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Figure 1 lllustration of the process for quantifying the uncorrelated-noise component
in the mass change time series of the global ocean. (a) Original mass change time
series of the global ocean (blue) and the fitted model (orange). (b) Mass change
residuals (blue) from subtracting the fitted model and after low-pass filtering
(orange). (¢) High-pass filtered residuals used for the assessment of the
uncorrelated-noise based on the scaled standard deviation.

Figure 2 Ensembles used for the assessment of errors propagated from the
low-degrees and GIA. (a): degree-one contribution to global ocean mass change
according to nine different sets of degree-one time series. (b): C20 contribution to
global ocean mass change according to seven different sets of degree-one time
series. (c): Global ocean mass change time series with four different GIA
corrections.

Figure 3 Temporal error covariance matrix of the time series of global ocean mass
anomalies corresponding to the TU Dresden L2-based mascon solution. The axis
show sequential numbers of the monthly solutions, irrespective of temporal gaps
(most notably the GRACE — GRACE-FO gap between No. 162 and 163).
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contribution uncertainty, using four WGHM 22e datasets. (a) WGHM 22e LWS

contributions to global mean sea level with ERA5 and W5ES5 climate forcing, with

and without taking into account the anthropogenic contribution. (b) The

anthropogenic contribution estimated from the differences between the two

ERAS5-forced time series is added to the time series without anthropogenic

contribution. (c) Detrended time series. 24

Figure 7 Standard uncertainties of the land water storage contribution component.

The blue curve results from the standard deviation of the ensemble of detrended

estimates (see Figure 5c¢). The green curve accounts for the trend uncertainties for

the climate-driven and human-induced contributions provided by Caceres et al.

(2020). The orange curve is the resulting combined standard uncertainty. 25
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Figure 10 (a) Global mean barystatic sea level time series for SLBC CCI+. Blue

lines show the total barystatic component: solid for barystatic from

GRACE/GRACE-FO data, and dashed for barystatic from the sum of individual

mass components. Teal lines show land water storage, purple lines show glacier

melt, green lines Greenland Ice Sheet mass loss, and yellow lines Antarctic Ice

Sheet mass loss. (b) Difference between barystatic sea level estimates from

GRACE/GRACE-FO and sum of individual mass components. Uncertainty

envelopes are displayed around each time series using the corresponding color,

representing the 1-sigma uncertainty for each time series. Trends estimated over the

period 06/2002 - 12/2022. 30

Figure 11 Sea level budget comparison using two different barystatic components.

(a) Global mean sea level budget components using SLBC CCI+ data. The black

curves represent altimetry-based sea level; the blue curves show the manometric
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indicate values based on the sum of individual mass contributions. (b) Residuals of 32
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the sea level budget, computed as the difference between the observed sea level
(altimetry) and the sum of all components. Uncertainty envelopes are displayed
around each time series using the corresponding color, representing the 1-sigma
uncertainty for each time series. Trends estimated over the period 06/2002-06/2016.

Figure 12 Sea level trends over April 2002 to December 2019 in observed
altimetry-based sea level (a), components (b, ¢, d: GRACE-based manometric,
Argo-based thermosteric and Argo-based halosteric sea level) and budget residual
trends (observed sea level minus sum of components) (e). Hatched areas indicate
regions where the trend is not statistically significant compared to the associated
uncertainties; non-hatched areas correspond to significant trends.

Figure 13 Sea level trends anomalies over April 2002 to December 2019 in
observed altimetry-based sea level (a), components (b, ¢, d: GRACE-based
manometric, Argo-based thermosteric and Argo-based halosteric sea level) and
budget residual trends (observed sea level minus sum of components) (e). Hatched
areas indicate regions where the trend is not statistically significant compared to the
associated uncertainties; non-hatched areas correspond to significant trends.
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Figure 15 Relative sea level from OCCIPUT ocean model minus relative sea level at
observation location (dashed line) and with 1-year filter (solid line) over period
2009-2015
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level at observation location (dashed line) and with 1-year filter (solid line) over
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Figure 19 SLB residuals from OCCIPUT at observation location (black curve) and
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1. Introduction

1.1. Scope and objective

This document is the Uncertainty Characterisation Report (UCR) of the ESA Sea Level Budget
Close of the Climate Change Initiative+ (SLBC_ cci+) project. This UCR is dedicated to the
description of the uncertainties provided for every component of the SLB as well as the uncertainty
assessment of the budget.

1.2. Document structure

In addition to this introduction, the document is organised as follows:
Section 2 describes the scientific background of the project and the importance of the

uncertainties characterisations

Section 3 describes the uncertainties of each SLB component
Section 4 presents the results of the uncertainties on the SLB regarding the historical

approach (unconstrained)

Section 5 presents the result of the uncertainties estimated for the innovative approach

(objectively constrained)

1.3. Related documents

1.3.1. Applicable documents

Table 1 List of applicable documents.

Id. Ref. Description
[AD1] SLBC_CCI-DT-075-MAG_PVIR SEA I_.EVEL BUDGET C!_OSURE_CCI+ Product
Validation and Intercomparison Report
[AD2] SLBC_CCI-DT-074-MAG_PUG SEA LE.VEL BUDGET CLOSURE_CCI+ Product
User Guide
[AD3] SLBC_CCI-DT-041-MAG_ATBD SEA LE_VEL BU[?GET CLOSURE_CCI+ Algorithm
Theoretical Baseline Document
[AD4] SLBC_CCI-DT-039-MAG_PSD SEA”LEV.EL BUDGET CLOSURE_CCI+ Product
Specification Document
[AD5] SLBC CCI-DT-040-MAG DARD SEA LEVEL_ BUDGET CLOSURE_CCI+ Data
— — Access Requirements Document
[AD6] | MAG-22-PTF-060_DetailedProposal | Detailed proposal in response to ESA/ESRIN

V2

Request for Quotation “SEA LEVEL BUDGET

Cesa  mlun
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1.4. Acronyms

Table 2 List of abbreviations and acronyms.

Acronyms Description
C3S Copernicus Climate Change Service
CClI The ESA Climate Change Initiative
CDS Climate Data Store
ECV Essential Climate Variable
ERAS ECMWF Atmospheric Reanalysis v5
ESA European Space Agency
ECMWF European Centre for Medium-range Weather Forecasts
GIA Glacial Isostatic Adjustment
HOAPS Hambourg Ocean-Atmosphere Fluxes and Parameters from Satellite

Interaction Soil-Biosphere-Atmosphere, Total Runoff Integrating

ISBA-CTRIP Pathways from the Centre National de Recherches Météorologiques
LWS Land Water Storage
SLBC Sea level budget closure
SLBC cci Sea Level Budget Closure of the ESA Climate Change Initiative (first
- phase)
: Sea Level Budget Closure of the ESA Climate Change Initiative
SLBC_cci+ . A
- (second phase, this activity)
SL_cci The Sea Level component of the ESA Climate Change Initiative
TCWV Total Column Water Vapour
TWS Terrestrial Water Storage
WaterGAP Water Global Assessment and Prognosis
WGHM WaterGAP Hydrological Model
w.r.t With respect to
WTC Wet Troposphere Correction

2. Scientific Context

Assessing the sea level budget at global, regional, and local scales during the altimetry era—by
comparing altimetry-based sea level time series with the sum of contributing components—is
crucial for several reasons. It enables: 1) A better understanding of underlying processes of sea
level rise, 2) Detection of temporal changes in one or more components (e.g., acceleration, abrupt
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shifts) that contribute to sea level trends, 3) Identification and quantification of missing
contributions if the budget does not close 4) Detection of systematic instrumental biases, drifts, or
observational gaps, and 5) Validation of sea level models (e.g., reanalyses, coupled climate
models) and their components.

At the global scale, sea level budget assessments have been the focus of extensive research (e.g.,
Dieng et al., 2017; Cazenave et al., 2018; Nerem et al., 2018; WCRP Global Sea Level Budget
Group, 2018; Chen et al., 2019, 2022; Horwath et al., 2022; Barnoud et al., 2021, 2023). These
studies generally agree that the global mean sea level budget closed within uncertainties up to
around 2016 (also supported by IPCC 2019, 2021). However, more recent analyses (e.g., Chen et
al., 2022; Barnoud et al., 2021, 2023; Mu et al., 2024) report a lack of closure thereafter, potentially
due to instrumental issues such as radiometer drift on Jason-3 or accelerometer failure on
GRACE/GRACE-FO missions. These findings underscore the critical need for ongoing
comparisons between altimetry-based sea level data and the sum of individual contributions.

At the regional level, budget studies are comparatively fewer. Some recent efforts have evaluated
closure at the basin or sub-basin scale during the altimetry period (e.g., Rietbroek et al., 2016;
Frederikse et al., 2016, 2018, 2020; Hamlington et al., 2020; Royston et al., 2020; Camargo et al.,
2023; Mu et al., 2024), and ocean mass budgets have also been studied regionally (e.g.,
Ludwigsen et al.,, 2024). However, closure is only achieved in certain regions. For example,
Royston et al. (2020), using altimetry, gravimetry, and Argo data from 2005-2015, found the budget
did not close in the Indian—-South Pacific region. Similarly, Camargo et al. (2023) reported
unresolved budgets in various ocean areas. Using machine learning techniques, these authors
identified processes not adequately captured by current observations, contributing to the
non-closure.

Re-examining the global and regional sea level budget using novel approaches is therefore
essential. The first objective of this project is to extend the previous SLB and ocean mass budget
(OMB) products at least until 2022 included, covering both altimetry era and GRACE/Argo era on a
monthly time scale. For this new version, the impact on the SLB of CCl ECVs not previously
considered are evaluated, as well as the inclusion of any ECV that significantly improves the
closure. A key aspect of the sea level budget is the uncertainty budget as it fixes the level to which
the budget is considered “closed within uncertainties”. Accurate estimation of uncertainties is the
unique method to identify dates and causes of SLB misclosure. This project proposes improved
estimates of the uncertainties thanks to a better estimate of the individual components’
uncertainties and an estimate of the systematic component of the SLB uncertainties related to the
different time and space resolution of the different components of the observing systems including
satellite altimetry space gravimetry and in-situ profilers. The second objective of this project is to
apply the same approach to assess the closure of the SLB at regional scales. The last objective is
to use the results at both global and regional scale to explain the time and space variability in SLB
both at global and regional spatial scales.
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3. Uncertainties estimations of each SLBC components

The objective of this section is to describe the measurement uncertainties of each SLB component
which are the uncertainties associated with the instrumental error and the algorithmic
approximations of each observing system that measures an individual contribution to sea level. It
refers to the accuracy and precision of each individual subsystem within the SLB observing
system. It provides a quantitative measure of how well each component performs and represents
the uncertainty that can be reduced through improvements in instrumentation.

3.1. Altimetric component

The uncertainties of the altimetry-based global mean sea level are computed using the method and
information from Ablain et al. (2019) and updated by Guérou et al. (2023). Table 3 summarises the
sources of uncertainties for the global mean sea level and their estimates. For the uncertainty of
the radiometer WTC, unlike in Guérou et al. (2023), the uncertainty is not increased over Jason-3
period as the Jason-3 WTC drift is corrected with the correction provided by Brown et al. (2023).
The Glacial Isostatic Adjustment (GIA) contribution to the global mean sea level uncertainty is not
applicable to the component not corrected for the GIA effect as described in this section, but this
uncertainty contribution may be considered while no other estimate is available for the GIA
component. Using the values in Table 3, the covariance matrix of the global mean sea level is
computed following the method from Ablain et al. (2019).

Table 3 Sources of uncertainties of the global mean sea level and their estimates, adapted from
Guérou et al. (2023). Values in bold font have been updated since the estimates published by
Guérou et al. (2023). In gray, the GIA contribution to sea level uncertainty is not applicable to the
component not corrected for the GIA effect as described in this section, but this uncertainty
contribution may be considered for any separate GIA component.

Source of uncertainty Type of uncertainty Standard uncertainty u

Short-time correlated errors due to Correlated effects with correlation | u =1.6 mm for TP period
precise orbit determination (POD), duration of 2 months u =1.2 mm for J1 period
altimeter parameters, geophysical u =1.1 mm for J2 period
corrections u =1.0 mm for J3 period

u = 1.3 mm for S6MF period

Correlated effects with correlation | u =1.2 mm for TP period
duration of 1 year u = 1.1 mm for J1 period
u =1.1 mm for J2 period
u =1.0 mm for J3 period
u =1.2 mm for S6MF period

Radiometer WTC stability Correlated errors with correlation | u=1.1 mm
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duration of 5 years

POD stability Gravity fields

Correlated errors with correlation
duration of 10 years

u=112mm for TP
u = 0.5 mm for J1/J2/J3

International
Terrestrial Reference
Frame (ITRF)

Linear time-correlated effect (also
called “Drift”)

u=0.1 mm/yr

Inter-mission offsets

Offset

u=2.0 mm for TPA/TPB
u = 0.6 mm for TP/J1
u=0.2 mm for J1/J2
u=0.2 mm for J2/J3
u = 0.6 mm for J3/S6MF

Altimeter parameters stability

Linear time-correlated effect (also
called “Drift”)

u = 0.7 mm/yr for TPA
u = 0.1 mm/yr for TPB

The uncertainties linked to the gridded sea level anomaly data are described by Prandi et al.
(2021). As for the global mean uncertainty budget, the GIA contribution to sea level uncertainty is
not applicable to the component not corrected for the GIA effect as described in this section, but
this uncertainty contribution may be considered while no other estimate is available for the GIA
component. Table 4 summarises the sources of uncertainties for the local sea level change. Within
each cell of 1°x1°, the covariance matrix of the local sea level change can be computed using the

information from Table 4.

Table 4 Sources of uncertainties of the sea level change and their estimates, from Prandi et al.
(2021). Location dependent standard uncertainties are provided in the Prandi et al. (2020) dataset.
In gray, the GIA contribution to sea level uncertainty is not applicable to the component not
corrected for the GIA effect as described in this section, but this uncertainty contribution may be

considered for any separate GIA component.

Source of uncertainty | Type of error

Standard uncertainty u

year

Geophysical corrections | Correlated errors with
and orbit determination correlation duration of 1

Location dependent, provided in
Prandi et al. (2020)

years

Radiometer WTC Correlated errors with
correlation duration of 10

Location dependent, provided in
Prandi et al. (2020)
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Orbit determination Drift u=0.33 mm/yr

Prandi et al. (2020)

Inter-mission offsets Offset u =10 mm for TPA/TPB and TPB/J1
u =6 mm for J1/J2 and J2/J3

Known limitations

The vDT2021 version of C3S sea level anomaly data does not use the latest release of altimetry
along-track data (vDT2024). For instance, the data from the latest reprocessing of TOPEX
observations are not included yet.

Spatial correlations are not taken into account in the local sea level change uncertainties.

3.2. Steric component

Error in ISAS Optimal Interpolation :

The steric sea level component is determined through an analysis of Argo in situ profiles. This
analysis is based on ISAS optimal interpolation (Gaillard et al., 2016). The uncertainty in the steric
component is thus related to the analysis error of ISAS , which depends mainly of the a priori
variance and the sampling of the in situ data, and to their instrumental error.

Analyzed Error covariance in ISAS: P®, is determined by :

p'= P’ — k™

Where Pb is the a priori variance, i.e. the uncertainty in the absence of observations, characterized

by interannual variability ; K is the Kalman gain, with K = ¢“(¢°° + R)_" . It considers ¢*, the

covariance between background field and observation, COO, the covariance of the observations,
and R, the observational error matrix. In ISAS, the covariance matrices are functions of the
distance between target grid points and observations, with decaying strength shaped by a
correlation radius set as L1 = 300 km and a second spatially-varying radius (L2) about 4 time the
first Rossby radius (latitudinal and bathymetrical depend). The zonal correlation radius is extended
to 600 km in the Tropical band to account anisotropy of the tropical circulation. The magnitude of
the covariance matrices are set a priori as the local interannual variance (temperature or salinity

with removal of the monthly climatology): 02, with weighting depending on the scale considered
(Gaillard et al., 2016):
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where W1+ W2 + W3 = 1, are the normalized weights, o 31 and o iz are the variance

associated with correlation radii L1 and L2, and o sz is the representativity error variance,
associated to unresolved scales (see next Section). Prior to normalization, W1’ Wz, W3 are
respectively equal to 1, 2, and 8.

The final error in ISAS (oa(x, t)) is the square root of the diagonal of Pa(x, t) Matrix at position ;in
three-dimensional space and time t.

Observational Error :

The observational error is determined by representativeness error (variability of the observed
system not well resolved by the sampling of the observation data), instrumental error (precision
and bias), and synoptic error (which occurs when measurements taken at different times may, for
example, observe the same structure that has displaced). However, with the Argo floats, not all
these errors have the same magnitude.

The representativeness error is set as the ' of the local variance of the interannual anomalies
(temperature or salinity whose monthly climatology is removed), estimated with a priori knowledge,
i.e. past ISAS versions. Such definition allows considering the impact of mesoscale dynamics on
Argo measurements.

The instrumental accuracy is about 0.002°C for temperature, 0.01 PSS-78 for salinity (Wong et al.,
2020). In ISAS, only delayed profiles are analysed, so the risk to include bad quality
measurements is reduced, as well as that of instrumental drift. The real-time quality control is a
prior and automatic procedure, consisting of several tests to determine whether a measurement is
spurious and to quantify its quality. For example, comparing the departure of an observation from
the climatology with the expected standard deviation is a way of identifying abnormal anomalies.
The Delayed Mode Quality Control (DMQC) is a second stage detection of spurious profiles by an
expert. It aims at correcting drifts and biases that can affect Argo observations, due to sensor
nominal drift or potential defects. These issues were addressed by identifying the importance of the
drift and estimating a correction for the affected profiles.

The uncertainty in ISAS salinity (osa) and temperature (cTa) fields reflect the sampling of the Argo

floats. Overall, when they are absent, the a priori variance associated with interannual variability
sets the uncertainty, and when observations are close, the uncertainty is reduced to the
observational error.

Steric sea level error :
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For estimating the error in steric sea level, the error in density (Ppa) must be assessed. For that,
several approximations of the thermal expansion coefficient and haline contraction coefficient are

done. The former is approximated as oc(;, t) = 0.07 4+ 0.0137 X T(x,t), where T is the
temperature, and 3 = 0.75. This permits to consider the non-linearity in the density calculation
(dependance of a to temperature, Roquet et al., 2015), while simplifying the calculation. The error

of the density is thus : o (xt) = \/[(x(;, 6T 0) 0, "0 + [B o (ol

Thus, when calculating the steric height error o (;

SSL " horizontal’ t)’ we have:

, - Az o, x @0 , M@)o, @@ AZ(z) o @)

5t Cpramar D = L+ L % 56— ]

Z Z FZ
2

o

Where AZ(z) is the layer thickness at depth z, p, = 1026 kg m™ is the surface seawater density,
and §(z, ZZ) is the vertical covariance between to depth levels z and z,. This temporal covariance is

estimated using three-dimensional temperature ISAS analyses This calculation thus considers
local uncertainty on density, but also the impact of errors at other levels.

Analysis of the uncertainty :

In figure ... a, the mean uncertainty of the steric height estimate is shown. It reveals regions with
more intense dynamics (Kuroshio Current, Antarctic Circumpolar Current...) and thus higher
standard deviation (Figure ...b) are associated with greater uncertainty (superior to 15mm).
However, at the tropics, the correlation between uncertainty and the interannual standard deviation
is reduced (Figure ...a and b). There, the uncertainty is reduced. This is due to the presence of a
greater amount of observations in the subtropics and tropics, as evidenced by a lower Pctvar
(ranging in 25-50%) in these regions (Figure ...c),

(a) Mean uncertainty

Py inty

(b)Standard deviation (c) Percent. Variance
R il 2 = —

A
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Figure: The temporally averaged (a) estimated steric height error, (b) interannual standard
deviation of the steric height, and (c) 0-2000 m vertically averaged percentage of the variance
(Pctvar). The Pctvar ranges from 0 to 100%, with lower values attained when local observations
influence the analysis and higher values set as the default.

The influence of observations on reducing the uncertainty is clearly evidenced by their respective
temporal evolution (figure ...+1). Between 2005 and 2021, spatially averaged uncertainty
diminishes from 8.5 mm to about 7.2, while the Pctvar is affected with similar changes, starting at
about 80% and finishing at 65%.

Temporal evolution of the error
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Figure: Spatially averaged estimated steric height error (in blue) and Pctvar (in black) evolutions
with time.

3.3. Manometric and Barystatic component from GRACE

We assess time-dependent error variances and covariances of our time series of regionally
integrated mass changes, such as the global ocean mass change. This includes a separate
assessment of errors from the following error sources:

(a) uncorrelated noise propagated from the GRACE L2 solutions

(b) errors propagated from the low-degree harmonics (degree-one, Cy)

(c) leakage errors

(d) errors of geophysical corrections, most importantly for GIA.

The methods to assess the individual error sources and to construct the related error covariance
matrices are a refinement of the methods used by Groh and Horwath (2021), and we specify them
in the following for error sources (a)-(d).
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(a) We assess the uncorrelated-noise component of the mass time series by the RMS of a
high-pass filtered time series, scaled with a factor that compensates for the attenuation of the RMS
of white noise by the high-pass filtering. The steps of this method are illustrated in Figure 1 for the
time series of the manometric estimate for the global ocean.

(b) We use ensembles of alternative low-degree harmonics time series and take the spread of the
ensembles as an indication of their uncertainty. Particularly, we use the spread of linear trends of
the ensemble members to assess the uncertainty propagated to the linear trend of the mass
change time series. The degree-one ensemble includes nine time series and covers multiple
methods, input data sets and background models used during the processing. It includes three
time series provided in TN-13 (Sun et al., 2016; Swenson et al., 2008), four time series from our
own implementation of the method by Sun et al. (2016), one time series of a combination approach
by Rietbroek et al. (2016) and one time series derived from SLR measurements by Cheng et al.
(2013). The C,, ensemble includes five time series derived from SLR measurements (Loomis et
al., 2020; Cheng and Ries, 2023; Cheng et al., 2013; BlofRfeld et al., 2015; Konig et al., 2019), one
time series from a combined analysis of SLR and GRACE (Bruinsma et al., 2010) and one time
series based on GRACE (Sun et al., 2016). The ensembles for degree-one and C,, are illustrated
by their contribution to the global ocean mass change estimate in Figure 2 a and b, respectively.

(c) We assess leakage errors by simulations, similarly to Groh and Horwath (2021), but with an
updated and extended set of synthetic models. The simulations use synthetic signals of terrestrial
water storage changes, glacier mass changes, ice-sheet mass changes, and ocean dynamics. For
the ocean domain we use the oceanic component of release 07 of the Atmosphere and Ocean
De-Aliasing Level-1B product (Shihora et al., 2022). For terrestrial water mass changes we use
model output of the WaterGAP v2.2e model (Miller Schmied et al., 2024) and mask out grid cells
covering Greenland. Mass changes of the Greenland and Antarctic ice sheets including peripheral
glaciers are based on elevation changes measured by altimetry (Nilsson et al., 2022; Nilsson and
Gardner, 2024). The elevation changes for Greenland and Antarctica are converted to mass
changes using the density mask of Kappelsberger et al. (2021) and an ice density of 917 kgm™
after accounting for changes of the firn air content using surface mass balance from the
RACMO2.3p2 model (Van Wessem et al., 2017) and firn thickness change from the IMAU-FDM
v1.2A model (Veldhuijsen et al., 2023). Global glacier mass changes are based on the model
output of Malles and Marzeion (2021) after masking out grid cells covering Greenland. For each
gridded dataset of mass changes, we derive sets of SH coefficients with n,,, = 180 and amend
them with their sea-level fingerprints to account for global mass redistribution. The synthetic
signals are then converted to their gravity field effect in the SH domain. After SH truncation to the
maximum SH degree of the GRACE L2 solutions, they are then processed in the same way as the
GRACE L2 solutions are processed. The difference between the resulting simulated mass change
solutions and the original synthetic mass change represent the simulated leakage effects. We
consider the leakage effect as an autocorrelated stochastic process, and we consider the
simulated leakage effects as a representation of this process. Our aim is to characterize this
autocorrelated ‘noise’ by an analytical spectral model adjusted to the simulated leakage error time

@esa mage“imlv page 23/50



SLBC_cci+ Ref.: SLBC_CCI-DT-076-MAG_UCR_D3-5
Uncertainty Characterisation Report Date: 31/03/2025
Issue: 1.0

series. As the simplest, and most relevant, component of auto-correlated noise we assess its
temporally linear component from the linear components of the simulated leakage error time
series. To increase the size of the ensemble and to make the spread more representative we
calculate the linear component for every yearly interval between 9 and 12 years and estimate the
leakage error uncertainty by computing the RMS over these linear components.

(d) We consider GIA, and hence GIA model errors, as strictly linear in time over the 23 years of
GRACE/GRACE-FO. Following Horwath et al. (2022) we assess the uncertainty of the GIA
corrections from the spread among an ensemble of alternative GIA corrections. The ensemble
includes the ICE-6G_D model (Peltier et al., 2018), the ICE-5Gv2 model (A et al., 2013), the model
by Caron et al. (2018) and the model from UNIBO used in this project. Time series of estimated
mass changes of the global ocean using these different GIA model corrections are illustrated in
Figure 2 c.
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Figure 1 lllustration of the process for quantifying the uncorrelated-noise component in the mass
change time series of the global ocean. (a) Original mass change time series of the global ocean
(blue) and the fitted model (orange). (b) Mass change residuals (blue) from subtracting the fitted
model and after low-pass filtering (orange). (c) High-pass filtered residuals used for the
assessment of the uncorrelated-noise based on the scaled standard deviation.
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Figure 2 Ensembles used for the assessment of errors propagated from the low-degrees and GIA.
(a): degree-one contribution to global ocean mass change according to nine different sets of
degree-one time series. (b): C,, contribution to global ocean mass change according to seven
different sets of degree-one time series. (c): Global ocean mass change time series with four
different GIA corrections.

Error covariance matrices of each individual error source (Table 5) are summed up to the full error
covariance matrix of the mass change time series. Figure 4 illustrates the covariance matrix for
global ocean mass anomalies. Figure 4 b illustrates the uncertainties together with the time series
of mass change of the global ocean (Figure 4 a). Note that the characterisation of temporally
correlated errors of mass anomalies depends on the reference to which the anomalies refer. Here
this reference is the mean mass distribution over the 11-year period 2005-01 - 2016-12.

Table 5 Assessed uncertainty components for the ocean mass change integrated over the global

ocean domain.

Uncertainty component Uncertainty on the global ocean domain

Temporally uncorrelated noise 1.371 mm

Trend uncertainty

Trend uncertainty degree-one 0.170 mm yr’

Trend uncertainty C,, 0.011 mm yr”

Trend uncertainty GIA 0.175 mm yr’

Trend uncertainty leakage 0.099 mm yr’

Trend uncertainty combined 0.264 mm yr"
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Figure 3 Temporal error covariance matrix of the time series of global ocean mass anomalies
corresponding to the TU Dresden L2-based mascon solution. The axis show sequential numbers of
the monthly solutions, irrespective of temporal gaps (most notably the GRACE — GRACE-FO gap
between No. 162 and 163).
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Figure 4 (a) Global ocean mass changes (anomalies w.r.t. the mean over the reference period
2005-01 - 2016-12) and (b) their assessed uncertainties.

3.4. Individual mass contributions

3.4.1. Land Water Storage component

The Land Water Storage component has been estimated using the Water Global Assessment and
Prognosis (WaterGAP) Hydrological Model version 22e (Miller Schmied et al., 2024) (WGHM
22e). WGHM 22e provides estimates of LWS atmospheric reanalysis ERAS and W5ES datasets for
the climate-forcing, with and without the anthropogenic contribution. The LWS time series used as
a component for the sea level budget is obtained by averaging both WGHM 22e times series with
the anthropogenic contribution.

Figure 5 shows the LWS time series used as a component for the sea level budget with its
standard uncertainty. The uncertainty budget of the land water storage component includes two
types of uncertainties:

e First, the uncertainty on the LWS trend, both for the climate-driven and anthropogenic
contributions (Figure 7 green curve). We use the estimates obtained by Caceres et al.
(2020) over 1976-2002 (while the period does not perfectly coincide with our study period of
1993-2022, the time span is similar): -0.02 to 0.04 mm/yr for the climate-induced
contribution and 0.14 to 0.25 mm/yr for the human-induced contribution. We use the range
of these estimates as standard trend uncertainties, that is to say 0.06 mm/yr and 0.11
mm/yr for the climate-induced and human-induced contributions respectively.

e Second, we add white noise computed from the dispersion of the four WGHM solutions
(ERA5 and W5ES5 climate forcing and including or not the anthropogenic contribution,
Figure 6a). Based on the difference of the ERA5 forced estimates, with and without
anthropogenic contribution, the anthropogenic contribution is added to all time series that
do not include the anthropogenic contribution (Figure 6b). The trend is removed from all
time series (Figure 6¢) as the trend uncertainty is already taken into account as described
above. The standard deviation of the four curves from Figure 6¢ is used as uncertainty.

The combination of the two trend uncertainties and of the white noise results in a full covariance
matrix of the LWS component, following the same methodology as for altimetry (Ablain et al., 2019;
Guérou et al., 2023). The resulting standard uncertainty of the LWS time series is the orange curve
on Figure 7. The period of reference used for the computation of uncertainties is 2005-2015
included. In other words, the uncertainty relates to the variations of LWS with respect to the
average of LWS over 2005-2015.
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Figure 5 Land water storage variations contribution to global mean sea level change obtained by
averaging the WGHM 22e with ERA5 and W5eb5 climate forcing and including the anthropogenic
contribution with its standard uncertainty.
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Figure 6 Construction of ensemble of the estimate of the land water storage contribution
uncertainty, using four WGHM 22e datasets. (a) WGHM 22e LWS contributions to global mean sea
level with ERA5 and W5ES climate forcing, with and without taking into account the anthropogenic

contribution. (b) The anthropogenic contribution estimated from the differences between the two
ERA5-forced time series is added to the time series without anthropogenic contribution. (c)
Detrended time series.
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Figure 7 Standard uncertainties of the land water storage contribution component. The blue curve
results from the standard deviation of the ensemble of detrended estimates (see Figure 5c). The
green curve accounts for the trend uncertainties for the climate-driven and human-induced
contributions provided by Caceres et al. (2020). The orange curve is the resulting combined
standard uncertainty.

It is important to highlight that we consider only one hydrological model providing estimates of LWS
including the anthropogenic contribution and excluding the land ice contribution until the end of
2022. Besides, the uncertainties associated with the LWS component are likely to be
underestimated. While we rely on the work of Caceres et al. (2020) for the trend uncertainties, we
only add white noise based on a few time series, not taking into account any time correlations.

3.4.2. Atmosphere water vapour component

The uncertainty on the Atmosphere water vapour component is estimated by computing the
standard deviation of the different datasets available: ERA5 water vapour and combination of ESA
CCl water vapour and Hambourg Ocean-Atmosphere Fluxes and Parameters from Satellite
(HOAPS). More details about these 2 products are given in the PVIR ([AD1]). The common period
of these 2 datasets is from 2002 to 2017.

This estimation of the standard deviation is propagated on the total time period of the ERAS
product (1993-2023) by modeling it as a pure white noise with a value 0.29 mm (at 1-sigma).

Figure 8 shows the Atmosphere water vapour component from ERA5 with its uncertainty over the
period 1993-2023.
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Figure 8 Atmosphere vapour content from ERA over period 1993-2023

3.4.3. Ice Sheets component
IMBIE-2_R2 aggregated assessment

Uncertainties from the contributed assessment are propagated through the IMBIE aggregation
procedure by the formalism detailed by Otosaka et al. (2023). Since the cumulative mass balance
is w.r.t. the start of the time series in 1992-01, given uncertainties of the cumulative mass balance
are also w.r.t. this starting time and consequently increase monotonically in time. Uncertainties of
cumulative mass anomalies w.r.t. a different reference time can be generated by cumulating the
uncertainties of the mass balance rates w.r.t. the new reference time, adapting Eq. 7 of Otosaka et
al. (2023).

For the AIS, Otosaka et al. (2023) quote an uncertainty at 18 Gt/a for the mean trend over
1992-2020. They quote larger uncertainties (between 39 Gt/y and 55 Gt/a) for each of the 5-year
intervals considered within this overall assessment period. The relatively small uncertainty for the
entire 1992-2020 interval arises from the assumption (implicit to Eq. 7 of Otosaka et al. 2023) that
uncertainties of rates of mass change are uncorrelated from year to year.

For the GIS, Otosaka et al. (2023) quote an uncertainty at 16 Gt/a for the mean trend over
1992-2020. They quote larger uncertainties (between 29 Gt/ly and 42 Gt/a) for each of the 5-year
intervals considered within this overall assessment period.

CCI GMB products

Uncertainties of the monthly mass anomalies are modelled as the combined effect of uncertainties
of the temporal linear trend, 0%, and a temporally uncorrelated noise, 0,,. The uncertainties of
linear trends are summed up in quadrature from uncertainties due to different error sources (b, c, d
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outlined in Section 2.3.4). The trend uncertainties are given separately. In this way, it can be
propagated to monthly uncertainties w.r.t. a reference time of the user's choice. The error variance
at any epoch is then 0%ga(t) = 0%mgise + O%rena (t = to)*.

For the AIS, the CCI GMB (cf. DARD Table 23, now updated to Release 5.0) quotes Oyeng = 44
Gt/a, 0, = 88 Gt. For the GIS, the CCl GMB (cf. DARD Table 19, now updated to Release 4.1)
quotes Oyeng = 14 Gt/a, 0,4 = 44 Gt. The values for 0., are applicable as uncertainties of
long-term trends over any multi-year periods because most of the error sources for multi-year
trends are systematic errors on the trends and do not significantly average out when the time
period gets longer.

3.4.4. Glaciers component

The uncertainty in the GIC component was generated by the data providers (WGMZ, Univ Zurich)
and the methodology is described in detail in the paper associated with the product Dussaillant et
al. (2024). In summary, it uses a leave one out cross validation approach for each GIC region and
the values provided are 2 sigma. There are, however, some important differences in the magnitude
of the uncertainty before and after the year 2000. The approach taken uses in-situ mass balance
data for individual glaciers to calibrate geodetic mass balance estimates from DEM differencing
(Hugonnet et al., 2021) derived primarily from ASTER imagery. These data have high spatial
fidelity but low temporal fidelity. Typically they can only provide reliable decadal trends at glacier
level and the time series is from 2000-2020. Prior to 2000, the uncertainties are consequently
about a factor three larger when integrated globally (Figure 9).
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Figure 9 Monthly resolved GIC mass balance from 1976—2023 inclusive in black. 2-sigma
uncertainties in shaded red.

Note, that the 0.5 deg resolution grid cells have been summed to produce both mass balance and
uncertainty making the assumption that spatial errors are correlated but while those in time are
uncorrelated. Due to the methodology used to construct the time series, uncertainties scale
inversely with the number of in-situ observations and are largely in regions with few observations
(Dussaillant et al, 2024). For the period after year 2000, the spatially aggregated 2-sigma
uncertainties are less than £0.1 mm/yr SLE. Prior to this it is close to £0.3 mm/yr SLE.

3.5. Glacial Isostatic Adjustment and Present Days Ice Melting
component

Modelled GIA (glacial isostatic adjustment) and PDIM (the present day ice melting component) of
present sea level are affected by uncertainty stemming from various sources. In consequence of
that, the data available from htips:/doi.org/10.5281/zenodo.12755218 (Spada and Melini, 2019)
are characterized by some relevant uncertainties, and in particular:

e For elastic fingerprints, the uncertainties arise from i) the finite discretization scheme
adopted for the Sea Level Equation, ii) the assumption of a specific 1D structure of the
elastic Earth model. From a suite of tests, we have quantified these uncertainties as +/- 5%
relative error on all the elastic fingerprints evaluated for a specific (uncertainty-free) time
history of the surface load.

e For GIA, given a spherically symmetric rheological model, uncertainties arise because of
our imperfect knowledge about the viscosity profile with increasing depth in the mantle. To
quantify this uncertainty, we have considered ICE-6G_C ensemble standard deviations
(1-sigma) over the 20 variations of the “WVM5a” rheological profile defined in section 5 of the
work of Roy and Peltier (2015). The nominal ICE-6G-C model has been introduced by
Argus et al. (2014) and Peltier et al. (2015).

Known intrinsic limitations of the GIA and PDIM modeling reside upon the assumed 1-D (i.e.,
spherically symmetric) viscoelastic structure of the model adopted.

4. Analysis of the unconstrained SLBC: Historical
Approach

This section presents the results obtained using the classical "historical" approach for the sea level
budget (SLB) following the methodology described in the PVIR [AD1] and ATDB [AD3].
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We first analyse the ocean mass and sea level budget at the global mean scale, then extend the
analysis to the regional scale. All estimates include an uncertainty characterization derived from
the propagated uncertainties on each budget component.

The goal is to provide a full characterization of uncertainties affecting the SLB results, and to
assess their impact on the reliability of the conclusions derived from the budget analysis.

4.1. At global mean

4.1.1. Mass budget

The global mean ocean mass budget is computed using the following relation:

S:(‘AGMSLbaTy) t—{(AGMSLbary)GIS—l—(AGMSLbary)AIS Equation 1

’sa

—I—(AGMSmey)G[C + (AGMSLbary)LWS + (AGMSLbaTy>WV]

Where :
o (AGMSLyary)sat is the ocean mass change estimated from GRACE/GRACE-FO data.
e The sum:

[(AGMSL[,QW)G[S + (AGMSLbary)A]S =+ (AGMSLbary)GIC -+ (AGMSLbary)LVVS —+ (AGMSLbaTy)Wv]

represents the cumulative mass input from individual components (Greenland ice sheet,
Antarctic ice sheet, glaciers and ice caps, land water storage, and atmospheric water
vapour).
The mass budget residual, S, indicates the degree of closure between the mass observed by
gravimetry and the sum of individual sources.

The associated uncertainty is obtained by error propagation:

2 9 2 2 .
05 = O(AGMSLyary)sat T O(AGMSLyary)grs T T(AGMSLyary) ars Equatlon2

2 2 2
+0(aGMSLyar)orc T T(ACMSLyar,) Lws T T(AGMS Lyary)wy
Where all terms are assumed independent.

The Figure 10 presents the global mean barystatic sea level time series over the
GRACE/GRACE-FO period with the corresponding uncertainties. Panel (a) shows the total
barystatic sea level rise estimated directly from GRACE/GRACE-FO data (solid blue line) and from
the sum of individual mass components (dashed blue line). The contributions of the major sources
are also plotted: glaciers in purple, Greenland ice sheet in green, Antarctic ice sheet in yellow, and
land water storage in teal. We note that the uncertainty associated with the GRACE-based
barystatic estimate is generally smaller than that derived from the sum of individual mass
components. This difference largely stems from the relatively large uncertainties in the mass loss
estimates from the ice sheets (Antarctica and Greenland). Overall, the agreement between the two
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barystatic sea level estimates is good throughout most of the common period. As shown in panel
(b), the difference between the GRACE-based and reconstructed barystatic sea level remains
within the uncertainty bounds in the majority of the time series, suggesting a satisfactory closure of
the global mean ocean mass budget within the current uncertainty range.

Nevertheless, two specific periods stand out where the discrepancy exceeds the uncertainty
envelope: from 2015 to mid-2017, and from 2019 to 2020. These time intervals coincide with
significant climate anomalies, the strong El Nifio event of 2015-2016 and the La Nifa event of
2019-2020. Such large-scale climate fluctuations are known to drive strong interannual variability
in precipitation patterns and continental water storage, which may not be fully captured by the land
water storage estimates derived from reanalysis-based models. This likely contributes to the
observed mismatch during these periods.

(a) Barystatic component estimation

60 —— Barystatic sea level (SLBC_cci+, GRACE): 2.16 +/- 0.28 mm/yr
---- Barystatic sea level (SLBC_cci+, sum): 1.97 +/- 0.02 mm/yr
---- Land water storage (SLBC_cci+): 0.28 +/- 0.01 mm/yr
---- Glaciers (SLBC_cci+): 0.73 +/- 0.00 mm/yr
40 ---- Greenland (SLBC_cci+): 0.67 +/- 0.01 mm/yr
Antarctic (SLBC_cci+): 0.34 +/- 0.01 mm/yr
Atmospheric water vapor (SLBC_cci+): -0.05 +/- 0.00 mm/yr
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Figure 10 (a) Global mean barystatic sea level time series for SLBC CCI+. Blue lines show the
total barystatic component: solid for barystatic from GRACE/GRACE-FO data, and dashed for
barystatic from the sum of individual mass components. Teal lines show land water storage, purple
lines show glacier melt, green lines Greenland Ice Sheet mass loss, and yellow lines Antarctic Ice
Sheet mass loss. (b) Difference between barystatic sea level estimates from GRACE/GRACE-FO
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and sum of individual mass components. Uncertainty envelopes are displayed around each time
series using the corresponding color, representing the 1-sigma uncertainty for each time series.
Trends estimated over the period 06/2002 - 12/2022.

4.1.2. Sea level budget

The global mean sea level budget is computed as:

R = (AGMSLrel>alti - [(AGMSLbary)gravi + (AGMSLstem'c)in situ] Equation 3

Where:

o (AGMSLia)ati is the relative sea level change measured by satellite altimetry and
corrected for global mean vertical land motions related to GIA and present day ice melting,
or the changes in the height of the seafloor relative to the reference ellipsoid.

o (AGMSLyary)gravi is the ocean mass change from gravimetry (GRACE/GRACE-FO)
corrected for GIA.

o (AGMSLgeric)in situ is the steric sea level change derived from in-situ temperature
profiles.

The uncertainty on the budget residual is:

2

= o? 2 2 :
OR = O(AGMSL,a)arrs T O(AGMSLyary)gravi T O (AGMSLsteric)in situ Equation 4

The uncertainty analysis for the sea level budget is currently limited to the 2005-2020 period, as
uncertainties on the steric component at global scale are only available over that time range in the
present version of the dataset. This will be extended to the full time span in a future version of the
document. Within this constrained period, Figure 11b reveals distinct patterns in budget closure
depending on the barystatic estimate used. When the ocean mass contribution is taken from the
sum of individual mass components, the sea level budget residuals is significant and exceeds the
uncertainty bounds during 2005-2007, as well as from 2015 onwards. Between 2007 and 2015,
the SLB is closed within uncertainties using the individual mass contributions approach, suggesting
a good estimation of the ocean mass variations during that interval.

In contrast, when GRACE/GRACE-FO data are used directly for the barystatic component, the
budget shows much better closure, with residuals remaining within uncertainty bounds from 2005
through mid-2017. After this point, however, the residuals become significant again, indicating a
mismatch between observed and reconstructed sea level that cannot be explained by the stated
uncertainties. This discrepancy may result from several possible causes, including underestimated
uncertainties, inconsistencies between observational systems, the presence of biases or drifts in
one or more datasets, or even a missing contribution in the budget formulation.

It is also worth noting that, among all components, the steric contribution carries the largest
uncertainties throughout the analysed period. While this does not necessarily explain the observed
residuals, it highlights the importance of improving the accuracy and uncertainty quantification of
thermosteric measurements in order to better constrain the sea level budget. Moreover, the
observed differences between the two barystatic estimates call for further investigation (particularly
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on the side of the mass component summation). A more detailed analysis of the internal
consistency between the individual mass contributions (e.g., ice sheets, glaciers with or without
peripheral glaciers, land water storage) is needed to assess whether discrepancies in their
aggregation could be contributing to the mismatch with GRACE-based estimates and the

associated budget closure issues.

(a) Budget components
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(b) Budget residuals

Relative sea level (altimetry): 3.58 +/- 0.30 mm/yr
Sum of components with GRACE: 3.25 +/- 0.31 mm/yr
Sum of components without GRACE: 2.84 +/- 0.13 mm/yr
Thermosteric sea level (in situ): 0.95 +/- 0.13 mm/yr
Barystatic sea level (GRACE): 2.30 +/- 0.28 mm/yr
Barystatic sea level (sum): 1.89 +/- 0.03 mm/yr
Glaciers: 0.65 +/- 0.00 mm/yr

Greenland: 0.70 +/- 0.02 mm/yr

Antarctic: 0.35 +/- 0.02 mm/yr

Land water storage: 0.26 +/- 0.02 mm/yr
Atmospheric water vapor: -0.07 +/- 0.01 mm/yr

—— Altimetry - (in-situ + GRACE): 0.33 +/- 0.43 mm/yr

1995 2000 2005 2010 2015 2020 2025

---- Altimetry - (in-situ + sum of mass components}): 0.74 +/- 0.30 mm/yr

Figure 11 Sea level budget comparison using two different barystatic components. (a) Global mean
sea level budget components using SLBC CCI+ data. The black curves represent altimetry-based
sea level; the blue curves show the manometric (barystatic) component from GRACE; the orange

curve shows the thermosteric contribution, respectively; and the red curves show the sum of all
components. Solid lines indicate values based on GRACE-derived barystatic sea level; dashed
lines indicate values based on the sum of individual mass contributions. (b) Residuals of the sea
level budget, computed as the difference between the observed sea level (altimetry) and the sum
of all components. Uncertainty envelopes are displayed around each time series using the
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corresponding color, representing the 1-sigma uncertainty for each time series. Trends estimated
over the period 06/2002-06/2016.

4.2. At regional scale

At the regional scale, the sea level budget is assessed for each local point as:

r= (ASLrel)alti - [(ASLmanGIA)gravi + (ASLsteric)in situ] Equation 5

Where:

o (ASLia)ati is the relative sea level change measured by satellite altimetry and corrected
for the vertical land motions related to GIA and current days ice melting, or the changes in
the height of the seafloor relative to the reference ellipsoid.

o (ASLmangia)gravi is the manometric sea level change from gravimetry
(GRACE/GRACE-FO) corrected for GIA.

o (ASLgteric)in situ is the steric sea level change derived from in-situ temperature profiles.
The uncertainty on the residuals is simply the sum of the uncertainties of each component involved
in the budget:

2 2 2 2 H
O-r - J(ASLrel)alti + O-(ASLTN,G,?L(;[A)gravi _'_ O-(ASLstc'ric)in situ Equatlon 6

Figure 12 presents the spatial distribution of sea level trends from April 2002 to December 2019
based on observed altimetry (panel a), the main budget components : GRACE-based manometric
(panel b), Argo-based thermosteric (panel c), and halosteric (panel d) sea level; and the residuals
of the budget (panel e), computed as the difference between the observed sea level and the sum
of components. Hatched areas indicate where the trend is not statistically significant compared to
the associated uncertainties, while non-hatched regions correspond to significant trends.

Overall, most of the trends derived from satellite altimetry (a) and the GRACE-based barystatic (b)
component are significant. In contrast, the thermosteric (c) and halosteric (d) trend maps exhibit
larger hatched areas, highlighting that many of their regional signals are not statistically
distinguishable from noise. This reflects the larger local uncertainties associated with these
components.

These uncertainties were estimated from the spread between two monthly steric datasets: the
ISAS20 product used in this project and the EN4 T/S database version 2.2 (Good et al., 2013). For
each grid cell, trend uncertainties were derived from the dispersion between the products with
respect to their mean. For total steric sea level, thermosteric, and halosteric contributions, the
uncertainties were quadratically combined. In future versions of this analysis, these uncertainties
will be refined using a full error budget approach rather than relying on inter-product spread.

Figure 13 shows the anomaly maps of sea level trends over the same period shows the trend
anomaly map, where the global mean trend has been subtracted to highlight regional deviations.
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As with the absolute trends, most significant features in the altimetry and GRACE-derived fields
are retained, whereas larger portions of the steric fields remain statistically insignificant. The
residual trend maps from both figures allow us to assess where the sea level budget is locally
closed. Areas with hatched patterns in panel (e) indicate regions where the residual trend is within
the range of uncertainties, suggesting local closure of the budget.

Using the SLBC CCI+ dataset components, several notable regions of non-closure emerge. Strong
positive residual trends are observed near coastlines, large spatial scale regions of non-closure
appear especially around South America, and in the southern Indian Ocean. These may be related
to limitations in the representation of near-coastal processes or unaccounted-for contributions.
Significant residuals are also seen in high-resolution features captured by altimetry but unresolved
by GRACE, such as in the Antarctic Circumpolar Current region. Furthermore, the GRACE data
used here have not yet been corrected for known coseismic displacements related to the Sumatra
(2004), Maule (2010), and Tohoku-Oki (2011) earthquakes, and these signals are clearly visible in
the residual trend maps. In the North Pacific, budget residuals trace the paths of the Kuroshio and
North Equatorial Currents, which are strongly observed in altimetry but not in the gravimetric data,
again likely due to differences in spatial resolution between observing systems.

In conclusion, under the current state of uncertainty estimation, the residuals observed in regions
where the sea level budget does not close cannot be fully explained by the provided uncertainty
envelopes. One promising avenue for improving the interpretation of these residuals lies in
assessing the impact of observability errors (see Section 5), particularly those arising from
differences in spatial resolution and observational configurations across measurement systems.
This is especially evident in the discrepancies between altimetry and gravimetry, where
high-resolution oceanic features detected by altimetry remain largely unresolved by GRACE,
pointing to potential mismatches in the phenomena each system is capable of capturing.

-5 -4 -3 -2 -1 O 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 i 2 3 4 5
Manometric sea level trends (mm/yr) Thermosteric sea level trends (mm/yr)

-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
Halosteric sea level trends (mm/yr) Sea level budget residual trends (mm/yr)

Figure 12 Sea level trends over April 2002 to December 2019 in observed altimetry-based sea
level (a), components (b, ¢, d: GRACE-based manometric, Argo-based thermosteric and
Argo-based halosteric sea level) and budget residual trends (observed sea level minus sum of
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components) (e). Hatched areas indicate regions where the trend is not statistically significant
compared to the associated uncertainties; non-hatched areas correspond to significant trends.
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Figure 13 Sea level trends anomalies over April 2002 to December 2019 in observed
altimetry-based sea level (a), components (b, ¢, d: GRACE-based manometric, Argo-based
thermosteric and Argo-based halosteric sea level) and budget residual trends (observed sea level
minus sum of components) (e). Hatched areas indicate regions where the trend is not statistically
significant compared to the associated uncertainties; non-hatched areas correspond to significant
trends.

5. Analysis of the objectively constrained SLBC:
Innovative Approach

As detailed in the project proposal ([AD6]), the objective of this approach aims to deliver an
objective solution to the Sea Level Budget (SLB) by optimally combining sea level components in a
way that minimizes the budget residuals within the uncertainty bounds of each component.The
project proposal [AD6] details the goal of this approach, which is to find an objective solution to the
Sea Level Budget (SLB). This will be achieved by optimally combining sea level components to
minimize budget residuals, all while staying within the uncertainty bounds of each component. This
objective method will enable us to pinpoint dates and places where the SLB does not close within
uncertainties along with the contribution that is most probably responsible for the misclosure.

To perform a rigorous objective method, the description of the uncertainties of the Sea Level
Budget (SLB) components is a key point that needs to be done. During this project, the objective
was to decompose the uncertainties into 2 different sources:

1) The structural uncertainty of the SLB associated to the effective resolution of the current
observing system,
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2) And the measurement uncertainties of the SLB associated with the instrumental error and
the algorithmic approximations of each observing system that measures an individual
contribution to sea level.

Measurement uncertainties are the one that have been estimated for each component and
described in section 3.

Structural uncertainty represents the level of uncertainty in the SLB that would remain even if sea
level and its individual components were measured perfectly. It reflects residual inconsistencies
arising from mismatches in the spatial and temporal resolution across the various observing
subsystems—for example, differences in resolution between Argo, GRACE, and satellite altimetry.
This type of uncertainty offers a quantitative measure of how well the SLB can be observed using
the current observing system and sets a lower bound on the system’s uncertainty.

The estimation of these uncertainties has been made by using synthetic observations for altimetry,
gravimetry and in-situ observing systems from a numerical ocean-sea-ice simulation produced as
part of the OCCIPUT project (Bessiéres et al., 2017). This model provides outputs of several
members at a 5-day frequency for 3-d (x,y,z) variables (such as temperature, salinity, velocities,
etc) and at daily frequency for 2-d (x,y) variables (such as Sea Surface Height SSH, Sea Surface
Temperature SST, bottom pressure, sea-ice properties, etc).

Along with these gridded model outputs, some “synthetic” observations have also been extracted
from each member at the times and locations of true observations included in the following
datasets:

- the EN4 collection of individual Temperature and Salinity profiles (which includes Argo,
CTDs, XBT, TAO, etc ; see Good et al., 2013),

- the along-track altimetry database from the TOPEX, Jason-1, Jason-2 and Jason-3 satellite
series.

A precise detail of the processing applied on these synthetic data is provided in section 2.10 of the
ATBD ([AD3]) as well as a diagram in Figure 14.
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5.1. At global mean

To assess how observational systems (altimetry, gravimetry, in situ profiles) contribute to
observability uncertainties in each component, the SLB component from the OCCIPUT ocean
model (blue boxes in Figure 14) will be compared to the reconstructed component from its
corresponding observing system (green boxes in Figure 14). These comparisons will be performed
at global scale over the period of availability of the model 2009-2015.

Figure 15 shows the evolution of the difference between the relative sea level from the OCCIPUT
ocean model minus the relative sea level reconstructed with synthetic observations following the
procedure detailed section 2.10.3.1 of the ATBD. We can observe over the period 2009-2015 a
positive linear trend of 0.20 mm/yr.

=== Relative sea level (OCCIPUT) - Relative sea level (OCCIPUT at observation location)
—— 1-year filter, trend: 0.20 mm/yr

Sea level (mm)

T T T T T T T T
2009 2010 2011 2012 2013 2014 2015 2016
time

Figure 15 Relative sea level from OCCIPUT ocean model minus relative sea level at observation
location (dashed line) and with 1-year filter (solid line) over period 2009-2015

Figure 16 shows the evolution of the difference between the thermosteric sea level from the
OCCIPUT ocean model minus the thermosteric sea level reconstructed with synthetic observations
following the procedure detailed section 2.10.3.2 of the ATBD. We can observe over the period
2009-2015 a negative linear trend of -0.26 mm/yr.
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——- Thermosteric sea level (OCCIPUT) - Thermosteric sea level (OCCIPUT at observation location)
—— 1l-year filter, trend: -0.26 mm/yr
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Figure 16 Steric sea level from OCCIPUT ocean model minus steric sea level at observation
location (dashed line) and with 1-year filter (solid line) over period 2009-2015

Figure 17 shows the evolution of the difference between the barystatic sea level from the
OCCIPUT ocean model minus the barystatic sea level reconstructed with synthetic observations

following the procedure detailed section 2.10.3.3 of the ATBD. We can observe over the period
2009-2015 a very weak negative trend of -0.03 mm/yr.

——- Barystatic sea level (OCCIPUT) - Barystatic sea level (OCCIPUT at observation location)
—— 1-year filter, trend: -0.03 mm/yr

Sea level (mm)

—4

20|09 20|10 20|11 20|12 20|13 20|14 20|15 20|16
time
Figure 17 Barystatic sea level from OCCIPUT ocean model minus barystatic sea level at
observation location (dashed line) and with 1-year filter (solid line) over period 2009-2015

Figure 18 shows the variances of the different components of the SLB estimated with the synthetic
data at yearly timescale. As seen in previous figures, we can observe that the variances on the
relative and steric sea level are much larger (respectively 0.4 mm? and 0.6 mm?) compared to the
barystatic sea level. Also we can observe on the relative sea level measured by altimetry a periodic
signal of 3 years with larger variances that should be investigated.
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Figure 18 Sea level variance at 1 year of relative sea level (left), steric sea level (middle) and
barystatic sea level (right) of the component at observation location evolution over the period
2009-2015

Even if the synthetic data provided are not totally representative of the reality (e.g. only one
altimetry along-track mission is provided while several missions are used for L4 products provided
such as C3S dataset), it can be used to provide a first estimation of the observability uncertainty
that could be refined in the future.

The estimation of the variances of each synthetic component enables to provide an estimation of
the observability uncertainty due to their respective observing system (altimetry, gravimetry,
in-situ). For each component, we estimate the variance mean over the period 2009-2015,
presented in Table 6.

These values will be used to characterize the uncertainty of observability. This has been modeled
as a correlated effect with a correlation duration of 6 months. The resulting observability
uncertainties will be added to the instrumental uncertainties of each component to compute the
covariance matrices. These matrices will then be used in the objectively constrained approach to
compute the SLB detailed in section 5 of the PVIR ([AD1]).

The variance of the barystatic sea level is considerably smaller than that of the other components,
thus it will not be included in the analysis.

Table 6 Variance mean over period 2009-2015 of synthetic component

Component Relative sea level Steric sea level Barystatic sea level
Variance mean (mm?) 0.4 0.6 0.6e-3
page 45/50

@esa el



SLBC_cci+ Ref.: SLBC_CCI-DT-076-MAG_UCR_D3-5
Uncertainty Characterisation Report Date: 31/03/2025
Issue: 1.0

Comments

We can observe on Fig.11 and Figure 16 that the synthetic components show an effect temporally
correlated over several years or linearly correlated on the relative and steric sea level. The
question is then to distinguish whether these are linked to errors in the observation system, in
which case it may be appropriate to propose a correction, or whether it is an uncertainty that needs
to be prescribed in the uncertainty budget linked to the observability of the system.

To propose a correction of this potential error, it might be possible to adjust a model (order 2
polynomial) that will fit the low frequency signal detected (black solid line on the figures) and would
be corrected directly on the real data. This low frequency signal could be considered as systematic
errors of the observing system that is why we might propose a correction for it. Then the residuals
between the model adjusted and this low frequency signal could be modelised on the observability
uncertainties of each component.

However, the time period of the study is for now too low (only 7 years) and these results would
need a longer time period to be more robust.

5.1.1. Sea level budget

It is also possible to compute the SLB residuals from OCCIPUT at observation locations (synthetic
data) over the period 2009-2015 and make a comparison to the residuals from the observed data
used in the project (see Figure 19). To remind, the budget residuals are computed following the
equations:

R=AGMSL, — AGMSLygry — AGMS Lipermo Equation 7

We can observe a very good agreement between the 2 time series of the residuals which confirms
the interest of this study since the observed behavior of synthetic data seems very close to what is
observed with real data. We can also note that the 2 residuals show a similar positive trend of 0.6
mm/yr, the residuals from the synthetic data show more important short time correlated signals.
The synthetic residuals have a standard deviation of 2.13 mm whereas the observed data
residuals is 1.5 mm.

This preliminary result suggests a potential systematic error in observed sea level budget and
therefore its residuals, possibly originating from the combined observational approach utilising
altimetry, gravimetry, and in-situ profile data. To mitigate this potential systematic error, further
investigations will be needed. While these preliminary results offer valuable insight, their
robustness requires validation through several complementary analyses. Replicating this analysis
using alternative ocean models with different underlying physics and data assimilation schemes
would provide a crucial comparative assessment. Furthermore, extending the temporal scope of
the analysis on longer periods would help to discern whether the observed trend persists over time
and across different climate variability patterns. Such in-depth validation is essential to confidently
attribute the residual trends and develop effective correction strategies.
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Figure 19 SLB residuals from OCCIPUT at observation location (black curve) and SLB residuals
from observed data (red curve) over the period 2009-2015. A 3-months temporal filter is applied

5.2. At regional scale

The same approach has been applied at a regional scale; it consists of computing the SLB from
the synthetic data to evaluate the uncertainties coming from the observing system. Each synthetic
component of the SLB is computed following the procedures described in the ATBD section 2.10.3
and the residuals are computed following equation Equation 7.

Then the trend residuals over the period 2009-2015 are presented in Figure 20. We can observe in
these residuals that there are large trends in almost all the oceans. The most important trends are
located in areas of strong oceanic currents (Southern Ocean, in the Kuroshio, and Gulf Stream
regions). Moreover, we can observe large-scale patterns in almost every region, especially in the
Tropical Pacific basin and in the North Atlantic.

These results tend to show even if it was something already expected at regional scale (while not
expected at global mean), the observing system is not sufficient to close the SLB regionally
regarding its spatial and temporal resolution implied by the resolutions of each component
(altimetry, gravimetry and in-situ profiles). It also shows that even if instrumental uncertainties were
neglected because they had become too low (thanks to future improvements) it would remain
residuals at regional scale due to differences in ocean observability between different systems with
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important residuals trends. An effort must therefore be made on the improvement of the knowledge
of these observing uncertainties at regional scales in future activities.

60°E 120°E 180°wW 120°wW 60°W 0°
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0

Residual trend 2009-2015 (mm/yr)

Figure 20 Sea level budget residual trend from synthetic data over period 2009-2015 in mm/yr

To date, the evaluation of the regional uncertainties of the observing system has not been
performed. One of the objectives would be to determine the spatial scales and temporal scales at
which the effective resolution of the observing system is sufficient to close the SLB. These results
would provide important information to each component of the SLB to indicate its limitations and
improvements that could be made.

These regional uncertainties of the observing system will therefore be used to estimate the SLB at
regional scales using the objectively constrained approach (cf section 5.2 of the PVIR).
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6. Conclusions and Recommendations

Within the framework of the SLBC_cci+ project, an important effort was made on the different
components of the sea level budget to improve and provide robust uncertainty assessment. This
was performed by characterising the measurement uncertainties on the different components
thanks to a precise analysis on the effect due to the processing and algorithm applied on the data.
These measurement uncertainties must continue to be characterized in the future.

For the altimetry and the gravimetry data, an effort has been made to characterise these
uncertainties in the form of an uncertainty budget where each contribution to the uncertainties has
been identified and described properly (linear time correlated effect, correlated or uncorrelated
effect) with a standard uncertainty value. This approach therefore allows to construct variance
covariance matrices for any time scale and time period.

For the steric component and the different mass component, these measurement uncertainties
have been modeled by estimating a standard deviation, even if this information is crucial for the
uncertainty assessment activities, it cannot be used to describe correlated effects affecting
uncertainties. An effort must be made into the future to improve the uncertainty knowledge on
these components in order to estimate the correlated uncertainty.

These uncertainties have been used for the computation of the sea level budget and its residuals
by summing the different uncertainties on the components (as each observing system is
considered independent from the other ones). Over the period 2002-2016, the residuals trend of
the SLB are estimated to 0.33 +/- 0.43 mm/yr when using the gravimetric data and 0.74 +/- 0.3
mm/yr when using mass components.

Furthermore, for the first time the uncertainties have also been estimated at regional scale also in
the form of an uncertainty budget (which in this case is location dependent) for the altimetry and
gravimetry. These uncertainties have been used to estimate the regional trend uncertainties on the
different components as well as the regional SLB residuals.

For the first time, activities have also led to breaking down SLB uncertainty into two sources;
measurement uncertainties due to errors and approximations within each individual observing
system. Represents potential for improvement through better instruments/algorithms. Structural
uncertainty due to the effective resolution differences between observing systems (Argo, GRACE,
Altimetry) which represents the inherent observability with the current system, will be estimated
with synthetic data.

The estimation of the structural uncertainty has been made using synthetic observations from the
OCCIPUT ocean model. An important result of this activity that has been discovered is that there
could be potential large-term time-correlated structural errors that are affecting some observing
system (mostly altimetry and in-situ) that could lead to explain the non-closure of the SLB over
period 2009-2015. More in depth analysis would be necessary to consolidate this major result
particularly over a longer time period. If this result proves robust, it would imply the need to
propose a correction to these systematic errors on the budget computation.
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End of the document

@ esa mage“iu page 50/50
—

ol group



	1. Introduction 
	1.1. Scope and objective 
	1.2. Document structure 
	1.3. Related documents 
	1.3.1. Applicable documents 
	1.3.2. References 

	1.4. Acronyms 

	2. Scientific Context 
	3. Uncertainties estimations of each SLBC components 
	3.1. Altimetric component 
	3.2. Steric component 
	3.3. Manometric and Barystatic component from GRACE 
	3.4. Individual mass contributions 
	3.4.1. Land Water Storage component 
	3.4.2. Atmosphere water vapour component 
	3.4.3. Ice Sheets component 
	3.4.4. Glaciers component 

	3.5. Glacial Isostatic Adjustment and Present Days Ice Melting component 

	4. Analysis of the unconstrained SLBC: Historical Approach  
	4.1. At global mean  
	4.1.1. Mass budget  
	4.1.2. Sea level budget  

	4.2. At regional scale  

	5. Analysis of the objectively constrained SLBC: Innovative Approach   
	5.1. At global mean  
	5.1.1. Sea level budget 

	5.2. At regional scale  

	6. Conclusions and Recommendations 

		2025-06-09T16:14:51+0100
	Sarah Connors




