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MSL Mean Sea Level

MSLA Map of Sea Level Anomalies

MSS Mean Sea Surface

NAC North Atlantic Current

NANSHY Nansen Hydrographic data base

NCEP National Centers for Environmental Prediction

NEMO Nucleus for European Modelling of the Ocean

NEMOVAR Variational data assimilation system for the NEMO ocean model (Mogensen et al.
2012).

NERSC Nansen Environmental and Remote Sensing Center

NOAA National Oceanic and Atmospheric Administration

NoAlti Different model runs of the NEMOVAR model - NoALti assimilates T and S but no
altimeter data

NorCPM Norwegian Climate Prediction Model

NorESM Norwegian Earth System Model

NS North / South
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OBE OBservation Errors
OGCM Ocean Global Circulation Model
ORAS Ocean Reanalyses
ORASLW ORASS5 Equivalent Low Resolution Reanalysis
ORCAO025 DRAKKAR 1/4 degree ORCA configurations (see Barnier et al.
2006) for NEMO model
ORCA1l ORCAL1 is the generic name that refers to the tripolar grids used
by the NEMO model in approximately 1 degree resolution in the Extratropics.
OSISAF Ocean Sea Iced Eumetsat Satellite Application Facilities
OSTIA Operational Sea Surface Temperature and Sea Ice Analysis
OSTM Ocean Surface Topography Mission
PC Principal Component
PSD Power Spectral Density
RMS Root Mean Square
SIC Sea Ice Concentration
SCRIPPS Scripps Oceanographic Institution, CA, USA
SL Sea Level
SLA Sea Level Anomaly
SLTAC Sea Level Thematic Assembly Center
SLR Sea Level Rise
SON Boreal Autumn
SPG SubPolar Gyre
SSH Sea Surface Height
SSHA Sea Surface Height Anomaly
SST Sea SurfaceTemperature
STD Standard Deviation
TOPAZ (Towards) an Operational Prediction system for the North Atlantic European coastal
Zones
TP TOPEXPoseidon
TRIP Total Runoff Intregrating Pathways
TIW Tropical Instability Waves
WGHMV Water Gap Hydrological Model
WP Work Package
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1. Assessment by the Climate Research Group

Today, many users are interested in altimetric SSH measurements. However, more quantitative
comparisons need to be performed. This requires easy to use data formats as well as data
uncertainty measures. In the futur e we can also anticipate that satellite data will be assimilated
into climate models. At that point coupled models are used to test the data.

In the ocean modelling community satellite data, especially SSH fields, are now being assimilated

on a regular basis. The need of assimilating SSH fields originates from their dynamical relevance in
constraining the oceantés flow field. This is in stro
ocean, measuring sea surface temperature (SST and ocean color.

As indicated above, different levels of complexity and maturity exist in the ocean and climate
modelling, which are accounted for in those WPs; Ocean models assimilate all available ECVs with
measurable success. Respective results are available from many models. Results are inter -compared
and are used for assessing processes involved in SSH changes.

Because of those differences, different model strategies are involved in WP 5100 as outlined in
Table 1 ocean assimilation (WP5110 and WP5120) and coupled modelling (WP53B80). Together, these
three sub-work packages provide different and mutually complementary approaches, which in total
provide a very strong package to test the new ECVs, but also to prepare a data stream suitable to
the entire modelling community.

The different approaches include:

SYSTEM EXPERIMEN ASSIMILATION OF COMPARISON TO

SLO
Almost all climate variables SL1
GECCO GECCO 2 including SL (SLOand SL1.], SL1.1
along track) SL2.0
(gridded and along-track)
ASSIM (1x1) T, S, SLO(along track) SL1(gridded)
NoAlti (1x1) T,S
NEMOVAR SL1
CNTL (1x1) - SLO
hr/lr) (gridded
GREE _ (hr/ir) (9 )
(1/4x1/4)
NorESM CMIP5 - SLO
SL1
HADGEM CMIP5 -
other ESA ECV
IPSL CMIP5 - in situ data

Table 1: Assimilation and inter -comparison experiments conducted in  the different systems
from WP5100. The previous and the current versions of t he SL_cci ECV are called SL1, SL1.1
and SL2.0 respectively and the AVISO data -set is called SLO .
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(1) Comparison studies with ocean and/or coupled model s to compare trends, multi annual,
decadal variability, etc. A questiont hat has been addressed is:

Are the structures observed by sea level products consistent with models outputs?

(2) Assimilation studies with ocean and/or couple d models, through which the new ECV is being
used as a condraint jointly with all other available ECVs over the ocean and with in situ data.
Questions to address here include:

How to use or improve the use of ECV products?
What is the impact of the improved data-set in comparison to the AVISO data-set?

A syntheds of the experiments that have been conducted in WP5100 is given in Table 1.
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1.1. WP5110: UoH Sea level ECV assessment via global ocean model a ssimilation

1.1.1. Introduction

Testing the quality of the SL_ECVsmay imply diffe rent aspects or approaches including direct
scientific analyses and the interpretati on of information from one data -set in conjunction with the

information available from others. As an example, steric sea level changes can be studied in
conjunction with temperature mea surements, as steric sea level is the part of sea level changes
that is due to thermal expansion and salinity variations in the ocean.

On the other hand, it is not always possible to test data-sets against independent data -sets.
Therefore, we usually have to search for independent information. This is generally available in  the
form of ocean dynamics, as it is embedded in our climate models. Because of this , ocean models
and ocean dynamics were used in the past to test and to interpret altimetric data.

Testing the consistency of observations with ocean dynamics and with a-prior information on
uncertainties relies very much on mathematically consistent data assimilation approaches, e.g., as
embedded in smoother or adjoint models. A d ynamically consistent oce an state estimation adjusts
uncertain model parameters to bring the model into consistency with ocean observations.

For the WP5110, the recent and higher resolution GECCO2 ocean synthesis framework is used to
assess the quality of satellite altimeter data from the ESA climate change initiative (cci) project
aimed at improving SSH data. The improved SSH fields (SL1and SL1.1, Cazenave et al., 2014, as
well as SL2.0 represent the ECV of sea level (SL) computed in the framework of the ESA SL_cci
(Ablain et al., 2015) . As we will show below, the GECCO procedure does identify a significant level
of improvement in the new SL1.1and SL2.0 products when compared to the previous versions SL1
and the original product SLO(from AVISO)in terms of global and regional dynamics, trends, seasonal
cycle etc.

During Phase 1, the focus has been on the comparison of existing GECCQ solutions (Kéhl and
Stammer, 2008a, b), referred to as GO, with the data-sets SLOand SL1, and the respective analysis
of residuals in both cases. The metric that has been used here is that smaller residuals are
interpreted as a better data-set. Strictly speaking this is not the case everywhere but has been a
good guiding principle. Smaller residuals were expected for the SL_cci products. Residuals were
investigated in this respect globally and regionally, not only as normalized RMS differences, but also
in terms of seasonal cycle, SSH trends, among other dynamical parameters.

During Phase 2, the focus has been moved to the updated SL_cci product, SL1.1 Only to the end of
the project the latest SL_cci product SL2.0has been available. To start, the existing GO solution has
been compared to both data -sets SLOand SL1.1 with an analysis of residuals, demonstrating an
improvement of SL1.1over SLO. Further, the SL1.1 product has been assimilated into the GECCO2
model producing a new GECCO2 solution G1.1). As before, the new G1.1 solution has then been
compared to both data -sets SLOand SL1.1, again with an analysis of the residuals that emer ge in
both cases. In a third assimilation run the additional information content in the new ESA SST_cci
data sets (Merchant et al., 2014) have been tested by including them also into the GECCO2 state
estimation. This third GECCO2 solution, G1.1sst, has again been compared to both SL data sets, SLO
and SL1.1 The results are summarized in Scharffenberg et. al (2017).

Towards the end of Phase 2, the latest update of the SL cci product, SL2.0 had been released.
Version SL2.0 has been compared to both GECCO2 nodel solutions GO and G1.1 with the same
analysis of residuals between the model results and the SL product itself. However, due to a change
of the reference positions as well as a change in filter length scale, the comparisons between SL2.0
and the previous versions SLQ SL1and SL1.1, do not provide directly comparable results and are
not straight forward.
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1.1.2. Used Data-sets

The output of the GECCOZ2 assimilation approach(Kéhl and Stammer, 2008a, b), GO, was used to
compare SLOto versions SL1, SL1.1and SL2.Q for the time period 01/1992 until 12/2010 (see Table
2).

[ 9119293 94 195]96]97]98199]100]01]02]03]04]05]06]07108]09]10]11112]13 141516 ]

SL1.1 available in December 2013 |
SL1.1 available in December 2014 |
SL1.1 available in December 2015 |

ERS1
1991/07 61996/06
TP
1992/09 62005/10
ERS2
1995/05 82003/06
GFO
2000/01 62008/09
Jason-1
2002/01 62013/06
Envisat
2002/09 62012/04
Jason-2
2008/07

SL2.0 available in December 2016 |

CryoSat-2
2010/07
Saral AltiKa
2013/03

GECCO?2 assimilation runs: all available satellite data were assimilated for time period
1948/01 82011/12
to produce the GECCO2 solutions GO, G1.1 and G1.1sst

1993/01 92010/12 time -period of the GECCO2 solutions
were used for comparison to SL_cci data -sets for the following satellite time  -series

ERS1
1993/01 &
1995/05
ERS2
1995/05 §2002/10
Envisat
2002/10 82010/12

TP
1992/01 62002/04
Jason-1
2002/04 62008/10
Jason-2
2008/10 -
2010/12

Table 2: Time-periods of: the available satellites, the SL_cci products, the GECCO2 assimilation
runs, the GECCO2 solutions used for the comparison with the SL_cci data  -sets,
as well as the used SL_cci TP- and ERStime -series.

The G1.1 and G1.1sst solutions were used to compare SLO to versions SL1.1 and SL2.Q0 The
comparisons have been done separately for the E SA satellite series (ERS1, ERS2 and ENVISATand
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for the TOPEX/POSEIDON satelliteseries (TOPEX/POSEIDON (T/P) Jasef and Jason?2). The three
satellite products (SL1, SL1.1, Cazenave et al., 2014, and SL2.0 that have been provided within the
SL cci project consist of Sea Qurface Height (SSH) anomalies, which have been reprocessed using
new updated geophysical standards and multi mission cross calibration. Two versions of this product
were provided to the scientific community, respectively:

(1) A set of SSHAgrids combining all altimetric satellite measurements , with a regular
spatial resolution of 0.25°x 0.25°, with monthly tempo ral resolution from 1993 to 2013 , and

(2) A set of along-track SSHanomalies for each altimetric satellite , from 199 2/93 to 2013.

For versions SL1.0and SL11, t he along-track SSH level 3 products were previously filtered by the
SL cci project with a filter length scale that varied by latitude and were interpolated onto
latitudinally varying reference positions prior to delivery. The ap plied filter length scales are 250
km (0° to 10°), 200 km (10° to 20°), 150 km (20° to 30°), 100 km (30° to 40°) and 65 km (40° to
90°). The original a long-track resolution of about 6.2 km has been interpolated onto 18.6 km (90°
to 30°), 24.9 km (30° to 20°), 31.8 km (20°), 37.4 km (20° to 10°) and 43.7 km (10° to the
equator).

For version SL20, the along-track SSH level 3 product has been kept at its exact measurement
positions every ~5.9 (~6.6) km. Further, the along -track filtering and subsampling has been kept
less restrictive with a 10 point Lanczos filt er and a 1 out of 2 point sub -sampling leading to
measurements every ~11.7 (13.1) km. Due to updates in the level 2 (L2) altimeter corrections, the
SL2.0data set now has an improved data coverage in the Arctic as well as in the Antarctic region,
as can be seen e.g. in the Weddell sea in Figure 4, Figure 5, Figure 7, Figure 11 and Figure 12. In
order to allow for a comparison to the previous data sets, the SL20 had to be inte rpolated onto the
same AT reference positions as the previous SLQ SL1and SL1.1data sets. Due to the smaller SL_cci
filter length scale of 10 points, the comparisons to the GECCO2 model output are expected to be
different and less good as for SL1.1, equatorward 40°, as the model is not able to resolve the small
scale processes in the SL2.0data.

The length scales are summarized in Table 3. The effective filter lengt h scales (EFL) are calculated
as: 000 6 "¥Y'O "O0 0 "Ywith AT being the along-track resolution, F the filter as number of
filtered points (f7, f9, f5 or f11), and FL the filter length scale that has been applied for the
calculation of the along -track measurements. The filter f5 of SL2.0(7" column) is chosen to match
the filter length scale of SLQ SLland SL1.1(2" column), and the filter f11 of SL2.0(8™ column) is
chosen to match the effective filter length scale of filter f9 of SLQ SL1and SL1.1 (6™ column).
Filter f9 is the filter that is closest to the GECCO2 model cut off, discussed in section 1.1.7 and
shown in Figure 6.

Latitudinal Filter length scale SL_cci Effective filter length scale [km]
range [km] SL_cci AT TP (ERS)
resolution

SLO SL1 : [km] SLO SL1 SL1.1 SL2.0
SL1.1 TP (ERS)
I N N

® 18.6 (19.7) 176.6 (183.2) 213.8(222.6) 133.4 (144.8) 245 (263)
150 10 points ~ 24.9 (26.4)  249.4 (258.4)  299.2(311.2)  158.6 (171.6) 308 (330)
_ 59 (66) 31.2(33.0) 337.2(348.0) 399.6 (414.0) 183.8(198.0) 371 (396)
200 37.4(39.7) 424.4(438.2) 499.2 (517.6)  208.6 (224.8) 433 (463)
250 43.7 (46.4) 512.2(528.4) 599.6 (621.2)  233.8 (251.6) 496 (530)

Table 3: SSH alongtrack filter length scales (FL), interpolated along -track (AT) resolutions, as
well as effective filter length scales (EFL) for TP and ERS.
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1.1.3. The GECCO2 synthesis

Obtaining dynamically self -consistent estimates of the ocean circulation require s the use of
mathematically consistent "smoother" data assimilation approaches as realized by adjoint methods.
Any smoother assimilation approach adjusts uncertain model parameters to bring the model into
consistency with ocean observations; see Stammer et al. (2016) for details on the various methods
used during assimilation efforts. In the case of the GECCO2 estimate (Kohl, 2015), those are the
initial temperature and salinity conditions and the atmospheric stat e variables from which surface
forcing fields are derived via bulk formulae. In this way, the ocean state estimation ultimately leads

to new estimates of the surface forcing fields that are required to simulate the observed ocean in a
best possible way (given the model resolution and the model physics). Stammer et al. (2004) have
shown that outside of western boundary current regions the resulting surface flux fields show
improved skill, and that large biases present in the NCEP fields seemed to be remedied (see also
Menemenlis et al. (2005), who came to a similar conclusion).

This present study is based on a previous GEC©O?2 solution covering the period from 1948 to 2011
that had been optimized over 23 i terations. See Kodhl (2015) for a description of the GEC CO2 ocean
state estimate and the data sets used as constraints. Starting from thi s already optimized state, 3
additional assimilation runs were performed as part of this study, all starting from iteration 23,
carrying out 5 additional iterations. The onl y difference between these 3 assimilation runs (GO,
Gl.1, and Gl.1sst) are the different SSH and SST data sets used as constraints. As before, the
GECCO2 model continued to assimilate in situ temp erature and salinity data, SST data and a mean
dynamic topography. For each experiment 5 iterations were added to the previous solutiont o have
a consistent set of solutions.

The first assimilation run is a continuation of the original GECCO2 synthesis which assimilates the
AVISO SSH fieldSLQ In contrast the second assimilation run uses the updated SL product SL1.1as
SSH constraint. The small number of just 5 additional iterations is justified by the small differences
between the different SL products SLOand SL1.1 which do not war rant a complete new synthesis.
Over the course of the five additional iterations the cost function contribution (sum of weighted
squared differences to the data) representing the altimeter data m isfit reduced typically by 20 9%;
however, during the last iteration s the initial steep improvement flattened out suggesting that the
additional opt imization found a new minimum. The global mean sea level (GMSL) of the GECCO2
model is zero at each time step, thus GECCO2 does not have a GMSL rise. Therefore, before
assimilation, the GMSL computed from mapped altimeter data was subtracted from the a long track
data (SLOand SL1.1) at each time. A third assimilation run assimilated SL1.1, and additionally an
updated sea surface temperature product from the ESA SST cci. In the following, the three
resulting GECCO2 outputs will be referred to as GO, G1.1 and G1.1sst respectively. For future
GECCO assimilation runs we would prefer using SL2.0 and higher, depending on its timely
availability.

1.1.4. Methodology

It is important to note that the GECCO2 s ynthesis adapts to the assimilated SLOand SL11 data
products, respectively, and also to additional data sources , such that a cost function that measures
the weighted quadratic differences between model and data, is being minimized. Due to the
assimilation of additional data, the assimilation procedure is able to compensate for observational
errors in one data source. As was shown before, GECCOZXejects components in the assimilated
altimeter data, such, that are dynamically incompatible with the model solution; by comparing the
SL ECVs against the synthesis, errorsin the data can then be revealed. These capabilities have
been demonstrated for the mean dynamic topography (Stammer et al., 2007) . Although the model
suffers from large biases and its resulting sea level fields can not be assumed free of error or even of
smaller error than the assimilated data, the improvement of the data show s up as a reduction in
model data
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Figure 1: STD on the TP-tracks for SL1.1 (left) a nd for GECCO2 (G1.1, right). The STD are from
the along -track analysis.

residuals since the improved data w ill be in better agreement with  additionally assimilated data .
This is because the error of different data sources can be assumed to be uncorrelated.

To illustrate the variability present in the SL products , as compared to the GECCO2 synthesis,
Figure 1 compares the standard deviation (STD) of the SL product SL1.1with that obtained fro m the
GECCO2 synthesis productG1.1. The GECCO2 synthesi€s1.1 can reproduce the general large scale
variability seen in the SL -data (SL1.1), however, as the model is in zonal direction set up on a 1°
grid and in meridional direction on a 1/3° grid (for details see Koéhl, 2015), it is not able to resolve
eddies and lacks of variability in regions of high mesoscale activity such as the boundary currents or
along the Antarctic Circumpolar Current (ACC) in the Sou thern Ocean.

To assess the improvement of SL1 SL1.1 and SL2.Q the daily output fields o f SL from all three
GECCO2 solutions G0, G1.1 and G1.1sst) are compared to the four along track SL products SLQ SL1
SL1.1and SL2.0itself, using two different appr oaches:

(1) The first approach uses the GECCO2 model grid (M) as basis for the analysis of the root
mean squared (RMS) differences. Here, the along-track data-sets (SL), have been
interpolated onto the model grid, whereas

(2) The second approach, uses the full resolution of the SL data -sets and performs the same
analysis for each along-track satellite position (AT) individually. The daily model output was
interpolated onto the satellite tracks that matched the respective days for the respective
along-track positions.

As noted above, the along track data sets ( SLQ SL1 SL1.1and SL2.0 have been interpolated onto
reference positions along the satellite tracks. The dail y GECCO2 synthesis results G0, G1.1 and
G1.1sst) were interpolated onto the satellite tra cks that matched the respective days for the
respective along-track positions. For d isplay purpose only, the data ( SLQ SL1 SL1.1and SL2.0 and
the synthesis results (GO, G1.1, Glsst) have been gridded on a 1°x 1° grid for the ERS-time series
and on a 2°x 1° grid for the TP -time series. 190 and 664 repeat cycle were used from the ERS- and
from the TP-time series respectively. A comparison between the analysis at model and along -track
resolution is given in Table 4.

The first step was to compare the GO solution to SLOand to the updated SL product s SL1and SL1.1
In the second step, the updated SL product SL1.1 has been assimilated into the GECCO2 model,
producing the G1.1 solution as well as the G1.1sst solution, that additionally assimilated the new
SST from the ESA SST_cci project. Both GECCO2 solutiong5(1.1 and G1.1sst) have been compared
to the SL products SLOand SL1.1, as respective analysis of the residuals that emerge in all cases.
Further, the G1.1 solution has also been compared to SL2.Q

The assessment of data products has been done separately for the ERS and the T/P -satellite data
sets. In each case residuals were investigated globally and regio nally, as normalized RMS
differences. Smaller residuals were expected for the updated SL products SL1 SL1.1and SL2.Q but
strictly speaking this is not the case everywhere. The normalized RMS differences are calculated as
a measure to determine the diffe rence of the SL products SLQ SL1 SL1.1and SL2.0compared to all
three GECCO2 solutions. Thenormalized RMS difference based skill score have been calculated as:

GO _SLO=Tgossig/ S q &otr ( Idl
GO SL1="Tossty/ S q &otr ( Jo)
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GO SL1.1=Tcosstry/ S q kot ( o)

GO SL2.0=Tgossizo)/ S q &ot ( o)
G1.1 SLO= (clissig/ S q &Lk H TSl
G1l.1 SL1.1= @lissiiy/ S q &LiH Th)
G1.1 SL20= (lissizg! S q &t H Tdh)
Gl.1sst SLO= (Tisstosig/ S q Evlss(+T |Xol
Gl.isst SL1.1= (lusstostiy/ S 0 Brlss(+T <o)

with T being the STD of the time series and GX_SLXhe normalized RMS residuals.Note that the
notation RMS differences of anomalies is trivially the sa me as the STD of anomalies, while
referenced to the same averaging period. Again, GO, G1.1 and G1.1sst denote the GECCO2 model
runs that assimilated SLQ SL1.1 and SST_ccisolutions, respectively. Further, SLQ SL1 SL1.1and
SL2.0 Sl-data-sets themselves, have been used for the comparison, respectively. Smaller residuals
indicate an improvement of the SL1.1and SL2.0 compared to SLQ The skill score is designed such
that zero indicates perfect skill while a value of one is yield by two white noise time series and
consequently corresponds to no skill Table 4 lists the possible comparisons.

Of the possible normalized RMS differences, GO_SLO0is shown exemplarily in Figure 2, illustrating
that the normalized RMS differences varies regionally. In the tropical regions GECCO2 and the SL
product are very close together (blue) indicating a very good representation of the GECCO2 model
solution of the assimilated SL data, whereas especially in energetic regions both clearly differ from
each other (red). The analysis shows where the GECCO2 solution represents the assimilated SL
product well. As it has been shown in Figure 1 for t he STD, GECCO2 is missing energy in energetic
regions. The model is not able to adjust for mesoscale features, mainly because they are not
represented by the limited resolution of the model. However, the exercise of comparing Figure 1
and Figure 2 reveals that not all regions with large discrepancies are a ssociated with high
variability. In particular in the mid -latitude eastern Pacific low er skill can be found in quiet regions.
The overall normalized RMS differences for both, the T/P and the ERS data sets are the same;
however, as result of the unequal sampling dictated by the diff erent satellite orbits, the small scale
structures differ from each other. The following chapters discuss the disparities of the individual
normalized RMS differences.

Assimilation run

GECCQ + SLO (GO)

Compared

product SL_ECV SLO SL1 SL1.1 SI2.0

Time series ERS TP ERS TP ERS TP ERS TP
Resolution M AT M AT M AT M AT M AT M AT AT AT
Assimilation run GECCQ@ +SL1.1 (G1.1)

Compared

product SL_ECV SLO SL1 SL1.1 SI2.0

Time series ERS TP ERS TP ERS TP ERS TP

<
>
<
>
<
>
<
>
<
>
<
>
>

AT

GECCQ + SL1.1 + SST (G1.1sst)
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Compared
product SL_ECV 240 Sl
Time series ERS TP ERS TP
Resolution M AT M AT M AT M AT

Table 4: Performed comparisons using the solutions from all three GECCO2 assimilation runs
GO0, G1.1 and G1.1sst. Comparisons have been carried out for the four sea level products SLO,
SL1, SL1.1 and SI2.0, for both satellite series, ERS and TOPEX/POSEIDON, and on t he model grid
(M) as well as for the along -track positions (AT).

Normalized RMS differe nces
TOPEX/POSEIDON series ERS series

3
90"8oo 90 So"

60°E 120°E 180°E 240°E 300°E 360°E 60°E 120°E 180°E 240°E 300°E 360°E

1 =T
0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 1 0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1

Figure 2: Normalized RMS differences GO_SLO between the GECCO2 model solution GO and the
satellite -time -series of TOPEX/POSEIDON, Jasonl and Jason-2 (left) and of ERS 1, ERS2 and
ENVISAT (right), for the analysis at AT resolution.

1.1.5. Pre-test at model resolution

In the first case, the model resolution has been taken as the basis for the comparison of both ECV
products. The along-track data-sets of SLQ SL1and SL1.1 have been interpolated onto the model
grid and the analysis has been carried out at model resolution. Figure 3 shows the ratios of the
normalized RMS differences in order to provide a measure of the improvement of SLland SL1.1
The comparison (ratios) is shown for TP-series (left) and for ERS-series (right).

The panels show the ratio of GO SLO/ GO SL1(1% row), GO SLO/ GO SL1.1(2" row), and G1.1_SLO
/ G1.1_SL1.1(3™ row), Gl.1sst SLO/ Gl.1sst_SL1.1 (4™ row), as percentages of improvement of
SlLland SL1.1compared to SLQ In all panels red indicates an improvement whereas blue indicates
degradation.

Ratio GO_SLO/ GO SL1(1 row) shows remarkable improvements in the north Atlantic, in the Indian
Ocean through flow and in many other parts of the ocean.

Ratio GO _SLO/ GO _SL1.1(2"™ row) demonstrates the outstanding improvements from SL1to SL1.lin
all tropical oceans. The regions in blue where the SLland SL1.1show less skill compared to the SLO
are the ones where the GECCO2GO solution has adapted very well to the SLOand at the same time
where the STD of the data -sets (Figure 1) are very small, indicating a small signal to noise ratio in
these regions. Therefore, the model might have adapted to the not as good SLOdata, and thus gives
less skill in comparison to the improved SLland SL1.1data-sets.

Ratio G1.1 SLO/ G1.1 SL1.1 (3 row) indicates the improvements seen due to the assimilation
process of the SL1.1 data set, instead of SLObefore. In the further improved regions, the model
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physics have adapted closer to the assimilated SL1.1 product, and therefore, are in closer
agreement to the SL1.1ldata set itself.

The ratio G1.1sst SLO/ Gl.1sst SL1.1 (4" row) indicates the impr ovements seen due to the
assimilation process of the SL1.1and additionally, of the updated SST. The improvement from the
assimilation run G1.1 to G1.1sstis only marginal. Further improved regions can be seen e.g. for
North Atlantic, the subtropical South Atlantic, the tropical Indian Ocean as well as for parts of the
ACC.

From the analysis on the model grid, we found that the SL1.1product has been improved in many
regions compared to SLQ As the analysis at the model grid showed promising results, this test
encourages the assessment at alongtrack resolution. Therefore, in the following sections, we make
use of the full resolution of the along -track prod uct at the satellite tracks.

Ratios of normalized RMS differences at model resolution
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Figure 3: Ratio of normalized RMS differences, of GO _SLO/ GO _SL1 (1% row), of GO_SLO /

GO _SL1.1 (2™ row), of G1.1_SLO/ G1.1_SL1.1 (3™ row), and of G1.l1sst_SLO/ G1.l1sst_SL1.1
(4™ row), between the GECCO2 synthesis and the satellite -time -series of TOPEX/POSEIDON,
Jason-1 and Jason-2 (left) and of ERS1, ERS2 and ENVISAT (right). Compare to Figure 4, for

the along -track analysis.

10 20 30

1.1.6. Sea level quality assessment

In the following we make use of the full resolution of the  SL_ECV datasets and compute any
analysis for each satellite track -point individually. As we demonstrated at model resolution ( Figure
3), that the updated version of the ESA SL_cci data set SL1.1(2" row) has more skill as compared
to SL1 (1™ row), in the following only SL1.1will be discussed. For each of the six compariso ns (see
Table 3) we therefore generated four data -sets for each satellite series (TP and ERS) in the form,
that each satellite track -point was a time series of sea lev el anomalies at that position. The six
data-sets are SLQ SL1.Y/ SL2.0 (the satellite data sets) and GO and G11/ G1.1sst (the model data
interpolated on the along -track points). The daily model output was interpolated onto the satellite
tracks that matched the respective days for the respective along -track positions. We performed the
same analysis of normalized RMS differences as for the assessment on the model grid.

In Figure 4 (1°' row) the normalized RMS differences are now shown for the along -track products
GO SLO/ GO SL1.1 The panels are comparable to Figure 3 (2™ row), at model resolution. A close
agreement between both figures can be seen in the distribution of the improved regions, however,
the magnitude of improvement is smaller at along -track resolution due to the different filter length
scales of the model and the along -track products. This issue is addressed further in section 1.1.7.

Figure 4 (2" and 3™ row) show the same normalized RMS differences GO SLO/ GO SI2.0 but for SL
version SL2.Q For the 3™ row an additional filter with a filter length scale of 5 is used, to be
comparable to the filter length scales of SLQ SL1and SL1.1(see Table 3) equatorward of 40° . The
ratios of GO _SLO/ GO SL1.1and GO SLO/ GO SI2.0 in Figure 4 are again given as percentages of
improvement of SL1.1or SL2.0as compared to SLQ while red indicates an improvement, whereas
blue indicates a degradation.
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Ratio of normalized RMS differences at along -track resolution
TOPEX/POSEIDON series ERS series
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Figure 4: Ratio of normalized RMS diffe rences, GO SLO/ GO SL1.1 (1% row) and GO_SLO /
GO_SI2.0 (2™ row), between the satellite  -time -series of TOPEX/POSEIDON, Jasorl and Jason-2
(left ) and of ERS'1, ERS2 and ENVISAT (right) and the GECCO2 model. Compare to 2 ™ row in
Figure 3, for the analysis at model resolution. The 3 ™ row is the same ratio as in the 2 " row of
GO0_SL0/ GO_SI2.0, but with an additional filter (f5)

Ratio GO SLO/ GO SL1.1 (Figure 4, 1% row) illustrates the improvements of SL1.1as compared to
SLOof up to 30 % ascan be seen in all equatorial regions, on the Argentine shelf and in parts of the
ACC. In most other parts of th e ocean, improvements of up to 10 % are evident. A few regions also
show a degradation of up to 10 %. In these regions GO shows little skill when compared to Sl1.1
despite the fact that the STD ( Figure 1) in these regions are small, implying that the assumption of
model serves as truth breaks down. Therefore, the model might have adapted to the uncorrected
SLOand thus shows less skill when compared to the improved SL1.1data-set. Due to the different
filter length scales of the SL products SL1.1and SL2.0(see Table 3 column 2), the ratios GO_SLO /
GO_$1.1 (1% row) and GO_SLO / GO_SL2.0(2" row) differ from each other equatorward of 40° at
along-track resolution. To get comparable results, a filter (f5) has been applied for GO_SLO /
GO_SL2.0(3" row). The filter (f5) is in the order of magnitude oft  he SL_cci filter length scales.

The global mean (GM) percentages of improvement between latitudes of 66°S and 66N are in the
order of 1.97/9.81 % (TP) and 2.35/13.25 % (ERS)for SL1.1and SL2.0respectively, and are given in
the lower left corner of the panels in Figure 4. The improvements of SL11 and SL2.0 are
remarkable despite the GECCO2 synthesis was adjusted to minimize the dif ference to the
assimilated SLO data-set, and therefore, should be in best agre ement with SLQ However, since
many other climate data sets have been assimilated as well, the final state may reject the

assimilated SSH data partly if it is inconsistent with other data. Therefore, the GECC 02 ocean
synthesis may filter data errors even though large biases to the data remain in GECCO2 and the
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GECCO2model cannot be regarded as the best product with the smallest error. Since GECCO2
reveals a closer agreement to SL1.1and SL2.0, it is hypothesi zed that SL1.1 and SL2.0are in better
agreement with the other data than it was the case for SLQ

Overall, the improvements of the satellite time  series of T/P and ERS are in close agreement with
each other. However, since both satellite times series have been improved individually (Ablain et
al., 2015), resulting improvements show different spatial characteristics; they also differ due to the
different spatial resolutions and the different temporal sampling of 9.91 days for the TP-time series
and of 35 days for the ERStime series. Further more, the T/P tracks have a wider track spacing
making it necessary to display the results at a 2°x 1° grid, whereas the ERS tracks have a smaller
track spacing that allows for a display at a 1°x 1° grid. The differences between the ratios of RMS
differences of SL1.1and SL2.0again result from the different filtering and along track resolution of
both products.

1.1.7. Influence of assimilation of improved sea level

The significant improvement of SL1 SL1.1 and SL2.0, within the ESA SL cci project (Ablain et al.,
2015), as compared to SLOhas been demonstrated in the previous section by comparing th e SL data-
sets to the GECCO2 ocean synthesis. This section will now investigate the impact on the GECCO2
model by assimilating the improved SL11 data-set. For that purpose, SL11 has been assimilated in
the GECCO2 synthesis for itemations 23 to 28, replacing SLOIn the assimilation process. The GECCO2
synthesis results from this assimilation run are therefore referred to as G11. As in the previous
chapter, the ratios of both normalized RMS differences can be calculated for G1.1 as G1.1 _SLO/
G1.1 SL1.1 It is expected , that the assimilation of SL1.1in the GECCO2 synthesis leads to even
smaler RMS differences for G1.1_SL1.1 because in G1.1 the differences to SL11 are minimized.
Further, since the constraint of GECCO2 to be close to SLOdoes no longer exist it should deviate
more from the SL data set SLQ

The 1% row of Figure 5 shows the ratios of G1.1 SLO/ G1.1 SL1.1 the 2™ row G1.1sst_SLO/
G1l.1sst_SL1.1 and the 3" row G1.1 SLO/ G1.1 SI2.0, as percentages of improvement for SL1.1
and SL2.0as compared to SLQ Red indicates an improvement, whereas blue indicates a degradation
compared to SLQ

The ratio G1.1 SLO/ G1.1_SL1.1 (1% row) indicates the improvement of the GECCO2 model itself,
due to the assimilation of the SL1.1 product. The resulting GECCO2_V1.1 G1.1) solution has
adapted closer to the assimilated SL1.1data. The comparison indicates further improvements in the
ACC and in many tropical regions as well as in the north Atlantic.
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Ratio of normalized RMS differences at along -track resolution
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Figure 5: Ratio of normalized RMS differences of (1 ' row) G1.1_SLO/ G1.1_SL1.1, (2™ row)
Gl.1sst_SLO/ Gl.1sst_SL1.1, and (3™ row) G1.1_SLO/ G1.1_SI2.0 (f5), between the GECCO2
model and the satellite -time -series of TOPEX/POSEIDON, Jasonl and Jason-2 (left ) and of ERS
1, ERS2 and ENVISAT (right). Compare to 3 ™ and 4™ row in Figure 3, for the analysis at model
resolution.

The ratio G1.1sst_SLO/ G1.1sst_SL1.1(2" row) shows the improvement of the GECCO2 model itself
due to the assimilation of the SL1.1 product and the additional assimilation of the updated SST

information from the ESA SST_cci. The resulting GECCO2 solution (1.1sst) does not show an
improvement or a degradation as compared to G1.1 (1% row), and as it does not add new
information, G1.1sst will not be included in the following discussions.

The results for SL2.0 are given in the 3™ row as ratios G1.1 SLO/ G1.1 SI2.0. Here the
GECCO2_SL1.1 solution@1.1) is compared to the previous SLOand the latest SL2.0products. Even
though, the resulting G1.1 solution tried to adapt to the assimilated SL1.1data, it can be seen that
the GECCO?2 solution is in even closer agreement to the SL2.0data.

In order to give an overview and to allow for an inter -comparison of the various ratios of normalized
RMS differences, global mean ratios of normalized RMS differences are presented in Table 5. The
global mean ratios of normalized RMS differencesfrom Table 5 are also indicated in the lower left
corner of each plot.
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TP ddata set ERSd data set
SLOSL1SL1.1 SL2.0 SLOSL1SL1.1 SL2.0
RMS ratios
AT f AT f

M 1 M i1

263.0
530.0
(km]
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Table 5: Global mean ratios of normalized RMS differences for TP and ERS data sets as
percentages of improvement, computed on the model grid (M), at the along -track (AT) points as
well as at the AT points using a running filter of 9 (f9) and 11 (f11) points, with t heir respective
smallest and longest along track resolution [km], for latitudes between 66°S and 66°N. The

same comparison as for SL1.1 has been carried out for SL2.0 as e.g. G0S.2.0 with a running
filter of 5 (f5), corresponding to the AT resolution of SLl1.1, and 11 (f11) points. The upper 3
rows illustrate the normalized RMS differences of the individual assimilation runs GO, G1.1 and
Gl.1sst. The lower rows give the cross comparison of GO compared to SLO and G11 as
compared to SL11 or SL2.0. Further, the bottom row illustrates the improvement of the
GECCO2 model due to the improved assimilated ECV SL11.

In Figure 4, the analysis at the AT positions h as been shown for GO_SL0O/ GO _SL1.1 As can be seen
from Table 5, the global mean ratio of normalized RMS differences deviates between the analysis at
AT resolution (1.97 % for TP and2.35 % for ERSime series) and at model resolution ( 2.53 % for TP
and 2.99 % for ERSime series). The disparity is expected, as the model was adjusted to the data on
the model grid. The model resolution of about 1° allows for structures in the order of 400 km to be
resolved, and bringing the model on the tracks by interpolation will lead to even smoother results.

To identify the length scales the GECCO2 model is able to resolve and for which a meaningful inter -
comparison between model and data is possible, zonal wavenumber spectra have been calculated in
the Pacific, as this region is not affected by continental boundaries. The regions are marked in
Figure 1 (right) . A zonal wavenumber spectra gives the power spectral density (PSD) that is given at
each spatial wavelength.

At each latitude and for each daily time step (1992 -2012) a zonal wavenumber spectrum has been
calculated in the lo ngitude range of 160°E-260° E using a hamming window over the whole longitude
range, while interpolating missing values linearly in between and zero -padding missing values at the
ends. The spatial and temporal mean zonal wavenumber sp ectra are shown in Figure 6 combined for
the northern and southern latitude ranges of 10°S -10°N, 10°-20°N/S, 20° -30°N/S and 30°-40°N/S.
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Figure 6: Meridional GECCO2 wavenumber spectra in the Pacific for the 20 year period, for the
latitude bands 10°S -10°N, 10° &®0°NS, 20° -30°NS and 30° -40°NS. The regions are marked in
Figure 1 (right) and the northern and southern latitude bands are combined. The indicated
slope is k™®.

The model cut off length scale is mainly a function of the model resolution. However, the full grid
resolution cannot be utilized because for rea sons of numerical stability additional viscosity and
diffusivity have to be prescribed, which ultimately determine s the resolved scales (although implicit
viscosity and diffusivity also play a role) by imposing an exponential decay on the spectrum. For the
chosen harmonic viscosity acting on velocity , the exponent would be k™ for the velocity spectrum
and k* for the kinetic energy spectrum. Since sea level is associated to the near surface velocity
via the geostrophic relation a slope of k® is expected for the SL. Sopes of k™ are added to Figure 6
and are thus utilized to determine the cut off. ~ Since a smooth transition into the k® slope regime
exist the determination of the cut off bears some vagueness indicated by the grey box, which
ultimately causes some arbitrariness in the determination of the scale s.

From Figure 6 it appears that the GECCO2 model cut off is found to be latitudinal dependent and in
the order of 400 km (5°), 360 km (1 5°), 250 km (25°) and 170 km (35°). As can be seen in Table 5,
these model cut of f length scales correspond to the AT running mean f ilter length scales for SL1.1
that takes 9 AT-values (f9) into account. As SL2.0 has a different initial filter length scale (see
Table 3), the filter length scale that takes 11 AT values (f11) into account better represents the
GECCO2 model cut offfor SL2.0

In order to generate the AT ratios of normalized RMS differences that are comparable for AT and M
resolution, the ratios of normalized RMS differences are shavn in the following for the f9 -filter
(SL1.) and f11-filter ( SL2.0, as these filter length scales are closest to the cut off seen in the
zonal wavenumber spectra of about 200 to 400 km, that the model is actually able to resolve.
Therefore, the ratios of normalized RMS differences from Figure 4 are shown again in Figure 7, but
this time low pass filtered with f9 for ~ SL1.1 (1% row) and f11 for SL2.0 (2™ row), to illustrate the
rate of improvement of the resolved features. For the TOPEX/POSEIDON time series the global
mean improvement sums up to 2.97% for SL1.1 and a of 5.56% for SL2.0 The GM improvement of
the ERS time series is slightly larger: 3.3% for SL1.1and 8.18% for SL20.

The global mean ratios of normalized RMS differences for the different assimilation runs GO, G1.1
and Gl.1sst, as displayed in Table 5 (first 3 rows), clarify the improvement of SL1.1/SL2.0 over SLQ
as all the ratio s are positive indicating the smaller RMS difference between each GECCO2 synthesis
and Sl1.1 or SL2.0 as compared to SLQ The global mean ratios of normalized RMS differences
increase further, when assimilating the updated Sl1.1 in the GECCO2 synthesis G1.1 SLO /
G1.1 SL1.1). When additionally to SL1.1, assimilating an updated version of SST from the ESA
SSTcci (Merchant et al., 2014) , the global mean ratios of normalized RMS differences G1.1sst_SLO
/ Gl.1sst SL1.1) are comparable to those of the assimilation run with the previous SST estimates
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Gl1. The changed SST product therefore does not alter the GECCO2 sythesis significantly with
respect to SL.

Low pass filtered ratio of normalized RMS differences at along  -track resolution
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Figure 7: Low pass filtered ratio of normalized RMS differences GO_SLO/ GO_SL1.1 with filter
length scale f9 (1 ' row) and GO_SLO / GO_SL2.0 with filter length scale 11 (2™ row), between
the GECCO2 model and the satellite -time -series of TOPEX/POSEIDON, Jasonl and Jason-2 (left)
and of ERS1, ERS2 and ENVISAT (right). Compare to Figure 3 (2" row), for the analysis at
model resolution.

The total improvement due to the update d satellite data SL11 and its assimilation into the GECCO2
synthesis can be revealed by the ratio of the differences of GO and SLOby using only the previous
data set SLQ and the differences of G1.1 and SL1.1 by using the updated SL data-set only. This
ratio GO_SLO/ G1.1_SL1.1, as shown in Figure 8 (top), highlights the reduction of the normalized
RMS differences in mostregions of the world oceans and leads to an improvement of more than 30 %
in many regions. As for the ratio GO _SLO/ GO_SL1.1 (Figure 7), degradations of SL1.1 exist in
isolated regions, where the GECCO2 synthesisG1.1 adapts less well to the assimilated SL1.1product
than GOto the assimilated SLO product. The global mean improvement sums up to 4.75 % and 4.74%
for the TP- and ERSdata sets respectively. As SL2.0 has not been assimilated into the GECCO2
model, a total improvement to either the  SLO or the SL1.1 data sets cannot be estimated.
Nevertheless, the ratio GO SLO/ G1.1 SL20, is shown in Figure 8 (bottom) to illustrate the
achieved improvement due to the assimilation of SL1.1in the GECCO2 synthesis and the latest
SL_cci data set SL2.0 Here t he global mean improvement sums up to 6.88 % and 9.6 % for the TP-
and ERSdata sets respectively.

While Figure 8 (top) gives the combined improvement due to the assimilatio n and the updated
product (SL11), Figure 9 answers the question about the improvement of the GECCO2 synthesis, by
changing the assimilated SL data-set only, from SLO(GO) to SL1.1(G1.1). Hence, the ratio GO_SL1.1
/ G1.1_SL1.1 compares the different assimilation runs GO and Gl1.1, while calculating the
normalized RMS differences to the same updated SL11 data-set. The GECCO?2 synthesis takes nst
profit from the updated SL1.1data-set in the northern Indian Ocean, the ACC and the north P acific.
Degradations are evident in the north Atlantic, in the eastern north Pacific as well as in scattered
regions around the globe. However, the overall global mean improvement of t he GECCO2 synthesis
of 1.73 % and 1.39 % as seen from the TP and ERS3atellite time series indicates, that the model
physics better accepted the assimilated SL1.1than the assimilated SLQ and therefore, adapted
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closer to the SL1.1 data-set. Although degradations seem surprising, given that the synthesis was
constrained to the data, the problem is far to o complex to expect a convergence to a minimum
within only a few iterations. Not a Il changes can thus be expected to causally relate to the change
of data.

Low pass filtered (f9) ratio of normalized RMS differences at along -track resolution
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Figure 8: Low pass (f9) filtered ratio of normalized RMS differences GO_SLO/ G1.1_SL1.1 (top)
and GO_SLO/ Gl1.1_SL2.0 (bottom), between the GECCO model and the satellite  -time -series of
TOPEX/POSEIDON, Jasorl and Jason-2 (left ) and of ERS'1, ERS2 and ENVISAT (right). Compare
top panels to Figure 3 (2™ row), for the analysis at model resolution.

Nevertheless, the GECCO2 synthesidenefits from the updated SL1.1data-set at least with respect
to SL. Consequently, the question arises to what degree the GECCO2 synthesis improves in general
and in particular to those additionally assimilated data. To tackle this question Figure 10 displays
the change of the weighted global mean RMS differences of the GECCO2 syithesis after assimilating
SL1.1linstead of SLQ The reduction of normalized RMS differences indicates an improvement of 2.4
% for SSH, in theorder of 1 % for SSTof AMSRE and EN3 and of abouf.5 % for EN3 salinities, while
having only minor increase in the order of 0.2 %for other variables.

Low pass filtered (f9) ratio of normalized RMS differences at along -track resolution
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Figure 9: Low pass filtered (f9) ratio of normalized RMS differences GO _Sl1.1/ G1l.1_SL1.1,
between the GECCO model and the satellite -time-series of TOPEX/POSEIDN, Jason-1 and
Jason-2 (left ) and of ERS 1, ERS2 and ENVISAT (right). Compare to Figure 3, for the analysis at

model resolution.
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Figure 10: Global mean weighted RMS differences of GECCO2 for assimilated data sources after

assimilation of SL1.1 in percent. The weighting derives from the prior model d data errors that
enter the cost function during the assimilation procedure. For absolute valu es see Figure 1 in
Koéhl (2015).

So far, the effect of applying the low pass filter (f9 and f11) to the AT SL1.1 data has revealed
larger improvements for larger filtering length scales ( Figure 9 and Table 5). The main
improvements seem to exist on length scales above several hundred km , and the question appears
whether an effect ont he smaller length scales exists, although for the smallest scales no significant
effect can be expected due to the resolution of the GECCO2 model. The high pass filter is
represented as difference between the individual SL data-set and its filtered (f9 ) product. The
remaining ratios of normalized RMS differences for the high pass filtered data set are shown
exemplarily for GO_SLO / GO SL1.1in Figure 11. For both satellite time series (TP and ERS) no clear
influence can be seen at high frequencies.

A patchy structure is evident for both satellite time  series. However, the ratios of normalized RMS
differences of the high pa ss filtered data depict a different behavior for both satellite time series,
indicating the different changes that were applied to improve the two different SL time series
(Ablain et al., 2015). The global mean of -0.28 % (TP time series) and 0.16 % (ERSime series)
cannot be assumed to be significant due to the patchy structure. As expected, the GECCO2
synthesis clearly shows no improvement on the small scales.

High pass filtered (HPf9) ratio of normalized RMS differences at along  -track resolution
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Figure 11: Ratio of normalized RMS differences of high pass filtered data for GO_SLO /
GO0_SL1.1, shown as percentages of improvement, for TP time series (left) and ERS time series
(right). The figure is truncated at £1 %. The global mean (GM) percentage of improvement is
given for latitudes between 66°N and 66°S.

1.1.8. Regional sea level trends

The ratios of normalized RMS differences proved an advancement of the SL data set through the ESA
SL cci effort. The accuracy of the altimeter -based regional sealevel trends Ablain et al. (2015) has
been another aim of the ESA SL cci effort. Therefore, the overall performance of the trends will be
examined, to clarify the changes due to the update of the SL data sets SL1.1and SL2.0Q

As the global mean sea level (GMSL) of the GECCO2 synthesis is zero at each time step and
therefore, in order to treat the SL data-sets SLOand SL1.1in an analogous manner, the GMSL time
series had to be subtracted from the SL data-sets accordingly, leaving the regional trends
untouched. Thus, the GECCO2 synthesis can be used to assess the changes of the regional trend
pattern of the SL data -sets.

The regional trends of SL1.1and SL2.0are shown in Figure 12 (1% and 2" row) for the TP - and ERS
time series. Both indicate the strongest positive regional trends in the equatorial western Pacific
and Indian Ocean. Further, positive regional trends a re evident in the tropical Atlantic, western
Pacific as well as in parts of the ACC. Regions of negative regional trends are the eastern Pacific,
the northern Indian Ocean and parts of the subtropical Atlantic. Changes in the regional trends
between SL1.1and SL2.0 are evident, and show mostly a change in strength rather than a pattern
change.

The corresponding regional tre nds of the GECCO2 synthesis forGl.1, sampled at the TP and ERS
along-track positions and times are shown in the 3™ row of Figure 12, respectively. While the
overall regional
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Figure 12: Regional trends of the SL data SL1.1 (1% row), of SL2.0 (2" row) and of the GECCO2
synthesis G1.1 (3" row), for TP (left) and ERS time series (left).
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Figure 13: Regional trend differences
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G1.1-SL1.1 (D_G1.1SL1.1, 1% row) and G1.1-SL2.0
(D_G1.1SL2.0, 2" row) for TP (left) and ERS time series (right). The absolute global mean
(IGM| ) percentag e of the trend differences

is given for latitudes between

66°S and 66° N.

Proprietary information: no part of this document may be reproduced, divulged or used in any form
without prior permission from the Sea Level CCI consortium.



FORMNT-GB-7-1

Climate Assessment Report (CAR)  WB: Products assessment

CLSSLCCGI17-0002 SLCGICARO79 V21 Nov. 14, 17 34

ere

trend pattern are depicted in G1.1 as well, as the large tren ds of about 15 mm/yr in the western
equatorial Pacific for SL1.1and SL2.0 G1.1 has large positive trends in regions where the SL data
sets do not, for example in parts of the ACC and in the north Atlantic. In order to accentuate the
differences between the regional trends of data and model, Figure 13 shows the regional trend
differences for G1.1 - SL1.1 (1% row) and G1.1 8 SL2.0 (2™ row), hence, the closer to zero, the
better the agreement bet ween the regional trends of G1.1 and the SL data set. Especially in the
North Atlantic, the South China Sea and the ACC the regional trends disagree from each other ,
indicating , that the model physics of the GECCO2 synthesis provides a solution different from the SL
data-sets. However, in most regions there is a close agreement.

The analysis hasbeen conducted along the TP as well as along the ERS ground tracks, with their
unequal temporal and spati al sampling pattern. When analyzing th e regional trend differences in
Figure 13, differences between the sampling pattern s of TP (left) and ERS(right) can be seen.
These differences of regional trend differences are shown in Figure 14 for the GECCO2 synthesis
(left) and for the SL data-sets (right) . Note that the GECCO2 synthesis has been sampled at the time
and position of the respective SL data -sets. Therefore, the regional trend differences of TP-ERS
time series in Figure 14 (2" and 3™ row) are both for the G1.1 synthesis, however, at the positions
of SL1.1(2" row) and SL2.0(3" row).

The differences in Figure 14, resulting from sampling the GECCO2 synthesis results (left) as well as
the SL data-sets (right) along the different satellite ground tracks from TP and ERSonly, show a
distinct pattern that is evident for the differences in the GECCO2 synthesis (left) as well as for the

SL datasets (right). The differences of regional trend differences between the TP and the ERS
sampling are in the order of +2 mm/yr, which is about an order of magnitude smaller than the
actual signal. The differences do not change much between the GO and SLO (1% row), G1.1 and
SL1.1(2" row), whereas the differences are smaller fo r G1.1(SL2.0 and SL2.0(3"™ row).

To identify the changes among the data sets and the GECCO2 synthesis results the changes of
regional trends between SLOand SL1.7/ SL2.0 as well as between GO and G1.1 are addressed in
Figure 15 in means of their respectiv e differences. The large correlated structures of regional trend
differences (Ablain et al., 2015) are here shown for the TP and ERS time series separately (Figure
15, 1st row),
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Figure 14: Regional trend differences of TP-ERS time series for the GECCO2 synthesis (RIGHT)
and for SL data (LEFT), for GO and SLO (1 row), for G1.1 and SL1.1 (2™ row), and for G1.1 and
SL2.0 (3" row).

distinguishing again the different corrections applied for both SL satellite time series, as well as
their sampling differences. For both satellite time series, the large scale pattern give a positive SL
trend difference centered in the eastern equatorial Pacific and Gulf of Mexico, whereas a pattern
of negative SL trend differences is centered in the ACC in the Indian Ocean. This pattern reflects to
large parts the typical influence of the time variable gravity field of the earth in comparison to the
static gravity field during orbit determination of the satellite  s. Next to the new orbit solutions the
influence of other corrections and altimeter models is visible (compare figure 6 in Ablain et. al.,
2015). The global mean of the absolute regional trend differences (|GM|) are given in the lower
left corner of the pl ots and, additionally, are given in Table 5 for comparison. According to the
global absolute mean values, the regional trends changed by as much as 1.11 and 1.52 mm/yr for
the TP and ERS time series, respectively. The regional trend differences of SL2.0SLO (2nd row)
show the changed pattern in regional trend differences. The positive SL trend differences have two
center, in the western north Pacific/northern Indian Ocean and the second around South America.
The differences between TP - (0.87 mm/yr) and ERS-series (5.7 mm/yr) are the result of different
corrections for the Orbit, lonospheric, Sea State Bia (SSB), as can be seen in the tables 1 of Ablain
et. al. (2015) and Quartly et. al. (2017).

While GO and G1.1 tried to adapt to the assimilated data -sets SIO and SL1.1, respectively, the
differences between the regional trends of GO and G1.1 (Figure 15, 3™ row) is expected to provide
a version of the trend difference s between SLOand SL1.1filtered by the assimilation procedure for
both satellite time series. Apparently, the regional trend diffe rences of the GECCO2 synthesis
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Figure 15: Regonal trend differences of (1 = ' row) the two data sets SL1.1-SLO, (2" row) the two
data sets SL2.0-SLOand (3™ row) the two GECCO2 assimilation runs G1.1-GO0, for TP -series (left)
and ERSseries (right). The absolute of global mean (|GM| ) percentag es of regional trend
differences are given for latitudes between 66  °S and 66° N.

G1.1 - GO do not reflect the large scale pattern of regional trend changes a s seen for the SL data-
set (Figure 15, 1% and 2" row). The rea son can be the smallness of the trend difference s itself. As
indicated above the solution can not be considered converged and some changes may be not
causally connected to the changes of the input data.

Using GO, G1.1 and GL1sst as measure to evaluate the regional trends of SLQ SL1.1and SL2.Q, the
absolute global mean regional trend differences between all possible data -model combinations are
shown in Table 6 as GX - SLX The smaller absolute regional trend differences indicate a closer
agreement of model and data in terms of their regional trends. For GO the global m ean regional
trend differences GO-SLOand GO-SL1.1 are in the same order of magnitude, and only slightly larger
for SL1.1and slightly smaller for SL2.Q indicating neither a clear improvement nor a degradation of
the SL1.1and SL2.0 data sets in terms of regional trends , as compared to the GECCO2 synthesis.
The same holds true for the global mean trend differences of G1.1, as these global mean regional
trend differences are nearly identical to the ones of GO. The additional assimila tion of the updated
SST (31.1sst), however, leads to larger regional trend differences as compared to GO and G1.1,
indicating a degradation of regional trend differences as compared to GO and G1.1. Therefore, no
further assessment is undertaken for the GECCO2 synthess G1.1sst

To assess the changes of the regional trend differences between data and model directly, the

absolute values of their differences ( D_GXSLXare subtracted respecti vely, as shown in the lower
three rows of Table 6 for the global mean and in Figure 16 for the regional distribution. Using this

measure, the
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TP ddata set ERSO data set
TREND differences [mm/yr]

SL1.1 SL2.0 SL1.1 SL2.0

| SIX.X 8SLQ 111 0.87 1.52 5.70

| G1.1 6GQ| 0.71 0.70 0.75 0.83

[ GOBSLO 2.02 2.15
[ GO BSIX.X| 2.07 2.01 2.18 2.15
[GL1 6SLq 2.04 2.04 2.20 2.20

[GL1 6SIX.X]| 2.11 2.04 2.22 2.19
[ GL1sstaSLO 2.28 2.47
[ GLlisstdSLL1] 2.35 2.48

0.92 0.89 0.98 1.13

D_G1 X 6D_GOSLO
D_GLISLX.X 6D_GOSIX.X 0.71 0.70 0.74 0.73
[D_GL1SIX.X| - |D_GL1SLQ 0.06 0.00 0.02 -0.02
[D_GL1SIX.X| - |D_GOSIX.X| 0.03 0.03 0.04 0.04

[D_GLISIX.X| - [D_GOSLQ 0.08 0.02 0.07 0.03

Table 6: Global mean ratios of trend differences for TP and ERS data sets in mm/yr, computed

at the along -track points. The upper two rows illustrate the trend differences between the SL
products and between the different GECCO?2 assimilation runs itself. The middle rows give the
model-data differences, while the lower rows give the differences between the model -data
differences and the respective differences oft  heir absolute differences.

expected better data SL1.1and the expected better model synthesis G1.1 are anticipated to have
the smaller absolute global mean difference s (|D_G11SL11]|) in terms of regional trends (see
Table 6). Therefore, negative values indicate a closer agreement between the first model and data,
whereas positive values indicate a closer agreement between the second. However, for the
comparison of | D_G11SL11|-| D_G11SLQ, the r esulting positive differences (0.06 mm/yr for TP
and 0.02 mm/yr for ERS) of the global mean differences of the regional trends indicate a closer
agreement of G1.1 to SLOas to SL1.1 When comparing regional trend differences of the GECCO2
synthesis GO and G1.1 against SL1.1 (| D_G1.1SL1.]1-| D GOSL1.1), GO seems to be in closer
agreement to SL1.1than G1.1. Even more when comparing the differences D_G1.1SL1.i1D_GOSLQ
the closer agreement is found for the SLO data-set and GO. The slightly smaller differences of
regional trend differences between the SL2.0 data and the model indicate that the trends of the
SL2.0 data set are in better agreement with the GECCO2 synthesis, although, the global mean
changes from one comparison to the other are so small that they must be seen as not significant.

The regional distribution of trend distribution differences is given in ~ Figure 16. The comparison of
SLOand SL1.1(] D_G1.1SL1.1-| D_G1.1SLQ, Figure 16, 1% row) shows an improvement (blue) of the

SL1.1 data-set in the north Atlantic. Yet, in the same region, the comparison of GO and G1.1
(| D_G1.1SL1.1-| D_GOSL1.}, 2™ row, left ) shows a degradation of G1.1 (red). The combined
effect can be seen in the 3" row.

We note, however that, because the global mean differences of regional trend differences are very
small, the comparisons of regional trends of the SL products to the GECCO2 synthesis results are not
able to detect an improvement or degradation of the regional trend pattern. The different regional
trends of the data sets and the GECCO2 synthesis are the reason for the inability to clearly identify
the regional trend changes from SLOto SL1.1YSL2.0 as improvement or degradation.
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Figure 16: Differences of absolute reg ional trend differences of (1 * row) | D_G1.1SL1.1| -
| D_G1.1SLQ, of | D_G1.1SL1.1|-| D _GOSL1.1 (2™ row) and (3™ row) of | D_G1.1SL1.1| -
| D_GOSLQ, for TP -series (left) and ERSseries (right). The global mean (GM) percentages of
absolute regional trend differences a re given for latitudes between  66°S and 66° N.

1.1.9. Annual sea level signal

Sea level has a significant annual signal which is an important component of the overall SL signal. In
this section the inf luence of the changes on the annual signal from SLOto SL1.1and furtherto SL2.0
is evaluated. For clarity the evaluation is shown for the TP data set only. = The annual SL signal has
been calculated as harmonic fit individually for each along track satelli te position and is given as
amplitude of the harmonic annual signal and its corresponding start date (phase). The annual SL
signal has amplitudes of more than 150 mm in the equatorial Pacific and Indian Ocean as well as in
the Kuroshio and Gulf Stream region, and is shown in Figure 17 (1* row, left) exemplarily for SL1.1
In most other parts of the world ocean the annual signal does not exceed 50 mm. The phase pattern
(Figure 17, 1% row, right ) show a clear difference between the northern and southern hemisphere
reflecting in part the annual changes of incoming solar radiation . Solar radiation influences the
thermal heating and leads to thermal expansion of the upper ocean. Therefore, the changing solar
radiation has an influence on the annual steric SL signal. The corresponding annual SL pattern for
the GECCO2 synthesigs1.1 (Figure 17, 2™ row, left ) shows similar structures as the SL data, for the
amplitudes as well as for the phase. The amplitude and phase differences between G1.1 and Sl1.1
are displayed in the 1% row of Figure 18. The largest differences in amplitude occur in the Gulf
Stream region, the equatorial eastern Pacific and in parts of the ACC. The phase differences are
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Figure 17: Annual amplitude ( left ) and phase (right) of SL1.1 (1% row) and of G1.1 (2™ row), for
TP-series.

are in the range of +50 days. The 2" row of Figure 18 shows the amplitude and phase differences of
G1l.1 and SL2.0 as comparison. The regional changes from SL1.1to SL2.0 are small and reflect
changes in strength rather changes of pattern. The ab solute values of the global mean amplitude
and phase differences between the GECCO2 solution and the SL data sets, are given in the lower
left corner of the plots. The amplitude differences demonstrate, that the SL2.0data set is in closer
agreement to the GECCO2 solution (8.53 mm) as compared toSL1.1(8.57 mm). The same is true for
the global mean phase differences. They reduce from 28.46 days to 27.06 days.
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Figure 18: Annual ampl itude and phase -differences as G1.1-SL1.1 (1% row) and as G1.1-SL2.0
(2™ row) , for TP -series. The absolute global mean (IGM| ) percentages of annual amplitude and
phase-differences a re given for latitudes between  66°S and 66° N.
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Figure 19: Annual amplitude -differences (left ) and phase-differences ( right) of the two data
sets SL1.1-SLO (1% row), SL2.0-SLO (2™ row), and of the two GECCO2 assimilation runs G1.1-GO
(3" row). F or TP-series only .

Next to the differences between G1.1 and SL1.1 the changes between the data-sets SLOand SL1.1
(Figure 19, 1% row) and SLOand SL2.0(2" row), as well as between GOand G1.1 (Figure 19, 3" row)
are equally important. Large scale pattern can be seen for the differences of the SL datasets
SL1.1-SLO(1* row), with amplitude diff erences of more than +5 mm as well phase differences of
more than 20 days and a global mean of absolute amplitude differences of 1 mm. Therefore, the
absolute phase and amplitude differences between SLOand SL2.0(2"™ row) are larger (1.44 mm) as
compared to SL1.1 before (1 mm), indicating that the SL2.0 data set is further away from SLOin
terms of the annual amplitude and phase signal, and as could be seen from Figure 17, is now in
closer agreement to G1.1. In contrast, the amplitude differences between the two GECCO2
synthesis results GO and G1.1 (Figure 19, 3" row, left) have a different structure, and  are even
larger as those between the SL data-sets. The phase pattern differences between GO and G1.1
(Figure 19, 3" row, right ), show different pattern as well, but showing a smaller global mean phase
difference of 6.17 days.

To evaluate, whether the updated SL1.1and SL2.0 data-sets have an improved annual signal when
compared to the GECCO2 synthesis, the 1% row of Figure 20 shows the differences between the

absolute differe nces between the GECCO2 gnthesis G1.1 and the data sets SL1.1 and SLO as
| D_G1.1SL1.1-| D_G1.1SLQ while the 2 "™ row is the same but for G1.1 and the data sets SL2.0and
SLOas |D_G1.1SR.0| -| D_G1.1SLJ. As in section 1.1.8 for the trends ( Figure 16), blue indica tes
regions where the data -sets SL1.1and SL2.0are in closer agreementto G1.1, as SLOwas to G1.1.
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Figure 20: Absolute annual amplitude (left ) and phase-changes (right ) of absolute amplitude and
phase-differenc es of (1% row) | D_G1.1SL1.1] -| D_G1.1SLQ and (2™ row) | D_G1.1SI2.0] -

| D_GL1.1SLQ , for TP -series.

A very patchy pattern is evident for SL1.1(1* row, left), that sums up to a GM amplitude difference
of absolute differences of 0.04 mm/yr. The positive global mean value indicates a less good

agreement of the amplitude differences of the updated

SL1l.1data setto G1.1 as compared to SLQ

The pattern gets more structure d for SL2.0 (2™ row, left) with a smaller GM amplitude difference
of absolute differences of 0.01 mm/yr. The reduction indicates a better agreement for the
comparison with SL2.0 On the other hand, the phase differences of absolute differences between
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Figure 21: Absolute annual amplitude (left ) and phase-changes (right ) of absolute amplitude and
phase-differenc es of (1 row) | D_G1.1SL1.1]-| D_®0SLOJ and (2" row) | D_G1.1SI2.0] -

| D_GOSLQ, for TP-series.
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G1.1 and the data sets (Figure 20, right) both show equivalent pattern for the differences with
SL1.1 (1% row, right) and SL2.0 (2™ row, right). The global mean differences in the phase shift
between model and data are negative for SL1.1and for SL2.Q indicating the improvement in the
phasing of the annual signal of both SL_cci data sets, while SL2.0 as before for the amplitude
diff erences, is improved as compared to SL1.1

When further not only taking the improvement of the SL _cci data-sets into account, but additionally
the influence of the assimilation of the SL1.1 data set into the GECCO2 synthesis, even larger
changes get evident as seen in Figure 21 for | D_G1.1SL1.]1-| D_GOSLpin the 1 ' row and in the 2"
row for | D_G1.1SR.0| -] D_GOSLp. The global mean differences of absolute model data differences
are positive, and further, are even larger as compared to Figure 20, it indicates that the annual
signal of SLOis in better agreement with the annual signal of GO as compared to the difference
between the SL_cci data sets and G1.1. As before, in Figure 20, the differences with the SL20 data
set have a smaller global mean absolute difference, indicating an improvement over SL1.1 As
before for the absolute differences using only the G1.1 synthesis (Figure 20,right), the annual phase
is in bett er agreement between the SL_cci data sets and G1.1, as compared to SLO and GO Figure
21, right), as indicated by the negative global mean differences. The SL2.0 has again a smaller
global mean difference of absolute differences (GM -1.93 days), indicating the further improvement
as compared to the improvement of SL1.1(GM-0.69 days).

However, the o verall inf luence of the updated data -sets SL1.1and SL2.00n the annual signal is very
small when compared to the GECCO2 synthesis results.

1.1.10. Conclusions

In this study we were able t o demonstrate that the new SL_cci data sets SL11 and SL2.Q generated
by the ESA SL_cci project, are in better agreement with the GECCO2 synthesis and the various
global oceanographic data sets assimilated therein (Koéhl, 2015), than this was the case with earlier
versions of the same data set (9.1 and S.0). The improvement can be shown to exist separately for
both the TOPEX/POSEIDQNason-1 and Jason2 time series as well as for the ERS1, ERS2 and
ENVISAT data set The study reveals, that especially in regions characterized by small SSH
variability and thereby small signal -to-noise ratio in the SSH data, impro vements can be on the
order of 30% of previously existing model-data residuals. Geographically, those improvements are
especially obvious in all eq uatorial regions, on the Argentine shelf as wel | as in large parts of the
ACC.

However, we note that in some regions we can find degradations, i.e., the residuals do become
larger upon comparing to the SL1.1 data set, particularly in regions where the prev ious GECCO2
synthesis has little skill in re presenting the altimeter data. In those regions, for instance in parts of
the North Atlantic and the Southern Ocean, changes are therefore likely to be insignificant.  The
SL2.0data set has been further improved, compared to SL1.1. Therefore, many regions that did not
show an improvement in SL1.1 can now be shown to have smaller residuals and are thus closer to
the GECCO2 model.As can be expected from this, the GECCO?2 synthesis was further improved upon
the assimilation of the new SL1.1 data-set. However, this does not hold for all regions suggesting
incompatibility of the model physics with the information content of SSH data in those regions. The
model-data differences are much larger than the anticipated data u ncertainties and the solution
cannot be regarded as fully converged and independent of the starting point. The synthesis has
therefore a somewhat stochastic component , where the changes of results may not be directly
related to changes of the input data, p articularly true in those regions where the model is not able
to represent the dynamics, therefore, issues with the data cannot be ruled out.

Nevertheless, we are able to show that throu gh the assimilation of the SL1.1data other model -data
residuals are also reduced such as differences to in situ T and S profiles, indicating that the SL11
data set is in better agreement with the model dynamics and with the information content of other
ocean data sets. However, these changes are naturally small and over large parts of the world
ocean statistically insignificant, since the overall improvemen t in agreement between GECCO2 and
the SL products is only a few percent. In contrast, the impact on sea level trends, its seasonal
amplitude and phase remain inconsistent with no clear connection to the pattern of the changes
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between SLOand the SL_cci data sets SL1.1 and SL2.0 The additionally assimilat ion of the ESA
SST_cci GL1sst) did not had a strong influence.

Our work suggests that using gridded altimeter products , shows smaller residuals relative to the
along track data. We were able to show that this apparent difference results simply from the more
heavily smoothed gridded products. Smoothing the AT data in a similar manner does lead to smaller
residuals. We nevertheless belief, that the use of AT data over gridded fields has the strong
advantage of constraining the barotropic fast movements in the model. Respective signals are being
filtered out in gridded fields. Nevertheless our study also suggests that in future GECCO approaches
we should either use a more sophisticated error covariance allowin g to more effectively down -
weight eddy signal in the data , thereby constraining more the large -scale signal of the models.
Alternatively the along -track data can be filtered to remove the eddy component. In that case the
data error information used during the assimilation can substantially be decreased allowing to more
effectively feel the large -scale altimetry. Both approaches need to be tested in future assimilation
runs. They will likely lead to assimilation results that are better constrained by altimet  er data sets.
An assimilation of SL2.0into future GECCO assimilation runs would be preferred depending on its
timely availability.
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1.2. WP5120: Assessment of climate signals via multi -model approach (ECMWF)

1.2.1. Introduction

The ESA Sea Level Climate Change Initiative (hereafter, SL_cci) Project provide long -term satellite -
based Sea Level products (alongtrack and mapped) for climate application. The Sea Level Essential
Climate Variable version 1.1 (ECV1.1 in what follows) has been released in 2015 as the outcome of
the Phase Il of SL cci. It is an update of Version 1.0 (Ablain, et al., 2015) with the coverage
extended to the end of 2014. In 2016, the latest reprocessed Sea Level ECV2.0 product was released
that spans the period of 1993 -2015. Sea Level ECV2.0 has been produced with new altimeter
standards, including but not only, new orbit solution, atmospheric correction, wet troposphere
corrections, mean sea surface and ocean tide mode | (see Sea Level CCl newsletter Issue 10 for more
details).

Assessment of these two new ECV products have been carried out via multi-model approach, by
comparing with ocean-only reanalyses from ECMWEF, as well as with other reference SL data set
(AVISO andSL_cci version 1). Ocean Reanalyses (ORAs in what follows) are historical reconstructions
of the ocean states, obtained by using an ocean model driven by atmospheric forcing fluxes, and
constrained by ocean observations (surface and subsurface) via data assimilation methods. ORAs are
commonly used for studying climate signals, which is sensitive to temporal variations of the
observing system, to the errors of the ocean model, atmospheric fluxes and assimilation method.
The uncertainty of climate signals as represented by ORAs can be estimated through inter -
comparison between different ORAs products via multi -reanalysis ensemble approach (See
Balmaseda et al. 2015), or through comparison between different ORAs configurations, e.g. reduced
analysis resolution, wi t h/ wi t hout assimilation of some observat
ocean reanalysis has been used for assessment of climate signals derived from ECV1.1 sea level
product (Zuo et al., 2015), with a series of sensitivity experiments. A recent updated ve rsion of
ECMWF ORA System 5 (ORASS hereafter) with a generic perturbation scheme (Zuo et al., 2017) is
used here as the reference for verification of sea level signal as derived from SL_cci products. A
few other ORAs from ECMWEF with slightly different conf igurations from ORASS5 (See table 6) were
also used here in order to estimate climate signal uncertainties. Assessments of climate signal and
its attribution to physical processes from SL_cci ECVs have been carried out, with the focus on
temporal evolution of Global Mean Sea Level (GMSL) and regional MSL changes.

1.2.2. Evaluation Methods and data

SL_cci ECV1.1 and ECV2.0 are monthly averaged sea level anomalies (MSLA) maps provided in
Cartesian grids at a spatial resolution of quarter of degree. The data has bee n downloaded and
included in the ECMWF data structure from 1993 to 2015. A multi -model approach is used here for
the assessment of the climate signals from these ECVs, using a selection of sea level product and
ECMWF ORAs (SeEable 7). The MSLA maps from all products as listed in Table 6 were interpolated
into the same resolution with an optimised land -sea-mask to facilitate inter -comparison between
different products . Target resolutions that were used for interpolation include the NEMO ORCA025
and ORCAL grids (see Barnier et al. 2006) as well as the regular 1x1 degree grid.

The external reference sea level product used here for SL_cci verification is the AVISO DUACS2014
(see Pujol, et al., 2016). This gridded sea level data were produced using Ssalto/Duacs system by
processing data from all altimeter missions (SARAL, CryoSat-2, HY-2A, Jason1&2, T/P, Envisat,
GFO, ERSL & 2 and Geosat). The reference ocean reanalysis product from ECMWEF is the new
ORASS5, which is closely related to the ORAP5 system (see Zuo et al., 2014 and Tietsche et al.,
2015). ORASS is produced using NEMO Ocean Model coupled to LIM2 sea ice model. A series of
observation types were assimilated in ORAS5 using NEMOVAR Ocean data assimilation system in its
3DVar FGAT approach. Observations assimilated in ORAS5 include EN4 isitu profiles, SLA from
AVISO DUACS2014, SST from HadSST2 and Sea Ice Concentration from OSTIA. It is worth noting that
radar alti metry SLAs were not assimilated in ORAS5 outside of -50°S to 50°N domain, or in any
costal region with bathymetry less than 500m. Altimeter -derived GMSL variations were also
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assimilated for the satellite era using freshwater constraining in ORAS5 (See Zuo et al. 2015). The
operational ORAS5 provides ocean and sea c e initial conditions
forecasting system and seasonal forecasting system. Other ECMWF ORAs with slightly altered
configurations are ORAS5 without assimilation of SLA (ORASENO0AIt) and ORAS5 equivalent low
resolution reanalysis (ORAS5LW) in 1°x1°. Each of these three ORAs also includes 5 ensemble
members, generated by a generic perturbation scheme that accounts for representativeness errors
from observation, and structure and analysis errors from surface forcing fluxes (Zuo et al., 2017).

Table 7: Summary of MSLA products and ORAs used at ECMWF for evaluation of ECV1.1 and

ECV2.0.

Description Resolution Assimilation Period
AVISO - 1993-2015
ECV1.0 - 1993-2010
ECV1.1 0.25°x0.25° - 1993-2014
ECV2.0 0.25°x0.25° - 1993-2015
ORAS5 0.25°x0.25° SST, SIC, T, S, SLA 1993-2015

ORASHNOALti 0.25°x0.25° SST, SIC, T, S 1975-2015

ORASH.W 1°x1° SST, SIC, T, S, SLA 1975-2015

CNTL 0.25°x0.25° - 19752015

for

ECV1.0 is a previous gridded product from ESA SL_CCI; AVISO is the latest DUACS14 MSLA (Mertz et al., 2014).

ORASS5 (Zuo et al., 2017) and ORASBHIOAIti are quarter degree resolution ocean -sea ice reanalyses; ORASS. W
is the ORASS equivalent low resolution (1 degree) reanalysis. CNTL is the ORAS5 equivalent control run without
any data assimilation.

1.2.3. Evaluation of Sea Level changes dtemporal variations

We computed the time series of GMSL anomaly variations for all products as listed in Table 6. | n
order to compute the temporal evolution of domain averaged signals, all MSLA maps were firstly
interpolated into the same 0.25° by 0.25° grids with an optimized land -seamask, then averaged
between 60°S and 60°N after removal of the seasonal cycle signal . The trend of GMSL and its inter -
annual variations after removing the trend from 2 SL_cci ECVs and 4 other products are shown in
Figure 22. The GMSL trends for the total altimetry period are consistent as derived from all 6
products (Figure 22-(top)), with a mean value of 3.0+0.05 mm/yr. The same sea level trend of 2.9
mm/yr were estimated from both ECV1.1 and ECV2.0 (Table 7) during the 1993 -2014 period. It is
0.1 mm/yr lower than that as derived from AVISO and ORAS5. When considering the first (1993 -
2003) and second (20042014) altimetry decades, however, GMSL trends from ECV2.0 show -0.3 and
+0.4 mm/yr changes relative to ECV1.1, respectively. It is mainly due to the use of new GPD+ wet
troposphere correction (Fernades et al ., 2016). The mean MSLA trends as estimated from other
products (AVISO and three ORAS) is 3.2+0.1 mm/yr and 3.1+0.1 mml/yr, for the first and second
altimetry decades, respectively. Verification against AVISO and three ECMWF ORAs suggests that
ECV1.1 has uer-estimated the GMSL trend for the second altimetry period, by approximately 0.4
mm/yr. Thanks to the new altimeter standards and inclusion of CryoSat -2 and SARAL/AltiKa data,
ECV2.0 is much improved during this period.
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Inter-annual variations of de -trended GMSLs from these products are shown in Fig. 17(bottom).
Both SL_cci products (ECV1.1 and ECV2.0) are in general consistent with AVISO and three ORAs. For
example the dramatic sea level drop during 2011 La Nina event is well represented in all 6 produ cts
with similar amplitude. The same for the 1997 -1998 El Nino event and sea level rise. However
regarding to all other products, a positive offset is apparent from ECV1.1 between 2001 and 2010, a
period when uncertainties of SL climate signals are general ly high. Close inspection on different
sub-domains suggests this offset predominantly comes from Tropical Pacific Ocean and North
Atlantic Ocean (not shown). Whether it is due to the different merging algorithms and resolutions of

L2 data, or correction sc hemes, it remains to be seen. Compared to ECV1.1, ECV2.0 shows improved
correlation with AVISO and ORAs products. E.g. temporal correlation of de -trended GMSL between
SL_cci products and AVISO increases from 0.88 to 0.94 for the 19932014 period, for ECV1.1 and
ECV2.0, respectively. Improved correlation was also found between ECV2.0 and ensemble mean of
the three ORAs, when compared to ECV1.1. Departure between ECV1.1 and AVISO after 2012 could
be due to the missing of CryoSat-2 and Saral/AltiKa data when c reating L4 gridded product.
Consistency between AVISO and three ORAs SL signals suggests that the strong inteannual
variability in the recent years could be underestimated in the current versions of SL CCI product for
both ECV1.1 and ECV2.0.
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Figure 22: Time series of global (between 60°S and 60°N) mean sea level (top) trend (in m)

and (bottom) variance after removing trend. Values are computed using monthly mean data

from ocean reanalyses and gridded sea level products, with 3-month (12 -month for de -
trended) running mean and value from 1993 Jan removed. Glacial isostatic adjustment is
not applied here.
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Table 8: Global mean sea level trends as estimated from SL_cci ECVs, AVISO and ORAs products

Description 1993-2003 2004-2014 1993-2014
AVISGDUACS2014 3.3 3.2 3.0
ECV1.0 3.3 - -
ECV1.1 3.4 2.7 2.9+0.2*
ECV2.0 3.1 3.1 2.9+0.2*
ORAS5 3.1+0.05 3.0+£0.01 3.0+0.02**
ORASENOAIti 3.2+0.03 3.0+0.03 3.0+0.01**
ORASS.W 3.2+0.02 3.1+0.03 3.0+0.01**
CNTL 2.3+0.16 2.7+0.04 2.4+0.1*

*The uncertainties of ECV1.1 and ECV2.0 GMSL trends were taken from climate indicator data as provided by
SL_cci.

**The uncertainties of ECMWFG6s ORAs were estimated using

Here global domain is defined as between 60°S and 60°N. GIA adjustment (+0.3 mm/yr) was not added in
SL cci ECVs.
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Figure 23: Seasonal cycle (m) of the global (averaged between 60°S and 60°N) MSLAs computed
from SL_cci ECVs, AVISO and ORAs during1993-2014. Mean differences
between different products have been removed to facilitate inter -comparisons
of seasonal cycle signals.

The seasonal cycles of the global MSLAs were computed for SL_cci ECVs, AVISO and ECMWF ORAs,
with the results shown in Figure 23. Amplitudes of two SL_cci ECVs (ECV1.1 and ECV2.0) are very

Proprietary information: no part of this document may be reproduced, divulged or used in any form
without prior permission from the Sea Level CCI consortium.



FORMNT-GB-7-1

Climate Assessment Report (CAR)  WB: Products assessment

CLSSLCCG17-0002 SLCCICARO079 Va1 Nov. 14, 17 50
o e

similar to each other, both with a seasonal low of 2.6 cm at Apr -May, and a seasonal high of 3.8 cm
in Oct. The amplitude and phase of seasonal cycle from these two SL_cci ECVs are consistent with
AVISO, and fall within the range of uncertainties (except for Jan and May) as estimated by the three
ECMWEF ORAs. It is also worth noting that the L4 mapped EG/1.1 product suffers from its imperfect
land-sea mask, which has been fixed in ECV2.0. This imperfect land -sea-mask is proved to be non-
trivial when calculating global MSLA and seasonal cycle signals, and probably accounts for the
difference between result s shown in Figure 23 here and those in Fig. 5 from the SL_cci Newsletter
issue 10.
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Figure 24: (top) Time series of global (between 60°S  and 60°N) mean sea -level trend (m) (solid
black line) and its components (dashed lines) for ORAS5 ocean reanalysis;
(bottom) same GMSL anomalies with trend removed and calculated using 12 -
month running mean. Here solid and dashed lines represent ensemble mean
while shaded areas encompass the spread of the 5 ensemble members from
ORASS reanalysis.

Attributions of GMSL variation can be estimated using ocean reanalysis product as ORASS5, following
the same decompositions as defined in Zuo et al. (2015). Variat ion of GMSL anomalies as averaged
between 60°S and 60°N and its attributions from ORAS5 are shown in Figure 24 (here
EBP=Equivalent Bottom Pressure which account for mass variations in the ocean). The GMSL rising
trends in ORASS is 3.01+0.02 mm/yr from 1993 to 2014. Figure 24-(top) shows that the ORAS5 GMSL
trends is dominated by the thermos-steric changes. The rises of halo-steric changes after 2003 in
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ORASS are probably due to changes in the observing system after introducing Argo floats. The inter -
annual variability of sea level changes from ORASS5 reanalysis (Figure 24-(bottom)) suggests that the
GMSL drop in 20072008 La Nina event is dominated by the EBP mass changes, while the 2011
prominent GMSL drop is related with both steric height changes and ocean mass variation. Similar
results were obtained using ORAS5NOAIti data (not shown), suggesting that the attributions of GMSL
variation as estimated from ORASS is not subject to the assimilation of SLA observations.

1.2.4. Evaluation of Sea Level changes dgeographic distributions

Here we evaluate the regional MSL changes from SL_cci ECVs. Gridded maps from SL_cci and other
reference products were all interpolated into a regular 1°x1° g rids before inter -comparison could
be carried out. Results of regional MSL trend, variance and its inter -annual variability are discussed
as below.

1.2.4.1. Regional MSL differences between ECV1.1 and ECV1.0

Differences in sea level trends (1993-2010) between ECV1.1 and ECV1 are shown inFigure 25.
Comparing with ECVL, ECV1.1 shows slightly reduced positive trend in the Indian Ocean and
increased positive trend in the tropical eastern Pacific and Gulf of Mexico. Temporal correlation of
sea level inter -annual anomalies between ECV1.1 and ECV1 are calculated based on maithly mean
sea level data after removal of the seasonal cycle, with the results shown in  Figure 26. Correlation
between ECV1.1 and ECV1 are very high (>0.98) in mostareas except for both polar regions when
near the sea-ice edge, and at the equatorial Indian Ocean. The SLA variance between ECV1.1 and
ECV1 are very similar, with only small differences at high northern latitudes ( Figure 27). Seasonal
differences in sea level between ECV1.1 and ECV1 are shown in Figure 28. In general differences
between ECV1 and ECV1.1 are small and within range of £1 mm, with reversed differences pattern
between boreal winter (DJF) and summer (JJA). The largest differences can be found by the sea -ice
edge regions, probably due to the different coverage of altimetr ic missions used between these two
products. It is also worth noting that the seasonal differences between ECV1.1 and ECV1 are much
smaller than that between ECV1 and ECVO0 (not shown).
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Figure 25: Differences in regional sea level trends (mm/yr) between ECV1.1 and ECV1 during
1993-2010.
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Figure 26: Temporal correlation of regional SLAs between ECV1.1 and ECV1. Statistics are

computed after removal of the seasonal signals and for the period 1993
Only values above 0.4 are shown here.
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Figure 27: Ratio of variances of the regional SLAs between ECV1.1 and ECV1 during 1993
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Figure 28: Seasonal differences in sea level between ECV1.1 and ECV1, a veraged during 1993 -
2010. Boreal winter and summer are in the left panel (DJF and JJA,
respectively). Boreal spring and autumn are in the right panel (MAM and SON,
respectively).

1.2.4.2. Regional MSL differences between ECV2.0 and ECV1.1

Differences in regional MSL trend between the reprocessed ECV2.0 product and ECV1.1 are shown in
Figure 29. MSL trend differences as ECV2.0ECVL1.1 range between +/- Imm/yr, except when at high
northern latitudes. The large -scale differences are associated with the new orbit solutions and
polar tide correction used in ECV2.0. A general high temporal correlation (>0.95) between ECV2.0
and ECV1.1 Figure 30) suggests a strong consistency in the inter-annual variability of sea -level.
Regions with reduced correlation include Maritime Continental area, the southern Tropics of
Atlantic Ocean and tropical Indian Ocean. Relative low correlation (<0.8) is also observed at the
high-latitude areas, which is likely associated with the extra data from CryoSat -2 and SARAL/AItIKA
in ECV2.0. The SLA variances from ECV2.0 is in general larger thanthat from ECV1.1 (Figure 31),
especially in the Southern Atlantic Ocean. This difference can be explained by a series of update in
ECV2.0, including updated sea state bias for Envisat mission; switch to FES2014 ocean tide model
and GPD+ wet troposphere correction.

Proprietary information: no part of this document may be reproduced, divulged or used in any form
without prior permission from the Sea Level CCI consortium.



FORMNT-GB-7-1

Climate Assessment Report (CAR)  WB: Products assessment

CLSSLCCGI17-0002 SLCGICARO79 val

Trend Difference (cci2 - cill): sossheig 1993 - 2014

SN Y
N -~ >
= - 3
= 0 3 A
2t : T -
B ] "
505 )
L Il 1 1
100E 160W 60W
Longitude
(mm/yr): Min= -22.4§, Max= 18.56, Int= 1.00

Nov. 14, 17

54
0Fe®

Figure 29: Differences in regional MSL trend (mm/yr) between ECV2.0 and ECV1.1 during 1993 -

2014.
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Figure 30: Temporal correlation between ECV2.0 and ECV1.1 SLAs during 1993 -2014. Season
signals have been removed from SLAs to represent their inter
and only value above 0.4 are shown.
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Figure 31: Ratio of variances of the regional SLAs between ECV2.0 and ECV1.1 during 1993 -

2014.
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1.2.4.3. Evaluation regional MSL against AVISO and ECMWF Ocean Reanalyses

Regional MSL changes from SL_cci ECVs were evaluated against the AVISO and Ocean Reanalyses
from ECMWEF, with results shown in Figure 32. Compared to AVISO, a strong positive trends (~20
mm/yr during 2004 -2014) in the Beaufort Sea of Arctic is not included in ECV1.1 due to lack of data
coverage (No data behind 70°N after June 2012 in ECV1.1 merged MSLA). ECV2.0 shows improved
data coverage in the Arctic regions and more pronounced positive trend in this area, which is
consistent with ORAs and AVISO results. Attribution diagnostics from ORAS5 Figure 33) suggest that
this rise is dominated by halo -steric changes in this region due to a strong freshwater build up
(Giles, et al., 2012). This posit ive trend is also visible both in ORAS5 and ORASH.W with relatively
low uncertainty (x1.5 mm/yr), suggesting a robust climate signal of sea -level rises in the western of
Arctic Ocean. Additional ocean reanalysis has been carried out in ECMWF without assimilation of
SLA data (ORASHNOAIt), while still show similar positive signal in this region. Other large scale
differences between ECV1.1 and AVISO exist in the Indian and South Oceans, where we saw ECV1.1
with reduced positive trend by up to 1 mm/year ( Figure 32-(left)). Small scale differences at the
sea ice edge in the Arctic are mostly likely due to different data coverage between ECV1.1 and
AVISO product (Pujol, et al., 2016). Comparing with SL_cci ECVs, ORAS5 shows more pronounced SL
trends in the Gulf Stream regions, in the Labrador Sea and at the fronts of the ACC currents. SL
change signals in ORASA.W clearly lack the complexity in the Southern Ocean and in two Western
Boundary Current regions.

Uncertainties of SL trends were computed using ensemble spread from 5 ensemble members of
ORAS5 and ORASBW, and were compared with the SL trend errors from SL_cci climate indicators
(Figure 32-(right)). It is worth noting that the SL trend uncertainty at ECMWF ORAs is introduced by
accounting observation representativeness errors and forcing analysis errors in the ECMWF ocean
data assimilation system, while SL trend errors from SL_cci are mainly associated with satellite
retrieval algorithms and data processing strategies, e.g. radiometer wet tropospheric correction,
orbit error and altimeter parameterization instability (Ablain et al., 2015). It is very interesting to
notice that the spatial patterns of large uncertainties are reasonably consistent between SL_cci
ECVs and ORASS5, considering that these uncertainties were estimated following very different
approaches. Areas with large errors are normally associated with strong meso -scale eddy activities.
Moderate SL trend uncertainties (~1.2 mm/yr) were also observed in the Tropical Pacific and
Southern Indian Ocean for ECV1.1 and ECV2.0. Compared to SL_cci ECVs, ORASS is ovanfident
on its MSLA changes at most tropical and subtropical regions, but less-confident in the Southern
Ocean. It is also worth noting that even with the same ensemble member and configurations,
ORASH.W underestimated SL trend uncertainties almost everywhere w hen compared to SL_cci
ECVs, suggesting that an eddypermitting model resolution is necessary if we want to generate a
reasonably well ensemble spread of SL changes.

Attributions of SL trends were derived from ORASS following the same method as described i n
Balmaseda et al. (2013), with results shown in Figure 33. Here steric changes include both thermos -
steric and halo -steric changes. It is clear that mean SL trends in ORASS is dominated by the steric
term while the mass variations are only important when considering the coastal regions. One
exception is at the Sea of Japan where a strong negative trend (up to 8 mm/yr) due to mass
variation was balanced by positive trend from the steric changes. It could be related with our
method of constraining the global MSL in ORASS5 (See Zuo et al 2015). The sharp front and reversing
SL trends signals in the North Atlantic suggests that the pathway of Gulf Stream extensions maybe
misrepresented in ORASS5, which is a common issue in ocean reanalysis. The mass induced positive
trend along the east coast of Northern American could lead to excessive pressure gradient and
ocean circulation in ORASS5. The strong positive trend in the Arctic Beaufort Sea is almost entirely
due to halo-steric changes in ORAS5, which is consistent with the changes of Arctic circulation in
the Beaufor Gyre found by NERSC and recent increase of freshwater build up in the Beaufort Gyre
(Giles et al., 2012). Uncertainties of SL trends from different attributions as estimated from ORAS5
are shown in Figure 33-(right). By construction the total SL trend uncertainty is not a simple linear
combination of attributions trend uncertainties. Nevertheless, information in these maps can still

be used as indicator associated with sources of SL trends uncertainties. In general SL trend
uncertainties mostly come from uncertainties in temperature variations (  Figure 33-right: thermos-
steric) except for the Arctic regions, where it comes from uncertainties in salinity variations (  Figure
33-right: halo-steric). Salinity also plays an import ant role in determining SL t rend uncertainties in
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the North Atlantic Ocean following the extension of Gulf Stream and outflow of the Mediterranean
water.

Figure 32: (left) Mean sea -level trends (in mm/yr) and (right) uncertainties from 1993 to 2014
as derived from AVISO/DUACS 2014, ECV2.0, ECV1.1, ORAS5 and ORAS5LW.
MSL trends are calculated using ensemble mean of monthly mean sea level data
from ORAS5 and ORAS5LW. MSL trend uncertainties were calculated as
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