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Abstract Since the beginning of the 1990s, sea level is routinely measured using high-
precision satellite altimetry. Over the past ~25 years, several groups worldwide involved in
processing the satellite altimetry data regularly provide updates of sea level time series at
global and regional scales. Here we present an ongoing effort supported by the European
Space Agency (ESA) Climate Change Initiative Programme for improving the altimetry-
based sea level products. Two main objectives characterize this enterprise: (1) to make use of
ESA missions (ERS-1 and 2 and Envisat) in addition to the so-called ‘reference’ missions like
TOPEX/Poseidon and the Jason series in the computation of the sea level time series, and (2)
to improve all processing steps in order to meet the Global Climate Observing System
(GCOS) accuracy requirements defined for a set of 50 Essential Climate Variables, sea level
being one of them. We show that improved geophysical corrections, dedicated processing
algorithms, reduction of instrumental bias and drifts, and careful linkage between missions
led to improved sea level products. Regarding the long-term trend, the new global mean sea
level record accuracy now approaches the GCOS requirements (of ~ 0.3 mm/year).
Regional trend uncertainty has been reduced by a factor of ~2, but orbital and wet tropo-
spheric corrections errors still prevent fully reaching the GCOS accuracy requirement.
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Similarly at the interannual time scale, the global mean sea level still displays 2—4 mm errors
that are not yet fully understood. The recent launch of new altimetry missions (Sentinel-3,
Jason-3) and the inclusion of data from currently flying missions (e.g., CryoSat, SARAL/
AltiKa) may provide further improvements to this important climate record.

Keywords Satellite altimetry - Sea level - Climate Change Initiative

1 Introduction

Sea level is one of the key indicators of climate change because it integrates changes of
several components of the climate system in response to anthropogenic forcing as well as
natural forcing factors related to natural sources and internal climate variability. Since the
beginning of the twentieth century, the global mean sea level (GMSL) has been rising at a
mean rate of 1.7 = 0.3 mm/year as recorded by in situ tide gauges (e.g., Church et al.
2011, 2013; Woppelmann et al. 2009; Jevrejeva et al. 2008). However, values in the range
1.2 to 1.9 mm/year have also been proposed (Hay et al. 2015; Jevrejeva et al. 2014). Since
the early 1990s, sea level variations are routinely measured by high-precision satellite
altimetry. In terms of global mean, sea level rise over 1993-2014 amounts to
3.4 £+ 0.4 mm/year (e.g., Nerem et al. 2010; Cazenave et al. 2014; Ablain et al. 2015). This
value is two times larger than that of the previous decades, suggesting an acceleration of the
GMSL rise. Present-day GMSL rise primarily reflects ocean warming (through thermal
expansion of sea water) and land ice melting, two processes which result from anthro-
pogenic global warming (Church et al. 2013). The Earth is currently in a state of thermal
imbalance because of concentrations of anthropogenic greenhouse gases (GHG) in the
atmosphere (Von Schukmann et al. 2016). Most of this heat excess is accumulated in the
ocean (93 %); the remaining 7 % being used to warm the atmosphere and continents, and
melt sea and land ice. GMSL rise is a direct consequence of these processes. Over the course
of its five assessments, the Intergovernmental Panel on Climate Change (IPCC) has reported
a significant improvement in our understanding of the sources and impacts of GMSL rise.
Over the altimetry era, observed sea level rise and sum of contributions (ocean thermal
expansion, land ice melt, land water storage change) concur, allowing the closure of the sea
level budget for this period within estimated uncertainties (Church et al. 2013). Confidence
in projections of future sea level rise has increased, thanks to improved physical under-
standing and closer agreement between model hinscasts and observations. However, sig-
nificant problems still remain. The IPCC 5th assessment report—ARS—(Church et al.
2013) reported a 0.4 mm/year difference between the observed GMSL rate and the sum of
contributions over the 1993-2010 time span. Yet uncertainties of components of the sea
level budget equation (including sea level) are still large, in the order of 1 mm/year (2-
sigma) (Church et al. 2013). The challenge is thus to reduce the components’ errors, in order
to check the statistical significance of the difference between observed sea level and sum of
contributions. The satellite altimetry-based sea level record is affected by errors due to the
imperfect altimeter corrections applied to the data (with the orbit solution and the wet
tropospheric correction displaying the largest uncertainties), geographical averaging pro-
cess and imperfect linkage between successive altimetry missions. In terms of long-term
(decadal) trends, such factors contribute to the 0.4 mm/year difference quoted above
(Ablain et al. 2009, 2015). At the interannual time scale, errors in the GMSL record are also
significant and amount to 2-4 mm (Ablain et al. 2009; Dieng et al. 2015a, b). Secondly, as

@ Springer 10 Reprinted from the journal



Surv Geophys (2017) 38:7-31

far as the contributions are concerned, current estimates of ice sheet and glacier mass
balances also display significant uncertainty (Church et al. 2013; Clark et al. 2015). Another
issue concerns the land water contribution due to human activities (e.g., ground water
depletion and dam building), its quantification being very difficult due to lack of global data
(Church et al. 2013; Dieng et al. 2015c¢). Finally, although the steric contribution (effects of
ocean thermal expansion and salinity) was considerably improved since the advent of the
Argo project in the early 2000s. But the contribution of the deep ocean (below 2000 m)
remains unknown, and prior to Argo, the steric component is quite uncertain due to the poor
and heterogeneous distribution of historical hydrographic observations.

A precise estimation of the influence of these factors is crucial to understand processes
at work under current climate change and to validate the climate models used for future
projections. Over the last decade, the Global Climate Observing System (GCOS), in
support of the United Nations Framework Convention on Climate Change (UNFCCC), has
put together a set of requirements for satellite data to meet the needs of the climate change
community (see GCOS 2011, for the satellite supplement). These requirements are broken
down into key parameters of the Earth system, called Essential Climate Variables (ECVs).
The goal is to provide accurate and stable values on the long-term, satellite-based ECV
data products for researchers. Among the 50 ECVs identified so far by GCOS, 26 are
observable from space. Sea level is one of these.

To respond to this need for climate-quality satellite data, the European Space Agency
(ESA) has set up a programme, known as the ESA Climate Change Initiative (CCI). The
aim of the programme is to realize the full potential of the long-term global Earth
Observation archives from satellites as a significant and timely contribution to the ECV
databases required by the UNFCCC. The ECVs are derived from multiple satellite data sets
via international collaboration and include specific information on the possible biases and
uncertainties of the data set. The CCI provides a unique opportunity to set up dialogue and
cooperation between Earth observation and climate research communities.

In this overview article, we focus on the sea level record computed in the context of the
ESA CCI project. Contributions and sea level budget issues are discussed in other papers in
this Special Issue. Section 2 summarizes the high-precision satellite altimetry missions and
their characteristics. Section 3 briefly presents the CCI sea level (SL_cci) project. In
Sects. 4 and 5, we discuss how multi-mission altimetry-based sea level products are built
and what the current level of uncertainties of the global and regional products are. Vali-
dation procedures are discussed in Sect. 6. Section 7 provides a summary of the main
accomplishments. Conclusions are presented in Sect. 8.

2 Brief History of Satellite Altimetry Missions

Satellite altimetry has revolutionized the research in ocean dynamics by providing high-
precision, high-resolution measurements of the ocean surface topography with global
coverage and a revisit time of a few days or weeks. The concept of (nadir) satellite
altimetry measurement is rather straightforward. The onboard radar altimeter transmits a
short pulse of microwave radiation with known power towards the nadir. Part of the
incident radiation reflects back to the altimeter. Measurement of the round-trip travel time
provides the height of the satellite above the instantaneous sea surface (called altimeter
range R). The quantity of interest in oceanography is the height of the instantaneous sea
surface above a fixed reference surface (typically a conventional reference ellipsoid). This
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quantity (called SSH) is simply the difference between the height H of the satellite above
the reference ellipsoid and the altimeter range R: SSH = H-R. H is computed through
precise orbit determination, a long-tested approach in space geodesy, which combines
accurate modelling of the dynamics of the satellite motion and tracking measurements
(Global Positioning System-GPS, Doppler Orbitography and Radiopositioning Integrated
by Satellite—DORIS, or Satellite Laser Ranging) between the satellite and observing
stations on Earth or on other observing satellites (Rudenko et al. 2012; Couhert et al.
2015). The range from the satellite to the sea, R, must be corrected for various components
of the atmospheric refraction as well as for biases between the mean electromagnetic
scattering surface and mean sea surface at the air—sea interface in the footprint of the radar.
Other corrections due to a number of geophysical effects must also be applied. Chelton
et al. (2001) describe the principle of satellite radar altimetry and details of the estimation
of the SSH. They also discuss all corrections to be applied to the SSH measurements,
including drifts and bias from onboard instruments.

Satellite altimetry was envisaged in the 1960s, was recognized as a high priority
measurement at the Williamstown Symposium in 1969 (Kaula 1970), and the first
objective was to measure the shape of the Earth. The development was pursued during the
1970s with an experiment onboard Skylab III, which in 1973 produced the first mea-
surements of undulations in the marine geoid. GEOS3 (NASA) was the very first altimetry
mission, launched in 1975 and providing data until 1979 (Agreen 1982). It was followed by
Seasat (1978; NASA) and Geosat (1985; US Navy). These pioneering missions led to
important discoveries (e.g., Lillibridge et al. 2006). They revealed, in particular, that the
mean sea surface is not flat but mimics the oceanfloor topography (Fig. 1). In effect, the
sea surface consists of two parts: (1) a static (i.e. time invariable) component that coincides
with the geoid, an equipotential surface of the Earth’s gravity field, and (2) a time-variable
component due to ocean dynamics (e.g., ocean tides, currents, waves). At short and
medium wavelengths (~ <1000 km), the mean sea surface reflects the topographic features
of the ocean floor.

The amplitude of the static component anomalies ranges from a few decimetres to
several tens of meters. This explains why the first altimetry missions easily detected these
features in spite of their lesser SSH measurement accuracy (uncertainty of several

Fig. 1 Sketch of the mean sea surface deformations in response to the gravitational attraction of the sea
floor topography
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decimetres, mostly due to the orbit error, e.g., Fu and Cazenave 2001) and high instru-
mental noise.

Nevertheless, these early missions clearly demonstrated the high potential of satellite
altimetry to study the dynamics of the world ocean.

The launch of the ERS-1 and TOPEX/Poseidon satellites in 1991 and 1992 opened the
era of high-precision altimetry, allowing mapping of the SSH for the first time within a few
centimetre accuracy for a single measurement. TOPEX/Poseidon was particularly precise
at ocean basin scale and was used as the reference mission while ERS-1 provided the
chance to explore the mesoscale variability. They have been followed by several other
high-precision altimetry missions with different instrumental characteristics leading to an
ever-increasing precision in the SSH measurement. Jason-1, -2, and -3 continued on the
tracks of TOPEX/Poseidon, to be succeeded by Sentinel-6/Jason-CS in 2020. Meanwhile
ERS-2, Envisat, CryoSat, SARAL/AltiKa and Sentinel-3 supplied and are supplying
complementary observations. CryoSat was designed to reveal changing ice fields, but
turned out to be an excellent oceanographic mission (Labroue et al. 2012). We now have at
our disposal a 25-year-long multi-mission altimetry data set of very high value for studying
ocean circulation (because of geostrophy, SSH measurements can be translated in terms of
ocean circulation), ocean dynamics and sea level variations.

3 The ESA Climate Change Initiative and the Sea Level ECV

As noted in the introduction, sea level has been identified as a key marine ECV within the
CCI programme. Indeed, precise monitoring of changes in the mean level of the oceans is
crucial for understanding not just the climate, but also the socio-economic consequences of
any rise in sea level.

The sea level project conducted in the CCI programme (SL_cci) gathers a consortium of
15 European partners including experts on altimeter standards as well as a climate research
group dedicated to the quality assessment of the products. The first phase of the project
(2011-2013) was the opportunity to involve the climate research community and define the
user requirements for climate applications. The estimation of the SSH requires not only the
knowledge of the altimeter range, but also the instrumental corrections, the satellite orbit
and different geophysical corrections to the altimeter range (tides, troposphere and iono-
sphere corrections, sea state bias, dynamic atmospheric correction; see Table 1) that have
to be selected for each altimeter mission. Note that in the following, terms sea level, SSH
and SL_cci ECV are used interchangeably.

From the perspective of the production of a sea level ECV, evolutions of these
altimeter standards and algorithms were central to the project since they affect the
physical content of the SL._cci ECV. The strategy was thus to focus on the improvement
of the altimeter corrections which constitute the most important sources of errors at
climate scales. Following this strategy, new altimeter algorithms have been developed
and tested for all altimeter missions within the phase 1 of the project. Other algorithms
from external projects have also been included in the process. A formal validation pro-
tocol has been developed (Round Robin approach) for the estimation and the validation
of their performances. The evaluation of these standards has been performed, distin-
guishing different spatial (global and regional) and temporal (long-term, interannual and
seasonal) scales. All validation reports are available at www.sea-level-cci.org. A panel of
international experts contributed to the selection of the best algorithms for climate
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applications. This has led to a level 2 altimeter database representing more than 50 years
of cumulated data from 7 altimeter missions (TOPEX/Poseidon, Jason-1 and 2, ERS-1
and 2, Envisat, and GFO).

The SL_cci ECV consists of monthly maps of sea level anomalies (SLA), and the multi-
mission mapping technique used to produce these maps (optimal interpolation) has been
optimized for climate scales. The first version of the SL_cci ECV was disseminated in
2012, and the time series has benefited from regular temporal extensions so that the SL_cci
v1.1 ECV covers the period 1993-2014 (DOI:10.5270/esa-sea_level_cci-1993_2014-v_1.
1-201512). In addition to the monthly SLA maps, the ECV products also include ocean
indicators computed over the total period. This includes the temporal evolution of the
GMSL and its trend, regional mean sea level trends, and amplitude and phase of the annual
signal. The products are available upon request at info-sealevel @esa-sealevel-cci.org, and
the Product User Guide can be found on the project website: www.esa-sealevel-cci.org. A
full description of the SL_cci v1.1 ECV is provided in Ablain et al. (2015).

The following section provides a detailed discussion of the sea level processing per-
formed in the SL_cci project.

4 The Sea Level Record from High-Precision Satellite Altimetry Missions

This section reviews the altimeter standards and gridding processes used to build the sea
level record. One important output of the CCI Programme is the error characteristics of the
ECVs, which are described in this section.

4.1 Geophysical Corrections Applied to the SSH Measurements

In this section, we describe the geophysical corrections that are applied to the SSH
measurements (hereinafter called ‘altimeter standards’). The processing to provide the
mean sea level record depends on the altimeter standards selected to derive the sea level
from 1-Hz altimeter measurements, and on the gridding process applied to average the
along-track measurements and calculate the GMSL time series. Before describing further
this processing, it is worth noting that there are some processing differences between the
different groups producing GMSL records. The impact of these differences has been
described and quantified in several studies (Masters et al. 2012; Henry et al. 2014). The
GMSL trend can be modified by few sub-millimetres per year (0.1-0.2 mm/year) due to
these differences.

As briefly described in the previous section, corrections need to be applied to the SSH
measurement: propagation corrections as the altimeter radar wave is delayed during
atmosphere travel (ionospheric correction, wet tropospheric correction, dry tropospheric
correction), ocean surface correction for the sea state which directly affects the radar wave
(electromagnetic bias), geophysical corrections for the tides (ocean, solid Earth and polar
tides as well as loading effects), and atmospheric corrections for the ocean response to
atmospheric dynamics (inverse barometer correction for low frequency, atmospheric
dynamics correction for high frequency). Furthermore, SSH is calculated for each alti-
metric measurement considered as valid according to criteria (e.g., threshold, spline,
statistics on the ground track) applied either to the main altimetric parameters, the geo-
physical corrections or the SSH directly. These criteria may vary from one mission to
another depending on the altimeter instrumental characteristics. The precise references for
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the corrections and orbits used when calculating the mean sea level are given in Table 1 for
the SL_cci project. Most of these corrections are not contained in the altimeter level-2
products (e.g., TOPEX M-GDR, Jason-1/Jason-2 GDR). They have been calculated and
updated in a multi-mission altimetry database in order to calculate homogenous sea level
for all altimetry missions.

4.2 Gridding Process

The recommended method by the SL_cci project in order to produce mean sea level grids
has been developed for the SSALTO DUACS (Segment Sol Multimission Altimetrie et
Orbitographie, Data Unification and Altimeter Combination System) System (Dibarboure
et al. 2011). The main advantages of this method are, first of all, use of TOPEX/Poseidon,
Jason-1, Jason-2 and Jason-3 as reference missions in order to obtain the most accurate
long-term stability (Ablain, et al. 2009) and use of all other complementary missions (ERS-
1, ERS-2, Envisat, Geosat Follow-On, CryoSat, SARAL/AItiKa and Sentinel-3A/B) to
increase the spatial resolution of mean sea level grids.
The gridding process is composed of the following steps:

1. Calculation of the along-track sea level over all the altimeter period (1993-2014) for
all the altimeter missions with homogenized corrections (as listed in Table 1), after
removing spurious data (e.g., impacted by rain cells, sea ice).

2. Calculation of the mean sea level biases between the reference missions, both at global
and regional scales. The verification phases between two consecutive missions (i.e.
satellites on the same ground track apart from each other by few seconds; e.g.,
TOPEX/Jason-1, Jason-1/Jason-2, Jason-2/Jason-3) allow estimates of global biases
with an accuracy close to 0.5-1 mm in terms of mean sea level (Zawadzki and Ablain
2016). It is worth noting that the absolute GMSL bias is arbitrarily set to 0 at 1993.

3. Reduction of the orbit errors between all the missions through a global minimization of
the crossover differences observed within the reference mission and between reference
and complementary missions (Dibarboure et al. 2011).

4. Computation of SSH grids (with a spatial resolution of 0.25° using a rectangular
projection and a temporal resolution of 1 month) combining data from all missions
using an objective analysis approach (Ducet et al. 2000; Le Traon et al. 2003).

The GMSL time series (Fig. 2) is easily deduced from the sea level grids by a
area weighting averaging (taking into account the box area dependence with latitude) over
the oceanic domain observed by the altimetry data (82°S to 82°N).

Other research teams (University of Colorado, AVISO, CSIRO, NOAA, NASA) only
use the reference missions (TOPEX/Poseidon, Jason-1 and Jason-2) to provide GMSL
time series. Their method is more simple since steps (3) and (4) described above are
replaced by a simple averaging on a cycle basis of each mission (e.g., 1° along the
latitudinal axis, 3° along the longitudinal axis for AVISO). Then all the time series are
linked together during the verification phases (TOPEX/Jason-1 and Jason-1/Jason-2). The
main advantage of this approach is the reduction of the computing time (fewer altimetry
missions and no multi-mission adjustments). On the other hand, the GMSL is only esti-
mated between 66°S and 66°N, and the regional sea level variations are not as well-
represented as in the SL_cci. Furthermore, errors in altimetry measurements, such as long
wavelength orbit errors or oceanic tide errors, are not removed and can impact the mean
sea level estimate up to 1-2 mm at each cycle. However, the differences between these
gridding process approaches, which each have their own limitations, only slightly impact
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Fig. 2 Global mean sea level evolution over the period 1993-2014 from SL_cci project (DOI:10.5270/esa-
sea_level_cci-1993_2014-v_1.1-201512). Annual and semi-annual signals have been removed from the
monthly estimates (red dots), and a 6-month filter has been applied to produce the blue curve
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Fig. 3 Global mean sea level differences comparing the method applied to SL_cci products (based on
SSALTO/DUACS system) and to AVISO global mean sea level time series. Same altimeter standards are
used in both cases

the GMSL trend or the interannual signals (Fig. 3). The differences are lower than
0.05 mm/year over the whole altimetry period for the trend and reach 1-2 mm over
shorter periods between 1 and 3 years (Henry et al. 2014).
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4.3 Global Mean Sea Level Rise Characteristics

GMSL rises between 3.2 and 3.4 mm/year over the 1993-2014 period, according to the
different groups (SL_cci project, AVISO, University of Colorado, NASA, NOAA,
CSIRO). Although the global evolution is nearly linear over the period (the linear error
adjustment provided by the least squares method is about 0.02 mm/year), interannual
variations are also observed. Removing the trend from GMSL time series highlights these
variations over a 1-year to 3-year period (Fig. 4). Their magnitudes depend on the period
(43 mm in 1998-1999, -5 mm in 2011-2012, and +10 mm in 2015-2016) and are well-
correlated with El Nifio Southern Oscillation (ENSO) events. In Fig. 4, the Multivariate
ENSO Index (MEI) has been shown to better represent this temporal correlation.

4.4 Global Mean Sea Level Uncertainties

GMSL data contain remaining errors at different time scales. In the SL_cci project, an error
budget dedicated to the main temporal scales (i.e. long term—5-10 years or more, inter-
annual—<S5 years—and seasonal) has been established (see Table 2). Regarding the
GMSL trend, an uncertainty of 0.5 mm/year was estimated over the whole altimetry era
(1993-2015) within a confidence interval of 95 % (2-sigma). The main source of error is
the radiometer wet tropospheric correction with a drift uncertainty in the range of 0.2—
0.3 mm/year (Legeais et al. 2014). To a lesser extent, the orbit error (Couhert et al. 2015)
and the altimeter parameters (range, sigma-0, significant wave height) instabilities (Ablain
et al. 2012) add additional uncertainty, of the order of 0.1 mm/year. It is worth noting that
for these two corrections, the uncertainties are higher in the first altimetry decade (1993—
2002) when TOPEX/Poseidon, ERS-1 and ERS-2 measurements display larger errors.
Furthermore, imperfect links between TOPEX-A and TOPEX-B (February 1999), TOPEX-
B and Jason-1 (April 2003), Jason-1 and Jason-2 (October 2008) lead to errors of 2, 1 and
0.5 mm, respectively (Ablain et al. 2009; Zawadzki and Ablain 2016). They cause a
GMSL trend uncertainty of about 0.1 mm/year over the 1993-2014 period. It is relevant to

| —— MElIndex

. —— MSL detrended (AVISO)

Normalized Values

- © CNES,LEGOS,CLS 1

AR ERE AR RN NN NN FEEN S NN SRR N FR R T FR RS NN

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Fig. 4 Comparison of the Multivariate ENSO Index (MEI) and the global mean sea level time series (from
AVISO) after removing the global mean trend
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Table 2 Mean sea level error budget for the main climate scales (Ablain et al. 2015)

Spatial scales Temporal scales Altimetry errors User requirements
GMSL Long-term evolution (>10 years) <0.5 mm/year 0.3 mm/year
Interannual signals (<5 years) <2 mm over 1 year 0.5 mm over 1 year
Annual signals <1 mm Not defined
Regional MSL Long-term evolution (>10 years) <3 mm/year 1 mm/year
Annual signals <l cm Not defined

note that the remaining uncertainty of ~ 0.5 mm/year on the GMSL trend remains
0.2 mm/year higher than the GCOS requirements (of 0.3 mm/year, see GCOS 2011).

All sources of errors described above and the gridding process, already described in
Sect. 4.2, also have an impact at interannual time scale (<5 years). The level of error is
still 1.5 mm higher than the GCOS requirement of 0.5 mm. This may have consequences
on the sea level closure budget studies at interannual time scale. For the annual signal, the
amplitude error is estimated lower than 1 mm. Knowing that the annual amplitude of the
GMSL is in the order of 9 mm, this error can be considered low.

5 Regional Sea Level

5.1 Spatial Trend Patterns in Sea Level

The regional mean sea level trends (Fig. 5) are directly deduced from the gridded mean sea
level time series. As mentioned above, the gridding process applied in the SL_cci project

40°E 80°E 120°E 160°E 160°W 120°W 80°W 40°W
B —— I I s s——
-10.0 -1.5 -5.0 25 0.0 2.5 5.0 7.5 10.0

Sea level Trends (mm/year)

Fig. 5 Regional mean sea level trends over the 1993-2014 period from SL_cci products (release 1.1)
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(derived from the SSALTO/DUACS system) provides a spatial resolution of 0.25° between
82°S to 82°N. The results discussed below only apply to the SL_cci products.

5.2 Uncertainties at Regional Scale

At regional scale, trend uncertainty is of the order of 2-3 mm/year (see below). Although
the orbit error has been significantly reduced for this spatial scale during the last few years,
it remains the main source of uncertainty (in the range of 1-2 mm/year; Couhert et al.
2015) with large spatial patterns at hemispheric scale. The Earth gravity field model errors
explain an important part of these uncertainties (Rudenko et al. 2014). Furthermore, errors
are higher in the first decade (1993-2002) for which the Earth gravity field models are less
accurate due to the unavailability of the Gravity Recovery And Climate Experiment
(GRACE) data. Additional errors are still observed, e.g., for the radiometer-based wet
tropospheric correction in tropical areas, other atmospheric corrections in high latitudes,
and high frequency corrections in coastal areas. The combined errors give rise to an
uncertainty of 0.5-1.5 mm/year. Finally, the 2-3 mm/year uncertainty on regional sea
level trends remains a significant error compared to the 1 mm/year GCOS requirement,
even if this project has led to a 0.5 to 1.5 mm/year error reduction.

In a recent study (Prandi et al., in preparation), uncertainties on sea level trends have
been produced. The method to estimate spatial trend uncertainties is based on generalized
least-squares (also called inverse method). With this approach, we can separately estimate
the errors and the long-term trends, taking into account the natural variability of ocean
dynamics (mesoscale circulation, interannual variability). Results (Fig. 6) show that even
with no error covariance, trends are not significant in areas of high oceanic variability
(Fig. 6, left). When considering measurement errors with 95 % confidence intervals, trend
errors generally range from 1 to 3 mm/year (Fig. 6 middle). Adding serial correlation due
to natural ocean variability shifts the confidence interval to larger values, from 1 to
4-5 mm/year (Fig. 6, right). In all cases, a large fraction of sea level trends is significant
(67 and 52 %, respectively) and cannot be explained by natural variability. It is worth
noting that these results rely on numerous assumptions about error covariance shapes and
amplitudes.

5.3 New Arctic Products
In this section, a specific focus is performed on the Arctic mean sea level evolution. This is

an area of great interest for climate studies with rapid climatic changes, such as the
dramatic reduction of sea ice extent. Models also predict that the Arctic Ocean will be

15 2.0 00 05 1.0 15 2.0 25 30 0.0 05 1.0 15 2.0 2.5 3.0
confidence interval [mmiyr] confidence interval [mmiyr] confidence interval [mm/yr]

0.0 0.5

Fig. 6 Uncertainty maps of regional sea level trends. Left no error covariance (usual least-squares fit);
middle measurement error covariance only; right measurement error and natural variability error covariance

@ Springer 20 Reprinted from the journal



Surv Geophys (2017) 38:7-31

experiencing large changes in the future (IPCC ARS). However, to date, the Arctic Ocean
remains poorly observed by satellite altimetry, mainly due to sea ice cover that prevents
accurate sea level measurements.

In recent years, several teams have been working towards a better knowledge of Arctic
SSH (e.g., Prandi et al. 2012; Giles et al. 2012; Cheng et al. 2015). Recently, improvements
on the processing of altimetry measurements in this area based on a new waveform
classification and retracking algorithm (Poisson et al., in preparation) have allowed us to
derive improved mean sea level maps with increased data coverage and higher mean sea
level accuracy from the ice-covered Arctic (Fig. 7).

6 Validation and Error Assessment of CCI Products at Global
and Regional Scales

In situ measurements are used to validate altimeter sea level records. Two types of in situ
sensors are generally used: tide gauges and Argo floats. Both provide independent SSH
measurements that are very valuable to detect anomalies in the altimeter records.

6.1 Validation with Tide Gauges

Tide gauges are instruments, generally set at the coast, which measure SSH relative to a
local datum. There are two methods to compare tide gauges measurements with altimetry
data: absolute calibration at dedicated sites, and regional or global comparisons. Absolute
calibration requires a carefully monitored tide gauge, along with a precise positioning
device (e.g., GPS), placed under or near altimeter ground tracks. There are three such sites
in Harvest (Haines et al. 2010), Corsica (Bonnefond et al. 2015) and Bass Strait (Watson
et al. 2011), which provide very valuable SSH differences time series from the beginning
of the altimeter record. The other approach is to use a much wider network of tide gauges,
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Fig. 7 Maps of sea level anomalies (SLA) in the Arctic Ocean on 15 April 2006. Left panel: map derived

from global SL_cci products with no specific processing in the Arctic region. Right panel: map derived from
Envisat data with improved data processing
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which are individually less accurate but provide a larger ensemble, to build regional or
global biases between an altimetry mission and tide gauges (Nerem et al. 2010; Mitchum
etal. 1998, 2010). As the differences between absolute sea level measured by altimetry and
relative sea level measured by tide gauges could also partly arise from vertical motion of
the land on which the tide gauge is grounded, stations to be used need to be carefully
selected and also corrected by vertical land motion if known (Fenoglio-Marc et al. 2004;
Santamaria-Gomez et al. 2014).

Tide gauges unevenly sample the global coastlines, and comparisons do not cover the
deep open ocean. All comparison methods rely on a similar processing, which is briefly
described here. A complete description of the comparison method is available, for
example, in Valladeau et al. (2012) and Woppelmann and Marcos (2016). First, relative
SSH measurements from tide gauges are corrected for various effects (tides, atmospheric
pressure, vertical land motions) so that the physical content is comparable to absolute SSH
measurements from altimetry. Then, altimetry measurements are collocated to tide gauges
stations (using different approaches such as bilinear interpolation, area average, etc.), and a
time series of altimetry minus tide gauge sea level is extracted at each in situ station.
Eventually a global average is estimated from the ensemble of the different times series.

While all groups use similar methods, processing details may vary and result in slightly
different estimates of altimeter minus tide gauges biases (Mitchum 1998; Watson et al.
2015). Methods also vary depending on the focus of the comparisons, for example whether
it is aimed at obtaining calibrated altimetry records (Watson et al. 2015) or evaluating
vertical crustal motions (Woppelmann and Marcos 2016). But in any case, the advantage of
the large number of stations is that a global bias time series can be computed and can then
be used to characterize the level of agreement between altimetry and in situ records.

Figure 8 displays two examples of metrics derived from global differences between
altimetry and tide gauges. The left panel shows the evolution of global differences between
altimetry and tide gauges for the SL_cci and DUACS-DT products (Pujol et al. 2016). In
both cases, no significant drift is detected, and differences are generally below 1 cm. The
right panel focuses on the residual annual signal observed in the differences. The SL_cci
product is found to be in better agreement with tide gauges than the DUACS-DT product
regarding the annual signal amplitude.

One objective of such comparisons is to ensure that the altimeter record is not drifting
over time. Meanwhile, it is essential to determine the accuracy of tide gauges comparisons.
Mitchum (1998) and Watson et al. (2015) claim that the error of the method is about
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Fig. 8 Left time series of global differences between CCI (red) or DUACS-DT (blue) products and tide
gauges. Right amplitude of the annual signal in differences between CCI (red) or DUACS-DT (blue) and
tide gauges
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0.4 mm/year while Valladeau et al. (2012) provide a 0.7 mm/year estimate and Santa-
maria-Gomez et al. (2012) found a value of 0.6 mm/year due to vertical land motions. This
is actually one important source of error affecting relative SSH measurements by tide
gauges. When no precise positioning at the stations exists, these corrections rely on Glacial
Isostatic Adjustment (GIA) models (Peltier 2004) that do not account for contemporary
vertical land motion sources (present-day ice melt, surface loading, ground water extrac-
tion, etc.). Woppelmann and Marcos (2016) quantified vertical land movements not linked
to the GIA process that may reach up to 10 mm/year, although on average they cancel out
(0.01 % 0.27 mm/year) if the number of tide gauge stations used is large enough.

6.2 Validation Using Argo Floats

Data from Argo floats (Roemmich et al. 2009) are another source of in situ information
about the state of the ocean. They do not directly measure SSH but vertical profiles of
temperature and salinity. These can be converted into density anomalies and integrated
over depth to provide dynamic height anomalies (DHA), which can then be compared to
altimetry-based SSH data (Valladeau et al. 2012; Legeais et al. 2016). DHA and altimeter
SSH do not have consistent physical contents, as DHA are only the steric part of total sea
level as measured by altimetry and, unlike tide gauges, cannot be used for absolute cali-
bration of altimeter data but are rather used as a reference to compare two altimeter
products or standards. If needed, the mass component can be derived from GRACE
measurements. Argo floats are deployed at sea and, since 2005, provide a homogeneous
sampling of the upper 2000 m of the global ocean, thus complementing tide gauges sta-
tions (Roemmich et al. 2009). Altimeter SSH measurements are interpolated at the time
and position of Argo profiles to form an ensemble of SSH minus DHA differences from
which various metrics are drawn.

Figure 9 contains a Taylor diagram that compares the CCI and DUACS-DT sea level
products to a reference formed by the sum of Argo DHA and GRACE mass component.
The diagram visualizes the closeness of altimetry to the reference in terms of correlation
and RMS of the differences. Figure 9 shows the total signal separated into different fre-
quencies. The results indicate that at low frequencies the SL_cci product is more consistent
with Argo data than DUACS-DT (similar correlation but lower RMS). When all fre-
quencies are considered, differences between the two products are low. A comprehensive
review of uncertainty sources for Argo/altimetry comparisons can be found in Legeais
et al. (2016).

6.3 Regional Validation

In addition to the global validation described above, a regional validation of the SL_cci
products is performed based on the comparison with in situ data for selected regions: North
Sea and Mediterranean Sea. These regions have been chosen for the availability of dense
and accurate in situ measurements and ocean model data.

Regional closure of the sea level budget was investigated in the Mediterranean
Sea. Figure 10 shows the smoothed monthly SL_cci series over January 2003-De-
cember 2014 and the sum of the steric and ocean mass components estimated from
Argo temperature and salinity data of the EN4 database (Good et al. 2013) and
GRACE data (Fenoglio-Marc et al. 2012). The sea level derived from the SL_cci
products is in agreement with sea level derived from the sum of steric and mass
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Fig. 9 Taylor diagram of the SL_cci (triangles) and SSALTO/DUACS-DT (circles) time series compared
with the sum of Argo DHA (referenced to 900 dbar) and ocean mass from GRACE GRGS RLO3vI times
series (grey dot) over 2005-2014. Total time series are in black and annual signals in green. High (in red)
and low (in blue) frequencies are first adjusted from annual signal and detrended. Taylor diagrams are used
to quantify the degree of correspondence between modeled and observed parameters according to 3
variables: correlation coefficient, root-mean-squares error and standard deviation
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components, with a difference in trend and interannual signals of 0.8 m/year and
10.9 mm, respectively.

In the North Sea, SL_cci data are validated by comparing with tide gauges, quality-
controlled with geodetic-referenced data in the German Bight and at a few other stations
in the North Sea. In this case, the primary goal is to validate products and estimate errors
for the along-track altimetric SSH, to verify their regional mission-long sea level trends
and errors, and to compare signals and errors with the gridded sea level solutions. The
same analysis has been performed for CryoSat-2 data processed with the SAMOSA
model and retracker (Ray et al. 2014) in the ESRIN/GPOD SARvatore service. In the
along-track comparison, the uncorrected sea level from tide gauges, expressed in ellip-
soidal heights above the reference ellipsoid GRS80, are compared to the SL_cci products
corrected as described in Fenoglio-Marc et al. (2015). Figure 11 shows a standard
deviation of the differences. It amounts about 7 cm, which reduces to 4 cm when the
tidal model TPXO08 is used (http://volkov.oce.orst.edu/tides/global.html). The impact of
the choice of the improved GNSS Path Delay (GPD+) wet tropospheric correction
(Fernandes et al. 2015) in the coastal zone is not significant in this area. We have
compared in the same region the monthly time series SL_cci gridded products and tide
gauges. They agree well in terms of annual amplitude (differences <1.0 cm) and phase,
with statistically significant correlations at all stations. Altimetry and tide gauge sea level
trends are not statistically different at any station. The comparison of GPS-derived
vertical land motion with the trend of the difference between altimetry and tide gauge
shows differences in the order of 1 mm/year, which is within the trend uncertainty
(Fig. 12). This uncertainty appears large for an accurate computation of vertical land
motion rates from tide gauge and altimetry data. However, we notice a better agreement
between altimeter and tide gauge (correlation, standard deviation and difference of
trends) when SL_cci data are used, which indicates a higher quality of the SL_cci
compared to other altimeter products.
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Fig. 12 Vertical land motion from GPS (circle) and from SL_cci altimetry minus tide gauges (square) in
the North Sea, in mm/year

7 The CCI Sea Level Project: A Summary

Compared with previously existing products, the major evolutions of the SL_cci product
are related to the following parameters. First, the orbit solutions of the different altimeter
missions have been chosen so that the homogeneity of the regional sea level trends has
been improved. Secondly, the GPD altimeter wet troposphere correction allows an
improved estimation of the wet troposphere path delay in coastal areas. It also improves the
sea level estimation in the open ocean, at high latitudes, correcting for invalid observations
due to land, ice and rain contamination, and instrument malfunction. This correction
exploits the data from various sources, including the Global Navigation Satellite Systems
(GNSS). In addition, new dynamic atmospheric corrections computed with the ERA-
Interim reanalysis lead to a strong sea level error reduction (Fig. 13) and strong
improvement of the regional sea level trends over the early altimetry years.

The most impressive result of the SL_cci project is obtained using a new instrumental
correction for the Envisat mission (Garcia and Roca 2010; Thibaut et al. 2012). It is
illustrated in Fig. 14 by separating the ERS-1 and 2/Envisat and TOPEX/Jason-1 and 2
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GMSL time series using alternately the old and new altimeter corrections: the trend dif-
ference between both time series has been significantly reduced thanks to the new
instrumental correction (by 0.9 mm/year). The work performed contributed to better
characterize and reduce altimetry errors at climate scales.

New level 2 altimeter algorithms have been developed, focusing on improving the ECV
homogeneity and reducing the errors. Compared with the v1.1 SL_cci ECV, the major
improvements that can be found in the reprocessed version are associated with the fol-
lowing aspects:

e New GFZ and CNES orbit solutions (Rudenko et al. 2015; Jalabert et al. 2015) have
been selected for the SSH calculation of past and present altimeter missions. Compared
with the previous POE-D version, the POE-E solution improves the sea level estimation
and has a significant impact on the regional sea level trends (Fig. 15, left).

e The FES 2014 ocean tide model (Carrere et al. 2015) is used in the SLA calculation.
Compared with other model (GOT 4.8), it leads to a reduced variance of the sea level in
many coastal areas and at high latitudes (Fig. 15, right).

e An enhanced radiometer wet troposphere correction, called GPD+ (Fernandes et al.
2015), was selected for the SLA calculation of all altimeter missions. External
independent measurements have been used to ensure the stability of this new
correction. It significantly impacts the global decadal signals and also the sea level
estimation in coastal areas.
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Fig. 14 GMSL evolution and associated trends computed with the TOPEX/Poseidon, Jason 1 and 2 (red),
and ERS-1, ERS-2 and Envisat (blue) altimetry missions
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Fig. 15 Left map of the difference of Jason-1 (cycles 1-537) mean sea level trends computed successively
with POE-D and POE-E orbit solutions. Right map of the difference of variance of the SSH computed
successively with GOT 4.8 and FES 2014 ocean tide model for the Envisat mission (cycle 9-111)

The SL_cci products benefit from a quality control that includes internal validation,
consistency check, and comparison with in situ data. In addition to this validation process,
the scientific quality assessment of the ECV is an important ongoing task of the SL_cci
project. Two types of assessments are investigated: (1) comparison of ocean model-based
sea level with the CCI products and (2) study of the sea level budget. In (1), different
methodologies are developed: (a) study of the sensitivity of an ocean reanalysis (the
GECCO general ocean circulation model with data assimilation) to the new CCI sea level
data via inclusion of these data in the assimilation procedure; (b) comparison with ocean-
only simulation at different resolutions and with existing ocean reanalyses, which assim-
ilate subsurface data; (c) assessment of sea level changes at high altitudes and in the Arctic
Ocean by comparison of the SL_cci products with simulation runs of the Norwegian Earth
System Model (NorESM).

The sea level budget approach consists in computing the sea level components using
different observing systems, and comparing their sum to the SL_cci GMSL (Dieng et al.
2015a, b). Figure 16 shows the globally averaged SL_cci time series over January 2003—
December 2014 with the sum of the steric and ocean mass components (estimated from
Argo temperature and salinity data down to 2000 m depth and GRACE data). Over this
time span, there is a very good agreement between the CCI sea level and sum of com-
ponents, both in terms of trend and interannual variability. Therefore, the SL_cci data lead
to quasi-closure of the sea level budget.

Within the second phase of the SL_cci project (2014-2016), updated altimeter standards
and corrections are developed in the perspective of a full reprocessing of the sea level ECV
(delivered end 2016). By the end of the project, this v2.0 time series will cover the period
1993-2015. Nine altimeter missions will be included, with SARAL/AItiKa and CryoSat-2
missions being new in the dataset.

8 Conclusions

Sea level, a climate variable that integrates changes of several components of the climate
system, was identified by GCOS as an ECV and was further selected by ESA to be
included in the first phase of the CCI programme. In this paper, we have reported how
altimetry-based sea level products from different missions are built, what the current levels
of uncertainties of the global and regional products are and how they have been validated.
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Fig. 16 SL_cci-based GMSL (black); Argo-based steric sea level (green) GRACE-based ocean mass (in
equivalent of sea level, blue) over January 2005-December 2014 (update from Dieng et al. 2015b). The red
curve is the sum of the steric and ocean mass components. An arbitrary vertical offset was applied to the
green and blue curves for clarity

SL_cci products have been significantly improved, revisiting a myriad of instrumental and
geophysical corrections. An important outcome of the CCI is that the SL_cci products are
now well-characterized in terms of errors. Accounting for the ESA altimetry missions,
which have a high-inclination orbit, a specific effort was dedicated to the Arctic region
where the sea level evolution was poorly known until recently.

Despite the important effort invested so far, the sea level products provided within the
CCI programme still do not fully satisfy the GCOS requirements, in particular at inter-
annual time scales. Thus, further improvements of the altimetric standards are needed. The
next inclusion of Jason-3 and Sentinel-3A (100 % SAR mode) data to the nearly 25-year-
long time series will certainly lead in the near future to more accurate sea level time series,
provided that long-term drifts of these new missions are carefully accounted for.

The implementation of the ESA CCI programme has led to the coordination of the Earth
Observation and the Climate Research communities. This is a valuable outcome of the
programme, and the CCI framework should be sustained in the future, conquering new
space-based ECVs, improving existing ECVs, further assimilating ECVs in models and
closing imbalances involving climate variables.

Finally, concerning the closure of the sea level budget, efforts are still needed to further
improve the accuracy and to characterize the remaining uncertainties of components
contributing to sea level, such as glaciers and ice sheet mass balances, ocean heat content
and salinity changes, and land water storage changes.

Scientific analysis of the long-term sea level evolution and its societal impacts requires
the implementation of an operational and sustainable production of the sea level Climate
Data Record (CDR). Regular updates of the time series are also necessary so that the
period covered by the dataset is always current. Such challenge has been addressed by the
Copernicus Climate Change Service (C3S), which aims at combining observations of the
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climate system with the latest science to produce a consistent, comprehensive and credible
description of the past and present-day climate in Europe and worldwide. It will become a
major contribution from the European Union to the WMO Global Framework for Climate
Services and its Climate Monitoring Architecture.

The C3S will ensure the production of the sea level CDR. The sea level record is highly
dependent on the altimetry data used as input of the production system. First, the main-
tenance of the historical altimetry databases is required since the reprocessing of the
measurements of past missions will lead to an improved quality of the whole CDR.
Secondly, the integration of recent (CryoSat-2, Jason-3, Sentinel-3A) and future (Sentinel-
3B, Sentinel-6, SWOT) altimetry missions are of crucial importance to guarantee the future
of the sea level record.
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