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Document evolution sheet

Ed. | Rev

Date

Purpose
evolution

Comments

01/02/2023

Creation of

document

15/02/2023

Release of
first  product
version (v1-0)

Calculation of barystatic and manometric sea
level changes using an ensemble of GRACE
solutions with 240 solutions, including:

- 5 processing centers (CSR, JPL, GFZ, ITSG
CNES),

- 4 geocenter models (Lemoine and Reinquin,
2017, Dahle et al., 2012, Uebbing et al., 2019,
Sun et al., 2016),

- 3 oblateness (C20) models (Lemoine and
Reinquin, 2017 updated with combined SLR and
GRACE measurements)

- 2 GIA models (Peltier et al., 2018; Caron et al.,,
2018))

- 2 filters (DDK6 and DDK3 applied on all
ensemble members except CNES)

Calculation of barystatic and manometric sea
level changes using the combination of altimetry
product (C3S) and steric products (EN4, Ishii,
IAP)

27/04/2023

Release of
new product
version (v2-0)

Use of a new ensemble of GRACE solutions with
120 solutions, including:

- 5 processing centers (unchanged),
- 2 geocenter models (Lemoine and Reinquin,

2017 updated using a 7-month lowpass
filter ; Sun et al., 2016 unchanged)

- 3 oblateness (C20) models (Lemoine and
Reinquin, 2017 updated with combined SLR
and GRACE measurements)

- 2 GIA models (same models recalculated
using correct Love numbers)

- 2 filters (DDK6 and DDK3 applied on all
ensemble members including CNES)
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Use of an updated mask to compute the
barystatic component with the sea level budget
approach.

Application of the correction for deep ocean to
the thermosteric component in the sea level
budget approach.

No changes to the SLB manometric product.

1 4 28/05/2024 | Release of | The barystatic and manometric datasets
new product | V4.0 are calculated based on the GRACE
version (v4-0) | ensemble L3 V2.0 produced by Magellium

and the CNES.

e The GRACE ensemble L3 was generated
using a new Python code, PANIS, owned
by the CNES and developed by the CNES
and Magellium.

e The GRACE ensemble L3 V2.0 was
corrected for errors in the low-degree
coefficients and the conversion of Stokes
coefficients to gridded equivalent water
heights.

e The GRACE ensemble L3 V2.0 was
extended until September 2023.

No changes to the SLB barystatic and
manometric products.

1 5 27/11/2025 | Release of | The barystatic and manometric datasets

new product
version
(GRACE V5-0
and SLB/OMB
V3-0)

V5.0 are calculated based on the GRACE
ensemble L3 V2.1 produced by Magellium
and the CNES.

e The GRACE ensemble L3 was generated
using PANIS v1.1.0, owned by the CNES
and developed by the CNES and
Magellium.

e The GRACE ensemble L3 V2.1 was
generated without an apriori.

e The degree-1 coefficients were corrected
using three estimates based on the
TN13a, b and c.

e The GRACE ensemble L3 V2.1 was
extended until August 2025.

The SLB/OMB barystatic dataset V3.0 is
calculated based on the SLBC CCI+ dataset
produced in the scope of the ESA SLBC CCI+
project.
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1 Introduction

The Product User Manual (PUM) provides estimates of the mass contributions to sea level
change, along with their associated uncertainties, over the satellite gravimetry period (April
2002 - August 2025) and the satellite altimetry period (January 1993 - June 2023). Following
Gregory et al. (2019), we define local and global mass contributions to sea level change as the
manometric and barystatic components, respectively.

Manometric sea level changes are available online as fully documented, ready-to-use
three-dimensional grids (time, latitude, longitude) interpolated to a monthly, one-degree
resolution. It should be noted that the effective resolution of satellite gravity-based products is
on the order of a few hundred kilometers (~300 km). Both manometric and barystatic sea
level changes are expressed as anomalies relative to the temporal average over the period
covered by the product.
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2 Methodology
2.1 GRACE and GRACE-FO Datasets

The GRACE and GRACE Follow-On missions have monitored the time variations in the gravity
field almost continuously since 2002. Numerous centers distribute time-lapse solutions of the
Earth’s gravitational potential, delivered as Stokes coefficients, known as Level 2 solutions.
The Level 2 solutions need to be corrected for several geophysical effects and instrumental
errors, converted into surface mass anomalies, and projected onto the Earth’s surface
modelled either as a sphere or an ellipsoid. The resulting gridded surface mass anomalies
with appropriate corrections applied are referred to as Level 3 solutions. Several sources of
errors affect the solutions of Level 2 and 3, imposed by the satellite configuration,
instrumental errors, and uncertainties in the geophysical corrections used to process the
measurements. We use the ensemble approach of Blazquez et al., (2018), to robustly estimate
the manometric and barystatic sea level changes and their uncertainties. The GRACE
ensemble L3 V2.1 was used to generate the barystatic and manometric datasets V5.0.

2.1.1 Manometric sea level changes

The GRACE Legos - Magellium Manometric V5.0 product provides manometric sea level
anomalies and their uncertainties from April 2002 to August 2025 at a monthly timescale and
with a spatial resolution of 1 degree. Monthly manometric sea level changes are estimated
from an ensemble of 180 GRACE and GRACE-FO solutions corrected for GIA (Glacial Isostatic
Adjustment), mass displacements associated with large earthquakes (co-seismic deformations
only), and atmosphere loading. The ensemble is based on L2 spherical harmonic solutions
from five different centers: CNES RL5.0, CSR RL06.3, GFZ RL06.3, JPL RL06.3, and TUGRAZ
ITSG2018. The ocean dealiasing model (GAB) is restored using AOD1B RL0O6 (Dobslaw et al.,
2017). The CO coefficients are corrected to compensate for the total amount of water vapor in
the atmosphere expressed in CO GAA (Chen et al,, 2019). A large variety of post-processing
corrections is applied in the ensemble, including three geocentre motions using the Sun et al,,
2016 methodology, three oblateness values of the Earth (Cheng et al., 2013; Lemoine and
Reinquin, 2017; Loomis et al., 2019), and two GIA corrections (Peltier et al., 2018, Caron et al,,
2018). To reduce the anisotropic noise, DDK filters are applied to the L2 solutions, including
DDK3 and DDK6 (Kusche et al, 2009). Solid Earth displacement due to the largest
earthquakes (Sumatra 2004 and 2012, Tohoku 2010, and Chile 2010) is corrected following
Tang et al., (2020).

The parameters used for the generation of the L3 SAGSA Ensemble V2.1 are reminded in
Table 1.
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Parameter Value chosen
Product Ensemble L3 V2.1
Software PANISv1.1.0
Production Date 28/10/2025

Data Period Coverage

April 2002 — August 2025

PC (Processing Centers)

CSR RLO6.3, GFZ RLO6.3, JPL RLO6.3, TUGRAZ 2018, CNES TSVD RLO5

Geocentre

Sun JPL, CSR, GFZ

C20

Cheng, Lemoine, Loomis

Leakage Correction

All continents

GIA (Glacial Isostatic Adjustment)

ICE-6G-D, Caron 2018

Filter DDK3, DDK6
Dealiasing GFZ GAA/GAB RLO6
Cc30 Loomis

Earthquake Coseismic only

A Priori None used

Miscellaneous

Spherical projection with mass conservation enforced

Table 1: Parameters chosen to produce the SAGSA GRACE Ensemble V2.1

The GRACE Legos - Magellium Manometric V5.0 product provides the ensemble mean and
one-standard-deviation spread of the L3 SAGSA Ensemble V2.1 product. Uncertainties are
calculated as the square root of the diagonal elements of the covariance matrix of the full
ensemble at each grid point. Grid cells excluded by the ocean mask (i.e., cells over land) are set
to NaN, and the mask used is provided with the dataset. No additional processing is

performed.

The GRACE Legos - Magellium Manometric V5.0 product is directly comparable with sea level
anomalies derived from satellite altimetry or steric sea level anomalies from Argo. All
necessary corrections were applied during the generation of the L3 SAGSA Ensemble V2.1

product.
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Manometric trends, 2002-04 to 2022-12, from L3 V2.1 ensemble
_’__‘____i_-_ e — " ‘ |
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Figure 1: Manometric sea level trends estimated from April 2002 until December 2022 with
GRACE and GRACE-FO ensemble V2.1. The data are available until August 2025, but the period
used to compute the trend was restricted to April 2002 - December 2022 to be comparable with

the SLB approach.
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Manometric trends uncertainties, 2002-04 to 2022-12, from L3 V2.1 ensemble
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Figure 2: Uncertainty on manometric sea level trends estimated from April 2002 until December
2022 with GRACE and GRACE-FO ensemble V2.1.

2.1.2 Barystatic sea level changes from GRACE data
The GRACE Legos - Magellium Barystatic V5.0 product contains the monthly barystatic sea
level changes and their uncertainties from April 2002 to August 2025.

The barystatic sea level changes are calculated as the global average of the manometric sea
level anomalies weighted according to the surface area of each grid cell. The GRACE Legos -
Magellium Barystatic V5.0 product contains the ensemble mean of the 180 barystatic
solutions and their uncertainties estimated as the square root of the diagonal terms of the
covariance matrix of the full ensemble, also provided.

Two estimates of the barystatic sea level changes are provided corresponding to two different
geographical masks, including (i) the ocean surface covered by GRACE and GRACE-FO, (ii) the
ocean surface covered by satellite altimetry and in situ measurements of the seawater
temperature and salinity. The barystatic sea level changes calculated with the second mask
can directly be compared with the barystatic estimates derived from the sea level budget
approach. Both masks are included in the NetCDF file.
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2.2 Sea Level And Ocean Mass Budget Datasets

The SLB LEGOS MAGELLIUM BARYSTATIC V3.0 product provides monthly barystatic sea level
changes and associated uncertainties over the period January 1993 to June 2023. Compared to
previous versions of the product, this new release introduces two independent approaches to
estimate the barystatic sea level: a first method based on the Sea Level Budget (SLB), a second
method based on the ocean mass balance (OMB) approach.

Both barystatic sea level estimates rely on datasets produced within the framework of the ESA
SLBC CCI+ project. A summary of the input datasets and applied corrections is provided in
Table 1, while a detailed description of the processing strategy is available on the ESA SLBC
CCI+ project website : https://climate.esa.int/en/projects/sea-level-budget-closure/.

2.2.1 Sea level budget approach

The estimation of barystatic sea level anomalies is extended over the full altimetry era from
January 1993 to June 2023 using the sea level budget (SLB) approach. This method takes
advantage of the redundancy of the global ocean observing system, which independently
measures (i) geocentric sea level changes from satellite radar altimetry, (ii) barystatic sea
level changes from satellite gravimetry, and (iii) steric sea level changes from in situ
temperature and salinity observations. Any component of the sea level budget can thus be
derived from the two others. In this framework, barystatic sea level changes can be estimated
as the difference between altimetry-based geocentric sea level changes and in situ estimates
of steric sea level changes.

Geocentric sea level changes are derived from the vDT2021 global mean sea level product
operationally generated by the Copernicus Climate Change Service (C3S) for climate
applications (Legeais et al., 2021). These data are corrected for the TOPEX-A instrumental
drift (Ablain, 2017) and for the Jason-3 wet tropospheric correction drift (Barnoud et al,,
2023). Additional corrections include Glacial Isostatic Adjustment (GIA) using the ensemble
mean of 27 GIA models centered on ICE6G-D (Prandi et al., 2021; Peltier et al., 2015), and the
elastic deformation of the solid Earth induced by present-day ice mass redistribution (Spada
and Melini, 2019). The uncertainties associated with geocentric sea level changes are
computed following the error budget methodology described in Ablain et al. (2019).

Thermosteric sea level changes are computed from gridded temperature and salinity fields
derived from EN4 in situ profiles (Good et al, 2013), mapped using the ISAS optimal
interpolation algorithm (Kolodziejczyk et al., 2023). Thermosteric sea level changes are
calculated for the 0-2000 m depth layer. To account for the contribution of the deep ocean
below 2000 m, a linear trend of 0.1 + 0.1 mm/yr is added, based on the estimate of Johnson
and Purkey (2019). Steric sea level changes are estimated as the ensemble mean of six
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independent solutions, and their uncertainty is derived from the covariance matrix of the
ensemble after removing the temporal mean of each member. The thermosteric uncertainty
ensemble includes datasets from EN4 (Good et al,, 2013), IAP (Cheng et al., 2017, 2020), and
[shii etal. (2017).

2.2.2 Ocean mass budget approach

In this new version of the product, an independent estimate of the barystatic sea level based
on the ocean mass balance approach is also provided, in addition to the SLB-based method.

In this approach, the barystatic sea level change is estimated as the sum of all individual mass
contributions entering the ocean from land and atmosphere, namely:

Greenland Ice Sheet mass balance (GIS),
Antarctic Ice Sheet mass balance (AIS),

Glaciers and Ice Caps (GIC),

Land Water Storage (LWS),

Atmospheric Water Vapour contribution (AWV).

The barystatic sea level change from the sum of individual mass contributions is defined as:

BSL_sum = LWS + GIS + AIS + GIC + AWV

This formulation corresponds to the ocean mass budget, where the barystatic sea level is
directly reconstructed from physical mass exchanges between the continents, atmosphere,
cryosphere, and the ocean.

Table 2 : Table describing the input dataset and corrections used to estimate barystatic sea
level using SLB method and ocean mass budget.

- Jason-3 wet
troposphere correction
(WTC) Brown et al. 2023

. - TOPEX-A drift
Relalt“‘,’; sea €3S (vDT2021) correction Update of Guerou et al. 2023
- GIA: ICE-6G_D (VM5a)
by Peltier et al. 2018
- PDIM: Spada et al.
SLBC_cci+ fingerprints
Thermosteric EN4 Argo profiles Deep ocean contribution: | - Standard deviation of EN4
sea level interpolated over ISAS | -]Johnson and Purkey (0.1 | products
¢ D ol
=== mage lium

cnes < - e
12



Barystatic And Manometric Sea Level Datasets Ref.: SAGSA-DT-027-PUM_Produits_Océan
Product User Manual Date: 08/12/2025

Issue: 1.0
projection mm/yr)
Greenland Ice IMBIE-2 R2 d None IMBIE uncertainty: 16Gt/an
Sheet -2_RZ dataset (trend)
(1992-2020)
Antarcticalce | oo} URACE Mass IMBIE uncertainty: 18Gt/
ntarctica Ice uncertainty: an
Balanced (2020-2023
Sheet ( ) None (trend)
-1993/2000: 0.3 mm (white
Land glaciers . noise)
and ice caps Dussaillant etal. 2024 None -2000/2023: 0.1 mm (white
noise)

- Short-term time-correlated
(WaterGAP) effects at 6 mpnths 0.13 mm
Land Water Hydrological Model - Long-term time-correlated
Storage (WGHM) version 22e None effeFts at 3 years 0.13 mm
- Drift 0.3 mm/yr (1993/2003)
- Anthropogenic contribution:
0.11 m/yr (Caceres et al. 2020)

Atmospheric ERAS Total Column None Standard deviation from
Water Vapor Water Vapor ensemble (ERA5+HOAPS-CCI)
¢ R I
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3 PRODUCT DESCRIPTION

3.1 Spatial information

The GRACE manometric & SLB/OMB barystatic products are provided on a regular 1x1° grid
projected on a sphere. GRACE data are defined on the global ocean (Fig. 1 and 2), and SLB data
are defined on the global ocean except for marginal seas and high latitudes (2 60°).

3.2 Temporal information

All GRACE based products are provided at the 15th of each month between April 2002 and
August 2025. SLB data are provided at the first of each month, between January 1993 to
December 2022. Data gaps are filled with non-defined values (NaN).
e GRACE data are only provided from April 2002 until August 2025, with several data
gaps including a gap of 12 months between the last data from GRACE (June 2017) and
the first from GRACE-FO (June 2018).
e SLB & OMB data are provided from January 1993 to June 2023.

3.3 File format

The product is delivered as a set of Network Common Data Form version 4 (netCDF4) files.
Metadata attributes are compliant with version 1.7 of the Climate & Forecast conventions
(https://cfconventions.org/Data/cf-conventions/cf-conventions-1.7 /cf-conventions.html)

3.4 File naming convention

The product follows the naming standard:

<METHOD>_<CENTERS> <VARIABLE> <VERSION>< OPT>.nc
where:

e <METHOD> indicates the method used to generate the products. Here, we provide two
different methods GRACE and SLB.

e <CENTERS> indicates the centers that generated the data. Here, both the LEGOS and
MAGELLIUM were involved in the generation of the data.

e <VARIABLE> indicates the variable estimated in the product. Here we provide
estimates of the manometric and barystatic sea level changes.

e <VERSION> is the version number, here ‘V1-0’ for the first major version. The first digit
changes each time a major version is released (‘V2-0’, ‘V3-0’), while changes in the
second digit indicate reprocessing versions or minor versions (‘V1-2’, ‘V1-3’).

e < OPT> is optionally included to add information. Covariance matrices are provided in

option.

.nc: standard NetCDF filename extension.

Example: GRACE_LEGOS_MAGELLIUM_MANOMETRIC_V5-0.nc
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3.5 Product content

3.5.1 Dimensions
There are 3 dimensions present in every netCDF:

latitude: size 180, dimension corresponding to degrees north

longitude: size 360, dimension corresponding to degrees east

time: size 366 for the SLB/OMB products, 238 for the manometric and barystatic
products, dimension corresponding to hours since the first date of the product, using
the gregorian proleptic calendar

3.5.2 \Variables
The variables defined in the files referring to manometric measurements are the following:

Table 3 : Description of GRACE_LEGOS_MAGELLIUM_MANOMETRIC_V5-0.nc file variables

e e Time hours since| datetim none
2002-04-16 e64

Latitude (latitude) Latitude degrees_north float none
Longitude (longitude) Longitude degrees_east float none
Manometric (time, . . -

. . Manometric sea level anomalies millimeters float none
latitude, longitude)
Manometric_std (time, |One sigma uncertainty on| ..

. . . . millimeters float none
latitude, longitude) manometric sea level anomalies
Manometric_trend (time, . -

. . ( Manometric sea level trends millimeters/year float none
latitude, longitude)
Manometric_trend_std One sigma uncertainty on I — float none
(time, latitude, longitude) |manometric sea level trends ¥

The variables defined in the files referring to GRACE barystatic measurements are the
following:

Table 4 : Description of GRACE_LEGOS_MAGELLIUM_BARYSTATIC _V5-0.nc file variables

e @) Time hours since | datetime none

2002-04-16 64

[ os |
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latitude (latitude) Latitude degrees_north float none
longitude (longitude) Longitude degrees_east float none
barystatic_full_ocean Barystatic sea level anomalies millimeters float none
(time) calculated with the global ocean
. One sigma ncertaint on
barystatic_full_ocean_std |.g el . -
me) barystatic sea level anomalies|millimeters float none
calculated with the global ocean
barystatic_slb_mask Barystatic sea level anomalies millimeters float none
(time) calculated with the SLB mask
One sigma uncertainty on
barystatic_slb_std (time) |barystatic sea level anomalies|millimeters float none
calculated with the SLB mask
barvstatic full ocean tre Barystatic sea level anomalies
nd Y - - trend calculated with the global |millimeters/year float none
ocean
One sigma uncertainty on
barystatic_full_ocean_tre |barystatic sea level anomalies o " — float none
nd_std trend calculated with the global Y
ocean
Barystatic sea level anomalies
barystatic_slb_trend trend calculated with the SLB|millimeters/year float none
mask
One sigma uncertainty on
. barystatic sea level anomalies| . .
barystatic_slb_trend_std trend calculated with the SLB millimeters/year float none
mask
. Mask of the global ocean used
Ocean_mask (latitude, 9 . ,
. to compute the barystatic sea|no unit boolean | none
longitude)
level.
Mask of the zones covered by
Slb_mask (latitude, |the altimetry and in situ data o Unit boolean none
longitude) used for the Sea Level Budget

approach.

The variables defined in the files referring to SLB & OMB barystatic measurements are the

following:

Table 5 : Description of SLB-OMB_ESA_SLBC_CCI+_MAGELLUM_BARYSTATIC_V3-0.nc file

variables

BTN
C (==
LEGOS
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CNES julian| datetime

time (time) Time e 64 none
time_covar Time used for expressing the|/CNES julian| datetime

. . . none
(time_covar) covariance matrix days 64
time_covar_1 Time wused for expressing the|CNES julian|datetime

. . . none
(time_covar_1) covariance matrix days 64
latitude (latitude) Latitude degrees_north| float none
longitude (longitude) |Longitude degrees_east float none

Barystatic Sea Level from the sum of
individual components
(barystatic_omb
global_mean_land_water_storage
barystatic_omb (time) |global_mean_glaciers_ice_cap
global_mean_greenland_ice_sheet
global_mean_antarctic_ice_sheet
global_mean_atmospheric_water_vap
or)

+
+ | millimeters float none
+
+

Barystatic Sea Level from the
barystatic_slb (time) dlfferenc'e between relative sea. level millimeters float none
from altimetry and thermosteric sea

level from argo in situ data

Barystatic_omb_covar |Covariance matrix for barystatic sea
(time_covar, level from the sum of individual|millimeters float none
time_covar_1) components

barystatic_slb_covar
(time_covar,
time_covar_1)

Covariance matrix for barystatic sea

millimeters float none
level from the ocean mass budget

Mask of the zones covered by the
altimetry and in situ data used for the|no unit boolean none
Sea Level Budget approach.

slb_mask (latitude,
longitude)

3.5.3 Metadata

Users will find a number of metadata attributes in the NetCDF file, at the file level, at the layer
level, and at the level of the dimension variables.
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