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Sea-level measurements from radar satellite altimetry have reached a high
level of accuracy and precision, which enables detection of global mean
sea-level rise and attribution of most of the rate of rise to greenhouse

gas emissions. This achievement is far beyond the original objectives of
satellite altimetry missions. However, recent research shows that there is
still room for improving the performance of satellite altimetry. Reduced
uncertainties would enable regionalization of the detection and attribution
of the anthropogenic signal in sea-level rise and provide new observational
constraints on the water-energy cycle response to greenhouse gas
emissions by improving the estimate of the ocean heat uptake and the Earth
energy imbalance.

Sea-level estimates derived from high-precision satellite altimetry meas-
urements have now reached alevel of maturity that isunprecedented.
Among the essential climate variables that are routinely monitored,
sealevelisarguably one of the most advanced, with quasi-global cover-
age, avery low ratio of missing or corrupted data (<4%), an advanced
estimate of the uncertainties at global and local scales that accounts
for the time correlation in errors, and robust validation through both
comparisons with tide gauge records and regular assessments of clo-
sure of the sea-level budget'. Sea-level data quality is evaluated by a
detailed analysis of the altimetry measurement uncertainty budget, and
itshows avery low uncertainty level (for example, 0.3 mm yr™in20 yr
and longer trends) that exceeds the altimetry missions’ requirements>.
This low level of uncertainty raises the question of whether there is a
need of further research toimprove the sea-level record. Simply put, the
question is: how accurate is accurate enough? This question is impor-
tant for the ocean surface and topography science community and the
general ocean science community, as animportant amount of resources
iscurrently used to continuously refine and improve knowledge of the
sea-level record uncertainty.

Here we explore the uncertainty that should be targeted by future
satellite altimetry constellations for global mean and regional sea-level
estimates. We review the literature and find that three major science
questionsstillneed animproved sea-level measurement performance
thatis higher than currently available from satellite altimetry systems
today. First, canimprovements close the sea-level budget? Second, is it
possible to detect and attribute the signal in sea level thatis forced by
GHG emissions? Third, will this allow estimation of the current Earth
energy imbalance (EEI) mean and variability? Although the uncertainty
of satellite altimetry measurements is close to the limits of the cur-
rent capacity of the altimetry system, we argue that there is still room
for improvement. Improved performance would bring important
insights on the three science questions, particularly at large spatial
scales (>1,000 km). However, locally, at smaller scales, spatially random
errors do not average out, and the level of uncertainty is too high to
expect to tackle the three science questions. To meet regional-scale
requirements, important changes to the altimetry system would
be needed, such as better long-term measurement stability of wet
tropospheric delay derived from microwave radiometer instruments
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(forexample, by improving their calibration strategy) orimprovement
of the International Terrestrial Reference Frame (ITRF) realization
accuracy. (Note that the terms ‘accuracy’, ‘precision’and ‘uncertainty’
can have different meaningsin different science communities. To avoid
any confusion, in this Perspective we use the metrology definition of
these terms given by the Bureau International des Poids et Mesures®.)

Accuracy and precision of the current sea-level
observing system

In August 1992, the launch of the TOPEX/Poseidon mission, jointly
developed by the National Aeronautics and Space Administrationand
the Centre National d’Etudes Spatiales, was a milestone in the develop-
ment of the satellite altimetry observing system thatbegananewerain
oceanography and sea-level science*. The use of an on-board microwave
radiometer to measure the atmospheric water content along the same
path as the radar signal (hence to precisely estimate the delay caused
onitbytropospheric water vapour) as well as precise orbit tracking by
different instruments (GNSS, DORIS and laser ranging instruments)
drastically increased theaccuracy of the orbit determination and range
measurement (that is, the distance between the spacecraft and the
ocean surface) compared with earlier missions>®. For the first time, it
became possible to remotely measure absolute sea-level changes in
the ITRF with anaccuracy of afew centimetres, on aglobal basis, every
ten days. Ocean tides and large-scale geostrophic circulation were
suddenly readily observable over the global ocean, rapidly leading to
major progressin oceanography®®. After afew years, TOPEX/Poseidon
revealed oceanic signals on spatial scales much smaller than1,000 km.
Atlarger spatial scales, the random noise averages out, revealing signals
of a few millimetres in amplitude such as the asymmetric seasonal
cycleinsealevel”, the interannual variability of sea level in response
to major climate modes of variability such as the El Niflo-Southern
Oscillation'*", the reduction of sealevel in response to major volcanic
eruptions*'®and apersistentincrease in global meansealevel (GMSL)
of 3to4 mmyr™ (ref.17; Fig. 1).

These millimetre-level signals on annual and longer timescales are
caused by exchanges of heat and water between the ocean on one side
and the atmosphere, the cryosphere and terrestrial waters on the other
side’™ . For example, whenthe oceanabsorbs 0.1 W m2of heat, the ocean
water expands, and GMSL rises by 0.24 mm yr™’; or when 100 Gt of land
water (inthe form of meltedice or liquid water) runs offto the ocean, the
oceanmassincreases, and GMSL rises by 0.27 mm yr™ (Table1). By moni-
toring such small signals, satellite altimetry enabled researchers for the
first time to quantify (either directly or through reanalysis) the response
of sealevel to changesin the global Earth energy cycle and water cycle.

During the 2000s, two other key improvements in the ocean
observing system were achieved with theimplementation of the global
Argo array of autonomous profiling floats (the Argo project®®) and
the launch of the Gravity Recovery and Climate Experiment (GRACE)
mission*. The Argo array allowed, for the first time, the continuous
monitoring of the temperature and salinity of the upper 2,000 m of the
ocean, with quasi-global coverage and with high precision and accuracy
(+0.002 K in temperature and +2.4 dbar in pressure, for example®)
controlled through validation against conductivity-temperature-
depth systems?®. Although the Argo array is not very dense (it consists
of a few thousands of point-wise profiler measurements), it reached
sufficient spatial sampling in 2005 to yield an improved measure of
the global thermal expansion of the ocean” and quantify the amount
of global sea-level change that was caused by the ocean heat content
change (Fig.1). The space gravimetry GRACE mission delivered meas-
urements of mass transfers at Earth’s surface oninterannual timescales
with unprecedented precision and accuracy®. By 2004, the quality of
GRACE data was sufficient to yield ameasure of the ocean mass change
and to quantify theamount of global sea-level change that was caused
by land-ice loss and land water storage changes”~* (Fig.1). Since 2005,
theavailability of both Argo dataand GRACE data allowed researchers

a GMSL budget
100 A

—— GMSL (C39)
—— Steric (ref. 36)
—— Glaciers (SLBC cci)
—— Greenland (SLBC cci)
—— Antarctica (SLBC cci)
TWS (SLBC cci)
Sum of contributions

80

GMSL change (mm)

T T T T T
2000 2005 2010 2015 2020

Year

Local sea-level trends

Sea-level trend (mm yr™)

Fig.1|Sea-level changes. a, GMSL changes measured by satellite altimetry
(black line) from the Copernicus Climate Change Service (C3S) v.DT2021 data”
with uncertainties at 10 days (5-95% CL, indicated by the black shaded area)
and the different contributions to sea-level changes from the Sea Level Budget
Closure climate change initiative (SLBC cci?): thermal expansion® (blue line),
glacierice melt (green line), Greenland mass loss (pink line), Antarctica mass
loss (cyan line) and land water storage variations (TWS, orange curve). Thered
lineis the sum of the contributions to sea-level rise. b, Regional sea-level rates
of rise over 1993-2019 estimated in ref. 50 (the hatched areas are regions where
regional sea-level rates of rise are not significant at the 5-95% CL; see Fig. 2

for the uncertainties). The regional acceleration in sea-level rise is available in
Supplementary Information (Supplementary Fig. 1).

to partition sea-level changes into thermal expansion and ocean mass
changes and to verify (by comparing them with satellite altimetry data)
that the sum of these contributions explains total sea-level changes
within uncertainties'”'®*>*, Since then, closing the sea-level budget
atannual and longer timescales, at a useful level of accuracy and with
useful confidence, became an essential and central problem of modern
physical oceanography.

Closing the sea-level budget is essential for three reasons. First,
closing the sea-level budget guarantees that all important causes of
sea-level variability areidentified and that their combination matches
total sea-level changes. In other words, itisameansto ensure, with high
confidence, aquantitative understanding of why and how the sealevel
isrising. Second, closing the sea-level budgetisatool to cross-validate
worldwide complex observing systems such as the Argo network, the
space gravimetry missions GRACE-GRACE-FO and the satellite altimetry

Nature Climate Change | Volume 13 | August 2023 | 796-803

797


http://www.nature.com/natureclimatechange

Perspective

https://doi.org/10.1038/s41558-023-01735-z

Table 1| Oceanic heat uptake change or water transfer from
the continents implied by a1mmyr™ rate of sea-level rise

GMSLrise Equivalent global Equivalent mass transfer from
OHU the continents
Tmmyr™ SLE 0.42Wm™ 361.8Gtyr™

SLE, global mean sea-level equivalent.

system and to keep a close watch on their performance. Indeed, the
built-in redundancy, which allows sea level to be monitored by two
independent observing systems (satellite altimetry on one side and
Argo plus GRACE ontheother), isideal for detecting occasional issues
orlong-termdriftsin the instruments of each observing system?-*",
Third, closing the sea-level budget is an efficient approach to testing
the consistency of different observed variables of the climate system
including sea level, ocean temperature and ocean mass, with regard
to conservation laws including those of mass, energy and freshwater.
This consistency is crucial to using observed variables to test physical
theories®®** or to constrain dynamical state estimates from numerical
models*®*, This is particularly important for ocean reanalyses that
need to assimilate coherent observed data to consistently constrain a
large set of variables that are related and bound together by the equa-
tions of dynamics and thermodynamics*.

Today—that is, 30 years after the launch of TOPEX/Poseidon and
more than 20 years after the launch of GRACE and the deployment of
the Argo network—what is the current state of knowledge? Here we
discuss whether there hasbeen any progressintheresolution,accuracy
and precision of satellite altimetry and whether the sea-level budget is
being closed with lower uncertainty.

Intotal, 16 satellite altimeters have flown since TOPEX/Poseidon,
includingtheJasonsatellite series on the same orbit as TOPEX/Poseidon,
theSentinel 3A/B satellites of the European Copernicus programme*
andtherecently launched Sentinel-6 Michael Frielich mission ensuring
continuity of the Jason series**, also part of the operational European
Copernicus programme. New synthetic aperture radar techniques
employed by Sentinel-3 and Sentinel-6 altimeters provide access to
measurements withimproved uncertainty and with higher (typically
300 m) along-track sampling compared with previous low-resolution
mode systems. The combination of measurements of satellite missions
simultaneously in orbit allows daily sea-level estimates with a resolu-
tion of 1/4° x 1/4°from 82° Sto 82° N (except inregions covered by sea
ice). Although sea-level dynamics are highly heterogeneous, the time
and space samplingis enoughto effectively resolve the GMSL dynamics
onaweekly basis**® and the regional dynamics at timescales of 34 days
and spatial scales from100 km at high latitudes to 800 km at the Equa-
tor". For asingle 1 Hz measurement, the precision isbetween+2 cmand
+2.5 cmatthe 90% confidencelevel (CL) (due to random measurement
errorslinked tothe seastate, the effects oflong-wave swell systems and
how aradar pulseiinteracts with the ocean surface**), and the accuracy
isbetween+2.5 cmand +3.5 cmatthe 90% CL (due to systematic error
coming from essentially the orbit determination and the wet tropo-
spheric correction (WTC), which accounts for the atmospheric water
vapour delay on the range measurement?). On timescales longer than
1sand spatial scales larger than the footprint of the radar echo (typi-
cally several kilometres for the TOPEX/Poseidon and Jason satellites
but muchlessfor synthetic aperture radar altimeters such as Sentinel-3
and Sentinel-6), measurement errors show an important correlation
across time and space that is essential to evaluate the uncertainty in
sea-level estimates at timescales longer than one year. The error and
itstemporal correlation have been modelled at local and global scales
and on interannual to multi-decadal timescales (Fig. 2). The error
variance-covariance matrix of satellite altimetry (which character-
izes the temporal correlationsin errors) is now available from 1993 to
2021 for the GMSL** and for the 1/4° x 1/4° sea-level grids®. The error
variance-covariance matrix enables us to estimate the uncertaintyin
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Fig.2|Sea-level trend uncertainties. a, Uncertainty in GMSL trends computed
over any period longer than five years included in 1993-2020 (the central year
ofthe period used to compute the trend is on the x axis, and the length of the
periodis ontheyaxis). b, Uncertainty in local sea-level trends over 1993-2019, as
estimated inref. 50. Panel a adapted with permission fromref. 49 under a Creative
Commons license CC BY 4.0.

GMSL at all timescales from months to decades and for any metrics
of sealevel such astherate of rise and the accelerationinsealevel. On
monthly timescales, GMSL uncertainty estimates show a decrease from
anuncertainty of 9 mm (90% CL) at the beginning of therecordin1993
to an uncertainty of £3 mm (90% CL) close to the end of the record in
2015 (therecordis the most accurate and precisein 2015 rather thanat
theend of therecord in 2020 because in 2015 the estimate benefits from
the correlated information of both the previous and the subsequent
information contained in the record, while in 2020 the estimate only
benefits from the correlated information of the previous information
contained in the record) (Figs.2aand 3).

The GMSL trend uncertainty is around +0.7 mm yr™ (90% CL) for
10 yr trends and 0.3 mm yr™ (90% CL) for the 28 yr trend (Fig. 2). In
general, the uncertainty in sea-level trends decreases as the period of
the trend calculation increases. This is because the different sources
of noise in altimetry decorrelate on long timescales. Thus, for trends
calculated over long periods, random noise averages out. Another
effect is that the partitioning of the GMSL trend uncertainty among
the different sources of error changes with timescales. For short trends
(computed over 10 to 15 yr periods), the uncertainty due to the GMSL
offset between TOPEX-A and TOPEX-B (which comes from changes in
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Fig. 3| Partitioning of GMSL trend uncertainty sources. Uncertainties at the
66% CLin sea-level trends are computed over different periods thatallendin
2020 (these correspond to the periods along the black arrow shown in Fig. 2a)
and partitioning of the uncertainty among different sources: two-month and one-
year correlated noises (CN 2-m and CN 1-yr, coming essentially from the radar
altimeter errors), the radiometer WTC, the intermission offsets, the TOPEX drift
(TP), the GIA and the ITRF (coming from errorsin the ITRF realization). The same
plot foracceleration is shown in Supplementary Fig. 4.

references in which the orbit and other geometrical parameters are
expressed from one mission to another), the uncertainty due to the
high-frequency correlated noise and the WTC uncertainty dominate.
Forlongtrends (computed over periods of 20 yr or more), systematic
errors that are correlated at long timescales (such as WTC errors,
glacialisostatic adjustment (GIA) errors or errorsin the orbitinduced
byinaccuracyintheITRF realization) tend to dominate (although they
are small in amplitude; Fig. 3). Note that the date at which the trends
are computed matters as well. Trends in GMSL are less accurate at
the beginning of the record because of the poorer quality of TOPEX/
Poseidon datathanthat of later altimeters. Regionally, the uncertainty
insea-level trends shows aspatial structure. Trendsin sealevel are the
most reliable at high latitudes where the low-frequency correlated
noise from the WTC is the smallest and far from the coast where the
dynamical atmospheric correction and the tide correction are less
uncertain (see an example with the 30 yr trend in local sea level in
Fig. 2b; see also ref. 50). In terms of acceleration accuracy, the GMSL
record shows pretty much the same spatiotemporal structure as for
the trends (Supplementary Figs.1-4).

Future needsinaccuracy and precision

Compared withthe beginning of the high-precision satellite altimetry
erainthe early 1990s, the improvement in terms of sea-level estimate
precisionand accuracy and interms of the characterization of sea-level
uncertainty and stability has been substantial. The current accuracy
and precision enable us to close the sea-level budget with uncertainties
that can be used toidentify the causes of sea-level rise. The residual of
the sea-level budget (that is, sea level minus thermal expansion and
ocean mass changes) does not exceed +2 mm (90% CL) at interannual
timescales (see, for example, Table 14 inref.18) and 0.3 mm yr ™ (90%
CL) for 20 yr and longer trends. This is within the uncertainty of Argo
data, satellite gravimetry data and satellite altimetry data, confirming
thatthe budgetis closed and that ocean thermal expansion, glacierice
loss, Greenland ice loss and Antarctica ice loss explain 42%, 21%, 15%
and 8%, respectively, of the GMSL rise since 1993 (Fig. 1a and ref. 18).
The level of uncertainty in GMSL is also small enough to detect and
attribute the part of current GMSL rise and acceleration that is due
to anthropogenic GHG emissions®*, paving the way for the use of

Table 2 | Science questions and their needs in terms of the
accuracy of sea-level estimates

Climate Accuracyin Accuracy in GMSL Accuracyin
science GMSL rates acceleration regional sea-level
question (mmyr™) (mmyr'perdecade) rates(mmyr™)
Closing the Detection®®: +01 - Detection®®: +0.3
sea-level Quantification®®: Quantification®:
budget +0.02 +0.07

Detection®: +0.5
Quantification:

Detection®®: £1.5 -
Quantification®®:

Detecting and
attributing the

signalin sea +0.7 +01
level that is
forced by GHG
emissions
Estimating Detection?’: 0.1  Detection??: +0.5
the EEI Quantification®’:  Quantification®®:
+0.03 +0.1

To identify contributions from land water storage and deep ocean warming. ®Values apply to
10yr and longer periods. “To identify the regional distribution of the contribution to sea level
from land-ice melt. “Values apply to 20yr and longer periods. °Calculated from ref. 51. These
requirements are already met by the current altimetry observing system. ‘These requirements
correspond to the detection and quantification of decadal changes in the mean EEl on the
order of +0.1Wm™. °These requirements correspond to the detection and quantification of
trends in the mean EEl on the order of 0.4 W m™ per decade.

satellite altimetry observations to constrain predictions and projec-
tions of future sea level®.

But this level of uncertainty is still too large to identify small con-
tributions to GMSL rise such as the exact contribution from land water
storage or the deep ocean warming (depth > 2,000 m) not yet sampled
by Argo. These two contributions are important to quantify. The first
informs on the current trends of freshwater stocks, and the second
informs onthe current ocean heat uptake (OHU) and the capacity of the
oceantodelay the effect of global warming on Earth’s surface. Recent
studies'?***% show that these contributions are currently around
+0.2mmyr*(90%CL) on 20 yr and longer trends and should increase
inthe future. Asimplerule of thumb is that ameasurement’saccuracy
should be no worse than approximately 50% of the expected signal to
detectitand10% to quantifyit**. Anaccuracy of +0.1mmyr*(90% CL)
should therefore be enough to detect the small contributions of deep
ocean warming and land water storage, and +0.02 mm yr™ (90% CL)
should be enough to quantify them (Table 1).

At the regional scale, the situation is different. The regional
sea-level signal at interannual and longer timescales is significantly
larger in amplitude than at the global scale (typically in the range of
-0.5to 6 mmyrfor 20 yr trends, for example). The local sea-level
departures around the global mean are mostly explained by local
departuresinthermosteric sealevel (thatis the sea-level change due to
thermal expansion®**’) and salinity changes in high-latitude regions®,
whereas the local sea-level departures induced by mass changes (that
is, manometric sea-level changes) are much smaller and hardly detect-
ableinobservations. Indeed, manometric sea-level departures around
theglobal mean typically amount to+0.7 mm yr™ (except very close to
ice sheets™), which is under the current local uncertainty in sea level
(Fig.2b).In addition, in several regions, including the mid to high lati-
tudes and theIndian Ocean, the sea-level budget does not close locally
by several millimetres per year (Supplementary Fig. 5and refs. 59,60).
Thisis more than1 mm yr™above the uncertainty of satellite altimetry
(Fig. 2). If we apply the simple rule of thumb, we find that an uncer-
tainty of +0.3 mm yr™ (or +0.07 mm yr™) for 20-year and longer trends
is needed locally to detect (or quantify) the manometric sea-level
departures around the global mean and close the sea-level budget
(Table 2). To detect and quantify the local forced sea-level response
to GHG emissions, therequired level of uncertainty is similar. Climate
models indicate that the locally forced response in sea level due to
GHG emissions typically amounts to =1 mm yr~*on 20-year and longer
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Fig. 4| EEl fromsatellite altimetry and space gravimetry data compared with
CERES observations. The blue line is the EEl derived from satellite altimetry and
gravimetry data, called the geodetic estimate, with its 5-95% CL (blue shaded area).
The orange line is the CERES estimate of the top-of-atmosphere radiation budget.
The uncertainty in the mean of the CERES estimate and the mean of the geodetic
estimate are respectively +2 W m2and +0.2 W m2at the 90% CL. Figure adapted
with permission fromref. 65 under a Creative Commons license CC BY 4.0.

trends (Supplementary Fig. 6 and refs. 61,62), meaning that a local
accuracy of +0.5mmyr™ (or £0.1mm yr™) on 20-year trends should
be sufficient for detection (or quantification) of the regional forced
responseinsealevel (Table 2).

The closure of the sea-level budget over the altimetry era has
recently been used for another essential objective of climate science:
estimating the EEl, which characterizes the radiative imbalance at the
top of the atmosphere®*, The absolute value of the EEl quantifies the
entire heat uptake of the climate system that is responsible for current
climate change, making the EEl one of the most essential metrics that
define the status of climate change®®. The EEl is about 0.5W m™to
1W m™ (ref. 67). The Clouds and the Earth’s Radiant Energy System
(CERES) project has been measuring the Earth’s radiative budget at the
top of the atmosphere for several decades®. The measurements are
challenging, involving the incoming solar radiation, the scanning of
outgoingradiation bothvisible and infrared, cloud cover, aerosols, and
instrumental problems. The precision of the measurements is evalu-
ated atthe order of +0.17 W m2(90% CL) at interannual timescales, but
because of a potential bias of about +2 W m, the accuracy is above
+2 W m~(ref. 67). The precision of CERES is sufficient to evaluate small
changesintime of the EEl that areinduced by natural or anthropogenic
forcing®®®, But the accuracy is not sufficient to estimate the mean EEI
generated over the past few decades by anthropogenic GHG emissions.
The best approach to estimating the mean EEI consists in estimating
the excess of energy that is stored in the climate system in response
to the EEI*’. Because about 91% of the excess of energy is stored in
the ocean’, the OHU is a precise proxy of the EEI. Today, the OHU
can be derived with the highest accuracy, from in situ temperature
measurements from Argo or from the thermal expansion estimated
by the difference betweensatellite altimetry sealevel and ocean mass
from GRACE®. Today, the current uncertainty in satellite altimetry
sea-level rise and satellite gravimetry ocean mass trends enables us
to derive the OHU with an uncertainty of 0.2 W m2at the global scale
over15-year periods at the 90% CL (see Fig. 4 and refs. 64,65 for more
details). At regional scales, preliminary results suggest an accuracy
around 15 W m (equivalent top of the atmosphere) over 15-year
periods for a resolution of 3° x 3° (ref. 65). At decadal timescales,
the EEl experiences changes on the order of £0.3 W m™in response
to climate internal modes such as the Pacific decadal oscillation™
and changes on the order of +0.1W m™in response to hiatuses such
as the one experienced in the early 2000s®. The EEI can also show
trendsonthe order of +0.4 W m2per decade inresponse to changes in

anthropogenic forcing®®*’. Monitoring these changesin the future with
satellite altimetry and space gravimetry places new constraints onthe
satellite altimetry observing system. Using the expansion efficiency
of heat in Table 1 shows that detecting (or quantifying) EEI decadal
changes of+0.1 W m~2and trends of +0.4 W m~ per decade requiresan
uncertainty in sealevel of +0.12 mm yr™ (or +0.03 mm yr™) for decadal
trends and +0.5 mm yr™ per decade (or +0.1 mm yr™ per decade) for
decadal accelerations.

Note that reaching this level of accuracy in the monitoring of the
EEIl on decadal timescales would bring another benefit: the capacity
to monitor the physical climate system response to mitigation poli-
cies. With an uncertainty of +0.1 W m2in observations of EEl decadal
changes, climate model projections suggest that we can make the
differenceinterms of EEl response between an SSP1-2.6 scenario (with
drastic GHG emission reduction) and an SSP5-8.5 scenario (business
asusual) inless than two decades from now at the 66% CL. That is one
decade earlier than with the monitoring of sea surface temperature
(Supplementary Fig. 7).

Means ofimprovement

Space agencies are now preparing and launching the next generation
of altimetry missions that will carry the future high-precision altim-
eters. These missionsinclude syntheticapertureradarinterferometers
(thatis, 2D imagers with high precision), such as SWOT, and classical
nadir-looking altimeters (that is, 1D profilers with high accuracy), such
as Sentinel topography next-generation missions. The interferometer
of SWOT will yield 2D topography images with unprecedented pre-
cision’>”?, with the objective to observe smaller mesoscale or geoid
features that classical nadir altimeters cannot resolve. However, the
interferometer error budget is specified only for scales ranging from
15t0 1,000 km, and the instrument has no accuracy requirement for
larger scales, let alone for long-term stability (that is, at seasonal to
longer scales). SWOT may prove to be highly stable as TOPEX and
Jason satellites did in their time, but it is too early to know. It will take
years to determine the SWOT error budget at climate timescales and
assess whether and how SWOT measurements are affected by instru-
mental and geophysical errors. In contrast, the Sentinel topography
next-generation mission is designed to provide continuity of sea-level
measurements with the same space and time resolution and the same
accuracy and precision as current topography missions (including at
large spatial scales and at climate timescales). Will that be enough to
meet the future scientific needs in sea-level accuracy and precision?

Assuming the same error and uncertainty budget for the Sentinel
next-generation altimetry missions as the current one, we find that
continuity of sea-level measurements will not significantly reduce
the uncertainty. This is because, after 20 years of record, the time
correlation between errors vanishes, and the error budget is domi-
nated by systematic errors (such as the WTC drift and the ITRF geo-
centre realization>*°), which do not, at this point, decrease with time
(Fig.3).Some of these systematicerrorsareintrinsic tothe measurement
strategy. For example, the WTC stability could be reduced with
improved microwave radiometer capabilities (such as more spec-
tral channels, enhanced performance or longer calibration phases),
although that would reduce the frequency of sea-level measurements.
Other systematic errors are simply due to ancillary data errors such
as the ITRF realization errors. In short, with the current estimated
uncertainty in sea-level measurements and under the current design,
the system capacity limits are close.

In the short term, there is still room for improvement in meas-
urement and reducing uncertainty by working on the main sources
of errors. For example, errors in the WTC can be reduced by
cross-validating more often against available fundamental climate
data records on atmospheric water vapour, which show significantly
higher stability than on-board radiometer-based measurements’. Pre-
liminary tests show that this helpsin detecting fast (within ayear or so)
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spurious drifts in the on-board radiometer-based WTC and reduces
its uncertainty by up to 30%”. The use of land-based transponders has
provento bevery valuable interms of quantifying and understanding
range biases derived from the long time series of Jason-3 (and subse-
quently that of Sentinel-6 MF, since both follow the same orbit). This
approach’ canbe used toisolate systematic and random constituents
in the produced calibration results of the transponder (especially
since other satellite altimeters including Cryosat-2, Sentinel-3A and
Sentinel-3B also use the transponder system). Systematic components
inthedispersion of transponder biases areidentified as being of inter-
nal origin (coming from irregularities in the transponder instrument
itselfand its setting) and of external causes (arising fromthe altimeter,
satellite orbit, geodynamic effects and so on). New efforts are piloting
the use of ground-based passive corner reflectors as an independent
check on transponder measurements’”.

Another efficient perspective is toimprove the error characteriza-
tion and the uncertainty estimates. At decadal and longer timescales,
the sea-level budget is generally closed with alevel of accuracy that is
smaller than the level of uncertainty of altimetry, suggesting that the
satellite altimetry systemis actually more accurate than expected and
that the uncertainty estimates are too conservative. A more rigorous
and stringent estimate of uncertainties would better reflect the true
performance of the altimetry system and give more confidence in the
use of satellite altimetry to tackle the emerging questionsidentified in
Table 2. The characterization of the error variance-covariance matrix
of satellite altimetry has been the first step****°. The next step is to
deriveallerrors and their spatiotemporal correlation from a propaga-
tion of the low-level instrumental errors down to the sea-level meas-
urement. This is the objective of the ASELSU project of the European
Space Agency.

Inthe longer term, to reduce the uncertainty in sea-level rise esti-
mates, solutions should focus onimproving the measurements of the
WTC. For example, the stability of satellite altimeters’ radiometers
couldbeimproved by changing calibration methods, developing new
calibration strategies, extending the spatial and spectral capabilities of
microwave radiometers, or fully exploiting GNSS-derived estimates of
the WTC”® or atmospheric model outputs’. Also, solutions to reduce
the ITRF realization uncertainty (and in particular the uncertainty in
the geocentre drift) by increasing the number of satellite laser ranging
stations around the world® ~*? or by launching a geodetic mission with
all precise positioning systems on the same platform, like the GENESIS
space project®’, would be efficient. This would particularly improve the
regional estimates of sea-level rise and variability, which are dominated
by orbiterrors.

Afinalimportant means ofimprovementis to take better advantage
ofthe global sea-level budget and its relation to other observed global
integrals of the Earth system, such as the ocean salinity®, the seaiice
volume®, the top-of-atmosphere radiation budget®, the Earth rotation
or the true polar wander®. All those global integrals are tightly linked
together by the conservation laws of energy, mass and freshwater.
Comparing them and testing their consistency would enable us to
increase the built-in redundancy in the Earth observing system, which
would further help control the stability of some observing sub-systems
(such as satellite altimetry, the Argo network or the space gravimetry
missions) and validate their uncertainty estimates. A recentexample is
the detection of adriftintheJason-3 on-board radiometer andin Argo
salinity with the non-closure of the sea-level budget®***” and the poor
closure of the global energy budget in 2016 (see also Fig. 4, updated
fromref. 65). Another benefit of the built-in redundancy is that progress
inthe accuracy of agiven observing sub-system canimprove the accu-
racy on variables that were not targeted by this observing sub-system
inthe first place. Agood example is the optimal estimate of the global
water-energy cycle initiated by the National Aeronautics and Space
Administration NEWS project®®*® and the GEWEX project of the World
Climate Research Program®®. In these estimates, the accuracy of the

global water-energy cycle fluxesis objectively improved by bringing the
observationstogetherinaframework that conserves water and energy.
The conservation laws tightly link observations and tend to reduce
uncertainties by propagating to all the variables the constraint from
the most accurate observed variables. To reap this benefit, sea-level
observations should be routinely included in such frameworks, fol-
lowing the effort of Stephens et al.’”®. A concrete estimate of how much
improvement can be expected if these short-term and longer-term
suggestions are actually realized shows that the GMSL detection levels
inTable 2 would bereached at the 90% CL, and the quantificationlevels
would be reached at the 66% CL (Supplementary Fig. 8).
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Methods

Sea-level estimates at regional and global scales from satellite
altimetry

Sea-level estimates at regional scales are derived from the sea-level
products operationally generated by C3S. This dataset, fully described
inref. 92, is dedicated to sea-level stability for climate applications.
It provides daily sea-level anomaly grids at 1/4° spatial resolution
from January 1993 to August 2021, based at any given time on a ref-
erence altimeter mission (TOPEX/Poseidon, Jason-1,2,3 and soon
S6-MF), plusacomplementary mission (ERS-1,2, Envisat, Cryosat and
SARAL/AItiKa) to increase the spatial coverage. To measure the cur-
rent climate-related contribution to regional sea-level rise, sea-level
estimates must be corrected for the GIA effect using a model”*** and
for the deformations of the ocean bottom in response to modern
melt of land ice”?. The C3S sea-level grids must also be corrected
for atime-varying instrumental drift on the TOPEX altimeter (side A)
from 1993 t0 1999'%, Sea-level estimates at the global scale are calcu-
lated from a global weighted mean (taking into account the surface
ofthe cells) of C3S corrected sea-level grids. An alternative approach
istouse the AVISO GMSL time series, which contains similar sea-level
estimates at the global scale®.

Error and uncertainty budget estimate and variance-
covariance matrix computation at global and regional scales
Anerror and uncertainty budget of the GMSL time series is provided
inref. 2 and was recently updated in ref. 49. The budget contains the
mainsource of errorsimpacting the GMSL stability accuracy. Differ-
ent types of errors are provided, such as inter-mission GMSL offset,
correlated errors at different timescales (typically two months, one
year and five years due to altimeter parameters, geophysical correc-
tions, WTC and orbit) and linear drifts (due to orbit, ITRF and GIA).
The budget also provides the uncertainty description of each error
(for example, time-correlated scale and standard deviation) and
the statistical model applied (for example, Gaussian attenuation
model). Theindividual variance-covariance matrix (X;) of each error
sourceisthen calculated fromalarge number of random draws of the
simulated error signal with a standard normal distribution. Assuming
individual matrices (2;) areindependent, they are summed together
to build the GMSL error variance-covariance matrix (Supplemen-
tary Fig. 9). At regional scales, a similar approach was developed in
ref. 50. The regional sea-level error and uncertainty budget is
described at regional scales. The description of errors and their
uncertainty characterization is used to create amap of the standard
deviation for some errors (high-frequency noise from orbit determi-
nation and geophysical corrections, low-frequency noise from the
WTC and drift from the GIA correction). The variance-covariance
matrix of regional sea-level errorsis derived from the regional budget
in the same way as at the global scale. At regional scales, the matrix
describes the error covariance of each regional sea-level time series
individually. To date, the spatial correlation of regional sea-level
errors has not been described.

Uncertainty estimates in sea-level trends and acceleration and
breakdown into components

Fromtheerror variance-covariance matrix (2), the sea-level trend and
acceleration uncertainties can be estimated for any time spanincluded
inthealtimeter period (1993-2021) at both global and regional scales
(Fig.2and Supplementary Figs.2 and 3). The mathematical formalism
applied is fully described in ref. 2. It basically consists in fitting the
trend or the acceleration from a linear regression model (y =X +¢€)
applying an ordinary least squares approach where the estimator of
B, denoted B, is:

B Xy

and where the distribution of the estimator takes into account 2 and
follows anormal law:

B = NGB0~ (=X )

The trend and acceleration uncertainties of each component of
the sea-level error budget can be estimated by the same method by
choosing asinput the corresponding individual variance-covariance
matrix (2;). This allows us to separate the contribution of each error to
the total sea-level uncertainties in trends (Fig. 3) and acceleration
(Supplementary Fig. 4).
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