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Abstract 

CryoSat-2 (C2) was launched in 2010 and has been retrieving values of sea surface height anomaly (SSHA), significant wave height 
(SWH) and wind speed (WSP) ever since. Although these oceanographic variables were secondary aims, an operational CryoSat Ocean 
Processor was implemented in 2014. This study provides details on the routine monitoring process for the various products alongside 
additional analyses using a 13-year dataset of quality-controlled Baseline C data. Most of this study focussed on Low Resolution Mode
(LRM) data with some specific studies of Synthetic Aperture Radar (SAR) mode. No substantial issues with the data were observed but
additional studies of SWH and WSP are recommended.

Global mean sea level (GMSL) from C2 has a trend of 4.2 ± 0.3 mm/year which agrees, within uncertainties, from other data sources.
Regionally the patterns in SSHA trend agree with other sources. SWH from similar analyses found no significant trend but WSP trend 
was 3.3 ± 0.2 (cm/s)/year. For GMSL and WSP data from descending passes (C2 moving south) have non-significantly higher trends 
compared to data from ascending passes. Regionally, apart from a few, small areas (primarily around Southeast Asia), trends in C2
WSP are positive and agree with a previous study using multiple altimeters.

Biases have been identified including between LRM and SAR using successive differences in SSHA, SWH and WSP. Similarly, sea-
sonally varying biases between ascending passes and descending passes are found, which in turn vary by hemisphere. 

Comparisons were made between tide gauges based on data from the Permanent Service for Mean Sea Level (PSMSL) and gridded
(1°) SSHA from C2. For both LRM and SAR, the significant correlations were positive and similar, albeit slightly lower, to previous 
studies. 

Routine reports compare C2 SWH to that from the WaveWatch3 model (WW3) with the latter on average (mean) ∼15 cm higher with
a few exceptions. This was confirmed using WW3 and C2 SWH on the same monthly grid where the difference was found to be 10–20 cm, 
and all correlations were positive (∼0.8–0.9). There are strong differences between C2 SWH and WW3 by hemisphere (bias is greater in 
Southern Hemisphere) and the variability of correlations is greater in the Northern Hemisphere. The relationship is more complex as
there is some evidence that at low SWH WW3 tends to be higher than C2 whereas at higher SWH C2 SWH is higher than WW3.

There is a bias between C2 WSP and that from ERA5 that is negative (ERA5 WSP higher than C2 WSP) at higher WSP and a less
pronounced positive bias at low WSP. Comparisons of trends in WSP from C2 compared to ERA5 are more complex and patterns in 
both do not fully match. These results are possibly as a result of altimeters being unable to resolve low WSP (<∼2 m/s).
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1. Introduction 

CryoSat-2 (C2) was the first European ice mission 
launched by the European Space Agency in 2010. C2′s  Syn-
thetic Aperture Interferometric Radar Altimeter (SIRAL) 
was primarily designed for measuring sea ice freeboard 
and ice sheets. However, the use of SIRAL data over global
oceans was a secondary requirement, and operational
ocean products were developed from 2014 onwards via
the CryoSat Ocean Processor (COP).

The COP provides a number of data products (Time 
Critical/TC: Near real time Ocean Product, NOP; Interim 
Ocean Products, IOP; and Non-time Critical/NTC Geo-
physical Ocean Products, GOP). NOP are typically avail-
able within three hours of acquisition and IOP within 
three days. GOP are available within about 30 days of
acquisition and use consolidated orbits and as such repre-
sent the best quality of the three data products.

Section 2 of this paper provides an introduction to the 
routine quality control (QC) routines performed by the 
National Oceanography Centre (NOC). The NOC pro-
vides routine daily and monthly reports on COP products
and these are readily available from https://qras.earth. 
esa.int/?mis=CryoSat&ins=SIRAL. 

Section 3 introduces the additional analyses of this study 
using a 13-year dataset of quality-controlled GOP data. 
Specifically, we present results of the cu rrent operational
processing version (Baseline C), which was introduced in
late 2017 in Section 4. A new processor version (Baseline 
D) was introduced in October 2024 and as such this paper, 
in association with the reports introduced in the next sec-
tion, can be considered as a final summary of the quality
of Baseline C ocean data. Readers interested in the perfor-
mance of Baseline D can consult the reports presented in
Section 2 below. 

For dates before November 2017 the data presented are 
the reprocessed data whereas later data were produced by 
the operational processing chain. We report on the quality 
of significant wave height (SWH) and wind speed (WSP) as 
available in the GOP data and a value of sea surfa ce height
anomaly (SSHA) calculated from variables within the data
files. Similar analyses from the earlier Baseline B data can
be found in the routine reports (using the above URL) as
well as, for example, in Bouffard et al. (2018), Calafat
et al. (2017),  o  r Naeije and Bouffard (2021). 

C2 operates in a variety of modes over the ocean, this is 
primarily Low Resolution Mode (LRM; conventional 
pulse limited altimeter). Many coastal regions are covered 
in Synthetic Aperture Radar (SAR; enhanced along-track 
resolution also known as Delay Doppler Altimetry) mode.
The other mode is Synthetic Aperture Radar Interferomet-
ric (SARIn) and is primarily used over ice sheet edges
where SAR is enhanced by the use of a second antenna
(Parrinello et al., 2018) which enables the relocation of 
the echoes in the across-track direction. LRM is of suffi-
cient resolution for most oceanographic purposes with
the notable exception of coastal and polar regions. In
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coastal regions SAR has proved to be of significant benefit 
in both lowering noise and measuring closer to the shore
(Benveniste et al., 2019; Vignudelli e t al., 2019; Fenoglio
et al., 2021) as has specialised retracking of LRM data
(e.g. Passaro et al.,2014; Cazenave et al., 2022). The oper-
ating mode over any given location can be varied and is 
predefined using the mode mask and an example of this
is given in Fig. 1. 

It is worth noting that unlike most satellite altimeters, 
until 2020 C2 had a long repeat orbit (∼369 days with a 
30-day sub-cycle) ch osen to provide a high number of
cross-over points in polar regions as well as covering south-
ern Greenland (Bouffard et al., 2018). Since 2020, the orbit 
of C2 was changed with the beginning of the CRYO2IC E
campaign to provide near-coincident measurement with
NASA’s ICESat mission.

Naeije et al. (2023) have recently identified a number of 
issues with the quality of the SIRAL data including issues 
with the corrections for the ionosphere and pole tide; a 
jump in significant wave height between SAR and LRM;
and a bias in range between ascending and descending
passes.

In the next section, we present sample results from the 
routine quality control reports along with details of the 
QC philtres applied to data in these reports and the longer
time series GOP data in Sections 3 and 4. 

2. Routine quality reports and quality control 

A standard approach to QC has been applied to all data 
presented here (i.e. routine reports and long-time series 
data). Firstly, any measuremen ts flagged as bad within
the NetCDF files (based on those variables containing qual

in the name in European Space Agency (2019)) or that are 
from an orbit identified as biassed are removed. In addi-
tion, the thresholds on the measurements/corrections in
Table 1 are used to remove outliers. As an example of some 
of the information contained in the monthly reports,
Table 1 also provides the percentage of data removed for 
the QC criteria for GOP in November 2023. Finally, for 
1 Hz data to be considered usable, the number of 20 Hz
datapoints in the stack must be 10 or above.

Monthly reports are provided with a latency of 1– 
2 months to allow for the collection of GOP and validation 
data. As such a small number of monthly reports are avail-
able for Baseline D but consideration needs to be made of 
the latency of the different products to account for when
the new Baseline reports are appropriate. An ongoing
reprocessing of Baseline D will enable a fuller study of
Baseline D when sufficient data are available.

For each routine report, based on the predicted ground 
tracks, the theoretical number of 1 Hz data points are cal-
culated. This theoretical upper value alongside the number 
of data points that pass QC (referred to as science-valid) 
allow us to calculate the percentage of valid data. Fig. 2, 
which is taken, as an example, from the November 2023 
monthly report, shows the percentage of valid SSHA data

https://qras.earth.esa.int/?mis=CryoSat%26ins=SIRAL
https://qras.earth.esa.int/?mis=CryoSat%26ins=SIRAL
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Fig. 1. Example of CryoSat-2 mode mask (version 3–8; https://earth.esa.int/eogateway/instruments/siral/geographical-mode-mask). White is Low 
Resolution Mode (LRM) over ocean; red is LRM over land/ice sheets; orange is Synthetic Aperture Radar (SAR); and blue is SARIn (SAR –
interferometric mode). The black box labelled SAR is discussed in Section 3.3. 

Table 1 
Routine quality control of SIRAL data for routine reporting, any values outside of these ranges are excluded from the analyses. The last column provides
the percentage of data excluded in November 2023.

Parameter Minimum threshold Maximum threshold Sample Percentage 
(November 2023)

SSH anomaly −3  m 3  m 0.2  
Standard deviation of SSH anomaly 0 m 0.20 m 1.0 
Inverse barometer correction −2  m 2  m 0.0  
Wet tropospheric correction −0.5 m −0.001 m 0.0 
Dry tropospheric correction −2.5 m −1.9 m 0.0 
Ionospheric correction −0.4 m 0.04 m 0.0 
Sea state bias −0.5 m 0 m 0.1 
Sigma0 7 dB 30 dB 0.2 
Standard deviation of sigma0 0 dB 0.23 dB 4.1 
SWH 0 m 15 m 0.0 
Standard deviation of SWH (1-Hz block) 0 m 1 m 1.3 
Altimeter wind speed 0 m/s 30 m/s 0.0 
for every day in the month for NOP, IOP and GOP. For all 
three products the percentage is on average over 70 % with 
a slightly higher standard deviation for NOP (10.1 %) com-
pared with IOP and GOP (both 7.3 %). This is perhaps not 
surprising given the timeframe for deliv ery as discussed in
the next section. It should be noted that the percentage
of science-valid for IOP and GOP are not always identical
(e.g. for March 2024 the values are 72.2 % and 71.6 % for
IOP and GOP respectively).
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2.1. Latency 

The latency requirements for COP products relate to the 
different user requirements and meeting these requirements 
is monitored through the routine reports. As an example,
Fig. 3 shows, for November 2023, the latency for NOP, 
IOP and GOP against their target delivery windows of 
3 h, 3 days, and 30 days respectively. IOP and GOP are 
clearly providing the data within the target windows whilst

https://earth.esa.int/eogateway/instruments/siral/geographical-mode-mask


C.J. Banks et al. Advances in Space Research 76 (2025) 2561–2577

Fig. 2. Percentage of science-valid 1 Hz SSHA records over ocean and lakes relative to theory for each day in November 2023 for (left to right) NOP, IOP
and GOP. The means (l) and standard deviations (r) of the percentages are also shown.

Fig. 3. Box-and-whiskers plot for the (left to right) NOP, IOP and GOP latency showing for each day in November 2023 the first and third quartiles 
(bottom and top of the grey box), the median (thick black in box), the 5 % and 95 % percentiles (lower and upper whiskers), the mean (solid, blue line) and
the mean ± 1 standard deviation (dashed, blue line). The percentage of records delivered within 3 h (NOP), 3 days (IOP) and 30 days (GOP) is also shown
(red, right y-axis). The horizontal black line denotes the latency target.
∼60–70 % of NOP is delivered within the 3-hour target. 
The clear periodicity for GOP is expected behaviour due 
to the data generation model, in particular, depen dency
on availability of orbit files. These values are typical of
other months and the information is available in the
reports.

3. Data and methods 

The data used here are based on along-track, 1 Hz GOP 
(Level 2) and if not explicitly stated are only LRM. The 
data period covered is from 1 January 2011 to 31 Decem-
ber 2023. All data have the QC procedures discussed above
applied. There are a number of times for which there are no
data available, these can be found detailed at https://earth. 
esa.int/eogateway/missions/cryosat/data/data-unavailabil-
ity-periods. 

As many validation data sources are based on gridded 
values, the along-track C2 data were averaged over gridded 
datasets. A number of resolutions of monthly, gridded QC 
GOP data were tested (0.5°, 1.0°, 2.5°,  5° and 10°). Mostly 
2.5° resolution provided the necessary balance of represen-
tativeness and sufficient data, but this will be specified in 
the text. In a similar way, both mean and median values
were calculated but here we present only means as there
was little difference. In addition, the gridded means were
calculated separately for measurements from ascending
and descending passes. Details of the validation data
sources used for comparison are given in Sections 3.5–3. 8. 
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3.1. SSHA calcul ation

It should be noted that the combination of corrections 
used below (and in the routine reports) are not identical 
to the calculation of SSHA in the GOP data files supplied 
by ESA (ssha_01_ku). Further details of the data product 
calculations and corrections can be found in the product 
handbook supplied by ESA (2019). The differences with
ssha_01_ku are the use of CNES-CLS15 for MSS and
FES2014b for the tide correction. Here the corrected range
(CR) is calculated as the range corrected for: wet (WTC;
Fernandes and Lazaro, 2016) and dry tropospheric 
(DTC; from ECMWF) delays; ionospheric path delay 
(JPL Global Ionosphere Ma ps – GIM); and sea state bias
(SSB) simplified below in Eq. (1). SSB is computed using 
CryoSat data according to the methodology in Tran 
(2015) data from the same mode are used for 
LRM (/PLRM), and SAR , while the SSB from LRM is
used for SARIn.

CR range WTC DTC GIM SSB 1 

Sea surface height (SSH) is found by correcting CR for 
tides (solid Earth, ocean, loading and pole) and atmo-
spheric pressure (DAC; dynamic atmospheric correction) 
and subtracting from a ltitude of SIRAL (Alt) as per Eq.
(2). DAC can also remove wind effects but not in this case 
as the comparison is for monthly data and, for periods 
longer than 20 days, the DAC defaults to an inverse

https://earth.esa.int/eogateway/missions/cryosat/data/data-unavailability-periods
https://earth.esa.int/eogateway/missions/cryosat/data/data-unavailability-periods
https://earth.esa.int/eogateway/missions/cryosat/data/data-unavailability-periods
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barometer correction. The total geocentric ocean tide is 
solution 1 provided in the GOP NetCDF files (GSFC;
GOT).

SSH Alt CR GOT solid Earth tide 
geocentric polar tide DAC 2

SSHA is then simply found by subtracting MSS
(DTU15; Andersen, 2010, Andersen, 2022, Andersen and
Knudsen, 2009) from SSH. The values of SWH and WSP 
are taken directly from the variables in the GOP NetCDF
files.

3.2. Trend analyses

The method described below was used to calculate 
trends in SSHA, SWH and WSP for GOP alongside some 
of the additional data both globally and regionally (e.g. 
using gridded C2 data). Let Xt denote the value of the vari-
able X at time step t, where X can refer to SSHA, SWH, or
WSP. The regression model that we use to calculate the
trend and amplitudes of the annual and semi-annual cycles
can then be written as:

X t D Ct 
2 

i 1 
Bicos xit Aisin xi t et 3

where D is an intercept, C is the trend, Ai and Bi for i = 1,2, 
are constants, xi is angular frequency (x1 for the annual 
cycle and x2 for the semi-annual cycle), and et is an error 
term. In ordinary least squares (OLS), the errors et are 
assumed to be serially uncorrelated (among other assump-
tions). For climatic variables, however, this assumption is
often violated, which causes OLS to produce overly opti-
mistic uncertainty estimates. To account for serial correla-
tion in the residuals, we model et as a first-order
autoregressive process (AR1):

et qet 1 ut 4

where is an autoregressive coefficient that controls the 
degree of temporal autocorrelation, and ut is white Gaus-
sian noise. To fit the regression model we adopt a Bayesian 
approach, and thus assign prior distributions to all the 
unknown parameters of the model. Estimates are obtaine d
by numerically sampling from the so-called posterior distri-
bution using a Gibbs sampler. The general structure of the
model as well as the sampling approach are the same as
described by Chib (1993) and we defer to this study for full
details.

q 

Once estimates of the regression coefficients are avail-
able, the amplitudes of the annual and semi-ann ual cycles
(⍺i, for i = 1,2) are calculated as:

ai A2 
i B2 

i 5

Because estimates of Ai and Bi are in the form of sam-
ples from their joint posterior distribution, propagating
their uncertainties through Eq. (5) is automatic (i.e., the
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samples that results from applying Eq. (5) to each sample 
of Ai and Bi account for any dependencies in Ai and Bi). 
It is worth noting that the estimates of the regression coef-
ficients from this regression model are very similar to those
derived from OLS. However, in the presence of strong
serial correlation, the model with autocorrelated errors
yields more realistic uncertainty estimates.

For the global datasets, the results presented here 
include weighting the means by the cosine of the latitude 
in order to take into account the density of ground points.
Such an approach does not impact significantly on the
trend analyses (not shown).

3.3. LRM-SAR trans ition

In order to look at issues related to the SAR-LRM tran-
sition (bias), successive differences in SSHA, SWH and 
WSP with a maximum temporal separation of 2 s were cal-
culated. These values can then be averaged over each
month split by the difference in the operating mode flag.
This aspect of the work focusses on the SAR box shown
in Fig. 1 bounded by [28°S  3°S] and [142 W 110 W]. For 
each variable and month, there are then means correspond-
ing to three classes: from LRM to SAR; from SAR to
LRM; and no change in mode.

3.4. Ascending-descending bias

To reduce noise in the results, this part of the study used 
a grid resolution of 10°  ×  10°. For each grid cell the differ-
ence in mean monthly ascending minus mean monthly 
descending passes was calculated for SSHA, SWH and
WSP. The results were further averaged across all longi-
tudes and months to provide binned averages in (10°) lati-
tude bins.

3.5. Global mean sea level data

The current ocean reference altimetry mission is 
Sentinel-6 Michael Freilich and like its predecessors, which 
have been in orbit for over 30 years, has a repeat orbit of
∼10 days (e.g. Donlon et al., 2021). This provides a differ-
ent sampling of the oceans compared with the unique orbit 
of C2 and hence an alternative view of GMSL. Here we use
two readily available estimates of GMSL referred to as
Colorado (Sea Level Research Group and University of
Colorado, 2023) and Beckley (Beckley et al., 2017;
Beckley et al., 2021). 

3.6. PSMSL d ata

Comparisons of GOP and selected tide gauge locations 
is routinely presented in the monthly reports. Here, a more 
comprehensive comparison was undertaken using data 
from the Permanent Service for Mean Sea Level (Holgate 
et al., 2013; Permanent Service for Mean S ea Level
(PSMSL), 202 3). Specifically, we have used those tide
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gauges that have been reduced to the Revised Local Refer-
ence (RLR). For tide gauge data for the same time period 
(2011–2023) as C2, additional criteria were applied to 
ensure sufficient data were of a suitable quality at each 
location. These criteria included ensuring that there were
data for each of the 156 months that passed the PSMSL
quality flags and that no station had more than 12 occa-
sions with more than a week of missing data throughout
the period.

This resulted in 116 tide gauges. For consistency with 
the altimetry data, atmospheric pressure effects on sea level 
were removed from the tide gauge records using data from
the NCEP/NCAR reanalysis (Kalnay et al., 1996) and 
assuming an inverse barometer effect. The linear trend term 
from each tide gauge of these was then removed. If a grid 
cell contained more than one tide gauge, then the longest 
period of overlapping data from the two gauges were 
revised to have the same mean. This was repeated until 
all the gauges in a grid cell had the same origin and the val-
ues for each month were then averaged across tide gauges.
Before calculation of the (Pearson) correlations, the linear
trends in both the C2 and averaged PSMSL data have been
removed.

3.7. WaveWatch III data

The routine monthly reports incorporate a comparison 
of SWH from GOP with the Pacific Islands Ocean Observ-
ing System version of the WaveWatch III model (WW3;
https://www.pacioos.hawaii.edu/waves/model-global/ 
#about). This is a global 5-day, hourly forecast of SWH at 
∼50 km resolution that is run daily (Cheung, 2010 (updated 
2021)). For each month in the study period, the SWH for 
each model location is taken as the mean, which in turn 
is interpolated onto the same 2.5° grid as GOP data. The
interpolation is using the cubic option within the
MATLAB interp2 function (The MathWorks Inc., 2020). 

3.8. ERA5 data

ECMWF 5th generation reanalysis (ERA5) monthly 
averaged wind speeds (Hersbach et al., 1940) were obtaine d
from https://cds.climate.copernicus.eu/ on 7th March 
2024. ERA5 wind speeds have a horizontal resolution of 
0.25° and we have calculated the 10 m wind speed from 
the supplied eastwar d and northward components. The
data are interpolated to the 2.5° grid using the same
method as for WW3.

4. Results 

4.1. Trend analyses

4.1.1. Global trend s
Fig. 4 shows the time series for monthly, global mean 

SSHA, SWH and WSP from the QC GOP LRM data. This
is shown for all data and split by satellite direction (i.e.
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ascending or descending passes). In the SSHA/GMSL plot 
the timeseries are also shown for the Colorado and Beckley 
datasets. The two exter nal GMSL timeseries have had their
means shifted to match the mean of the C2 SSHA. The
legends in Fig. 4 provide the OLS and Bayesian trends 
and uncertainties from the latter approach: the best combi-
nation is that of OLS trend and Bayesian uncertainty (i.e. 
standard errors) and these are the values reported here. 
For GMSL, the trend from C2 is 4.2 ± 0.3 mm/year which
is marginally lower than that from Colorado or Beckley (4.
5 ± 0.1 mm/year and 4.3 ± 0.1 mm/year respectively) with a
larger uncertainty.

All three estimates of trend agree within the calculated 
uncertainties. Although GMSL from descending passes is 
generally higher than that from ascending passes the trends 
are similar. The trend for GMSL from ascending passes is 
4.3 ± 0.3 mm/year compared to 4 .2 ± 0.2 mm/year for
descending and as such agree with the combined GOP
timeseries and the other timeseries. Further results refer-
ring to the ascending versus descending issue are presented
in Section 4.3. 

There are no significant trends in GOP LRM SWH
(Fig. 4b) for either all data or split by satellite direction 
(all trends are 0.0 ± 0.0 m/year). There is also no obvious 
bias between ascending and descending passes; any differ-
ences are probably simply due to sampling.

Finally, Fig. 4c shows the trends in GOP LRM WSP 
with an overall trend of 3.3 ± 0.2 (cm/s)/year. As with 
GMSL, there is a tendency for higher values from descend-
ing passes along with a higher trend of 3.6 ± 0.3 (cm/s)/
year. The trend from ascending passes is lower at
3.1 ± 0.3 (cm/s)/year although like all the trends is not sig-
nificantly different from the others.
4.1.2. Regional trend s
Using the same methodology as for global trend analy-

sis, Fig. 5 shows the patterns in trends in C2 SSHA, SWH 
and WSP based on OLS. Only trends that are more than 
the uncertainty from zero are shown using the uncertainties
based on the Bayesian methodology. It should be noted
that Fig. 5 shows LRM only and so the Pacific SAR box 
(shown approximately by the box labelled SAR in Fig. 1) 
and North West European Shelf show zero trends (i.e. 
white). The Pacific SAR box had changed size wi th differ-
ent acquisition masks and as only locations with full time-
series are considered Fig. 5 represents the combined 
maximum extent of all incarnations. Fig. 5 also shows 
the results from ERA5 WSP based on the same method ol-
ogy but at the higher, native spatial resolution.

For SSHA, in general, the trends are positive with a few 
notable exceptions particularly in Indian Ocean and 
Northwest Pacific. This is in general agreement with the 
shorter timescales seen in Fig. 5 in Banks et al. (2023) from 
CryoSat (2011–2020) and the European Space Agency Cli-
mate Change Initiative Sea Level version 2 (Legeais et al .,
2018).

https://www.pacioos.hawaii.edu/waves/model-global/%23about
https://www.pacioos.hawaii.edu/waves/model-global/%23about
https://cds.climate.copernicus.eu/
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Fig. 4. Time series of CryoSat-2 monthly mean (solid black line) (a) global mean sea level (GMSL); (b) global mean significant wave height (SWH); and 
(c) global mean wind speed (WSP). Downward pointing triangles show the same just for descending passes and upward pointing triangles show for
ascending passes. Legend includes ordinary least squares trend/Bayesian Trend and uncertainty. (a) also includes GMSL trends from Colorado (solid red
line) and Beckley (solid blue line) as defined in the main text.

2567
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Fig. 5. Trends in CryoSat GOP LRM (a) sea surface height anomaly (SSHA); (b) significant wave height (SWH); (c) wind speed for the period 2011–2023
on 2.5° × 2.5° grid; (d) trends for ERA5 wind speed (0.25° × 0.25° grid resolution).
For SWH, except for the Indian Ocean, the geographi-
cal pattern in trends is similar to the results from Fig. 2A
in Young and Ribal (2019) for the period 1985–2018 based 
on a global assessment of satellite data. The mostly positive 
trends for WSP in C2 do match the results from (Fig. 1A in
Young and Ribal, 2019) for the period 1985–2018 but the 
negative trends seen in the other study (centred around 
Southeast Asia) are not clear in the C2 data. The patterns 
in C2 SWH, and to a lesser extent WSP, show some evi-
dence of tracks (trackiness): this suggests that the trends
may be overly influenced by individual events (e.g. storms).

The patterns in WSP from C2 do not correspond to 
those from ERA5; the latter showing distinct regions of 
WSP decreasing not seen in C2. It should be noted that 
C2, like other satellite altimeters, is unable to measure 
low values of WSP (< ∼2 m/s) and likely impacts on the cal-
culated trends. Note that ERA5 are monthly means so it is
not possible to simply philtre out low WSP in order to
match the C2 WSP.

4.2. LRM-SAR bias

For each variable, Fig. 6 shows the timeseries of the 
monthly, mean successive differences for: no change in 
mode; change from SAR mode to LRM; and change from
LRM to SAR mode for the study region labelled as SAR in
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Fig. 1. The versions of the mode mask are labelled and for 
versions where there is no SAR box in the region (i.e. 3.2, 
3.7 and 4.0) there are no data points. The number of mea-
surements for any given month are low (between 10 and 80)
and this is reflected in the 95 % confidence intervals shown
in Fig. 6. The 95 % confidence intervals for the no change 
category are essentially zero so are not shown. If the time 
window allowed for successive differences was relaxed to 
5 s rather than 2 s (not shown), then the maximum number
per month is still less than 80 but obviously the spatial sep-
aration of points is much higher.

As discussed above, the size of the SAR box varies 
amongst versions of the mode mask. However, the varia-
tion in the differences in Fig. 6 using any given version of 
the SAR box can be greater than the variation amongst
mode masks with different sized SAR boxes.

4.3. Ascending versus descend ing passes

As seen above (e .g. Fig. 4), there are biases in measure-
ments from ascending versus descending passes and these 
are explored in further detail here. In addition to consider-
ing the temporal evolution of the ascending minus descend-
ing signal globally (within 66°S–66°N), the timeseries are
presented by hemisphere (Fig. 7). For all three variables, 
strong variable signals are visible in all three timeseries.
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Fig. 6. Time series of monthly mean of successive (along track) differences for (a) SSHA, (b) SWH and (c) WSP. No change in mode is shown by solid, 
black lines, solid, blue line is change from SAR to LRM and solid, red line is change from LRM to SAR. The shading shows the standard error of
measurement for changes of mode. The divisions in the timeseries relate to changes in mode mask (versions 3.2–4.0).
For SSHA, the bias in monthly mean ascending minus 
monthly mean descending tends to be positive in the 
Northern Hemisphere (i.e. ascending greater than descend-
ing on average) wher eas it is always negative in the South-
ern Hemisphere. The magnitude of the seasonal cycle in
SWH bias in Fig. 7 overlaps the zero line and as such su p-
ports the findings in Fig. 4 that suggest there is no signifi-
cant bias. The results for the bias in WSP in Fig. 7 are a 
combination of the other two variables with strong sea-
sonal cycles but notable biases especially for Southern
Hemisphere. It should be noted that Fig. 7 is for LRM da ta
only.

4.4. PSMSL 

The correlations of monthly PSMSL tide gauge data 
with 1° (average) gridded C2 SSHA are shown in Fig. 8a 
for LRM and SAR data (where available given the mode 
mask). Results from other resolutions (0.5°, 2.5°,  5° and 
10°) of the mean gridded C2 SSHA were calculated but 
there was a peak in the number of observations for the 
one-degree resolution. All the significant correlations were 
positive (between 0.24 and 0.94 for LRM and 0.26 and 0.84
for SAR) with a mean of 0.67 for LRM and 0.59 for SAR.
For LRM, the mean correlation is 0.66 for 0.5° resolution,
0.67 for 2.5°, 0.65 for 5° but drops to 0.60 for 10°.

The inset in Fig. 8a shows the relationship of LRM ver-
sus SAR correlation coefficients, where both are available 
split by whether or not they are significant. Particular care
must be taken when considering these as the number of
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samples are limited. The distributions of the signi ficant
corelations are provided in Fig. 8b for the one-degree C2 
grid. It is hard to determine any differences in the distribu-
tions as there are too few SAR locations to be meaningful.

4.5. Significant wave height

In order to investigate C2 SWH, results from a compar-
ison with the WW3 model output described above are 
reported here. As with other variables in this study it
should be remembered that this is using monthly gridded
averages (in this case 2.5° resolution). Fig. 9a shows the 
bias (mean) between C2 SWH and WW3 SWH globally 
and split by hemisphere. In general, with a notable excep-
tion between mid-2012 and early 2015, C2 SWH is ∼0.1– 
0.2 m lower than SWH from WW3. It is not possible to 
identify whether this anomalous period is due to issues with 
one or more of the following: C2 data, WW3 model output
or geophysical causes. This period does correspond to
specific versions of the mode mask (3.3–3.5) and a period
of lower numbers of LRM measurements (∼10 % fewer;
not shown) which was considered as one possible cause.

In contrast , Fig. 9b shows a consistent pattern in the 
correlation between monthly, mean SWH from C2 and 
from WW3. Globally and for the Southern Hemisphere 
there is a correlation of ∼0.85 with a seasonal maximum 
variability of ∼0.05. For the Northern Hemisphere the sea-
sonal cycle includes sharp troughs, usually two per year, 
where, for some years, the correlation decreases to below
0.7.
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Fig. 7. Monthly mean ascending minus monthly mean descending for: (a) sea surface height anomaly (SSHA); (b) significant wave height (SWH); and (c) 
wind speed (WSP). Solid, black lines are global (66°S–66°N), dotted, red lines are Northern Hemisphere and dashed, blue lines are Southern Hemisphere.
Data are LRM only.
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Fig. 8. PSMSL plots (a) colour scale shows correlation of PSMSL RLR monthly tide gauge with monthly averaged 1°  ×  1° GOP SSHA for LRM (upward 
pointing triangle) and SAR (downward pointing triangle). Note: It is possible for a location to have both upward- and downward-pointing triangles. 
Significant correlations (95 %) are indicated by white plus (+) for LRM and white x for SAR. Inset shows correlation of tide gauge with LRM (x-axis) and
SAR (y-axis), where red asterisks indicate both correlations are significant (95 %). (b) Distribution of significant correlation coefficients using same as (a).
Black line shows LRM, Red line is SAR, and blue line is all data. Legend provides mean ± standard deviation and number of observations (Nobs) for each
mode(s).
To look at the relationship between monthly, mean C2 
SWH and WW3 SWH further, Fig. 10 shows C2 SWH 
as a function of C2 SWH minus WW3 SWH globally 
and split by hemisphere. There are no clear differences in
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the pattern amongst the subplots. The vast majority of data 
sits close to the zero bias line suggesting good agreement 
between C2 and SWH. Considering the pattern at lower 
intensity suggests that at low (C2) SWH there is more likely
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Fig. 9. Timeseries of (a) Monthly mean CryoSat (C2) significant wave height (SWH) minus monthly mean WaveWatch3 (WW3) SWH; and (b) correlation 
between monthly mean C2 SWH and WW3 SWH. For both plots, solid, black lines are for global study region (65°S–65°N); dotted, red lines are Northern
Hemisphere; and blue, dashed lines are Southern Hemisphere. The magenta lines in a) correspond to the labelled mode mask version.

Fig. 10. 2-D histograms of 2.5° gridded, monthly, mean CryoSat significant wave height (SWH) minus monthly mean WaveWatch3 (WW3) SWH (x-axis) 
against monthly, mean CryoSat SWH (y-axis) for (a) global study region (65°S–65°N); (b) Northern Hemisphere; and (c) Southern Hemisphere.
Histogram bins are 0.1 m in both dimensions and measurements in bins with less than 10 measurements are shown as grey dots.
to be a negative bias (WW3 tends to be higher than C2), 
whereas at higher SWH the opposite is the case with a ten-
dency for C2 SWH to be higher than WW3. It should be
noted that the colour scale in Fig. 10 is logarithmic and this 
pattern is clearer in the outliers than the bulk of the data. 
In the Northern Hemisphere there is a slight slope to the 
bulk of the data (i.e. yellow area), but this may be as a
result of the lower number of data pairs compared to the
other two subplots.

Looking at the spatial variation of the differences aver-
aged (median) over the full timeseries (Fig. 11) shows that 
the situation is more complex. Fig. 11a suggests that at low 
latitudes (generally lower sea state) the bias is low as is
(from Fig. 11b) the variability of the bias. In the Southern
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Hemisphere between about 35°S and 60°S, the bias is 
higher in magnitude with WW3 higher than C2 SWH with 
more variability in the bias. Whereas at lower latitudes and
in the Northern Hemisphere, Fig. 11 suggests that WW3 
and C2 are similar in magnitude or that the sign of the bias
is reversed (i.e. C2 SWH > WW3 SWH).

4.6. Wind speed

In a similar manner to the previous section, Fig. 12 pro-
vides 2-d histograms of the WSP bias between ERA5 and 
C2 globally and by hemisphere. There is a clear relation-
ship that at higher wind speeds there is a negative bias 
(i.e. ERA5 WSP is higher than C2 WSP). At lower WSP,
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Fig. 11. Geographical plot of the (a) median and (b) median absolute deviation (MAD) of monthly CryoSat-2 (C2) significant wave height (SWH) minus
WaveWatch3 (WW3) SWH for 2011–2023.

Fig. 12. 2-D histograms of CryoSat-2 wind speed (WSP) as a function of CryoSat-2 WSP minus ERA5 WSP. Histogram bins are 0.5 ms−1 in both
dimensions and measurements in bins with less than 10 measurements are shown as grey dots.
the opposite is the case (i.e. C2 WSP is higher than ERA5 
WSP) although this is not as pronounced. It should be 
noted that altimetry is not able to recover low WSP
(<∼2 m/s) from the waveforms and this is the reason for
the lack of low WSP data in Fig. 12. It is worth noting that 
the results for WSP from ascending and descending passes
provide similar patterns (not shown).

5. Discussion 

In this study we investigated the quality of C2 SSHA, 
SWH and WSP over a thirteen-year period (2011–2023
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inclusive). This work complements the findings available 
in the series of routine reports discussed in Section 2. These 
routine reports (daily for NOP/IOP and monthly for all 
products) can be used to identify any issues or changes in
the availability and quality of the COP.

A number of the additional results reported above were 
based on mean, monthly gridded values of SSHA, SWH 
and WSP in order to compare with validation/comparative 
data sources. Unlike other altimeters with repeat orbits of 
10–30 days, the long repeat orbit for C2 requires validation 
approaches employing some type of spatial and/or tempo-
ral averaging.
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5.1. Biases 

This study reports on the Baseline C version of COP and 
the issue of the biases between LRM and SAR has been a 
key focus of the recently implemented Baseline D version. 
In regions where the operating mode changes, given these 
biases, any trends or seasonal cycles need to be treated with 
caution until using the full timeseries from the improved 
Baseline D dataset. The method described above using suc-
cessiv e differences in SSHA, SWH and WSP did not con-
clusively identify any consistent bias most likely due to a
limited number of valid observations. This is also the case
for the operational monthly reports that considers pairs of
points (closest SAR location to matching LRM point) that
finds good agreement.

For SSHA, WSP and SWH there are seasonally varying 
biases between data from ascending passes versus descend-
ing passes, although much less substantive in SWH (over-
laps with zero; Fig. 7). In fact, these biases vary by 
hemisphere. For SSHA, the bias tends to be positive in 
the Northern Hemisphere (i.e. ascending greater than 
descending) whereas the opposite is the case in the South-
ern Hemisphere. Predominantly the finding for the global
SSHA bias is negative; supporting the finding of Fig. 4 that 
descending passes provide higher SSHA compared to 
ascending passes (influence of Southern Hemisphere higher 
due to more data). The bias in WSP is somewhere between 
the other variab les with strong seasonal cycles but notable
biases especially for the Southern Hemisphere towards the
end of the timeseries. In combination with Fig. 4c, there is 
some evidence that WSP from descending passes are higher
than WSP from ascending passes.

Naeije et al. (2023) contains further discussion of these 
biases, but in summary they calculated that between SAR 
mode and LRM for SSHA a 1.4 cm difference in range bias 
exists. This is explained by a 0.5 cm jump in sea state bias 
(corresponding to an equivalent SWH jump of 10.5 cm) 
the remaining 0.9 cm is due to a range bias between ascend-
ing and descending passes relating to a timing bias of
0.367 ms. In addition, Naeije et al. noted issues with the
ionosphere and pole tide correction with the latter giving
rise to an east–west pattern in range bias.
5.2. SSHA 

5.2.1. Global and region al SSHA trends
Globally the trend in LRM SSHA from C2 is 4.2 ± 0. 

3 mm/year (trend based on OLS with standard error of 
trend, accou nting for serial correlation). This value is in
agreement with results from the reference missions
(Fig. 4a) although is marginally lower than the values from 
Colorado (4.5 ± 0.1 mm/year) and Beckley (4.3 ± 0.1 mm 
year/year). Similarly there is no significant difference 
betwe en GMSL based on ascending passes (4.3 ± 0.3 mm/
year) and GMSL from descending passes (4.2 ± 0.2 mm/
year).
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In general, the regional trends in LRM SSHA are posi-
tive (Fig. 5a) except for a few regions but these are in agree-
ment with other studies. Due to a known offset in SSHA 
between LRM and SAR there a number of regions for
which no SSHA trend has been calculated, notably Pacific
SAR box (Fig. 1) and Northwest Europ ean Shelf.

5.2.2. PSMS L
In this study we used mean, gridded SSHA from C2 and 

compared, via correlations, to a set of high-quality tide 
gauges from the PSMSL. A variety of grid sizes were tested 
(from 0.5° to 10°), but the optimal balance of representativ-
ity and number of observations was found to be 1°. For all 
tide gauges, the significant correlations were positive with a 
mean of 0.67 for LRM and 0.59 for SAR. The number of
cells with tides gauges that can be paired with SAR data is
much less than the number with LRM data (17 cf 65).
There are a number of locations that correspond to both
LRM and SAR data and these show similar relationships
of the tide gauges (inset of Fig. 8a). The correlations of 
C2 and tide gauges here are similar, albeit slightly lower,
to other studies (e.g. Benveniste et al., 2020; Naeije et al.,
2023). This is perhaps not surprising as C2 data in this 
study take no account of the proximity of the alti metry
measurements to the tide gauge within the grid cell, unlike
the higher correlations found in Naeije et al. (2023). 

The geographical distribution of the PSMSL dataset 
matching all quality control constraints is far from ideal 
with a predominance in the Northern Hemisphere with 
the notable exception of parts of the Australian coast. 
The number of tide gauges is a function of the latency of 
the tide gauge data, as such repeating the analysis at a later 
stage might result in incorporating more tide gauge loca-
tions. Similarly, using less stringent quality control criteria
or allowing shorter time scales would also increase the
number of locations. However, these would also have
impacts on the correlations. Less stringent selection criteria
are routinely used in the monthly reports.

5.3. SWH 

For SWH there are no significant values in global trends 
either overall, based only on ascending passes or based
only on descending passes (Fig. 4b; all 0.0 ± 0.0 m/year). 
Except in the Indian Ocean, the regional pattern in SWH
trends (Fig. 5b) is in agreement with Young and Ribal
(2019). The visibility of tracks (trackiness) in Fig. 5b sug-
gests that the results are perhaps being influenced by indi-
vidual storms and, at least on a regional basis, longer
timeseries would be preferable.

The monthly quality reports provide comparisons of 
SWH from C2 compared to that from the WW3 model. 
On average WW3 has a mean ∼15 cm above C2 (based 
on monthly reports 2021–2023) with a few exceptions. In 
this study, we have considered WW3 and C2 SWH on 
t he same monthly, 2.5° grid. Over most of the time series
(Fig. 9a), we found that gridded C2 SWH minus WW3
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SWH was about −10 to −20 cm (i.e. same magnitude as 
that found in the monthly reports). We are not sure why 
the period mid-2012 to early 2015 does not match, it may 
be related to fewer LRM data. The global correlation
between gridded SWH from C2 and WW3 are consistent
varying with the seasonal cycle between 0.8 and 0.9
(Fig. 9b) and there are no anomalous values in the correl a-
tion during mid-2012 to early-2015.

The difference between gridded C2 SWH and WW3 is 
markedly different between hemisphere: the bias is greater 
in the Southern Hemisphere. However, the variability of 
the correlation is much more variable in the Northern 
Hemisphere with two troughs in most years including
dropping as low as 0.6 in 2023 compared to the peak values
of ∼0.9. The Southern Hemisphere correlation is ∼0.85 and
only varies by about 0.05.

The pattern in gridded mean SWH from C2 as a func-
tion of gridded mean SWH from C2 minus WW3 suggests
there is no clear difference in hemisphere (Fig. 10). How-
ever, there is a consistent pattern in the relationship that 
at low SWH there is a small, negative bias (WW3 tends 
to be higher than C2), whereas at higher SWH the opposite
is the case with C2 SWH higher than WW3. Given the
opposite result was identified for a previous processor
chain in Calafat et al. (2017) when results were considered 
monthly, careful study needs to be undertaken in studi es of
Baseline D. This is especially true given that Fig. 11 might 
contradict the findings on the sign of the bias from Fig. 10, 
although interpretation of Fig. 10 is limited by the logarith-
mic colour scale. The individual monthly differences (supp 
info) support the finding that the variability of differences is 
highly variable with large areas with positive differences. 
Further studies on SWH are limited by the geographical 
location of wave buoys with most buoys located in the
Northern Hemisphere. The hemispheric differences at
higher SWH/latitudes might be related to more observa-
tions (i.e. ocean area) in the Southern Hemisphere.
5.4. WSP 

The trend in global WSP is 3.3 ± 0.2 (cm/s)/year with the 
trends from ascending passes and descending passes in 
agreement within uncertainties. For most, but not all, 
months the mean WSP from descending passes is higher 
than that from ascending passes. It should be remembered
that satellite altimeters are unable to measure at low values
of WSP and as such care must be taken in comparing these
values with other models or datasets.

Regionally, apart from a few, small areas, the trends in
WSP from C2 are positive (Fig. 5c) and agree with Young 
and Ribal (2019). The exception is the negative trends seen 
in Young and Ribal centred around Southeast Asia are not 
clear in the C2 data. Although not as obvious as for SWH, 
there is some trackiness again suggesting use of reduced
spatial resolution or longer timeseries. The pattern in
trends in WSP from C2 compared to ERA5 suggest further
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work is required on this relationship. However, this is co m-
plicated by C2 not resolving low WSP.

Comparisons of the values of gridded C2 WSP as a 
function of the bias between C2 and ERA5 WSP are also 
complicated by C2 not showing the full distribution of 
C2 WSP. As C2 WSP increases so does the negative bias
(i.e. ERA5 WSP is higher than C2 WSP). Conversely, as
C2 WSP decreases the opposite is the case (i.e. C2 WSP
is higher than ERA5).

6. Conclusion 

In this study we have demonstrated the quality and con-
sistency of the C2 Baseline C GOP over a 13-year period 
for SSHA, SWH and WSP. An improved processing chain 
(Baseline D) has recently been introduced (October 2024) 
and a future study will aim to repeat a similar long-term
review of the quality of this new product. The performance
is already being monitored through the daily and monthly
reports discussed in Section 2 above. It is worth noting that 
the routine reports not only provide information on GOP 
but also on the quality and performance of the TC prod-
ucts (NOP and IOP).

Apart from the bias observed between LRM and SAR 
mode for SSHA, the quality of SSHA data from C2 are 
excellent. Over the study period, C2 has measured an 
increase of GMSL of about 5.5 cm comparable to the val-
ues of 5.9 cm and 5.6 cm from Colorado and Beckley 
respectively. Many dynamic regions (e.g. Kuroshi o and
Agulhas) are omitted from the C2 assessment of GMSL
as they are primarily covered by SAR mode; reduced or
zero bias between SSHA from SAR mode and LRM in
Baseline D will enable GMSL to be calculated to include
these regions.

What is perhaps surprising in the global trends is that 
although C2 suggests an increase in global mean wind 
speed of about 0.4 m/s over the study period, there is no
change in SWH. The reasons for this are not obvious
and may be in some way related to C2 unable to measure
low wind speeds. Young and Ribal (2019) found evidence 
that changes in the 90th percentile for both SWH and 
WSP are increasing faster than the trends in the means.
In addition, they observed significant trends over a greater
area for WSP compared with SWH.

The results of the validation against tide gauge observa-
tions confirms that the values of SSHA from C2 in the 
coastal zone are comparable in quality to measurements 
from other satellites. In particular, we find an average cor-
relation of 0.67 for LRM and 0.59 for SAR over all the tide 
gauges for monthly values, which is higher than the average 
correlation of 0.5 reported for along-track data f rom the
Jason satellite series derived using dedicated coastal
retracking (Benveniste et al., 2020; Cazenave et al., 2022). 
The correlation that we find for C2 (0.67 for LRM) is 
slightly lower than the values found for multi-mission grid-
ded altimetry products, such as the one from the Coperni-
cus Marine Environment Monitoring Service, which are
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typically > 0.7 (Benveniste et al., 2020). However, this is to 
be expected because such gridded products are generated 
using more sophisticated gridding algorithms that minimise 
the effects of small-scale variability and measurement
errors, leading to higher correlations with tide gauge data.

Potentially contradictory information on differences 
between SWH from C2 and model output (WW3) should 
be investigated further perhaps using additional data (e.g. 
from buoys). For example, we have found that at high lat-
itudes, especially in the Southern Ocean, C2 tends to show
lower values of SWH than WW3. Past studies have found
similar biases when comparing observations from Jason-1
with data from WW3 (Ardhuin et al., 2010), which suggests 
that the issue is with WW3 rather than C2. This is further 
supported by the good agreement between buoys and SWH 
from C2 as shown in the monthly reports, although in this 
case one should consider the limit ed geographical position
of the selected buoys (i.e. focussed around the coast of
North America) and that any further study should consider
incorporating a wider selection of locations.
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