.K. indicates the absence of swell in the
North Sea compared to the Atlantic.

Sentinel-1A (Descending tracks):

Interferometric Wide-swath mode
Hs field snapshots (CCI DLR processing)

2020-01-04

2020-01-06 06:38:02
06:21:39 % 2020-01-02

/ 06:54:24

(+25 s repeat)

‘ Interleaved
' imaging

-10 0
Figure 6.10: Hs fields from single imagettes from Sentinel-1A IW, captured in January 2020.
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Figure 6.11: Swell primary Hs fields from single imagettes from Sentinel-1A IW, captured in
January 2020.

Another example of S1A data is shown in Figure 6.12, where wave sheltering from the
Caribbean Island of Anguilla is shown. Cells of data shown in black are associated with islands
in the vicinity (quality flagged as “bad”). Although limited to spatial resolution of approximately
5 km, S1 IW data may prove valuable for applications in areas such as the Caribbean,
including validation of local wave model output and regional conditions.
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Figure 6.12: A Hs field from a single imagette from Sentinel-1A IW, captured in January
2017 around the Caribbean Island of Anguilla. For reference, wave direction from ERA5
monthly fields is denoted by white arrows.

6.4.2 Global summary

While S1 operates in IW mode over much of the global coastlines, it nonetheless captures a
substantial amount of sea state data far from the shore. This is clear from a global analysis,
where the European shelf is particularly heavily sampled. Sample counts on a 1° x 1° grid are
shown in Figure 6.13. In this case, where a sufficiently large section of an individual IW mode
imagette (> 100 points) intersects a particular grid cell, the median value is obtained, and
counted as a single “super-observation”. This is somewhat analogous to taking an along-track
average from altimeter data. Super-observations are then used to calculate statistics in the
usual way.
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Figure 6.13: Total sample counts based on a 1° x 1° grid for Sentinel-1A/B IW mode during
2017 and 2023.

2017-2023 [annual] 2017-2023 [annual]
sla-iw_CCiv4, sib-iw_CCiva saral_CCIv4, jason-3_CCIv4, sentinel-3a_CCiva,

, sentinel-3b_CCivd

Figure 6.14: Hs statistics(annual) on a 1° x 1° grid for Sentinel-1A/B IW mode (left) during
2017 to 2023 and CClIv4 altimeters SARAL, Jason-3, Sentinel-3A/B (right).

Long term (2017-2023) wave statistics are shown in Figure 6.14 (left panels) compared with
CCIv4 altimeters covering the same period. In this case, a sampling criteria of a minimum of
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400 samples per grid cell is imposed in order to avoid spurious data. In fact, S1 IW mode
captures small samples of data in many coastal and open ocean locations (removed here by
the sampling criteria), but such data is insufficient to obtain meaningful long term statistics.
Visually, agreement across the difference statistics appears to be reasonable but a global
scale presentation is not particularly suitable for this type of data. A close up comparison over
the North Atlantic, European shelf and Mediterranean is shown in Figure 6.15.

For the comparison of mean Hs we see fairly close agreement with CClv4 altimetry at most
offshore locations. However, there is a tendency for S1 IW to exceed the altimetry, which is
particularly apparent in the eastern Atlantic, in the Bay of Biscay and at lower latitudes, where
the discrepancy can reach ~20%. The Mediterranean shows spatial variability in agreement,
although similar to elsewhere, S1 IW tends to be positive close to the coast.

In spite of limited sampling, Hs P90 statistics (Figure 6.15, top panel) from the two datasets
show good agreement in many areas, seemingly better than the mean. Similar to the mean,
coastal P90 appears to be consistently higher in the S1 data. Elsewhere, at least two regions
of negative discrepancy (blue colour) are apparent. To the east of the U.K. and western
Mediterranean S1 IW appears to be underestimating larger wave heights. Reasons for this
are unclear although it is possible that sampling heterogeneity has led to selective
undersampling (by S1) of more energetic sea states in these areas. These anomalies are also
strongly apparent in the comparison of standard deviation (Figure 6.15, bottom panel).
Negative differences in sd suggest that S1 IW is underestimating the variability, perhaps due
to missing the extremes in these areas. Nonetheless, the cause of the regional distribution of
these biases remains unknown. This will be investigated in future work.
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Figure 6.15: Differences in global annual climatological statistics of Hs between Sentinel-
1A/B IW and CCIvA4.
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6.4.3 Coastal analysis

While the S1 IW mode CDR can be used to support larger scale regional applications (see
e.g. Figure 6.15), it is rather better suited to smaller scale coastal studies, providing as it does,
coverage of most global coastlines, with a limiting spatial resolution of ~5 km.

In this report, a short initial validation of S1 IW coastal sea state parameters is presented by
comparing with the ResourceCode (RSCD) long term wave hindcast (see Section 2.3.1). High
resolution coastal hindcasts like this dataset are particularly suitable since they provide a
range of sea parameters that can be readily compared with the S1 observations, at a spatial
resolution similar, or better than, S1 IW mode data.

The sea state parameters considered are total Hs, Tm2 and swell primary Hs.

6.4.3.1 Region of study

The RSCD domain spans the European shelf and Mediterranean, which provides substantial
opportunity for intercomparison, in particular noting the coverage of S1 IW data. In this study,
we select only a single image location captured over a region to the southwest of Ireland,
shown in Figure 6.16 (see also Figure 6.10). For this site and image orientation (taken on the
S1A descending pass), S1A has a revisit period of approximately two weeks. A long term
study, based on S1A alone, therefore yields approximately 25 images per year, and close to
200 over the seven year period, 2017 to 2023, available in the CDR. In fact, data in this area
could be substantially augmented through the use of S1A ascending tracks, and any spatially
coincident data available from S1B (limited to 2017 to 2021).

SARAL tracks

S1 imagette
50 x 32 cells

/
match-ups

Figure 6.16: An example of Hs data from a descending pass of S1A is shown as the regular
grid structure, comprising 50 x 32 cells, each approximately 5 x 5 km in spatial extent.
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Corresponding data node locations from the RSCD hindcast unstructured grid are
represented as circles. The fill colour indicates the model value of Hs. As an example of a
possible collocation methodology, [ and triangles indicate S1A cells and RSCD node
points that are paired by using a maximum spatial separation criteria of ~1.5 km.
Collocations form a random and heterogeneous distribution.

For reference, the locations of some coincident 1 Hz altimeter samples from SARAL are
shown in . Furthermore, the locations of two moored data buoys, operated by the U.K.
MettOffice, are shown as yellow diamonds (one partially obscured by SARAL tracks).

Figure 6.16 shows an example of a possible collocation methodology between S1A and the
RSCD data. Since the RSCD provides hourly data, temporal collocation with S1A (or other
satellite) can be made within a 30 minute window. Together with an appropriate spatial
collocation, a pairwise dataset can be created, from which detailed analysis can be conducted.

A possible spatial collocation scheme is illustrated in Figure 6.16. Hs data from an image from
a descending pass of S1A is shown as a regular grid structure, comprising 50 x 32 cells, each
approximately 5 x 5 km in spatial extent (see also Figure 6.10). Corresponding data node
locations from the RSCD hindcast unstructured grid are represented as circles. The fill colour
indicates the model value of Hs taken within 30 minutes of the S1A data. As an example of a
collocation methodology, red and blue triangles respectively, indicate S1A cells and RSCD
node points, that are paired by using a maximum spatial separation criteria of ~1.5 km.
Collocations can be seen to form a random and heterogeneous distribution, although it turns
out that many data locations do not meet this criteria. Nonetheless, a large number of
collocations (~86,000) are identified for the S1A period of coverage (2017 to 2023).

Note that, for reference, in Figure 6.16 other relevant data sources are shown as examples
and could be added to any analysis for further comparison. 1 Hz altimeter samples from
SARAL are shown in white, and the locations of two moored data buoys, operated by the U.K.
MettOffice, are shown as yellow diamonds (one partially obscured by SARAL tracks). Data
from these sources is not considered in this example.

Using the collocation methodology shown in Figure 6.16, the resulting pairwise dataset from
S1A and RSCD produced the Hs anomaly statistics shown in Figure 6.17. For the entire
annual data (Figure 6.17, panel A), agreement appears largely unbiased, although the data
scatter is relatively high. RMSE w.r.t. A linear regression is found to be 0.47 m. A sea state
dependent bias appears to lead to bias at higher values of Hs. For collocations conditioned
on seasons (panels A-D), only small differences in the statistics can be seen. Nonetheless,
the presence of some outlying data motivates further investigation.
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Figure 6.17: Hs anomaly from S1A and RSCD hindcast collocations (2017 to 2023) in the
coastal and offshore waters to the southwest of Ireland (Fig. 6.16). Seasonal comparisons
are shown in panels; Annual (A); DJF (B);, ONDJFM (C); AMJJAS (D)

Anomaly statistics for Tm2, computed in the same way, are shown in Figure 6.18. In this case,
correlation is typically still high (~0.9) but scatter is increased, with an RMSE from a linear
regression found to be 0.61 s for the annual data (panel A). In the Atlantic, near Ireland, mean
period Tm2 is typically lowest during the summer months (AMJJAS, panel D), which is when
we see the poorest agreement between the two datasets. As seen for Hs, but more acute for
Tm2, the presence of some scattered and widely outlying data motivates further investigation.
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Figure 6.18: Tm2 anomaly from S1A and RSCD hindcast collocations (2017 to 2023) in the
coastal and offshore waters to the southwest of Ireland (Fig. 6.16). Seasonal comparisons
are shown in panels; Annual (A); DJF (B);, ONDJFM (C); AMJJAS (D)

The final parameter to consider in this section is swell primary Hs. Anomaly statistics are
shown in Figure 6.19. In this case, agreement between the two datasets is poorest, with
correlation ranging between 0.57 and 0.71. Most apparent is a strong Hs dependent bias in
S1A where estimates are low w.r.t. to RSCD. This bias does not appear to be substantially
affected by season. Since accurate ocean swells can be difficult to model numerically (see
e.g. PVP section 3), particularly their timing, it is possible that these strong biases are due to
temporal misalignment, and that the model data may be at fault. However, a more detailed
investigation is required, and these results suggest that swell Hs data should be used with

caution.
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Figure 6.19: Swell primary Hs anomaly from S1A and RSCD hindcast collocations (2017 to
2023) in the coastal and offshore waters to the southwest of Ireland (Fig. 6.16). Seasonal
comparisons are shown in panels; Annual (A); DJF (B);, ONDJFM (C); AMJJAS (D)

Intercomparisons in the previous section, based upon aggregate collocation of S1A and RSCD
data within an S1A image domain, provide useful insights, but have the disadvantage of losing
the detailed spatial information provided by the S1 IW mode CDR. Indeed, a particular novelty
and benefit of the S1 IW mode data is that spatial variation of sea state, including long term
sea state gradients, may be obtained within the image domain (e.g. Figure 6.16). Such
information can also be found from altimetry data, where altimeters frequently revisit on the
same orbit, but this is limited to only the along-track direction. In this respect, S1 offers
considerably more information with complete direction coverage. Using the same spatial
domain, an example of results from a spatial comparison with RSCD, is shown in Figures 6.20
and 6.21.
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In this case, a new longitude / latitude grid is defined within the collocation domain, with a bin
size of approximately 15 km square. The collocation criteria is now modified to include all data
available within those bins. We consider only mean Hs climatology (2017 to 2023) from S1A
for the domain, which is shown in Figure 6.20. The magnitude of the mean, strongly dependent
on seasons, ONDJFM and AMJJAS, is shown in panels A and B respectively. Within the new
grid, data seem spatially coherent and the gradients seem reasonable, although in Figure
6.20(A), lower values of Hs can be seen to the north, where one might expect more
consistency with data further south, due to exposure to the North Atlantic.

Using a similar binning methodology for the RSCD data, the mean Hs from the two datasets
can be compared on the same spatial grid. Results are shown in Figure 6.21. As seen in
Figure 6.17, for most of the collocation domain, RSCD has a tendency for higher values of Hs,
apparently increasing with increasing distance to coast up to around 0.3 m offshore. However,
agreement is better at lower values of Hs, typically seen during the summer. These fairly small
discrepancies in the mean suggest good data consistency and are encouraging. Extremely
negative differences (strong blue colours), seen close to the coast, are very likely related to
inappropriate spatial match-ups associated with a strong conflict of spatial resolutions very

S1A).

Finally, we note that although bias may be present, in one or other of the datasets, gradient
information is available from S1A and shown clearly in Figures 6.20 and 6.21. However, a
peculiar zonal band is apparent in the most northerly data. This remains unexplained but is
very likely related to data sampling heterogeneity, rather than real discrepancy in the data.
Data collocation on misaligned grids, as is the case here (See Figure 6.16), can introduce
sampling issues if not carefully implemented. This remains a matter for further investigation.
Analysis over a wider domain is desirable but beyond the scope of this report. Additionally,
the spatial collocation grid employed here, with ~15 km bins, could be further refined, since

S1A provides data at a scale of ~5 km.
Y
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Figure 6.20: Mean Hs from S1A (2017 to 2023) in the coastal and offshore waters to the
southwest of Ireland. Seasonal comparisons are shown; ONDJFM (A); AMJJAS (B)

Public document 58



LOPS and CCI_Sea_state Team CCI+ Phase 2: Sea_State_cci: PVIR
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Figure 6.21: Mean Hs from S1A (2017 to 2023) in the coastal and offshore waters to the
southwest of Ireland. Seasonal comparisons are shown; ONDJFM (A); AMJJAS (B)
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7. Conclusions and Future work

This report captures results from the validation and intercomparison of the Sea State CCI
version 4 CDRs with a variety of high quality reference data. In general, while areas of
discrepancy have been identified across all CDRs and reference data, very few dramatic data
conflicts have been identified. Nonetheless, the abundance of new data within the version 4
CDRs, in particular the range of new parameters from Sentinel-1 SAR modes, both offshore
and coastal, motivate further and on-going studies. Within the limits of available resources,
updates to this document will be provided with the release of version 5 CDRs, anticipated in
early 2026.

Overall, in most cases the version 4 CDRs have been found to compare closely with high
quality reference sea state datasets. Key points are identified as follows:

e Hs trends (Sections 3 and 4): Addition of the newly intercalibrated ERS-1/2 and Topex
altimetry data extends the version 3 CCI altimetry Level-2 along-track and Level-4
gridded CDRs back in time to 1992. However, in terms of seasonal climatological
values of Hs over the record, these missions show a divergence (up to 10% in mean
Hs) from other widely used datasets such as RY2023 and ERAS. This has the effect
of increasing Hs long term trend estimates compared to the earlier version 1 CDR,
although note that updated global trends over the extended time period (up to 2023),
calculated following the approach of the PVIR version 3 (phase 1), appear to show
lower gradient magnitudes overall. Furthermore, over the past 20 years only, very
strong agreement was found in mean Hs trends between the CCI Level-4 and ERA5S
data.

e Low sea states (Section 5): A range of discrepancies, mostly associated with the low
climatological wave heights of the sub-tropical and swell dominated regions, have
been identified between CCl CDRs and other reference data sources. These affect
both evaluations from altimetry and SAR data. Such discrepancies have been
identified previously (see e.g. PVIR version 2), but persist without a detailed
explanation.

e Section 6.2.3: The Ifremer processing of Hs from Sentinel-1A/B WV mode shows a
discrepancy with respect to both the DLR processing of the same mission, and the
version 4 CCI altimetry CDRs. In particular, larger wave heights associated with long
term P90 Hs (> ~5 m) appear to be underestimated by at least 20% in some areas.
The causes of this discrepancy are not yet understood and so caution is advised. Note
also that no intercalibration between altimetry and SAR datasets has yet been
undertaken.

e A preliminary analysis of mean wave period (Tm2) and swell1 Hs partition data from
the DLR S1A/B WV CDR, shows generally good agreement with ERA5 mean fields
over much of the globe. As noted elsewhere, some strong disagreements have been
seen regionally, usually associated with sub-tropical and swell dominated regions.

e Polar regions have not been considered explicitly and marginal ice zones are likely to
be contaminated, so analysis within these areas should be undertaken with caution.

e Arange of data from different operating modes of Sentinel-1, is provided in CCI version
4 CDRs, although at this time, no independent validation of this data has yet been
undertaken. These data include; Hs windsea, swell secondary Hs, further period
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parameters beyond Tm2, and the entire processing of “Extra-wide Swath Mode” (EW).
Users are advised to proceed with caution.

Key areas for updates in the next revision of this document are identified as follows:

e |tis intended that Sentinel-1A/B IW mode data will be expanded to further geographic
regions through the use of other high resolution regional hindcasts.
e Time series of wave parameters from a limited number of moored buoys will be

examined (see e.g. PVIR version 2).
e Hourly ERA5 data will be processed to provide more extreme measure of Hs, beyond

the limitations of monthly fields.
e Additional long term wave data from (non-assimilating) hindcasts will be used to

augment climatological and trend analysis.
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