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1. Introduction

The calibration and validation of the altimeter sea level is usually performed by internal assess-
ment of the mission and via inter comparison with other altimeter missions. The comparison with
in-situ measurements is fondamental since it provides an external and independant reference. This
document is the synthesis report for 2013 concerning altimeter and in-situ validation activities
which aims at comparing altimeter data with temperature and salinity (T/S) profiles provided by
lagrangian floats of the ARGO network. This activity is supported by CNES in the frame of the
SALP contract for all altimeter missions and by ESA for Envisat mission. The method uses results
of a study made at CLS in the frame of an IFREMER, / Coriolis contract. In 2013, some studies
have been performed in the context of the ESA Sea Level Climate Change Initiative (CCI) and of
the Euro-Argo Improvements for the GMES Marine Services (E-AIMS) projects.

Three objectives are achieved with the comparison of altimetry with the in-situ T/S profiles:

e To detect potential anomalies (jumps or drifts) in altimeter sea level measurements which can
not be detected by comparison with other altimetric missions.

e To evaluate the quality of altimetric measurements and the improvement provided by new
altimeter standards in the computation of sea level anomalies (geophysical corrections, new
orbit solutions, retracking,...).

e To detect potential anomalies in in-situ data and estimate their quality.

Argo T/S profiles constitute a complementary dataset to tide gauges measurements. Indeed, al-
though the temporal sampling is reduced (10-day profiles for a single float and hourly measurements
for tide gauges), the spatial coverage of the Argo network is much larger since the global open ocean
is almost completely sampled. Several results obtained through this activity are made robust thanks
to the cross comparisons with several types of in-situ datasets (T /S profiles and tide gauges), which
increases the quality assessment of altimeter measurements. In addition, the comparison with exter-
nal and independant data enables us to contribute to the improvement of the error characterization
of altimetry measurements, and especially at climate scales (Ablain et al., 2012, [1]).

Following the objectives described in the previous annual report (see [7]), major efforts have been
performed in 2013 to better understand the physical content of the observed sea level differences, to
better estimate the error of the method and to reduce the uncertainty associated with the results.

1. Concerning the data, Argo T/S profiles provide the steric Dynamic Height Anomaly (DHA)
above a reference level associated with the thermohaline expansion of the water column. The
associated physical content is thus different than the altimeter observations of the total height
of the water column. An improvement of the method has been achieved by including the mass
contribution to the sea level derived from the Gravity Recovery And Climate Experiment
(GRACE) in order to compare homogeneous physical contents. In 2013, following a detailed
analysis of this mass contribution, a new dataset of GRACE measurements has been used in
order to better close the sea level budget and thus better estimate the absolute altimeter MSL
drift.

2. Concerning the method of comparison, the processing sequence has been strongly improved,
the length of the reference period of the sea level anomalies has been increased. Some new
tools have been developed to contribute to the estimation of the uncertainty of the results and
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sensitivity analyses have been performed in order to better understand the observed signals
and improve our confidence in the results.

3. The impact estimation of new altimeter standards is analyzed by comparison with the external
in-situ reference. The studies concern several orbit solutions, a new wet troposphere correction
for TOPEX /Poseidon mission, the assessment of the ESA CCI sea level dataset and of the
reprocessed SSALTO/DUACS 2014 merged product.
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2. Presentation of the databases

2.1. Altimeter measurements

In this study, along-track (level 2) altimeter SSH are used from several satellite altimeters, where
standards are updated compared with the Geophysical Data Record (GDR) altimeter products.
Details of the SSH computation and time period for each altimeter are presented in annex 8.1. and
available in the MSL part of the Archiving, Validation and Interpretation of Satellite Oceanographic
website (AVISO, http://www.aviso.oceanobs.com/en/news/ocean-indicators/mean-sea-level /processing-
corrections/index.html). As the comparison with in-situ data is performed since 2004, we focus the
analyses on the Envisat, Jason-1, Jason-2 and TOPEX-Poseidon space missions. Sea Level Anoma-
lies (SLA) of all altimeter missions are computed with a reference to the Mean Sea Surface (MSS)
CNES/CLS 2011 model (Schaeffer et al., 2012, [11]). Concerning Envisat mission, the reprocessed
(V2.1) altimeter data are used (which includes the GDR-C orbit solution). Grids of merged altime-
ter products (L4) can also be compared with in-situ data.

2.2. Argo in-situ measurements

The lagrangian profiling floats of the Argo program are used as a reference in this study. They
provide a global monitoring of ocean temperature and salinity (T/S) data between the surface and
around 2000 dbar for most of them with a 10-day sampling and a lifetime of a few years. The ob-
jective of a global network of 3000 operating floats has been achieved in 2007 and figure 1 displays
the spatial distribution of the floats that have delivered data within the last 30 days before the
mentionned date.
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Figure 1: Spatial distribution of the floats that have delivered data within the last 30 days before the
mentionned date (Argo Information Center).

Delayed mode and real time quality controlled (Guinehut et al., 2009: [3]) T/S profiles from the
Coriolis Global Data Assembly Center (www.coriolis.eu.org) are used. Note that the delayed mode
data concerns only two thirds of the dataset. Figure 2 shows spatial and temporal distribution of
Argo measurements over the period 2002 - March 2013. The database has intentionnally not been
updated later in 2013 in order to perform all studies of this year with the same in-situ reference.
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Figure 2: Spatial (left) and temporal (right) distribution of temperature and salinity Argo profiles
from 2002 to 2013.

The vast amount of T/S profiles are available over almost the global open ocean (figure 2, left).
Best sampled areas (Kurushio current, parts of the North Indian and North Atlantic oceans) have
1000 profiles per box of 3°x5°. About 500 profiles per box are found in large parts of the global
ocean, except in the South West Atlantic ocean and in the southern part of the Antarctic Circum-
polar current where about 200 profiles per box are found. The number of available profiles has
regularly increased since 2002 (figure 2, right) and reaches 100 000 per year since 2009 (all studies
have been performed with the in-situ database as March 2013). Nevertheless, spatial distribution
has not always been high enough in some areas to produce statistically valid analyses. As discussed
by Roemmich and Gilson, 2009 ([10]), figure 3 indicates that considering a threshold of two thirds
of the open ocean surface covered by Argo floats (+60°), analyses should be performed with in-situ
data from about mid 2004 onwards, which is done in this report. This constitues a great asset for
latest altimeter missions (Jason-1, Envisat et Jason-2). It leads to a global in-situ dataset of more
than 900 000 T/S profiles distributed over almost the global open ocean.

100 Pr—r—"—T—"+—"—"— """ T T T T

% of observed ocean

2002 2004 2006 2008 2010 2012

Time

Figure 3: Monitoring of the percentage of the ocean covered by Argo profiling floats (£60° and
without inland seas).
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The associated steric Dynamic Height Anomalies (DHA) are computed using a reference level and
a contemporaneous mean dynamic height (also called synthetic climatology). The reference level
chosen for the studies is 900 dbar (about 900m deep) but in 2013, a sensitivity analysis of this level
of integration has been performed (see the dedicated part of this report) in order to estimate the
impact on the spatial sampling of the network and on the steric content of the sampled water column.

The large number of available T/S profiles constitutes an independent dataset well adapted for
comparison with altimeter data over the open ocean where tide gauges distribution is not suffi-
cient. To perform these studies, a processing sequence has been developped (in the frame of the
SALP project) which aims at being regularly operated to validate all altimeter missions. As further
discussed, major updates of this tool have been performed in 2013 in order to make it more effi-
cient and also to provide an easy use of the tool in the calibration and validation systematic analyses.

2.3. GRACE measurements of the mass contribution

The physical contents of the altimeter and steric in-situ dynamic heights are different and in par-
ticular, a phase offset is observed between the two global averages due to the seasonnal distribution
of the mass contribution which is missing in the Argo dataset (Chen et al, 98, [2]). This mass
contribution is derived from GRACE data in order to compare with altimetry. Until last year,
ocean data based on spherical harmonics from the University of Texas, Center for Space Research
(CSR) (NASA Tellus website) were used in our comparison of altimetry versus Argo + GRACE
measurements. In 2013, the use of the GRACE Release 05 dataset has shown a strong deterioration
of the performances of these comparisons (correlation and std dev. of the differences between al-
timetry and Argo+GRACE) compared with the release 04 dataset. After discussions directly with
the data provider (Don Chambers) and with users (LEGOS), it appears that this dataset (whatever
the release used) is not adapted for our method of comparison.

Indeed, the difference of performances between the two releases was relatated with the leakage cor-
rection used to reduce the effect of much larger land and ice sheets that leak into the ocean both
from the Gaussian filter and the destriping algorithm.

According to Chambers D. (personal communication): for RL04, a Gaussian smoother was ap-
plied to mapped GRACE data over the land and zeros was applied over the ocean. Then, it was
substracted from the ocean maps. The noise was clearly reduced in the residuals, but there were
apparent residual errors that appeared from the destriping, which also leaks signals into the ocean.
For RLO05, the application of a destriping filter to the mapped GRACE data was tested over land
in addition to the Gaussian smoother. This had a significant impact in reducing the residuals
over the tropical ocean and improving correlation with local Ocean Bottom Pressure (OBP) varia-
tion from the JPL _ECCO model. Thus, this leakage correction has been chosen for the RL05 maps.

Whatever the release used, while comparing altimetry with Argo and the mass contribution, a
global average of the GRACE maps is performed, which is not a good way to estimate the global
mean mass variations from GRACE. Instead, according to the data provider, users should use an
averaging kernel convolved with the original gravity coefficients, which does not require smoothing
or destriping. The GRACE mapped data which are made available on the NASA Tellus web-site,
are intended to be used to study more local ocean bottom pressure variations, not global ones,
because of this problem. This is explained in the appendix of Johnson and Chambers 2013 ([4]).

Thus, we have chosen to use another dataset of the GRACE mass contribution to the sea level
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which is provided by the GRGS research group (http://grgs.obs-mip.fr/grace, V2). It consists
of 10-days maps (monthly maps for the NASA dataset) of equivalent sea level from 2003 to August
2012. An update over a longer period should be soon available. Altimeter data is thus also com-
pared with Argo measurements only since the mass component is not available for recent days. The
GRGS GRACE data are not corrected from the post glacial rebound (Glacial Isostatic Adjustment)
correction. This point will be discussed in the next section. No filtering is applied and the map of
the mass trend (in equivalent sea level) thus clearly show the North - South stripes of the GRACE
data (see figure 4) but these effects are considered to vanish when performing global average of the
maps, which is allowed since they are not filtered. This will be illustrated in the section showing the
results of the sea level differences. Note that the major areas of ice melting (Greenland, Patagonia
and Antarctic peninsula) are clearly observed on figure 4.

GRACE GRGS RL02: 08/2002 - 08/2012
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Figure 4: Regional trends of the mass contribution to the sea level derived from GRGS V2 dataset
of the GRACE measurements.

Concerning our activity, the impact of using this new dataset is discussed in the following section.
This leads to a reduced uncertainty of the estimation of the absolute drift of the altimeter sea level.


http://grgs.obs-mip.fr/grace
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3. Method of comparison: evolution and reduction of the uncer-

tainty

In 2013, major efforts have been performed to better estimate the error of the method (sensitiv-
ity analyses and new diagnoses) and to reduce the uncertainty associated with the results. In
this section, we first present the method of comparison of altimeter SLA with in-situ data and
evolutions of the method are then discussed. Some new tools have been developed to contribute
to the estimation of the uncertainty of the results and at last, sensitivity analyses have been per-
formed in order to better understand the observed signals and improve our confidence in the results.

3.1. Description of the processing sequence

3.1.1. Overview

Altimeter measurements are compared with in-situ dynamic height anomalies (DHA) derived from
the Argo temperature and salinity profiles and with the mass contribution to the sea level derived
from GRACE measurements. These are described hereafter:

1. Colocation of altimeter and GRACE data with Argo in-situ profiles
2. Validation of colocated measurements in order to exclude bad data

3. Estimate of statistics

3.1.2. Comparison of similar physical contents

Altimeter measurements are representative of the total elevation of the sea surface (surface to bot-
tom), that includes barotropic and baroclinic components, whereas, DHA from profiling floats are
representative of the steric elevation associated with the thermohaline expansion of the water col-
umn from the surface to the reference level of integration (i.e. baroclinic component). We combine
these data with grids of the mass contribution to the sea level from GRACE to provide an estima-
tion of the total height of the water column so that the same physical content is compared with
altimetry. Note that this mass contribution is not systematically used since relative comparison
with Argo data may be sufficient to detect the impact of a new altimeter standard for instance.
The deep steric contributions are not taken into account in our study.

As discussed in previous annual report of the activity ([7]), in-situ DHA are referenced to a mean
of the Argo dynamic heights over a time period different from the reference period of altimeter
SLA. In order to compare both types of data with a common temporal reference, altimeter data are
computed with the in-situ reference period by removing the mean of altimeter SLA over 2003-2011.
The use of a common temporal reference provides more homogeneity between the two types of data
and increase their correlation, which thus improves our confidence in the results (see 2011 annual
report of the activity, [0]).
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3.1.3. Colocation of in-situ and altimeter data

The quality assessment of the altimeter SLA from a single mission is based on the along-track (L2)
SLA. As the altimeter sampling is better than the in-situ coverage (a global altimeter coverage of
the ocean, for Jason missions, versus a single T/S profile every ten days), grids of 10-day averaged
along-track SLA are computed in order to have a sufficient spatial coverage. The quality of gridded
merged (L4) products can also be estimated (SSALTO/DUACS maps for instance). Then the colo-
cation of both types of data is made via the interpolation of these grids for each altimeter mission
(bi-linearly in space and linearly in time) at the location and time of each in-situ profile. The impact
of averaging the altimeter L2 data over 10 days is estimated to be weak considering that the ocean
state has not changed significantly within less than 10 days. However, maps of L2 SLA could be
derived by optimal interpolation (objective analysis) and the impact of using this updated method
has been analyzed (see the following section). Similarly, the 10-days grids of GRACE data (GRGS
V2) are also colocated with each Argo profile.

3.1.4. Validation of compared altimeter and in-situ measurements

In order to exclude potential remaining spurious values and improve the correlation between both
types of data (and thus increase our confidence in the results), a two steps selection is made in the
processing chain over altimeter SLA and in-situ DHA:

e Selection differences between altimeter SLA and in-situ DHA lower than 0.20 m. The choice
of this threshold is based on the histogramm of SLA differences (figure 5, left). The selection
is written as: |SLAy; — DHA| < 0.20m.

e Selection over a maximal DHA from in-situ data. According to results from global Cal/Val
analyses and from analyses of the in-situ dataset, values greater than 1.5 m are not taken into
account: |SLA,siw| < 1.5m
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Figure 5: Histogram of valid SLA (DUACS merged maps) - DHA differences (number of profiles
according to the observed sea level differences in meters, left) and map of the invalid SLA - DHA
differences (right).
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This selection excludes 1.6% of the total colocated measurements of Jason-1 data and figure 5 (right)
indicates that the excluded measurements are mainly located in regions of high ocean variability.
They are not associated with erroneous data but their rejection is due to the colocation method
itself. Thus, if this validation would not be performed, the uncertainty in these regions would be too
high to produce any valid results. The exluded data are totally attributed to the first validation step
(threshold on the differences) but the second validation step is kept in case of potential remaining
erroneous Argo data. The correlation and rms differences between altimeter SLA and in-situ steric
DHA become 0.72 and 6.3 cm respectively whereas they are 0.65 and 7.2 cm when the validation
phase is not considered. Thus the results will not be significantly affected by this selection but it
strongly increases our confidence in the method.

3.1.5. Computation of global statistics

The processing sequence uses the database of colocated altimetry and Argo profiles to generate
statistics of the altimeter sea level differences compared with in-situ measurements for each altime-
ter mission. Then, various diagnoses are produced from these statistics in order to detect potential
anomalies in altimeter data. The global dispersion of the datasets (figure 6) provides information
on the correlation and coherence between both types of data and then, deeper analyses can be
performed. The evolution of the method of comparison and the integration of new diagnoses are
discussed in the following section.
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Figure 6: Dispersion between DUACS merged maps of altimeter SLA and the steric DHA from Argo
plus the mass contribution from GRACE.
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3.2. Evolution of the method of in-situ comparison

3.2.1. New version of the processing sequence for an automatic use

The processing chain which provides the comparison of altimetry with Argo data is relatively time
consuming (in spite of previous improvements) and it is not very easy to launch for non expert
users. In the context of the analyses of altimeter performances and the impact estimation of new
altimeter standards, a list of analyses and diagnoses are systematically and automatically performed
(independent of in-situ analyses). As the comparison with Argo data can contribute to this im-
pact estimation, adding in-situ analyses required to develop a new version of the processing chain
which could be called by other program in order to provide specific diagnoses. In addition, the
time required to process a few years of altimeter data has been considerably reduced (about 2 hours
according to the selected diagnoses). This work has been done in 2013 and has required a significant
amount of time but it became necessary to allow the developement of the activity. The analyses
discussed in this report have been produced with this new processing chain.

3.2.2. New reference period

The Argo steric Dynamic Heights are anomalies referenced to a mean of Argo dynamic heights over
2003-2009. This period has been increased to 2003-2011 and is now used for the analyses performed
in this report.

Note that altimeter measurements are sea level anomalies referenced to a mean sea surface with
an inter annual content associated with the 1993-1999 period. The difference of reference periods
have no impact when performing global comparison between altimetry and Argo but it becomes
significant when analyzing the regional distribution of the differences. Indeed, observed geograph-
ical discrepancies may be attributed to the difference of inter-annual physical content and not to
"real" differences between both datasets. Thus, altimeter sea level anomalies are referenced to the
in-situ reference period by removing the mean of altimeter measurements over the corresponding
period so that homogeneous inter annual contents are compared.

3.2.3. The mass contribution from GRACE: use of a new dataset

The mass contribution to the sea level that is missing in the Argo observations is derived from
GRACE data. As discussed in the former section, we used the RL04 dataset from the NASA
Tellus provider and the release 05 available in 2013 was expected to be much better. However,
figure 7 (left) indicates that the correlation and the standard deviation of the global mean of the
(Argo+GRACE) time series compared with altimetry (reference gray dot) are strongly deteriorated
with the RL05 (blue triangle) compared with the RL04 (black circle). As previously mentionned,
this dataset (whatever the release used) is not adapted for our method of comparison which includes
the global mean of the GRACE maps (colocated with Argo profiles).

Indeed, users of the Tellus dataset should perform an averaging kernel convolved with the original
gravity coefficients, which does not require smoothing or destriping. Figure 7 (right) indicates that
such average (in green) provides very different result from a global average (in blue). A phase offset
is observed, which explains the strong deterioration of annual signal estimation and the deteriorated
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performances in the Taylor diagram.
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Figure 7: Left: Taylor diagram of the Argo + GRACE time series compared with Jason-2 SLA (gray
reference dot), including the GRACE NASA Tellus RL04 (black circle) and RL0O5 (blue triangle).
Right: monitoring of the mass contributions to the sea level from GRACE: global mean (blue) and
averaging kernel (green) of the NASA Tellus RL05 dataset and global mean of the GRGS V2 dataset.
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Figure 8: Left: global mean of altimeter and Argo+GRACE (GRGS V2) sea levels. Right: peri-
odogram of the annual signal of the altimetry - Argo - GRACE measurements.

Thus, we use the dataset provided by the GRGS/LEGOS (Groupe de Recherche en Geodesie Spa-
tiale) research group (http://grgs.obs-mip.fr/grace, V2). As the 10 days-maps are not filtered,


http://grgs.obs-mip.fr/grace
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global average is allowed and the physical content of the time series is clearly different from the
other dataset (figure 7, right, in red). The observed differences with the NASA dataset (green curve)
are related with the differences between upstream processings (sperical harmonic decomposition,...)
and downstream processing (filtering or not,...). In particular, the annual signal of the altimeter
and Argo+GRACE time series are similar and no obvious phase offset is detected (figure 8, left).
The amplitude of the annual signal of the differences used to reach 1 cm with the previous Tellus
dataset (figure 8, right, in red) and it has almost disappeared with the GRGS V2 release (in blue).
This constitutes a considerable improvement in our method of comparison and the uncertainty on
the absolute trend of altimetry should be significantly reduced. However, the error introduced in
our method associated with the use of this GRACE dataset still needs to be characterized and the
use of the GRGS V3 dataset which should be soon available should help to better determine this
level of error.

As (i) the altimeter regional sea level trends are mainly driven by the steric sea level trends (see fig-
ure 9 of the document appended in annex 8.2.) and very little correlation is found with the regional
trends of the mass contribution and (ii) relatively high uncertainty is associated with the regional
mass trends, comparisons of altimetry with Argo only is still performed when relative impacts are
discussed (impact of new altimeter standards for instance).

3.2.4. Impact of the Glacial Isostatic Adjustment (GIA)

The Glacial Isostatic Adjustment (GIA), also called the Post Glacial Rebound (PGR) corresponds
to the response of the solid envelope of the Earth to the melting of the ice cover from the last
deglaciation period (20 000 years ago). The associated impacts are:

e The ocean basin volume changes

e The geoid changes

e Crustal movements

Argo steric measurements are not affected by these impacts but altimeter and GRACE data are
(Tamisiea and Mitrovica, 2011, [12]). Homogeneous physical contents of the datasets are required
for the analyses of the global trends of the differences between altimetry and Argo+GRACE data
and a GIA correction has to be included (GIA has no impact on the analysis of inter annual signals
since the trend is removed). However, GIA effects have to be taken into account differently for
altimetry and for GRACE measurements. Following discussions with users of this correction:

e -0.3 mm/yr is substracted to altimeter data, which corresponds to the integral of the regional
changes of the geoid over the oceans (Peltier’s map of the GIA correction). The uncertainty
associated with this model is estimated to be around 0.05 mm/yr.

e -0.9 mm/yr is substracted to GRACE GRGS V2 data, corresponding to the integral of the
GIA correction applied on the Tellus/NASA GRACE dataset. The uncertainty associated
with this model is estimated to be around 0.3 mm/yr.

Thus, when analyzing the trend of the difference SLA - Argo - GRACE, we compute:
SLA — (—0.3) — (Argo+ GRACE — (—0.9))
=SLA+0.3— Argo— GRACE —0.9
=SLA— Argo— GRACE — 0.6
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3.3. Improved estimation of the uncertainty

3.3.1. Estimation of the uncertainty of sea level trends

The drift of altimeter measurements and the impact estimation of a new altimeter standard are
estimated by the trend of the differences with in-situ measurements. In particular, as discussed
in the next section (Evaluation of new altimeter standards), the quality of an orbit solution may
be analyzed by comparaison with Argo data in order to check if there are regional / hemispheric
biases in the sea level trends. It thus requires to know if two sea level trends can be statistically
distinguished given the level of uncertainty associated with these values.

A new tool has been developped which provides an evaluation of the uncertainty of the trend of
a time series thanks to different statistic methods (least squares, Monte-Carlo, Bootstrap, station-
narity test of Dickey-Fuller). When applied to the trends of sea level differences between altimetry
and Argo measurements, this will contribute to better estimate the uncertainty of the results and
thus to increase the confidence associated with the method of comparison. Example is discussed in
the following section.

3.3.2. New diagnostic: Spatial distribution of statistics of the differences

In the context of the comparison of altimetry with in-situ measurements, global differences provide
many results (mean and standard deviation of the differences, trend, correlation, variance differ-
ences, etc) which allow to detect altimeter drift, anomalies and to determine the quality of new
altimeter dataset. However, global analyses may not be enough to detect the impact of some evolu-
tions which may be expected at regional scales. Thus, regional analyses of the sea level differences
are also performed, be it at large scales (hemispheric differences of the trends for instance) or at
smaller scales (map of statistics per boxes). In this situation, maps of the mean and variance of
the sea level differences are usually computed but in order to better detect the impact of altimeter
standards (which becomes smaller and smaller) and to reduce the uncertainty of the comparaisons,
new regional diagnoses have been developped in the framework of the new processing sequence (as
described above).

Monthly maps of box-averaged altimeter and Argo sea levels and of their difference are computed,
which allows the estimation of the spatial distribution of the correlation, the Taylor distance, the
ratio of variance and the rms of differences between altimetry and in-situ data. For such analyses,
the number of observations per box has to be kept in mind in order to have robust statistics and to
avoid erroneous interpretation of the results. No example is provided yet but these diagnoses will
be used for the 2014 studies.

3.3.3. New diagnostic: the Taylor diagram

Global analyses of the differences between altimeter and in-situ measurements consists in time series
of their mean or variance but also the correlation between all couples of colocated altimeter and
Argo profiles with a dispersion diagram (example in figure 6), including all temporal and spatial
scales. A well-adapted diagnostic to synthesize the correlation and the standard deviation of al-
timetry and in-situ data is the Taylor diagram (see figure 7, left) which requires the time series of
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the global mean of the sea level (figure 8, left).

The correlation between altimeter and Argo+GRACE time series is mainly associated with the an-
nual signal which could hide some evolution expected at a particular wavelength. Thus, global time
series are filtered in order to analyze the Taylor distance associated with the annual signal only,
the high frequencies (< 1y.) and the low frequencies (> 1 y.). This provides reliable information to
estimate if a new altimeter standard or a new dataset makes the altimeter sea level more coherent
and homogeneous with the independent reference. An example will be discussed in the following
section for the quality assessment of the new 2014 reprocessing of the AVISO SSALTO/DUACS
merged altimeter products (figure 27).
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3.4. Sensitivity analyses

3.4.1. The Taylor distance

In order to better estimate the uncertainty of the Taylor distance, we analyze its sensitivity to the
length of the time series. The 9 years (2004-2012) of the Jason-1 sea level time series is reduced from
2-years long subsamples to the original dataset and the coherence with Argo+mass is estimated for
each subsample. Figure 9 shows the dispersion of the associated points. The dispersion is rela-
tively reduced even for small subsamples: the correlation varies from 0.82 to 0.93 and the altimeter
standard deviation is from 1.1 to 1.4 times the one of the Argo+mass timeseries. Note that the
point associated with the original dataset (black circle) is not in the middle of the cloud dispersion.
All wavelengths are included in the signal, and these results are mainly associated with the annual
signal. The shortest the timeseries, the more the annual signal prevails and as it is well correlated,
the correlation between altimetry and in-situ data increases. In addition, when reducing the length
of the timeseries from 9 years to 4 years, the standard deviation decreases, probably because there
is less physical content in shorter time series. Such analysis provides an order of magnitude of the
uncertainty associated with this diagnosis and will be useful when studying the impact of a new
altimeter standard for instance.
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Figure 9: Sensitivity of the Taylor distance between Jason-1 measurements and Argo+GRACE data
according to the length of the time series (from 2 to 9 years). The trend and periodic signals are
not removed.
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3.4.2. Impact of the altimeter data processing

As mentionned at the beginning of this section (Description of the processing sequence), grids
of 10-day box-averaged along-track SLA are computed in order to have a sufficient spatial coverage
since the altimeter sampling is better than the in-situ coverage. Boxes of 1° latitude x 3° longitude
are used in order to take into account the number of altimeter tracks per cycle and also the rather
zonal ocean circulation because of the rotating effect of the Earth (Coriolis force). We want to
determine whether box-averaging altimeter data with 1° x 1° has an impact on the results of the
comparison.

Figure 10 displays the time series of the differences between altimetry and Argo measurements with
(left) and without (right) periodic signals. The amplitude and phase of the annual signal of the
differences are not affected, neither the trend of the differences.
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Figure 10: Global mean differences between Jason-1 altimeter measurements and Argo dynamic
heights (without tha mass contribution) with (left) and without (right) annual and semi-annual
signals. Along-track altimeter data are boz-averaged before colocating with each Argo in-situ profile
with 1z1 (blue curves) and 1z8 (red curves) bozes.

In terms of variability, the variance of the differences is computed for the time series of each Argo
floats, using successively the two different size of box-averaging. Figure 11 shows the histogram of
these variances for all Argo floats and the mean of 4+1.3 ¢m? indicates that averaging along-track
altimeter data with 1° x 3° boxes makes altimeter data more coherent with in-situ Argo observa-
tions. Thus, this processing is chosen for the comparisons and all results in this report concerning
along-track altimeter data are obtained with this parametrization.
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Figure 11: Histogram of the variance differences between altimetry and Argo data using successively
1z1 and 1z8 degrees bozes for averaging along-track Jason-1 altimeter measurements before colocating
with each Argo profile. Positive values traduce a more homogeneous altimeter sea level with in-situ
data when using 1x83 bozes.
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3.4.3. Impact of the Argo subsampling

New Argo floats are regularly launched leading to a current in-situ network of almost 9000 floats
over almost the global open ocean. The associated in-situ dynamic heights are used to validate al-
timeter sea level measurements and we want to determine the sensitivity of these validation studies
to the spatial sampling of the Argo floats.

The comparison of AVISO/DUACS merged products with all floats is used as a reference and several
comparison are performed using subsamples of the floats list:
e 1 /2 floats

e 1 / 4 floats, from the first of the list
e 1 / 4 floats, from the third of the list

Figure 12 shows the number of altimetry - Argo differences per box with different subsampling.
With half of the dataset (top right), the sampling is significantly reduced homogeneously over the
global ocean and with 1/4 of the floats (bottom panels) some areas are not samples at all.
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Figure 12: Number per boz of altimeter (AVISO DUACS merged product) - Argo differences over the
period 2004-2012 with various subsampling of the list of Argo floats: all (top left), 1/2 (top right),
1/4 from the 1st (bottom left) and 1/4 from the third (bottom right).

The global mean differences are computed for each experiment in order to analyze the sensitivity
of the altimeter sea level trend. Figure 13 (left) shows the mean differences between altimeter and
Argo data. With half of the Argo float, the trend of the sea level differences is not affected over
the period Jan. 2004 / Aug.2012 and the standard deviation of the differences is also unchanged.
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With a quarter of the floats, the trend is relatively weakly modified by + 0.2 mm/yr according to
the subsampling considered. When the mass contribution is also withdrawn (figure 13, right), the
trend is also not modified with half of the floats but the impact is slightly higher with a quarter of
the floats (up to 0.4 mm/yr). Thus, the subsampling of the Argo dataset has a relatively reduced
impact on the trend of the sea level differences.
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Figure 13: Global mean differences (with different subsampling of the list of Argo floats) between
altimetry (AVISO DUACS merged product) and Argo measurements (left) and between altimetry
and Argo+GRACE (GRGS V?2) data (right).

The coherence between altimetry and in-situ measurements is now analyzed and figure 14 (left) dis-
plays the Argo+mass time series (bottom curves) for different subsampling of the Argo floats and
the corresponding colocated altimetry (top curves). All time series are slightly modified according
to the in-situ subsampling and in particular, the phase and amplitude of the annual signal does
not appear to be strongly modified. The Taylor distance figure 14 (right) between altimetry (gray
reference dot) and the Argo+mass time series is computed for different subsamling of the Argo
floats. The greater Taylor distance is obtained with the total Argo dataset (red square) and the
subsampling of the number of Argo floats clearly deteriorates the coherence between the altimeter
signal and Argo + mass contributions. It is thus clearly recommended to maintain the spatial
coverage of the Argo network.
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Figure 14: Left: mean of Argo + GRACE (GRGS V2) sea level measurements with different sub-
sampling of the Argo floats (bottom curves) and mean of the corresponding colocated DUACS merged
altimeter data. Right: Taylor diagramm (correlation and standard deviation) of these time series:
the gray dot is the altimeter DUACS merged sea level product and statistics obtained with Argo+mass
values are represented for different sampling of the Argo floats: all(red square), half (green circle),
1/4 (blue and cyan triangles). Trends and periodic signals are included.
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3.4.4. Argo steric dynamic heights: impact of the reference depth on the comparison
with altimetry

The Argo network of in-situ profiling floats provides Temperature and salinity (T/S) measurements
through the water column every 10 days. Dynamic heights are derived from the Argo T/S profiles
as the integration of the T /S measurements through the water column. This integration requires a
reference level (pressure) and:
e The deeper the reference level, the more information from the T/S profiles is taken into
account,

e But the more T/S profiles are not used (those who do not reach the reference level)

Thus, we first aim at determining the impacts of a given reference depth of integration on the global
Argo sampling but also on the regional Argo distribution. Secondly, it should be determined how
much steric signal is missed with the choice of a given reference depth.

These two issues have been analyzed in the framework of the Sea Level Climate Change Initiative
and E-AIMS projects. The sea level closure budget is analyzed through the comparison of various
contributions to the sea level, the steric sea level being one of these contributions (associated with
the thermohaline expansion of the water column). The impact of the choice of the reference level
on the global Argo sampling and the regional Argo distribution has been first analyzed. Then,
three time series of monthly maps of steric sea level have been computed with a 900 dbar, 1200
dbar and 1900 dbar reference depth in order to estimate how much steric signal is missed between
these products. Then, the physical contents of these products are analyzed and compared with
other datasets (altimetry minus mass contribution from GRACE) and the differences are discussed.
An estimation of the error of the method used to compute global maps of steric sea level has been
provided. The report summarizing the results is appended to the present document as an annex
(see Annex 8.2. page 42).

As a summary, in the context of the quality assessment of the altimeter MSL, it turns out that the
choice of a reference depth to compute Argo steric dynamic heights is not clear:

e The steric MSL referenced to 1900 dbar will be preferred in case of assessing the altimeter
MSL trend and discuss the altimeter sea level closure budget.

e However, when removing the effect of the trend, the standard deviation of altimetry is closer
to the steric + mass signals with a 900 dbar reference and the correlation between altimetry
and Argo + mass is slightly increased with the 900dbar time series. In addition, steric MSL
trends are more homogeneously distributed compared with altimetry at 900dbar rather than
with deeper references. Thus, in case of assessing the impact of a new altimeter standard in
terms of variance, the 900 dbar steric signal may be preferred.
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4. Analyses of the altimeter sea level differences with the external
reference

In this section, we discuss the global mean sea level trend of several altimeter missions compared
with Argo+GRACE measurements, the inter-annual signals, the regional mean differences and the
major differences observed between different missions.

4.1. Global altimeter drifts and inter annual variability

Figure 15 (left) presents the mean differences between altimetry and Argo+mass (GRGS V2) for
Jason-1 (red), Envisat (blue) and Jason-2 (green) missions. As mentionned in the former section,
a GIA correction is applied on these trends. A 0.7 mm/yr drift is observed for Jason-1 and 2.2
mm /yr for Envisat over 2005-2012.5 period. Concerning Jason-2, a 1.9 mm/yr drift is observed
over its shorter period. When using SSALTO/DUACS altimeter merged products, a 1.1 mm/yr
drift is observed over the 2005-2012.5 period (see figure 13, right but also figure 6 in annex 8.2.).
The 1 mm/yr remaining drift of altimetry compared with Argo and GRACE measurements could
have several origins:

e The reference level of integration used to compute steric dynamic heights. Indeed, as discussed
in the previous section (sensitivity analysis of the steric heights to the reference level) and
detailed in annex 8.2.; this residual trend is affected by a change of reference depth of the
steric heights.

e A leakage effect of the GRACE data around areas of strong continental ice loss (mainly
Greenland but also Patagonia and Antarctic peninsula). A selection of data only at coastal
distance greater than 500 km or with a maximum threshold on the GRACE trends could help
to assess whether this leakage effect has an impact on the residual altimeter drift.

Filtered Altimetry - Argo - GRACE ( GIA corrected) Filtered, detrended Altimetry - Argo - GRACE
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Figure 15: Left: 3-months filtered mean differences between altimetry and Argo+mass (GRGS V2)
for Jason-1 (red), Envisat (blue) and Jason-2 (green) missions with the GIA effects included. Right:
idem after removing the trend.

The analysis of the inter annual signals is made thanks to the detrended time series of the mean
differences (figure 15, right). Over the total period, the standard deviation of the filtered time
series is significantly higher for the Envisat mission than for Jason-1 (0.29 cm and 0.18 cm respec-
tively). The difference of altimeter standards contributes to this difference. The value associated
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with Jason-2 over its shorter period (0.13 c¢m) is slightly reduced compared with Jason-1. At inter
annual time scales, higher variability is observed both for Jason-1 (red) and Envisat (green) in 2005
and at the beginning of 2007. A drop of the Envisat signal is observed in 2009 but it is not detected
with other altimeter missions.

4.2. Regional mean differences

The regional mean differences between Jason-1 sea level and Argo data only are shown on figure 16
(left). These differences are of the order of less than 1 c¢m, except in areas of high ocean variabil-
ity where the error associated with the colocation of altimetry with Argo profiles is higher. As
mentionned when describing the datasets, the GRACE GRGS V2 measurements can be used to
compute global altimeter absolute drift but as the data are not filtered, stripes are clearly observed
(see figure 4) and it has a strong impact on the regional distribution of the mean differences between
altimetry, Argo and GRACE data, as illustrated on figure 16 (right). Thus, regional analyses can
not be performed in terms of absolute differences compared with Argo and GRACE, but the use of
this dataset will not affect relative regional differences between two missions for instance.

-4 2 0 2 4 -4 2 0 2 4

Figure 16: Regional mean differences between Jason-1 sea level and Argo (left) or Argo+mass (GRGS
V2) (right).

This is illustrated on figure 17 (left) which shows the discrepancies between Jason-1 and Envisat
of the mean differences between altimetry and Argo+GRACE. The stripes of the GRACE dataset
have cancelled in the comparison and an East/West hemispheric bias is clearly observed. This
well-known anomaly is related with the GDR-C orbit solution and is also observed when the sea
level of both missions are directly compared. The discrepancies between Jason-1 and Jason-2 of
the mean sea level differences computed over Jason-2 period (see figure 17, right) show a slight
East/West bias together with a North/South hemispheric bias. This first one is related with the
GDR-C orbit solution used for Jason-1 at the beginning of the studied period and the second one is
associated with the GDR-D orbit solution which is affected by the South Atlantic Anomaly (SAA).
This anomaly will be discussed in details in the next section.
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Figure 17: Left: regional differences between Jason-1 and Envisat of the mean differences between
altimetry and Argo+mass (GRGS V2) over 2004.5-2012.5. Right: regional differences between
Jason-1 and Jason-2 of the mean differences between altimetry and Argo data over 2008.5-2012.
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5. Evaluation of new altimeter standards

5.1. Overview

The impact of a new altimeter standard (orbit solution, geophysical or instrumental correction, re-
tracking algorithm) on the sea level computed from altimetry may be estimated by comparison with
in-situ measurements using successively the old and new version of the altimeter standard. This
approach also helps us to better characterize the uncertainty associated with our method. Indeed,
the more analyses of impacts are performed, the more it will be possible to a priori determine in
which situation the impact of a new standard can be detected or not.

Various analyses of impact have been performed over the previous years concerning updated or
reprocessed altimeter data for Jason-1, Jason-2 and Envisat, the use of a new MSS, the modelled
or radiometric wet troposphere correction but also the quality assessment of new orbit solutions
(GDR-C/D, GSFC) and so on (see previous annual reports of the activity). The criteria of im-
provement used for these analyses are based on the consistency (variance difference) between the
updated altimeter data and the in-situ reference but also on the evolution of the correlation and of
the sea level trends. According to the studied altimeter standard and the expected impact, one of
these criteria will be prefered. Concerning the impact of a new orbit solution, the Argo dynamic
heights are the only external reference that can be used to assess its impact. As no hemispheric
bias is expected in the trend of the Argo dynamic heights, the coherence of the trend differences
between two hemispheres is a strong criterion to estimate the performance of a new orbit solution
(see Valladeau and Legeais 2012, [11]).

As already mention, altimeter regional sea level trends are little correlated with the regional trends
of the mass contribution to the sea level and relatively high uncertainty is associated with the
regional trends of this latter contribution, so the mass contribution to the sea level is not system-
atically used to detect the impact of new altimeter standards.

Other diagnoses should be used to estimate the impact of new altimeter standards. For instance,
data could be first filtered out in the frequency band where the impact of the new standard is
expected to be maximal. The regional impact could be better characterized with the maps of the
correlation and rms of the differences obtained with the former and the new standards. All these
diagnoses have not been used yet in the studies performed in 2013, which are synthetized below.
Efforts have been made to better determine the uncertainty of the method associated with the
detection of trends differences. This has been done in the context of the impact estimation of new
orbit solutions. Other analyses have concerned the impact of a new wet troposphere correction for
TOPEX /Poseidon mission, the assessment of the ESA CCI sea level dataset and of the reprocessed
SSALTO/DUACS 2014 merged product.
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5.2. Uncertainty of the method for the detection of trends difference

5.2.1. Impact of the weighting of DORIS stations in the South Atlantic Anomaly
region on the Jason-1 orbit solution

The mean sea level differences between Jason-1 and Jason-2 over its verification phase display a
North/South hemispheric bias with the GDR-D orbit solution. This solution includes for Jason-1 an
under-weighting of some DORIS stations (Lemoine and Capedeville, 2006, [2]) in the South Atlantic
Anomaly (SAA) region (see the right panel of figure 17, for an illustration of this hemispheric bias
over all the Jason-2 period) to get around an instrumental sensitivity of the mission to the SAA.
Without under-weighting these stations for the Jason-1 mission, it reduces the regional bias but it
also has an impact on the Jason-1 regional MSL trends: a £0.5 mm/yr North/South hemispheric
bias is observed (see 2013 Jason-1 annual report: [13]).

As no hemispheric bias is expected in the trend of Argo dynamic heights, we compute the trend
of the differences between Jason-1 SLA and Argo data for both orbit solutions and separating the
North and South hemispheres (for |lat| > 20°). However, the order of magnitude of the searched
trend differences is of 0.5 mm/yr. This is very small compared with the £3.0 mm/yr which has
been detected with the GDR-C orbit solution (Valladeau and Legeais 2012, [14]). The orbit solution
without under-weighting of SAA DORIS stations for Jason-1 is expected to be better since more
in agreement with Jason-2 which is not sensitive to the SAA. Thus, if the impact on the trend is
detected with our method, this analysis will provides an estimation of the uncertainty on the trends
obtained with our method of in-situ comparison.

Figure 18 indicates that the Jason-1 orbit with and without under-weighting of DORIS SAA stations
leads to N/S MSL trends difference of 0.0 mm/yr and 0.6 mm/yr respectively. If the uncertainty
was null, this would suggest that the new orbit solution is worse. But the use of a Monte-Carlo
statistic method to estimate the uncertainty of the trends difference associated with the method of
comparison provides values of 1.2 and 1.3 mm/yr respectively. This means that the difference of
0.6 mm/yr observed between both solutions can not be distinguished given the uncertainty of the
method and we can not conclude which orbit solution is the best.

Mean differences (no annual and semi-annual signals) for orbit with weighting Mean differences (no annual and semi-annual signals) for orbit without weighting
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Figure 18: Trends of the differences between Jason-1 SLA and Argo data separating the North
and South hemispheres (|lat] > 20°) with (left) and without (right) under-weighting of the DORIS
stations in the SAA. The hemispheric trend differences are of 0.0 mm/yr and 0.6 mm /yr respectively.
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5.2.2. Comparison of GFZ and GDR-D orbit solutions for Envisat

The GFZ orbit solution has been compared with the GDR-D solution for the Envisat sea level
estimation and the mean sea level trends difference displays an hemispheric East / West differ-
ence of £0.5 mm/yr (figure 19). As for previous studies, the Envisat sea level is compared with
Argo dynamic heights in order to detect which orbit solution is responsible for this hemispheric bias.

SLA with GFZ CClI orbit trends - SLA with GDRD trends

, cycles 10 to 94
T

Figure 19: Difference of maps of sea level trends from Envisat derived with the GFZ and GDR-D
orbit solutions.

Figure 20 indicates that the hemispheric trends difference is the same (0.8 mm/yr) with both orbit
solutions. As previously discussed, the uncertainty of the in-situ method of comparison do not
allow us to distinguish sea level trends difference of the order of £0.5 mm/yr. Thus, the method of
comparison should be improved (colocation of the altimeter / in-situ data, etc) in order to reduce
the associated trend uncertainty.
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Figure 20: Trends of the differences between Envisat SLA and Argo data separating the Western
(180° - (°) and Eastern hemispheres ((° - 180°) with the GFZ (left) and GDR-D (right) orbit

solution. The hemispheric trend differences are of 0.8 mm /yr with both solutions.
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5.3. Assessment of the GPD wet troposphere correction on TP

In the framework of the ESA Sea Level Climate Change Initiative (SL-CCI), University of Porto
(Portugal) has produced a new wet troposhere correction for all altimeter mission based on a com-
bination of radiometer data and modelled data with GNSS Path Delay (GPD) measurements. The
use of this GPD correction for the TOPEX/Poseidon mission has a strong impact on the sea level

trends (more than 1 mm/yr) in the Indian ocean compared with the use of the radiometer correction
(figure 21).

SLA with COAST_WET_TRO trends - SLA with TRO_HUM_COMPOSITE trends
Mission tp. cycles 37010

Figure 21: Regional sea level trend differences for the TOPEX sea level measurements computed
with the GPD wversus the radiometer wet troposphere correction over TOPEX cycles 370 to 481.

In terms of trends, Argo measurements are used to estimate which altimeter standard provides
the best results. The North Pacific ocean is used as a neutral reference region where the trend
differences are small. As no systematic bias is expected between these two regions in the Argo sea
level trends, we compute the trend of the differences between altimetry and in-situ data in these
regions in order to detect the best standard. Figure 22 shows regional differences of 2.2 mm/yr
with the radiometer correction and 0.8 mm/yr with the GPD correction. This would suggest that
the GPD correction improves the TOPEX sea level trends in the Indian ocean but the rather short
period of analysis (Jan. 2004 - Oct. 2005) leads to a very high uncertainty on the trends with a
low confidence in this result.

As the period is very short for a good trend estimation, the impact is also analyzed in term of vari-
ance. Figure 23 shows that both tide gauges and Argo data indicate that TOPEX measurements
are more homogeneous with in-situ data when using the GPD wet troposphere correction. Thus,
the new correction is estimated to be an improvement.
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Figure 22: Trends of the differences between TOPEX SLA and Argo data separating the Indian
ocean and the North Pacific ocean with the GPD (left) and the radiometer (right) wet troposphere
correction.
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Figure 23: Histogram of the variance differences between altimetry and Argo data (left) and tide
gauges (right) using successively the GPD and the radiometer wet troposphere correction for the
TOPEX mission. Negative values traduce a more homogeneous altimeter sea level with in-situ data
when using the GPD correction.



Validation of altimeter data by comparison with in-situ Argo T/S profiles

CLS.DOS/NT/13-256 V- 1.0 - of April 1, 2014 - Nomenclature : SALP-RP-MA-EA-22281- 30
CLS

5.4. Quality assessment of the DUACS DT 2014 reprocessing

Twenty years of SSALTO/DUACS AVISO sea level altimeter data have been reprocessed and will
be released in 2014. The quality of this new dataset has been estimated by comparison with Argo
in-situ data and compared with the performances of the current version of the product available
from AVISO (2010 reprocessing). The differences between both altimeter time series consist in
different altimeter standards for the different missions but also in new parametrisation of the pro-
cessing of the level 2 measurements and their mapping technique. An important evolution is the
change of reference period for the computation of the sea level anomalies: 20 years versus 7 years
for the former version.

Global statistics are computed over all colocated altimeter / Argo profiles over 2004-2012 and the
global correlation between each altimeter dataset and in-situ measurements is unchanged (0.87).
This statistic includes all temporal and spatial scales and it shows that detailed analysis is required
to distinguish the performances of each product.

The global mean differences with Argo measurements does not show significant evolution between
both altimeter versions (figure 24, left) and the trend of the differences is globally unchanged (1.6
mm/yr, figure 24, right).
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Figure 24: Global mean differences between altimetry (AVISO 2014 in red and AVISO 2010 in blue)
and Argo measurements with (left) and without (right) annual and semi-annual signals.

At regional scales, the sea level trend differences between AVISO V2010 and V2014 display an
hemispheric East/West bias directly associated with the evolution of the orbit solution (GDR-D
standard). This impact can also be detected with the regional mean differences (colocated with
Argo floats positions). The trend of the differences between altimetry and Argo measurements are
computed separating each hemisphere in order to detect which orbit solution provides the best
regional coherence of the sea level trends, as observed by the Argo dataset. Hemispheric sea level
trends differences are of +0.9 mm/yr with AVISO 2010 and -0.1 mm /yr with AVISO 2014. This is
in line with the impact of the GRD-D orbit solution compared with the GDR-C standard on the
Jason-1 sea level measurements (see Valladeau and Legeais 2012, [14]) which indicated hemispheric
sea level trend differences of +0.9 mm/yr with GDR-C and -0.7 mm/yr with GDR-D. Thus the
comparison with in-situ measurements indicates an improvement of the AVISO 2014 with the new
orbit standard in terms of regional consistency of the sea level trends.
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Figure 25: Top: Regional mean differences between AVISO 2014 and 2010 (colocated with Argo
profiles) over 2004-2012. Bottom: trends of the differences between altimetry and Argo data sepa-
rating the Western (180° - (°) and Eastern hemispheres (0° - 180°) with the AVISO 2010 (left) and
AVISO 2014 (right) versions.

As the physical content of altimetry and Argo measurements are different (cf figure 24 which shows
strong amplitude of the annual signal of their difference), we use the mass contribution (GRACE
GRGS V2) to perform absolute comparisons in terms of amplitude of the periodic signals and con-
cerning the evolution of the coherence between altimetry and Argo + mass.

Figure 26 (left) indicates that when comparing altimetry with Argo and the mass contribution, the
annual signal of the differences almost disappears, which is confirmed by figure 26 (right), showing
that the amplitude of the annual signal is reduced from 1.1 mm (AVISO 2010) to 0.7 mm (AVISO
2014).

Figure 27 (left) shows the sea level time series of the global mean of altimetry (blue and red) and
Argo + mass contributions (green) and we analyze the evolution of their correlation and standard
deviation of the signals (Taylor diagram on the right panel), separating different temporal scales for
AVISO V2010 (circles) and V2014 (triangles):

e Asfor the detrended global time series (black), the correlation with Argo+mass is not changed
(0.92) and the altimeter standard deviation is very slightly closer to the one of the in-situ
reference with the 2014 reprocessed altimeter dataset (black triangle).

e When considering the annual signal only (green), the correlation with Argo+mass is very high
(0.99), illustrating that the correlation is mainly associated with this signal.

e At high frequencies (< 1 year, in red), the correlation is unchanged and the standard deviation
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Figure 26: Global mean differences between altimetry (AVISO 2014 in red and AVISO 2010 in blue)
and summed Argo + mass (GRACE GRGS V2) measurements (left) and periodogram of the annual
signal of the differences (right).

of the altimeter time series is slightly closer with the one of the reference with the former V2010
dataset.

e At low frequencies (> 1 year, in blue), the correlation with Argo-+mass is increased with V2014
and the altimeter variability is slightly closer to the one of the reference with the reprocessed
AVISO product.

However the sensitivity analysis performed on the taylor distance (see paragraph 3.4) suggests that
the differences observed here are rather small and this Taylor diagram mainly indicates that no
major error has been introduced in the 2014 reprocessed altimeter dataset.

In terms of variance, the temporal variance of the differences between altimeter sea level and Argo
measurements computed for each Argo floats time series does not reveal any significant evolution
with both altimeter datasets (figure 28, top). Thus, the datasets are restricted to the region of strong
ocean variability of the Antarctic Circumpolar Current (ACC, 355/60S) (figure 28, left) where the
error of the method is higher (colocation of altimetry with Argo profiles) but the difference between
both altimeter dataset is expected to be higher in terms of variance. The Tayor diagram (right
panel) shows that the AVISO 2014 time series (triangle) has a standard deviation slightly closer to
the one of the reference and an unchanged correlation with Argo+mass (gray dot).

Thus, the comparaison of altimetry with in-situ Argo measurements has shown that the impact of
the 2014 reprocessed dataset varies according to the temporal frequencies considered (trend, annual
signal, low and high frequencies) and the AVISO 2014 shows globally slightly better coherence with
the in-situ dataset.
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Figure 27: Time series of altimetry (AVISO 2014 in red and AVISO 2010 in blue) and summed
Argo + mass (GRACE GRGS V2) measurements (left) and associated Taylor diagram (correlation
and standard deviation) of these time series: the gray dot is the Argo+mass reference value and
statistics obtained with AVISO 2014 (AVISO 2010) are represented by triangles (circles), separating
different temporal scales: detrended (black), annual cycle (green), high frequencies (< 1y., red) and
low frequencies (> 1y., blue).
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Figure 28: Top: histogramm of the variance differences for all time series of each Argo floats:
Var(AVISO 2014 - Argo) - Var(AVISO 2010 - Argo). Bottom: time series of altimetry (AVISO
2014 in red and AVISO 2010 in blue) and summed Argo + mass (GRACE GRGS V2) measurements
restricted to the Antarctic Circumpolar Current (left) and associated Taylor diagram (correlation
and standard deviation) of these time series (right): the gray dot is the Argo+mass reference value
and statistics obtained in the ACC with detrended AVISO 2014 (AVISO 2010) are represented by a
triangle (circle).
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5.5. Assessment of the ESA Sea Level Climate Change Initiative product

In 2013 has been performed a complete evaluation of the sea level grids computed within the frame-
work of ESA’s Climate Change Initiative (CCI) project with respect to in-situ data, both tide gauges
and Argo profiles. For this evaluation, a new approach has been used and the signals observed by
satellite altimeters have been compared to in-situ sensors separating different time and space scales.

The report summarizing the results is appended to the present document as an annex (see Annex
8.3. page 63).
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6. Conclusions and futures

Major improvements have been achieved in 2013 in order to improve the validation of altimeter
measurements and to better characterize the sensitivity of the method of comparison to various pa-
rameters. The GRGS (V2) GRACE dataset of the mass contribution to the sea level is adapted to
the global comparison with altimeter measurements (after being colocated with each Argo profile).
Together with the steric in-situ dynamic heights from Argo, it provides sea level estimations with
the same physical content as the altimeter measurements. The use of this GRACE dataset has
required a correction of the Glacial Isostatic Adjustment to take into account the response of the
solid Earth to the last deglaciation and thus compare altimetry and GRACE homogeneously. As
for the data processing, the reference period used to compute sea level anomalies has been increased
to the 2003-2011 period and a new version of the processing chain has been developed so that it is
more efficient and it automatically provides diagnoses in the context of systematic Cal/Val analyses.
This work is performed in an operationnal framework which is essential to make this activity durable.

In addition, the estimation of the uncertainty of the method has been improved with the develope-
ment of a new tool providing statistical estimations of the uncertainty of the trend of the sea level
differences. New diagnoses have also been integrated such as the Taylor diagram for the analyses
of different wavelengths at global scales and maps of statistics of the differences at regional scales.
At last, significant efforts have been made to estimate the sensibility of the method to the pre
processsing of altimeter data, to the length of the time series, to the spatial sampling of Argo data
and also to the reference depth of integration of the in-situ steric dynamic heights. This choice
is not clear since the steric MSL referenced to a deep level (1900 dbar) will be preferred in case
of assessing the altimeter MSL trend and discuss the altimeter sea level closure budget. However
the standard deviation of altimetry is closer to the steric + mass signals with a shallower reference
(900 dbar) and the correlation between altimetry and Argo -+ mass is slightly increased with the
900 dbar time series. In addition, steric MSL trends are more homogeneously distributed com-
pared with altimetry at 900 dbar rather than with deeper references. Thus, in case of assessing the
impact of a new altimeter standard in terms of variance, the 900 dbar steric signal may be preferred.

All these evolutions have contributed to better characterize the uncertainty of the method and im-
prove the confidence in the results. The main objectives of the activity have benefited from these
improvements: first, the uncertainty associated with the altimeter MSL drift has been reduced
and thus, the detection of relative differences is improved and more confidence is attributed in the
absolute altimeter MSL drift estimation. Secondly, new altimeter standards are used to improve
altimeter products for end-users and the previously mentioned evolutions provide a better detection
of their impact. Note that the mass contribution is not systematically used since its trends are little
correlated with the altimeter MSL trends at regional scales and the associated uncertainty is rela-
tively high. The analyses performed this year concern several aspects: the impact estimation of new
orbit solutions has been used to better determine the uncertainty of the method associated with the
detection of trends differences. Other analyses have concerned the impact of a new wet troposphere
correction for TOPEX /Poseidon mission, the assessment of the ESA CCI sea level dataset and of
the reprocessed SSALTO/DUACS 2014 merged product. The third goal is to detect anomalies in
in-situ measurements and thus qualify these data, which is supported by a Coriolis project and
not performed in the context of this study (Guinehut et al., 2009 [3]). Our results are strongly
dependent of this validation phase since it provides reliable datasets of in-situ measurements.

This work has been presented this year at the OSTST meeting in Boulder ([9]), at the ESA living
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planet symposium in Edimburgh and at the Envisat Quality Working Group workshop. In addi-
tion, meetings have been organized in May and December 2013 with users and scientific experts of
altimetry and in-situ data (CLS, CNES, LEGOS, Noveltis) in order to share the points of view and
discuss the methods and the results. These meetings aim at increasing the synergy on the activity.
A collaboration has been implemented with orbitography experts from CNES (A. Couhert) aiming
at describing in which extent Argo in-situ data can be used to detect orbit errors in the regional
mean sea level (publication in preparation).

Major part of the discussed results would not have been obtained with the same confidence without
comparison with the results derived from global altimeter internal analyses and from the compari-
son with tide gauges. The synergy between these approaches is a key element to provide more and
more reliable and accurate results, globally as well as regionally. However, the comparison with
Argo data could benefit from some improvements which could contribute to reduce the remaining
uncertainty and whose integration is planned in 2014. Among them, the use of the new GRACE
GRGS V3 dataset of the mass contribution could increase the coherence with altimeter sea level
and also reduce the formal error adjustment of the MSL trends. Concerning the computation of
these trends, the use of a regional estimation of the GIA correction could be better than a global es-
timation. Altimetry is currently corrected from the high frequencies of the Dynamical Atmospheric
Correction (DAC) and the impact of correcting also the low frequencies should be analyzed. More-
over the developement of new diagnoses of comparison will contribute to better characterize the
differences at inter-annual and annual frequencies at global and regional scales and better estimate
the impact of new altimeter standards. At last, these techniques will be adapted to perform quality
assessment of new missions (AltiKa, Sentinel 3) and it will be interesting to determine whether the
method can contribute to validate SAR measurements.
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8. Annexes

8.1.

Annex: Corrections applied for altimeter SSH computation

All the corrections applied on SSH for TOPEX /Poseidon, Jason-1, Jason-2 and Envisat space alti-
metric missions are summarized in the following table:

correction of yaw
maneuvers [ 2005

Orbits and correc- | TOPEX/Poseidon | Jason-1 Jason-2 Envisat
tions
Orbit GSFC POE | CNES POE (GDR- | CNES POE (GDR- | CNES POE (GDR-
(09/2008), C standards until | D standards) C standards)
ITRF2005+Grace cycle 374, GDR-D
standards from cy-
cle 500 onwards)
Mean Sea Sur- | MSS CNES/CLS | MSS CNES/CLS | MSS CNES/CLS | MSS CNES/CLS
face (MSS) 2011 2011 2011 2011
Dry troposphere | ECMWF model | ECMWF model | ECMWF model | ECMWF model
computed computed computed computed
Wet troposphere | TMR with drift | Jason-1 radiometer | Jason-2 radiometer | MWR  (corrected
correction  [Scha- | (JMR) (AMR) from side lobes) +
roo et al.  2004] new corrected files
and empirical

Edden, 1973]

Edden, 1973]

Edden, 1973]

annual validation
report|

Ionosphere Filtered dual- | Filtered dual- | Filtered dual- | Dual-Frequency
frequency al- | frequency altimeter | frequency altimeter | updated with S-
timeter range | range measure- | range measure- | Band SSB (< cycle
measurements (for | ments ments 65) GIM model +
TOPEX) and Doris global bias of 8 mm
(for Poseidon) (>= cycle 65)

Sea State Bias Non parametric | Non paramet- | Non paramet- | Updated homoge-
SSB (for TOPEX), | ric SSB (GDR | ric SSB (GDR | neous to GDR-C
BM4 formula (for | product) product) (Labroue, 2007 [5])
Poseidon)

Ocean and load- | GOT4.7 (S1 pa- | GOT4.7 (S1 pa- | GOT4.8 GOT4.7 (S1 pa-

ing tides rameter is  in- | rameter is  in- rameter is  in-
cluded) cluded) cluded)

Solid Earth tide | Elastic response | Elastic response | Elastic response | Elastic response
to tidal poten- | to tidal poten- | to tidal poten- | to tidal poten-
tial [Cartwright | tial [Cartwright | tial [Cartwright | tial [Cartwright
and Tayler, 1971] | and Tayler, 1971] | and Tayler, 1971] | and Tayler, 1971]
[Cartwright  and | [Cartwright  and | [Cartwright  and | [Cartwright  and

Edden, 1973]

]
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Orbits and correc-
tions

TOPEX /Poseidon

Jason-1

Jason-2

Envisat

Pole tide [Wahr,1985] [Wahr,1985] [Wahr,1985] [Wahr,1985]
Combined atmo- | High Resolution | High Resolution | High Resolution | High  Resolution
spheric  correc- | Mog2D Model | Mog2D Model | Mog2D Model | Mog2D Model
tion [Carrére and | [Carrére and | [Carrére and | [Carrére and
Lyard, 2003] -+ | Lyard, 2003] + | Lyard, 2003] + | Lyard, 2003] -+
inverse barometer | inverse barometer | inverse barometer | inverse barometer
computed from | computed from | computed from | computed from
ECMWF model | ECMWF model | ECMWF model | ECMWF model
(rectangular grids) | (rectangular grids) | (rectangular grids) | (rectangular grids)
Specific correc- | Doris/Altimeter Jason-1 / T/P | Jason2 / T/P | USO correction in-
tions ionospheric global MSL bias global MSL bias cluded in the range
bias, TOPEX- after V2.1 repro-
A/TOPEX- cessing + PTR!
B bias and
TOPEX/Poseidon
bias

Table 1: Corrections applied for altimetric SSH calculation

!External corrections available on ESA website near V2.1 GDR products
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8.2. A contribution to the sea level closure budget: global steric sea level esti-
mation from Argo
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1. Introduction

In the framework of the SL-CCI WP4000 task, the sea level closure budget is analyzed through the
comparison of various contributions to the sea level. One of these contributions is the steric sea
level associated with the thermohaline expansion of the water column.

In this document, the computation of a steric sea level is described based on the Argo dataset. The
physical content of this product is analyzed and compared with other datasets (altimetry minus
mass contribution from GRACE).

2. Data and methodology

2.1. Data description

Temperature and Salinity profiles measured by Argo floats are retrieved from the Coriolis GDAC
database (http://www.coriolis.eu.org/) as in March 2013. Then a global quality control is
performed for each profile by comparison with the altimeter AVISO SSALTO/DUACS sea level
products. 45 floats are listed as floats to be checked (feedback to the Coriolis GDAC) and are thus
not used in this study and it remains 8189 floats.

The steric mean sea level products computed in this study are then compared with other datasets
and we use the mass contribution to the sea level derived from the GRACE GRGS V2 dataset.

2.2. Methodology

For each Argo T/S profile, a steric Dynamic Height Anomaly (DHA) is computed using a specific
reference depth. The impact of the choice of this reference depth on the Argo sampling is first
analyzed. Then monthly maps of the steric sea level are computed with different reference depths
in order to estimate how much steric signal is missed with the choice of a given reference depth.
The results and the differences between the different steric datasets are then discussed.

3. Impact of the reference depth of the Argo dynamic heights

3.1. Introduction

The Argo network of in-situ profiling floats provides Temperature and salinity (T/S) measurements
through the water column which are widespread over almost the global open ocean since 2004.
Each float acquires T/S profiles every 10 days. Dynamic heights are derived from the Argo T/S
profiles as the integration of the T/S measurements through the water column.
This integration requires a reference level (pressure) and,

« The deeper the reference level , the more information from the T/S profiles is taken into

account

e But the more T/S profiles are not used (those who don’t reach the reference level)
Thus, we first aim at determining the impacts of a given reference depth of integration on the
global Argo sampling and on the regional Argo distribution.
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3.2. Impact on the global Argo sampling

Figure 1 indicates that among the 8189 floats, most of them (3506 or 43%) have a mean maximum
pressure between 1900 dbar and 2000 dbar.

4000
3500 Nb Floats
3000
2500
2000
1500
1000
500

0 T T T T T T T T
[eleoleNe]
— AN M

Figure 1: Number of floats according to their mean maximum pressure over their lifetime

All the floats whose mean maximum pressure does not reach the chosen reference level will not be
used. Thus, Figure 2 shows that:

*« 6% of the floats are missed with a reference level at 900 dbar
* 21% of the floats are missed with a reference level at 1200 dbar
o 29% of the floats are missed with a reference level at 1400 dbar

* 52% of the floats are missed with a reference level at 1900 dbar

% of floats with threshold on their mean
max pressure

120
100

80 /

40
20

0 T T T T
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S o S oS
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Figure 2: Percentage of the floats whose mean maximum pressure is smaller than a given
threshold

3.3. Impact on the regional Argo distribution

We want to determine how the spatial distribution of the floats is affected by the choice of the
reference level. For a given reference depth, Figure 3 displays on the left maps the floats taken

into account and the associated maps on the right show the floats which will not be used (mean
max depth shallower than the reference).
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Floats with a mean maximum pressure less than 900 dbar are mainly located in the Pacific western
boundary current (Kuroshio) and in the Mediterranean Sea.

Floats with a mean maximum pressure between 900 dbar and 1400 dbar are mainly located at
equatorial latitudes of all ocean basins. In these areas, the water column is very stratified and the
steric signal is thus confined in the upper layer. Thus, with a reference depth of 1400 dbar
compared with 900 dbar, the water column will be better sampled over the global ocean (which

improves the retrieved steric signal) but we will miss a significant part of this steric signal at
equatorial latitudes.

Mean max depth of Argo floats (m)

500 1000 1500 2000

100 200 300
Mean max depth of Argo floats (<-400m) Mean max depth of Argo floats (Max=400m)
- L e— L —
500 1000 1500 2000 500 1000 1500 2000

Mean max depth of Argo floats (<-900m) Mean max depth of Argo floats (Max=900m)
S B N
500 1000 1500 2000 500 1000 1500 2000
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Figure 3: Argo floats whose mean max depth is at least (deeper) the labelled reference depth
(left) and Argo floats whose mean max depth is shallower than the labelled reference depth
(right). For a given reference depth, the left map display the floats taken into account and the
associated right map show the floats which will not be used.
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4. Computation of a steric sea level product from Argo

4.1. Introduction

The former section provides statistical information on the global and regional sampling of the Argo
floats according to the choice of a reference level of integration. But it has to be determined how
much steric signal is affected. Thus, maps of the Argo steric dynamic heights are computed with
different reference levels. We choose to compute steric MSL with three different reference levels:
900 dbar, 1200 dbar and 1900 dbar. This choice is based on the previous impact analysis of the Argo
sampling and it also takes into account the mean dynamic heights already available for a few
different reference depths.

4.2. Monthly maps of the steric mean sea level

Three datasets of Argo steric dynamic heights are computed from the T/S profiles. For each profile,
a steric Dynamic Height Anomaly (DHA) is computed using the reference level and a
contemporaneous mean dynamic height (also called synthetic climatology).

Then monthly maps of the Argo steric MSL are computed with the three different reference levels
via optimal interpolation of the in-situ observations, including:

e Spatial mask of the data based on the same spatial coverage of the steric MSL products
derived from the SCRIPPS institution (about +/-66° without coastal and enclosed areas such
as the Indonesian through flow, the Gulf of Mexico, the Mediterranean Sea)

e Correlation scales used in the optimal interpolation are 45 days and latitudinally varying
spatial scales: 780-1250km (meridional) and 780-1750km (zonal)

e A priori error = 50% of the altimeter variability

5. Assessment of the steric mean sea level

5.1. Global analyses

5.1.1. Global steric mean sea level

Figure 4 shows the global steric MSL time series and their trends for the 3 different reference
depths. An arbitrary bias is used.

e The contribution of the 1200 / 1900 dbar layer has a very small impact on the steric MSL
trend. This suggests that this layer does not contribute to the temporal increase of the
steric sea level. However, we have previously shown that a great part of the floats within
this layer depth are located at equatorial latitudes where the water column is very
stratified and the steric signal is thus confined in the upper layer. This could explain this
small trend difference between 1200 dbar and 1900 dbar.

¢ Looking at the different curves, the annual signal is getting deteriorated:
» As time goes backwards before 2007,
» As the reference depth is getting deeper
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Figure 4: Steric global mean sea level trends over 2005-2012 with the altimeter mean sea level
(AVISO SSALTO/DUACS) which is masked, filtered and interpolated at monthly
intervals as for in-situ maps. An arbitrary bias is used. The Glacial Isostatic
Adjustment (GIA) is not taken into account in this altimeter time series.

5.1.2. Annual signal

The amplitude and phase of the annual steric signal is compared between our products and the
bibliography over different periods and with different reference depths.

This study 900 dbar (2005-2012) 4.9 84
This study 1200 dbar (2005-2012) 3.4 81
This study 1900 dbar (2005-2012) 3.3 81
This study 900 dbar (2004-2008) 4.0 91
Llovel/Guinehut 2010 3.5 95

(CLS version 900 dbar, 2004-2008)

Llovel/Guinehut 2010 4.5 100
(SCRIPPS version, 2004-2008)

Llovel/Guinehut 2010 4.7 98
(IPRC version, 2004-2008)
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This study 900 dbar (2004-2007) 3.8 90
Leuliette & Miller 09 3.9 90
(900 dbar, 2004-2007)
Lombard et al. 2007 5.6 70

(J1 - GRGS, 08-2002 / 04-2006)

Table 1: Comparison of the amplitude and phase of the annual signal of the steric mean sea
level with various studies over different period and with different reference depths

5.1.3. Comparison with altimetry and mass contribution

Altimeter and steric sea levels are different since altimetry includes the mass contribution to the
sea level whereas the steric signal only includes the thermohaline expansion of the water column.

Thus we compare altimetry with the sum of our steric products with the mass contribution derived
from the GRACE GRGS V2 products.

Contrary to Figure 4, Figure 5 shows that the signals are now in phase and the time series are very
similar to each other.

12

10

T T T
—— Argo (900dbar) + Mass

——— Argo (1200dbar) + Mass
—— Argo (1900dbar) + Mass

—  Altimetry

T T T T T T
Slope = 1.24 mm/Year [L.S.R. = 0.171]

Slope = 1.76 mm/Year [L.S.R. = 0.216]

Slope = 1.79 mm/Year [L.S.R. = 0.218]

Slope = 2.33 mm/Year [L.S.R. = 0.178]

T
T

StdDev = 0.4425 -

StdDev = 0.5853 |

StdDev = 0.5914

StdDev = 0.6232 7

Mean {(cm)

2006 2008 2010 2012

Years

Figure 5: Global mean sea level trends over Jan. 2005 - Aug. 2012 of the steric + mass (GRACE
GRGS V2) contributions with various reference depth of integration of the steric heights.The
added altimeter mean sea level (AVISO SSALTO/DUACS) is masked, filtered and interpolated at
monthly intervals as for in-situ maps.

Figure 6 shows the time series of the differences between altimetry and steric plus mass signals.
The Glacial Isostatic Adjustment (GIA) effects are taken into account for altimetry (-0.3 mm/yr)
and for the mass contribution (-0.9 mm/yr).

The trend of the differences is smaller with the deeper steric contributions (0.5 mm/yr with a 1900
dbar reference and 1.1 mm/yr with a 900 dbar reference).
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In the context of using these steric products to assess the quality of altimeter products, the steric
MSL referenced to 1900 dbar will be preferred in case of assessing the altimeter MSL trend and
discuss the altimeter sea level closure budget.

In addition, in spite of a greater standard deviation with a 900dbar reference, the formal error
adjustment of the trend of the differences is smaller with the 900 dbar reference (0.12 mm/yr)
than with a deeper reference (0.15 mm/yr with a 1900 dbar reference). This suggests that the
variability of the altimeter MSL is better reproduced with the steric signal referenced at 900 dbar.
Thus, in case of assessing the impact of a new altimeter standard in terms of variance, the 900 dbar
steric signal may be preferred.

DUACS DT - steric Argo - Mass (GRGSV2); GIA included

5 T T T T T T T

| 1 I
———  Steric 900dbar Slope = 1.09 mm/Year [L.5.R. = 0.121]

L |
StdDev = 0.3419

——  Steric 1200dbar Slope = 0.567 mm/Year [L.S.R. = 0.144] StdDev = 0.3197 |
——  Steric 1900dbar Slope = 0.543 mm/Year [L.S5.R. = 0.145] StdDev = 0.3202 |

Mean (cm)

" L .
2006 2008 2010 2012

Years

Figure 6: Global mean sea level trends over Jan. 2005 - Aug. 2012 of the differences between
the altimeter mean sea level (AVISO SSALTO/DUACS) and the steric + mass (GRACE GRGS V2)
contributions with various reference depth of integration of the steric heights. The altimeter
data is masked, filtered and interpolated at monthly intervals as for in-situ maps. A -0.3 mm/yr
and -0.9 mm/yr GIA effect is applied on the altimetry and mass contribution respectively.

To confirm this impact on the variance, the comparison with the altimeter MSL is now performed in
terms of the Taylor distance (correlation and standard deviation of the time series) after removing
the trend of the time series in order to estimate the impact of the reference depth on the
correlation only in terms of variance and without the impact of the long-term evolution.

Figure 7 indicates that the standard deviation of the steric + mass signals is closer to the one of
altimetry with the 900 dbar reference, which confirms the asset of this dataset in terms of
variance.

The Taylor distance is computed (Figure 8) between these detrended steric + mass time series and
the altimeter MSL, showing that the standard deviation of altimetry is closer to the 900dbar steric
MSL and the correlation between altimetry and Argo + Mass is slightly increased with the 900dbar
time series.

Copyright CLS.



FORM-NT-GB-7-1

WP4300: A contribution to the sea level closure budget: global Steric Sea level estimation from

Argo
CLS-DOS-NT-11-xxx SLCCI-XXX-XXX : V1.0 Aug. 30, 11 9
8~e
: ArgL [QOOd.bar) + ;-dass ; d I : 6 SlldDel.r =I 0.352' I !
—— Argo (1200dbar) + Mass StdDev = 0.4437
2/ ——  Argo (1900dbar) + Mass StdDev = 0.4473 =
. —— Altimetry StdDev = 0.3669

Mean (cm)

" L " s " L
2006 2008 2010 2012

Years

Figure 7: Detrended steric + mass (GRACE GRGS V2) contributions and altimeter (AVISO
SSALTO/DUACS) mean sea level time series over Jan. 2005 - Aug. 2012 with various reference
depth of integration of the steric heights. Altimetry is masked, filtered and interpolated at
monthly intervals as for in-situ maps.
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Figure 8: Taylor diagram of the detrended steric + mass (GRACE GRGS V2) contributions
compared with the altimeter (AVISO SSALTO/DUACS) mean sea level time series over Jan. 2005
- Aug. 2012 with various reference depth of integration of the steric heights. Altimetry is
masked, filtered and interpolated at monthly intervals as for in-situ maps.
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5.2. Regional steric mean sea level trends

Figure 9 shows that the regional steric mean sea level trends are globally very similar to the
altimeter mean sea level trends.

Argo steric MSL trends ref 900 :Ib 2005}2012 (with first guess)
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Figure 9: Regional steric and altimeter (AVISO SSALTO/DUACS, bottom left) mean sea level
trends over Jan. 2005 -Dec. 2012 with various reference depths of integration of the steric
heights. Altimetry is masked and filtered as for in-situ maps.

The centered maps of the differences between steric and altimeter MSL trends are shown on Figure
10. As already shown on global analyses, the regional steric - altimeter differences are very close to
each other with the use of the 1200 dbar and 1900 dbar reference level.

Some differences are observed between these both similar maps and the one with the 900 dbar
reference. As indicated by black ellipses, main differences are observed in the western Pacific
ocean, in the South-East Pacific ocean, in the North-West and South-West Atlantic ocean.

The global standard deviation of these maps of trend differences are:

e 1.21 mm/yr with the 900 dbar reference
e 1.38 mm/yr with the 1200 dbar reference
e 1.39 mm/yr with the 1900 dbar reference

Thus, in addition to what has been shown for the global analysis (see previous section), the steric

MSL trends are more homogeneously distributed compared with altimetry at 900dbar rather than
with deeper references.
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Figure 10: Regional mean sea level trend differences between the steric sea level and altimetry
(AVISO SSALTO/DUACS) over Jan. 2005 -Dec. 2012 with various reference depths of integration
of the steric heights. Altimetry is masked and filtered as for in-situ maps. Maps are centered.

5.3. Error of the method

5.3.1. Impact of the spatial mask and filtering

Figure 11 and Figure 12 show the impact of the regional mask and the filtering of the MSL as it is
performed for the steric maps. The amplitude of the annual signal is slightly affected but the phase
remains unchanged. Small geographical structures are filtered and it only remains signals with
wavelengths higher than a few hundreds of kms.
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Figure 11: Global weekly (red) and monthly (magenta) altimeter MSL from AVISO SSALTO/DUACS
products (DUACS Delayed Time, DDT) and associated MSL masked and filtered as for in-situ
steric maps at weekly (blue) and monthly (cyan) intervals.

Altimeter MSL trends (2005/2012)

o o

Figure 12: Regional altimeter MSL trends over 2005-2012 (right) and regional altimeter trends
masked and filtered as for in-situ steric maps (left)

5.3.2. Impact of the mapping method

In order to quantify the error associated with the mapping method (and the related impact of the
coverage of the Argo in-situ profiles which is not global), the following steps are followed:

1. Maps of altimeter SLA are colocated at the position and time of each Argo profiles. The
altimeter SLA is the AVISO SSALTO/DUACS products with the same temporal reference as
the Argo dynamic heights anomalies (2003-2011).

2. Reconstructed maps of altimeter SLA are computed with the same method applied for in-
situ steric measurements, based on these « pseudo » observations.

Figure 13 show the impact for a single global estimation of the MSL. Original altimeter SLA from
Dec. 17, 2008 is compared with the reconstructed map from the Dec. 15, 2008 (the original dataset
is weekly maps and the reconstructed dataset is monthly maps).

As shown by the map of their differences, the discrepancies are mainly observed at small scales,
due to the filtering of the reconstructed maps.

100 200 300
MSLA DUACS DT 21535 Ref. 03-11 (cm) Reconstructed MSLA DUACS DT 21533 (cm)
— C ee— —
-20 -10 ] 10 20 -20 -10 0 10 20
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Figure 13: Map of the Dec. 17, 2008 mean sea level from DUACS (top left) and reconstructed
mean sea level from the Dec. 15, 2008 (top right) and their difference (bottom).

Reconstructed altimeter maps are computed over the 2005 - 2012.5 period and the global MSL
trends are compared between:

e The original altimeter MSL:
- geographically masked and filtered as for in-situ maps
- weekly timeseries interpolated at monthly intervals
- with the same inter annual reference as Argo maps

¢ And the reconstructed MSL. Note that for the Argo in-situ steric maps, potential holes have
been filled thanks to the use of a global synthetic climatology. But it is not used in the case
of this reconstructed altimeter dataset. Thus only a few monthly maps from the year 2005
have small holes in SE Pacific and S Atl. oceans due to the Argo deteriorated sampling at
this period. We consider that it does not affect the reconstructed MSL trend.

Indeed, as shown on Figure 14, MSL trends are identical. A slightly higher formal error adjustment
(0.20 mm/yr vs 0.18 mm/yr) and standard deviation (0.60 mm/yr vs 0.57 mm/yr) are found for the
reconstructed time series.

Thus, our mapping method has a non significant impact on the global MSL trend (0.01 mm/yr).

T T T T T T
——  Altimeter MSL Slope = 2.03 mm/Year [LS.R. = 0.178] StdDev = 0.5719

F i Reconstructed altimeter MSL Slope = 2.04 mm/Year [LS.R. = 0.197] StdDev = 0. 5992-
2

MSL (cm)

Years

Figure 14: Global altimeter (AVISO SSALTO/DUACS referenced over the Argo in-situ temporal
reference: 2003-2011) and reconstructed altimeter mean sea level over the Jan. 2005 - Jun.
2012 period.
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The Taylor distance is computed between the detrended times series of the original and
reconstructed altimeter MSL (Figure 15).

= Very good correlation between the two datasets (0.91)

= Slightly higher standard deviation of the reconstructed time series (0.60 cm vs 0.57 cm, cf
Figure 14)

normalized deviation (x10-')

|

1 I Pl i i
0 4 g - 12 16 20~
normalized deviation (x10-!)

Figure 15: Taylor diagram of the detrended reconstructed altimeter MSL time series compared
with original detrended altimeter MSL over Jan. 2005 - Jun. 2012 period.
Altimetry is masked, filtered and interpolated at monthly intervals as for the
reconstructed dataset.

The maps of the altimeter MSL trends are computed (Figure 16) over the 2005 -2012.5 period with:
e The original altimeter MSL:
- geographically masked and filtered as for in-situ maps
- weekly timeseries
- with the same inter annual reference as Argo maps
e The reconstructed altimeter MSL:

- monthly timeseries

Very similar geographical patterns are observed and some systematic regional biases are observed

such as along the western equatorial Pacific ocean (+/- 1mm/yr) and in regions of high ocean
variability (+/- 3 mm/yr).
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Figure 16: Altimeter MSL trends masked and filtered as for in-situ maps, based on weekly maps
with the same inter annual reference as Argo maps (2003-2011) (top left). Reconstructed
altimeter MSL trends based on monthly maps (top right). Difference between the original and
reconstructed altimeter MSL trends.

6. Conclusion

In the framework of the SL-CCI project (WP4300), this work intended to provide datasets of monthly
maps of the steric mean sea level in order to contribute to the estimation of the altimeter sea level
closure budget. Three datasets has been provided associated with three different reference depth
of integration of the Argo dynamic heights (900 dbar, 1200 dbar and 1900 dbar).

In addition, in the context of the quality assessment of the altimeter MSL, this study contributes to
determine which reference level is better adapted to compute steric dynamic height. It turns out
that the choice of this reference depth is not clear:

e The steric MSL referenced to 1900 dbar will be preferred in case of assessing the altimeter
MSL trend and discuss the altimeter sea level closure budget.

e However, when removing the effect of the trend, the standard deviation of altimetry is
closer to the steric + mass signals with a 900 dbar reference and the correlation between
altimetry and Argo + mass is slightly increased with the 900dbar time series. In addition,
steric MSL trends are more homogeneously distributed compared with altimetry at 900dbar
rather than with deeper references. Thus, in case of assessing the impact of a new

altimeter standard in terms of variance, the 900 dbar steric signal may be preferred.
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1. Introduction

The purpose of this report is to present the results of the altimetry/in-situ comparisons performed
within the framework of the ESA Sea Level CCl project. In-situ data are used as an external and
independent source of comparison.

The first and major goal of this work is to assess and describe the consistency between two
independent measurements of the physical quantity of interest: the Sea Level Anomaly (hereinafter
noted SLA).

A secondary goal of this document is to attempt to demonstrate the improvements achieved by the
new satellite altimetry sea level dataset generated within the project with respect to previously
existing datasets.

1.1. Data description

Three types of sea level measurements are used here, satellite altimetry, tide gauge measurements
and dynamic height anomalies derived from Argo temperature and salinity profiles.

Two satellite altimetry datasets are considered in this work:

e The Sea Level CCI dataset (hereinafter noted SLCCI) which was generated during the ESA
Sea Level project after a careful selection of algorithms in order to achieve the highest
climate-oriented performance levels. The dataset consists in weekly SLA grids spanning 18
years from 1993 to 2010,

e A dataset directly derived from the SALTO/DUACS processing but generated at the same
spatial and temporal resolution than the SLCCI product to ensure consistency of the SLA
estimations,

e Monthly tide gauge records are downloaded from the PSMSL database and corrected for the
glacial isostatic adjustment using the ICE5G-VM4 model (Peltier, 2004) and for atmospheric
effects using ERA model outputs,

e Temperature and Salinity profiles measured by Argo floats are retrieved from the Coriolis
GDAC database (http://www.coriolis.eu.org/). For each profile, a steric Dynamic Height
Anomaly (DHA) is computed using a reference level at 900 dbar and a contemporaneous
mean dynamic height (also called synthetic climatology). Grace observations from the JPL
are also used to constraint the mass component that is missing in the Argo observations
(http://grace.jpl.nasa.gov; Chambers 2006). Altimeter SLA and GRACE are collocated to
Argo in-situ DHA to perform the comparison. Hereinafter, the term “Argo profiles” refers to
the sum of the steric height calculated from the Argo temperature and salinity
measurements and mass component derived from GRACE gravity measurements.

1.2. Data comparison methods

The methodology used to compare satellite altimetry and in-situ measurements (Tide gauges and
Argo profiles) is extensively described in the annual reports dedicated to these activities
(reference) the interest of such comparisons is further demonstrated by Valladeau et al. (2012).
Here we give only a brief overview of the methods.

1.2.1. Tide gauges

For every available station in the PSMSL database, we compute the correlation coefficients between
altimetry and the tide gauges record within a 100 km radius area from the station’s position. The
matching satellite altimetry time series is extracted at the position of the maximum of correlation,
given that:

e Correlation coefficient is higher than 0.3,
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e Differences between the two records do not exceed 12 cm with standard deviation lower
than 30 cm,

This procedure leads to a subset of PSMSL database with a matching altimetry time series for each
tide gauge station. To limit the impact of gaps in the tide gauges series, only the tide gauge time
series which are at least 80% complete (and the matching satellite altimetry time series) are
considered in this work. The dataset used to estimate statistics consists in 475 pairs of tide gauges
and corresponding altimetry time series.

Tide gauge time series should be commonly referenced before estimating ensemble averages. In the
standard procedure the bias (estimated as the mean of the differences) between altimetry and tide
gauge is removed from the tide gauge record. This method prevents any determination of regional
biases between the two types of observations, but can deal with large gaps in tide gauge time
series. Here, as we consider only almost complete tide gauge records, we rather removed the mean
from each tide gauge time series, a method already used for global average comparisons between
altimetry and tide gauges (Prandi et al., 2009).

It should be noted that the spatial sampling achieved by the tide gauges is far from even along the
global ocean coasts, with a strong bias towards the northern hemisphere. The purpose of this work
is not to extrapolate global average sea level from these data. When comparing to altimetry data,
we apply the tide gauge spatial sampling to the altimetry data in order to perform a spatially
consistent comparison.

1.2.2. Argo profiles

For each Argo profile data, the gridded satellite altimetry SLA is interpolated bilinearly at the time
and position of the profile. Whenever the difference between altimeter SLA and the steric Argo
dynamic height exceeds 20 cm, the data point is removed from further analysis. Satellite altimetry
and in-situ SLA pairs are then used to estimate statistics on a 2°x2° grid with a temporal resolution
of 10 days.

1.3. Description of work

This work benefits from the Round Robin Data Package (RRDP) framework developed within the Sea
Level CCI project to assess the quality of two equivalent terms of the satellite altimetry equation.
Following this framework, in this work, differences between in-situ and satellite altimetry estimates
of SLA variability are separated into different temporal (long-term trends, inter-annual variability,
annual signal, high frequency signal) and spatial (global mean, basin-wide averages, local
phenomena) scales.

The major advantage of such approach is to allow an independent assessment of the agreement
between satellite altimetry and in-situ measurements for the different scales of the climate signals
the Sea Level CCl is dedicated to, at the cost though of a certain level of complexity.

2. SLCCI altimetry product assessment

In this section we assess the performance of the satellite altimetry SLA grids calculated within the
framework of the SLCCI project by comparing them to independent measurements of the SLA by
two types of in-situ probes: tide gauges and Argo floats.

The comparisons performed are classified by spatial and temporal scales of the signal considered.

2.1. Global Mean Sea Level

First we consider global average SLA as the raw result, without any post-processing, of the
comparison procedure. The global average SLA time series estimated from altimetry, tide gauges
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and in-situ profiles with the adequate collocation methods are presented on Figure 1. Satellite
altimetry time series are represented in red while in-situ estimates are represented in blue on both
graphs.

T T T
altimetry StdDev = 3.641 altimetry StdDev = 0.8396

[ — tide gauges StdDev = 4.088 1 ——  DHA+Mass StdDev = 0.9434

—— difference StdDev = 1.06 —— difference. StdDev = 0.4363

SLA (cm)
SLA (em)

1995 2000 2005 2010 2004 2006 2008 2010

yr yr

Figure 1: Time series of the global mean SLA from tide gauges and collocated altimetry (left)
and from altimetry and Argo profiles (right), the differences time series are
artificially translated vertically.

Regarding the global mean SLA, SLCCI and in-situ data show a good agreement:

e correlation coefficients are 0.96 and 0.84 when comparing altimetry to tide gauges and
Argo profiles, respectively (correlations drop to 0.85 and 0.68 when annual and semi-annual
signals are removed)

e the RMS differences are 1.2 cm and 0.6 cm when comparing altimetry to tide gauges and
Argo profiles, respectively

However the time series are marked by an important annual cycle which may be masking the other
temporal scales of the SLA variability. A first way to separate temporal scales is to look at the
coherence between altimetry and in-situ data. Figure 2 shows the coherence between the global
mean SLA time series of Figure 1. Coherence levels at low frequencies (long periods) should be
viewed with caution given the relatively short time span available, and Figure 2 thus is focused on
periods shorter the 900 days. The annual signal is clearly the most coherent signal between
altimetry and tide gauges (wide peak around T=365 days). For the comparison to Argo profiles the
peak is shifted towards shorter periods, probably as a result of the small phase shift between
altimetry and in-situ annual signals visible on Figure 1. Coherence is also important at higher
frequencies, with significant levels for the semi-annual signal, and two months signal, which is a
lower limit considering monthly PSMSL tide gauges comparisons.

T
10— oltimety’6 ~_—— -

coherence

0 200 100 600 800

period(days)

Figure 2: Coherence diagram between altimetry and tide gauges (red), and between altimetry
and Argo floats (blue) for the global mean SLA time series
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2.1.1. Long term trends

Considering global mean sea level, long term trend is arguably the figure which catches most
attention. Table 1 summarizes the global mean sea level trend evaluated from in-situ data and
collocated altimetry.

It should be noted that the SLCCI/TG comparison is performed over the whole altimetry period
(1993-2010). However Argo T/S profiles are only available after 2004 and the comparison is
therefore limited to the end of the period. Given the uncertainties on the comparison method
(~0.7 mm.yr* for the tide gauge comparison and ~1 mm/yr for the Argo profiles comparison)
between altimetry and in-situ data, there is almost no drift of the altimetry with respect to tide
gauges. However, Argo profiles see a slightly lower sea level rise than the altimetry.

Tide gauges (1993-2010) Argo profiles (2004-2010)
Altimetry 2.9 2.0
In-Situ 2.7 0.9
difference 0.2 1.1

Table 1 : Global Mean Sea Level trends evaluated from altimetry data and in-situ measurements
(all trends are expressed in mm.yr™?)

2.1.2. Inter-annual variability

The inter-annual variability considered here corresponds to signals with periods larger than two
years but without the long-term trends. Despite its low amplitude (compared to the annual signal
for example), this frequency domain of the SLA signal variability is of climatic importance, as it
depends on low-frequency oscillations of the climate system.

To obtain the inter-annual time series, we apply a low-pass filter to the detrended time series of
Figure 1, in order to remove all signals with periods lower than two years. The time series of the
global mean SLA inter-annual variability are displayed on Figure 3, for the tide gauge and Argo
profiles comparison.

For the altimetry/tide-gauges comparison however, there is a very good agreement between in-situ
and altimetry records, both for the amplitude and the phasing of the inter-annual variability, as
suggested by the coherence diagram of Figure 2. The correlation between the time series of Figure
3 is very high at 0.94, but tide gauges still record a higher level than the altimetry does.

It should be noted that for the Argo comparison, the inter-annual variability is small with about 0.5
cm maximum amplitude. The short period available (only 7 years) is an important limit for this type
of low-frequency signals comparison, and uncertainty levels are high. If the two time series show a
consistent behavior (r=0.68), there appears to be a shift in the phasing of the signals, resulting in a
standard deviation of the differences almost as large as the altimetry or Argo time series. The
satellite altimetry time series displays a larger inter-annual variability levels than the Argo time
series.
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Figure 3: Time series of the inter-annual variability of the global mean SLA from tide gauges
(left) and Argo profiles (right), and the corresponding co-located altimetry.

Regarding global average inter-annual variability, the comparison to tide gauges records shows that
the SLCCI altimetry dataset performs well in reproducing the observed sea level variability.
Performance is somewhat lower when comparing it to Argo profiles but given the short period
available, inter-annual signals should be viewed with caution.

2.1.3. Annual Cycle

From Figure 1, it is apparent that the annual cycle explains an important part of the variability of
the global mean SLA, either observed by satellite altimetry or by in-situ data. The seasonal cycles
derived from the time series of Figure 1 are represented on Figure 4.

Considering the altimetry/tide gauges comparison, there is an excellent agreement between annual
cycles, both in term of amplitudes (altimetry amplitude is about 1 cm lower than the tide gauges
one) and phasing of the signal (the minimum is reached in March while the maximum is reached in
September for both datasets).

T T T T T T
altimetry Stdbev = 3.078 — altimetry StdDev = 0.6941

—— tide gauges StdDev = 3.448 1 ——  DHA+Mass StdDev = 0.89

—— difference StdDev = 0.4183

StdDev = 0.25;

SLA (em)
SLA (em)

I I 1 1 L 1 2 1 1 1 i i
2 4 6 a8 10 2 4 6 a 10

month yr

Figure 4: Global mean SLA annual cycle estimated from tide gauges and Argo T/S data, and the
corresponding co-located satellite altimetry (95% confidence levels for the
monthly mean are overlaid as thin grey lines for the in-situ estimates)

When comparing altimetry to Argo profiles, the altimetry amplitude is lower than the Argo one, and
the two seasonal cycles seem shifted by one month (altimetry being delayed) for the position of the
maximum. It should however be noted that the amplitude of the seasonal cycle measured by Argo is
much lower than the one measured by tide gauges, one possible cause for this is that, as Argo
samples a much broader part of the ocean than tide gauges, out of phase signals in the Northern
and Southern hemispheres are averaged out.

On a global scale, the SLCCI satellite altimetry dataset is in very good agreement with in-situ data
regarding the seasonal cycle, which is an important part of the total SLA variability.
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2.1.4. High Frequency Signals

The previous sections of this report were dedicated to long-term trends, inter-annual variability and
the seasonal cycle. After these signals have been removed from the total SLA time series, only the
high-frequency variability remains. Figure 5 shows the high frequency variability of the global
average SLA time series of in-situ and collocated satellite altimetry. Here we consider signals with a
period shorter than six months.

T T T
altimetry StdDev = 0.7241 stdDev = 0.1921

1l —— tide gauges StdDev = 1.37 B 05 DHA+Mast] StdDev = 0.2325

—— difference StdDev = 0.93 1 irtdrence Stdljev = 0.1747

0.0

SLA (em)
SLA (em)

05

1995 2000 2005 2010 2004 2006 2008 2010

yr yr

Figure 5: Time series of the high frequencies of the SLA from tide gauges (left) and Argo
profiles (right), and the corresponding co-located altimetry. The time series of
the differences are represented in black with an artificial vertical shift.

The high frequencies represent an important part of the total SLA variability with standard
deviations of 1.4 cm and 0.7 cm for the tide gauge and collocated altimetry data (standard
deviations are 4.1 cm and 3.6 cm for the total SLA content (high and low frequencies)) for example.
For both comparisons, correlations are high between altimetry and in-situ (r=0.78 for tide gauges
and r=0.68 for Argo profiles), though satellite altimetry records show lower levels of high frequency
variability than in-situ records, and the standard deviation of the differences has the same
magnitude than altimetry or in-situ records alone.

2.1.5. Summarizing global average performance

In order to provide a synthetic look on the comparisons between global mean SLA estimated from
altimetry and in-situ data for the different temporal scales considered in this study, Figure 6
displays a Taylor diagram summarizing these different aspects. In this figure, all standard deviations
are normalized by the corresponding altimetry standard deviation for convenience purposes, and
the RMS of the difference therefore can’t be read directly from the graph.

For the altimetry/tide gauges comparison, the annual and inter-annual signals are in very good
agreement with correlations higher than 0.9 and comparable variability levels resulting in low RMS
of the differences (0.58 and 0.24 cm respectively). The performance is much lower for the high
frequency part of the signal, due to very difference standard deviations.

It is interesting to note that generally, the performance of the Argo profiles comparison is slightly
lower, regardless of the period of the signal considered except for the high frequencies of the
signal. For inter-annual variability, the correlation between altimetry and Argo profiles is low
(r=0.68, red dot on Figure 6) resulting in a high RMS difference, even if the two techniques show
comparable variability levels.
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Figure 6: Taylor diagram comparing altimetry (grey dot), tide gauges (triangles) and Argo
profiles (circles) for the raw signal(black), the inter-annual signal (red) and the
annual cycle (blue) and the high frequencies of the SLA (green)

For both the altimetry/tide gauges and altimetry/Argo profiles comparisons, the seasonal cycle,
which is a dominant signal in the global average variability, is in good agreement between altimetry
and in-situ data.

2.2. Regional Mean Sea Level

After considering the global mean SLA, in this section we consider smaller spatial scales and
investigate the comparison between altimetry and in-situ for basin-wide averages. When moving
from global average to basin-wide (or regional) average the SLA variability should increase, at least
in some areas. In this study we consider three major ocean basins: the Pacific, Atlantic and Indian
Oceans. As in the previous section, the SLA variability is separated by time scales.

2.2.1. Long term trends

The basin average SLA trends, estimated from in-situ data and co-located SLCCI altimetry, are
summarized in Table 2.

Pacific Ocean Atlantic Ocean Indian Ocean
altimetry 2.1 2.7 4.0
@9 tide gauges 1.7 2.1 4.2
SRS
- difference 0.4 0.6 0.2
altimetry 0.6 2.1 5.1
< © -
S § Argo profiles 0.0 0.4 4.4
o difference 0.6 1.7 0.7

Table 2: SLA trend differences (mm/yr) between altimetry and in-situ estimated over different
oceanic basins

For the altimetry/tide gauges comparisons, trend differences are evenly distributed for the three
oceanic domains considered in this study. The largest trend difference is observed in the Atlantic
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Ocean with 0.6 mm.yr' drift between the two techniques. Such a difference is below the
uncertainty of the method (~0.7 mm.yr* for the global average, and certainly higher for a regional
average) and therefore not significant. The Indian Ocean is poorly sampled and uncertainties are
much larger in this area, despite the good agreement between the two techniques.

Trend differences are larger for the altimetry/Argo profiles comparison, and all positive, reflecting
a larger and spatially consistent global mean drift of the SLCCI altimetry dataset compared to Argo
floats, altimetry always measuring a higher rate of sea level rise than Argo floats. The largest trend
difference is again observed in the Atlantic Ocean with a 1.7 mm/yr trend difference, larger than
the methodology uncertainty.

2.2.2. Inter-annual signals

In order to summarize the inter-annual variability comparisons for basin-wide SLA averages, the
corresponding Taylor diagram is represented on Figure 7.

High values of the correlation coefficients are found for the altimetry/tide gauges comparisons over
all three oceans (r > 0.75), but with higher levels of variability for the tide gauge records than the
altimetry. Such feature is observed on all temporal and spatial scales. Performances of the
altimetry versus tide gauge are fairly similar in the Atlantic and Pacific Oceans.

Regarding the comparison to Argo floats, and unlike the comparison to tide gauges, the different
basins show different behaviors. In the Pacific and Atlantic Oceans, the altimetry variability is
higher than the in-situ one. The opposite is observed in the Indian Ocean.

normalized deviation (x10 ')

)1 é A 1‘2 1‘5 200
normalized deviation (x10 ')
Figure 7: Taylor diagram comparing tide gauges (triangles) and Argo profiles (circles) for the
inter-annual signal of the ocean-basin wide averages of SLA over the Pacific

Ocean (red), the Atlantic Ocean (blue) and the Indian Ocean (green). The global
mean is represented in black

For both the altimetry/tide gauges and altimetry/Argo profiles comparison, the performance is
lower in the Indian Ocean than in other basins, but with a consistent behavior of both tide gauges
and Argo comparisons. The low tide gauge sampling along the coasts of the basin might explain part
of the observed differences, but more investigations are required regarding the altimetry/Argo
comparison.

2.2.3. Annual cycle

For the global mean SLA, annual cycles estimated from in-situ records and collocated SLCCI
altimetry show a good agreement, despite the one month shift observed between Argo profiles and
collocated altimetry.
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Figure 8 displays the SLA seasonal cycle estimated from tide gauge and collocated altimetry records
over the Pacific, Atlantic and Indian oceans. Over the three basins considered, the SLCCI altimetry
dataset observes a seasonal cycle very close to the one observed by tide gauges.

SLAGem)

Figure 8: Basin-wide average SLA annual cycle for altimetry and tide gauge data for the Pacific
Ocean (left), the Atlantic Ocean (center) and the Indian Ocean (right)

Figure 9 is similar to Figure 8 but for the SLA derived from Argo profiles and collocated altimetry.
The seasonal cycles in the Pacific and Atlantic Oceans observed by Argo profiles and collocated
altimetry are very similar: amplitudes differences are small and there is no phase shift. The
agreement is much poorer in the Indian Ocean where seasonal cycles observed by the two
techniques are very different, both in term of amplitude and phase.
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Figure 9: Basin-wide average SLA annual cycle for altimetry and Argo data for the Pacific Ocean
(left), the Atlantic Ocean (center) and the Indian Ocean (right)

2.2.4. High Frequency signals

The performance of in-situ records with respect to collocated altimetry regarding the high
frequency part of the regional average SLA over the Pacific, Atlantic and Indian Oceans is
summarized on the Taylor diagram of Figure 10.
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Figure 10: Taylor diagram comparing tide gauges (triangles) and Argo profiles (circles) for the
high frequencies of the basin-wide mean SLA over the Pacific Ocean (black), the
Atlantic Ocean (red) and the Indian Ocean (blue)

At this spatial and temporal scale of the SLA signal, some of the features already observed still hold
true: tide gauges SLA variability is higher than collocated altimetry SLA variability, although
correlations remain high (r > 0.7). The high frequency variability of the Argo profiles’ SLA is close to
the collocated altimetry one, but correlations are generally lower than for the comparison to tide
gauges. For both in-situ data comparisons, the three basin averages considered display similar
performances with respect to altimetry data.

Figure 10 does not separate the different scales present in the high frequencies of the signal as we
consider them here. In order to investigate those smaller scales, we calculate the coherence
diagram between the high frequencies of the basin-wide average SLA estimated from in-situ records
and co-located altimetry. The corresponding coherence diagrams are presented on Figure 11. The
monthly sampling of the tide gauge data limits the resolution achievable by the analysis. The
comparison between altimetry and Argo profiles is performed with a ten day temporal sampling so
higher frequency behaviours are observable: coherence values are high for very short periods (20-30
days), and again around 70 days, especially in the Indian and Atlantic Oceans. In the Indian Ocean,
coherence around a one year period is lower than in other basins, in agreement with larger seasonal
cycle differences between altimetry and in-situ in this basin than in the others.

i~

95% significance level

Period (days) Period (days)

Figure 11: Coherence diagram between tide gauges and co-located altimetry (left) and Argo
profiles and co-located altimetry (right) data for the high frequencies of the
Pacific (red), Atlantic (blue) and Indian (green) oceans
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2.3. Local Mean Sea Level

In this section, in order to get a hint of the spatial distribution of the differences between altimetry
and in-situ records, we map theses differences after separating the total SLA signal into temporal
scales. When considering local averages (2° box average for the Argo comparison and individual
time series for the tide gauge comparison), uncertainties are much larger than when considering
the global average and therefore estimates of the differences should be viewed with caution.

2.3.1. Long term trends

First we investigate long term trends. The maps of trend differences between in-situ records and
collocated SLCCI satellite altimetry are displayed on Figure 12. The left panel referring to the
altimetry/tide gauges comparison shows the spatial distribution of the stations used in this study.
Some regions seem to have coherent drifts: along the coast of Norway or in the north-western
Atlantic Ocean for example. This could indicate an error in the altimetry data, or in tide gauges
data (for example subsidence of the earth’s crust that would affect all tide gauges stations in a
region). The Argo profiles/altimetry comparison maps shows trends that seem evenly spatially
distributed, no large coherent spatial patterns are found.

trend (mm/yr)
N

 —
L. — R D mmiyr -20 -10 0 10 20

-4 -2 0 2 4

Figure 12: Map of the SLA differences trends between altimetry and tide gauges (left) and
between altimetry and Argo profiles (right)

For both the tide gauges/altimetry and Argo profiles/altimetry comparisons, the low drifts observed
when considering global or basin-wide averages appear on the map of Figure 12 to hide a wide
distribution of the individual stations’ trends.

The distribution of the trend differences between altimetry and in-situ records is further

investigated by the means of the histograms displayed on Figure 13, illustrating the wide spread of
the trend differences.
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Figure 13: Histograms of the trend differences (in mm/yr) between tide gauges and co-located
altimetry (left) and Argo profiles and co-located altimetry (right)
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2.3.2. Inter-annual variability

Figure 14 displays the maps of SLA variance differences between altimetry and in-situ data
estimated from the low-frequency (i.e. inter-annual variability) of the signal.

Figure 14: Map of the inter-annual SLA variance differences between altimetry and tide gauges
(left) and between altimetry and Argo profiles (right)

On the comparison between SLCCI altimetry dataset and Argo profiles (right panel) high oceanic
variability areas (ACC, western boundary currents) stand out with positive values, meaning that in
these areas, altimetry records observe higher SLA variances than the Argo profiles.

The SLCCI altimetry/tide gauges comparison shows a good performance, with most of the variance
differences ranging between -5 and 5 cm? despite some extreme values.

2.3.3. Annual Cycle

As was demonstrated on global or regional averages, the annual cycle is an important part of the
total SLA variability, especially when considering the comparison between altimetry and tide
gauges. When considering global or basin-wide averages, there is generally a good agreement
between altimetry and in-situ data (excepted in the Indian Ocean). In order to investigate the
spatial distribution of the annual signal differences, we computed maps of the annual signals
differences between altimetry and in-situ records.

Figure 15 represents the spatial distribution of annual cycle amplitude and phase differences
between tide gauge and collocated satellite altimetry data. Phase differences appear to be evenly
distributed with low differences (15 degrees represents half a month shift in the phasing of the
annual cycle) observed at all stations. The map of amplitudes differences displays a different
behavior: differences are low in the Atlantic Ocean but much higher for the coastal stations of the
Pacific Ocean (differences remain low for island stations).

L S Dom L
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Figure 15: Maps of the annual cycle amplitude (left) and phase (right) differences between
SLCCI altimetry and tide gauges
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Figure 16: Maps of the annual cycle amplitude (left) and phase (right) differences between
SLCCI altimetry and Argo profiles

Figure 16 shows the maps of the differences between altimetry and Argo profiles for the amplitude
and phase of the annual signal. The phase differences appear to be very noisy but with an evenly
distributed spatial pattern. The map of the amplitudes differences displays a latitude dependant
pattern with negative differences in the tropical band where Argo profiles are seeing a larger
amplitude than the altimetry and positive differences at lower latitudes (especially in the southern
hemisphere) where altimetry amplitudes are larger than Argo ones. Again, in high oceanic
variability areas such as the Gulf Stream, the differences are large.

2.3.4. High Frequency signals

The maps on Figure 16 display the variance differences between altimetry and in-situ collocated
records for the high frequency part of the SLA variability. Tide gauges stations generally observe
higher variability levels for this frequency band than the corresponding altimetry. However, island
stations seem to show a better agreement with altimetry than continental coastal ones.

The altimetry versus Argo profiles comparison map displays a latitude dependant pattern: in the
tropical band of all oceanic basins, variance differences are negative indicating higher variability
levels in the in-situ records than in the altimetry data. In areas of high oceanic variability (ACC,
Gulf Stream and Kuroshio) variability levels measured by Argo floats are lower than the altimetry
ones.

Figure 17: Map of the differences of SLA variances between altimetry and tide gauges records
(left) and between altimetry and Argo profiles (right) for the high frequency
part of the signal

3. Comparison between SLCCI and DUACS products with respect to in-situ data

The previous section of this report was dedicated to the comparison of the satellite altimetry SLA
gridded dataset generated within the SLCCI project. One secondary objective of the study,
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presented in this section, is to compare two satellite altimetry products with respect to available
in-situ data (both tide gauges and Argo profiles).

For this purpose, we considered the SLCCI dataset and compared it to a reference dataset based on
SALTO/DUACS processing, adapted to match the monthly temporal resolution of the SLCCI grids.
Different spatial and temporal scales of the signal are studied, with the objective of determining
which dataset fits the in-situ data (considered here as the “truth™) best.

The spatial and temporal scales of the signal at which comparisons with in-situ data are
investigated depend on a first evaluation of the differences between the two altimetry datasets.
We focused on scales where the largest differences between the two altimetry datasets were
found.

3.1. Global Mean Sea Level

When considering SLA time series averaged globally, the differences between the two datasets are
very small. As an example, Figure 17 displays the global mean SLA time series estimated from the
SLCCI and SALTO/DUACS datasets. Apart from years 1994 and 1995, the differences between the
two time series are very low. As a result, the long term trends differ only by 0.02 mm/yr, a value
which is not statistically significant (Ablain et al, 2009 estimated that the uncertainty on the global
mean sea level trend is about 0.5 mm/yr). The same results are found for the other temporal scales
of the global mean SLA considered in this study (inter-annual, seasonal and high-frequency
variability).

T ™T T
VA Slope = 2.93 mm/yr

SLA (cm)

Figure 18: Time series of the global mean SLA estimated from the SLCCI (blue) and PVA (red)
satellite altimetry datasets

Given the uncertainty levels of the altimetry/in-situ comparison method (about 0.5 mm/yr for the
global mean SLA trend for example) it is hard to discriminate the two altimetry products when
considering global averages. However, Figure 19 displays the differences observed between
altimetry and in-situ far the different temporal scales of the global average signal for both the
CCl/in-situ and DUACS/in-situ comparisons. For almost all time scales considered here, the in-situ
data seems to be closer to the CCl data (triangles) than the DUACS data (circles). This results
suggests that there is a better agreement between CCI altimetry and in-situ data than between
DUACS altimetry and in-situ.
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Figure 19: Taylor diagrams comparing altimetry and in-situ data (left: tide gauges, right: Argo
profiles) for CCl (triangles) and DUACS (circles) data. Global averages are
considered for the total signal (black), the annual cycle (blue), the inter-annual
variability (red) and the high frequencies (green)

3.2. Regional mean sea level

We showed that differences between satellite altimetry datasets were too low on the global
average to be separated by the comparison to in-situ data. When moving from global to regional
averages, and depending on the region used to calculate spatial averages, one can expect the
differences between the two satellite altimetry datasets to become larger, and therefore to be able
to discriminate those two datasets by means of the comparison to in-situ data.

Of course what “regional” means may well vary, and choosing the suitable region for averaging
results from a compromise: the smaller the averaging region, the larger the differences at the cost
of increased noise and errors. In this study, we considered large regional averages, typically basin-
wide.

3.2.1. Long term trends

Figure 18 displays the maps of SLA trend differences between SLCCI and SALTO/DUACS altimetry
datasets for the whole altimetry period and for the last part of the period, over which Argo profiles
are available. The very low difference observed on global means appears to be unevenly distributed
over the globe and large areas are experiencing trend differences larger than 1 mm/yr.

Over the longest period, the trend differences map exhibits a North/South hemispheric pattern,
over the Argo period; there remains a hemispheric pattern in the trend differences, but with an
East/West spatial repartition. Differences are larger over the Argo period and we therefore focus on
this time span (i.e. 2003.5-2010). We consider East/West hemispheric averages, for latitudes
between 66°S and 66°N (thus excluding the very large trend differences observed in the Arctic
Ocean).
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Figure 20: Maps of the SLA trend differences between CClI and SALTO/DUACS datasets,
estimated over the 1993-2010 (left) and 2003.5-2010 (right) periods

The map of the drift differences between CCl and SALTO/DUACS satellite altimetry products with
respect to Argo profiles (i.e. (Tcei - Targo) = (Trva - Targo)) is presented on Figure 21. This figure
displays a hemispheric pattern somewhat similar to Figure 20’s one, demonstrating that despite the
spatial and temporal sub-sampling inherent to the altimetry/Argo comparison the technique is able
to observe such trend differences.

Figure 21: Map differences between trend differences between altimetry and Argo profiles
evaluated with CCl and SALTO/DUACS altimetry datasets

Once the drift differences map of Figure 21 has been evaluated, there remains to investigate if the
comparison to Argo profiles is useful to find the “best” altimetry dataset. We estimate East/West
hemispheric SLA time series from Argo profiles, collocated SSALTO/DUACS altimetry, and collocated
SLCCI altimetry. The corresponding time series are displayed on Figure 22, with the annual and
semi-annual signals removed.
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Figure 22: Time series of hemispheric SLA (west blue and east red) from Argo profiles and co-
located altimetry from CCI (left) and SALTO/DUACS (right)

For the DUACS altimetry dataset, the drift respective to Argo floats is almost the same in both
hemispheres. This situation is changed when considering CCI altimetry where the east/west drift
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difference amounts to 1.3 mm/yr. This is expected due to the use of GDR-D orbits in the CCI
products versus GDR-C orbits in DUACS. This standard change has demonstrated its relevance on
Envisat data, which does not appear here because the generation process of SLCCI (and DUACS)
data includes an empirical orbit error reduction step to fit Envisat data on Jason-1 over the period
considered here.

4. Conclusions and recommendations

The main goal of this report was to compare the SLCCI altimetry dataset to in-situ records. Satellite
altimetry was compared to two independent in-situ datasets: monthly tide gauge records from the
PSMSL database and in-situ SLA derived from the combination of Argo temperature and salinity
profiles and GRACE gravity data. In order to investigate the agreement between SLCCI satellite
altimetry and in-situ data the different temporal and spatial scales of the SLA variability were
separated: long-term trends, inter-annual variability, seasonal cycles and high-frequency variability
are considered for global and basin-wide averages as well as local comparisons.

In general, tide gauge records observe higher level of variability than the collocated altimetry data,
on the contrary, SLA records derived from Argo profiles and GRACE ocean mass show lower levels of
variability than satellite altimetry.

The seasonal cycle is dominating the SLA variability, for both in-situ datasets and the corresponding
collocated satellite altimetry. On global and regional scales, seasonal cycles agree well between in-
situ and satellite altimetry records. The agreement is slightly better for the tide gauge/altimetry
comparison than for the Argo profiles/altimetry one. However, these low regional differences hide
a large dispersion when considering local comparisons (station or grid point wise).

The long term evolution of sea level is a main interest in climate studies. Comparing long term
trends estimated over 18 years of tide gauge and collocated satellite altimetry data, we found a
difference between the two techniques of only 0.2 mm/yr, and therefore a good agreement
between the two records. Argo profiles are not available over the whole period, and the trend
difference over the 2004-2009 period with respect to collocated satellite altimetry is higher at 1.1
mm/yr. It should be noted that this trend is heavily dependent on the GRACE mass fields used to
estimate the ocean mass component added to the steric sea level estimated from the Argo
temperature and salinity profiles.

A secondary goal of this report was to use in-situ data to compare the quality of two satellite
altimetry datasets: the SLCCI and SALTO/DUACS grids. For this purpose we first evaluated the
differences between the two satellite altimetry datasets, looking for signals large enough which
could be separated by the in-situ comparison. The differences are low but suggest a better
agreement to in-situ data when using SLCCI dataset rather than SALTO/DUACS. The east/west
difference observed when comparing to Argo floats is expected due to the orbit changes.
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Appendix A - List of acronyms

TBC To be confirmed
TBD To be defined

AD Applicable Document
RD Reference Document
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