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Abstract Assessments of the global mean sea level (GMSL) budget over the satellite altimetry era (since
the early 1990s) have concluded that the GMSL budget is closed within data uncertainties until 2016. However,
studies have shown that since then, the sea level budget based on Argo data down to 2,000 m for the thermosteric
contribution is no longer closed. Using an ocean reanalysis with no altimetry data assimilation, we show that
accounting for deep ocean thermosteric contribution (below 2,000 m, not sampled by Argo) allows the GMSL
budget to be almost closed since 2016. The deep ocean contribution over 2005–2022 is estimated to be
0.4 ± 0.15 mm/yr, that is, about 10% of the observed GMSL rise over that period. This represents a substantial
increase of the deep ocean contribution to sea level rise, previously estimated on the order of 0.1 mm/yr only
over 1980–2010. This finding reveals that deep ocean warming is gaining importance and that ocean heat uptake
has now reached several regions below 2,000 m depth, notably the Northwestern Atlantic Ocean and Southern
Ocean.

Plain Language Summary Until about 2016, the observed global mean sea level rise was well
explained by upper ocean (0–2,000 m) warming, land ice melt and terrestrial water storage change. However,
since that date, the budget is no more closed, even after accounting for errors in the observing systems. In this
study, we use an ocean model to estimate the deep ocean (below 2,000 m) contribution not yet fully sampled by
Argo floats. We find that account of deep ocean warming, in addition to upper ocean warming and ocean mass
increase, well explains the global mean sea level rise of the recent years.

1. Introduction
While the global mean surface temperature has been often used in the past to characterize current global warming,
in 2018, the World Meteorological Organization (WMO) identified seven global climate indicators to inform on
the status of the global climate and its evolution. These include the global mean surface temperature, ocean heat
content, Arctic and Antarctic sea ice extent, mass balance of land ice (Greenland and Antarctic ice sheets, world
glaciers), ocean acidification (mean ocean pH), atmospheric carbon dioxide concentration and global mean sea
level (GMSL). Because the GMSL integrates changes in all compartments of the climate system, that is, the
ocean, cryosphere, land hydrosphere and atmosphere, through sea water thermal expansion and land‐ocean and
atmosphere‐ocean water mass exchange, it is one of the best indicators of global climate change. During most of
the 20th century, sea level changes at the coast were measured by tide gauges but since the early 1990s, sea level
variations are routinely monitored by high‐precision altimeter satellites with quasi‐global coverage of the oceanic
domain, allowing to accurately follow for more than three decades, the GMSL temporal evolution. Over 1993–
2025, the GMSL has risen by about 12 cm on a global average (WMO, 2025), but the rate of sea level rise abruptly
increased in the early 2010s, from 2.9 ± 0.22 mm/yr over 1993–2011 to 4.1 ± 0.25 mm/yr over 2012–2024
(Leclercq et al., 2026). Abrupt increase in sea level has also been observed at regional scale, in particular
along the Southeast United States and Gulf coasts (e.g., Dangendorf et al., 2023; Leclercq et al., 2024; Yin, 2023).

The development of independent observing systems, for example, Argo for measuring ocean temperature and
salinity changes down to 2,000 m since the mid‐2000s (Riser et al., 2016), and since 2002, the Gravity Recovery
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and Climate Experiment (GRACE) space gravimetry missions for measuring mass variations in the cryosphere
and hydrosphere (Tapley et al., 2019), has allowed the sea level community to disentangle and quantify the two
main contributions to present‐day GMSL rise: ocean thermal expansion and ocean mass increase, the latter
resulting from ice mass loss from glaciers, Greenland and Antarctica and declining global water storage on land.
The availability of these independent observations has led to the production of a large number of scientific
publications dedicated to assessing the closure of sea level budget by comparing observed GMSL evolution to the
sum of individual thermal and mass contributions (e.g., Chambers et al., 2017; Dieng et al., 2017; Horwath
et al., 2022; Nerem et al., 2018; WCRP, 2018).

Assessing closure of the GMSL budget is of utmost importance (e.g., Cazenave & Moreira, 2022). It allows
attributing the cause of the observed GMSL acceleration and eventually detecting runaway changes of some
components (e.g., Greenland and/or West Antarctica melting), identifying missing contributions not yet quan-
tifiable by the current observing systems (e.g., from the deep ocean below 2,000 m not yet sampled by Argo
globally). Another important application of budget closure assessment is cross‐calibration of the observing
systems and detection of potential instrumental drifts or bias. Validation of climate models developed to project
future sea level rise is another important outcome of this approach, since climate models do not directly compute
the GMSL but rather the individual contributions and their sum.

Studies considering observations prior to 2016/17 for sea level and components concluded that the GMSL budget
was closed within data uncertainties (e.g., Horwath et al., 2022). However recent investigations have shown that
beyond that date, the GMSL budget closure is no more observed (Barnoud et al., 2021, 2023a; Chen et al., 2020;
Cheng, Pan, et al., 2024, Cheng, Tan, et al., 2024). For example, comparing GRACE‐based ocean mass change
with altimetry‐based sea level corrected for Argo‐based thermosteric sea level (with temperature data down to
2,000 m), Chen et al. (2020) found good agreement over 2005–2015 but significant discrepancy between the two
time‐series since around 2016. These authors attributed this to errors in the data sets (either altimetry, Argo or
GRACE). Assessing the sea level budget closure between 2005 and 2020, Barnoud et al. (2021) also found
discrepancy between the altimetry‐based GMSL and the sum of GRACE‐based ocean mass and Argo (2,000 m)‐
based thermosteric contribution as of early 2016. Part of it was attributed to the erroneous wet tropospheric
correction applied to the Jason‐3 altimetry mission due to a drift of the onboard radiometer (Barnoud, Picard,
et al., 2023; Brown et al., 2023) because the Jason‐3 data are used at the end of the GMSL record. But even after
correcting for this instrumental error, the GMSL budget remained unclosed beyond 2016 (Barnoud, Pfeffer,
et al., 2023). In the latter study, the authors examined also the ocean mass budget over 2005–2020 using different
data sets, in order to check whether GRACE and GRACE‐Follow On (FO) data used to compute the ocean mass,
could be responsible for the non‐closure of the GMSL budget (both missions encountered some instrumental
problems, from 2016 to the end of the mission in 2017 for GRACE and since its launch in 2018 for GRACE‐FO).
They concluded that uncertainties of the GRACE/GRACE‐FO data set could not explain the budget mis‐closure.
Cheng, Pan, et al. (2024) and Cheng, Tan, et al. (2024) also report that after ∼2015, the sum of the steric and
barystatic (i.e., ocean mass) components is smaller than the observed sea level rise for all ocean temperature
products considered in their study (essentially limited to 2,000 m depth). However, using their latest IAPv4 data
set that include a number of in situ temperature data from the deep ocean, these authors find reduced discrepancy
between the GMSL and sum of components, and suggest stronger ocean warming in the recent years.

In the present study, we re‐examine the GMSL budget and show that the apparent non‐closure of the GMSL
budget since 2016/17 can be explained by the non‐accounted deep ocean component. This is done by using the
thermosteric component over the full ocean depth estimated by the CIGAR ocean reanalysis (an ensemble mean
of 32 members based on different configurations) developed by Storto and Yang (2024).

The study period ranges from January 2005 to December 2022 to cover the Argo and GRACE era.

2. Data
2.1. Altimetry‐Based Sea Level

We use the daily 1/4°× 1/4° gridded sea level anomaly data version DT2021 from the Copernicus Climate Change
Service (C3S) (https://climate.copernicus.eu). The latitudinal domain covered by the altimetry grids is 66°S–66°N.
The data set is further averaged on a monthly basis and corrected for the TOPEX A instrumental drift using the
Ablain et al. (2017) correction, and for the Brown et al. (2023) correction for the Jason‐3 radiometer drift that

Supervision: Anny Cazenave
Validation: Anny Cazenave,
Chunxue Yang, Jianli Chen,
William Llovel, Karina von Schuckmann,
Lancelot Leclercq
Writing – original draft: Anny Cazenave
Writing – review & editing:
Chunxue Yang, Marie Bouih,
Andrea Storto, Jianli Chen,
William Llovel, Karina von Schuckmann,
Lancelot Leclercq

Earth's Future 10.1029/2025EF007403

CAZENAVE ET AL. 2 of 16

https://climate.copernicus.eu


impacts the wet troposphere correction. The GMSL data are also corrected for the Glacial Isostatic adjustment
(GIA) effect using the ICE6G‐Dmodel (Peltier et al., 2018). The GIA effect on the GMSL amounts∼− 0.3 mm/yr.
The mean uncertainty in the rate of the global mean sea level is estimated to be ∼0.3 mm/yr (Ablain et al., 2019;
Guerou et al., 2023). For the GMSL time series uncertainty, we use the values provided by Prandi et al. (2021),
based on realistic estimates of errors affecting the altimetry system.

2.2. In Situ Ocean Temperature Data

The thermosteric data used here are based on an ensemble mean (EM) of five Argo‐temperature data sets (0–
2,000 m ocean depth): (a) the Scripps Institution of Oceanography (SIO, Wong et al., 2020), (b) the International
Pacific Research Center (IPRC), (c) The Japan Agency for Marine Earth Science and Technology (JAMSTEC,
Hosoda et al., 2008), (d) EN4 version 2.2 (Good et al., 2013), and (e) In Situ Analysis system (ISAS, Kolod-
ziejczyk et al., 2023).

The global mean thermosteric sea level time series are computed from the gridded temperature data using the
Lenapy library (https://github.com/CNES/lenapy) from the Center National d’Études Spatiales (CNES), based on
the Gibbs seawater oceanography toolbox of the 2010 Thermodynamic Equation Of Seawater (TEOS‐10). The
thermosteric data sets are provided at monthly interval on a 1° × 1° grid covering the 0–2,000 m depth range, the
period from January 1993 to December 2022, and the latitudes between 66°S and 66°N. To estimate the un-
certainty of the ensemble mean of the five Argo products, we consider the dispersion about the mean.

Finally, we also use the IAPv4 global ocean temperature product (Cheng, Pan, et al., 2024) to compute a ther-
mosteric time series at monthly interval over 0–6,000 m depth.

2.3. GRACE‐Based Ocean Mass

To estimate the global mean ocean mass change, we use an ensemble mean of the so‐called mass concentration
(mascon) solutions. For that purpose, the latest GRACE and GRACE‐FO Release 6 mascon solutions from the
Center for Space Research (CSR, Save et al., 2016), Jet Propulsion Laboratory (JPL, Watkins et al., 2015), and
Goddard Space Flight Center (GSFC, Loomis et al., 2019) have been considered. These mascon solutions are
corrected for the GIA effect using the ICE6G‐D model (Peltier et al., 2018), as well as for the geocenter motion
using the correction from GRACE Technique Note 13 (Landerer et al., 2019; Sun et al., 2016). The effects of the
ocean dynamics and atmospheric loading are restored using the GAD product derived from the Atmosphere‐
Ocean Dealiasing (AOD1B) models (Dobslaw et al., 2017; Flechtner et al., 2015). To retrieve the ocean mass
contribution comparable to the difference between altimetry and Argo, the effect of the mean atmospheric
pressure over the ocean is removed using the spatial mean of the GAD product at each month (Chen et al., 2019).
The ocean mass component is estimated as the mean of these three gridded ocean mass products, which are given
in equivalent water height. As for altimetry and Argo data, only the domain 66°S–66°N is considered. The un-
certainty of the GRACE‐based global mean ocean mass time series is estimated from the dispersion of the three
GRACE products around their mean.

2.4. Global Glacier Mass Balance

For the global glacier mass balance, we considered the gridded glacier mass change data set distributed by the
Copernicus Climate Service from 1976 to present (https://doi.org/10.24381/CDS.BA597449). It is based on
Dussaillant et al. (2025). The data set consists of global annual glacier mass changes (in Gt) distributed on a global
regular grid at 0.5° resolution based on the Fluctuations of Glaciers (FoG) database of the World Glacier
Monitoring Service (WGMS). Gridded data from the hydrological year (a period of 12‐month from October to
September) 1992–1993 to hydrological year 2021–2022 are averaged globally to obtain a global mean glacier
time series.

2.5. Greenland and Antarctica Ice Sheet Mass Balance

We use the latest version of the ice sheet cumulative mass balance data from the IMBIE project (Otosaka
et al., 2023). This data set provides monthly cumulative mass change and associated uncertainty for the Antarctic
and the Greenland ice sheets and their sum. The data are reconciled estimates of mass balance from three in-
dependent satellite‐based techniques: altimetry, gravimetry and input‐output method. As the IMBIE data set ends
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in 2020, we extend the Greenland and Antarctica ice sheet mass balance time series until end 2022 using GRACE
data.

2.6. Land Water Storage

For the land water storage time series, version v2.2e of the WaterGap Hydrological Model (WGHM) developed
by Döll et al. (2017) and updated by Mueller‐Schmied et al. (2024a) was used. The meteorological forcing of this
version is the ERA5 reanalysis of the European Center for Medium‐Range Weather Forecast (ECMWF)
(Hersbach et al., 2020). The v2.2e version accounts for anthropogenic factors. Uncertainties of the land water
storage are derived from the dispersion of different versions of the WGHM model.

2.7. CIGAR Ocean Reanalysis

The Cnr ISMAR Global historicAI Reanalysis (CIGAR) (http://cigar.ismar.cnr.it/) is the ensemble ocean rean-
alysis system developed by Storto and Yang (2024). It is based on the NEMO ocean model version 4.0.7 (Madec
et al., 2017) which includes sea‐ice dynamic and thermodynamic model, and an oceanic three‐dimensional
variational data assimilation covering the period from 1962 to 2022. The ocean model has 1° horizontal reso-
lution, with increase meridional resolution to 1/3° in the Tropics and 75 vertical depth levels with partial steps.
CIGAR is forced by the ECMWF ERA5 reanalysis (Hersbach et al., 2020) and assimilates in situ profiles based
on UKMOEN4 data sets (Good et al., 2013). Satellite altimetry data are not assimilated in the system. CIGAR is a
32‐member reanalysis based on different configurations, for example, initial conditions, air‐sea flux formation,
atmospheric forcing, sea surface temperature relaxation, observation bias correction, that allows us to estimate the
uncertainty of the reanalysis system. In this study, we have used the ensemble mean of the 32 members to provide
the thermosteric sea level. The CIGAR thermosteric grids are further averaged over 3° × 3° grids. To compute the
CIGAR‐based mean thermosteric sea level time series a mask is applied (it is shown in Figure S1 of Supporting
Information S1), and only data between 66°S and 66°N latitudes are considered (for consistency with the
altimetry and GRACE data). The 1‐sigma uncertainty of the global mean CIGAR‐based thermosteric sea level is
derived from the dispersion of the 32 members around their mean. Storto and Yang (2024) have extensively
validated the uncertainty coming from the ensemble against independent estimates (from the Global Climate
Observing System/GCOS comparison, von Schuckmann et al., 2023), resulting in close values and temporal
variations of the uncertainty, proving that the ensemble generation method is well posed.

3. Results
Figure 1 shows the altimetry‐based GMSL from January 1993 to December 2022 together with the mass and
thermal components and their sum. The residual time series (satellite altimetry‐based GMSL minus sum of
components) is also shown. In Figure 1, individual mass contributions to the global mean ocean mass and their
sum are shown, as well as the GRACE‐based global mean ocean mass as of 2004. In both cases, the global mean
thermosteric sea level is based on in situ ocean temperature data down to 2,000 m.

As previously reported by Barnoud et al. (2021) for the period 2005–2020, the budget non‐closure, that starts
around 2016, extends here to the end of 2022. The residual curves in Figure 1 clearly show significant departure
from zero beyond 2016, either when computing individual mass components (i.e., glaciers, ice sheets, and
terrestrial water storage) or using GRACE data to estimate the global mean ocean mass. The large residuals at the
beginning of the record are due to the uncertainty of the Topex A drift correction applied to the altimetry‐based
sea level data between 1993 and 1998, and are not of concern here.

The residual trends over 2004–2022 amount to 0.5 ± 0.2 mm/yr and 0.55 ± 0.23 mm/yr for the GRACE‐based
ocean mass and individual mass components cases, respectively. Thus, the two approaches for estimating the
global mean ocean mass contribution to the GMSL provide consistent results.

The fact that considering either GRACE‐based global mean ocean mass or individual mass component estimated
with different observing systems leads to similar results allows us to exclude GRACE data uncertainties as the
cause of the budget non‐closure. Moreover, the radiometer drift affecting the altimetry data of the Jason‐3 mission
as of 2016 has been estimated with independent data sets and further corrected (Barnoud, Picard, et al., 2023;
Brown et al., 2023). Hence, this also eliminates the latter factor as the cause of the non‐closure of GMSL budget.
While we cannot totally exclude still unknown errors in the different observing systems considered to assess the

Earth's Future 10.1029/2025EF007403

CAZENAVE ET AL. 4 of 16

http://cigar.ismar.cnr.it/


GMSL budget, quasi closure of the budget until 2015 leads us to explore another credible possibility: the
emergence of a so far unaccounted contribution to the budget. Permafrost melting and deep ocean warming are
two possible candidates. Lack of information on permafrost melting leads us to focus here on the thermosteric
contribution of the deep ocean below 2,000 m not sampled by Argo (note that in terms of global mean, the
halosteric contribution to the GMSL is negligible, Gregory et al., 2019; note also that the Arctic Ocean is excluded
from our budget analysis since all gridded data sets are averaged between 66°S and 66°N latitudes).

To estimate the deep ocean thermosteric contribution to the GMSL, we use an ocean reanalysis. We consider here
an ensemble mean of 32 member realizations of the CIGAR reanalysis developed by Storto and Yang (2024). The
CIGAR reanalysis does not assimilate altimetry data thus any influence of the altimetry‐based GMSL on the deep
ocean contribution may be excluded.

In the following we examine the GMSL budget closure using the CIGAR thermosteric component in two con-
figurations: (a) model‐based temperature data integrated over the 0–2,000 m ocean depth, and (b) model‐based
temperature data integrated over the full ocean depth. In both cases, we use the same altimetry‐based GMSL
and GRACE‐based ocean mass (as for Figure 1).

Figures 2 and 3 show the altimetry‐based GMSL over 2005–2022 together with the mass and thermal components
and their sum. The residual time series (observed GMSL minus sum of components) are also shown. In Figure 2,
the CIGAR thermosteric component is computed over the 0–2,000 m ocean depth layer, while in Figure 3, it
corresponds to the full ocean depth (0–6,000 m), that is, including the deep ocean contribution.

From Figure 2, we note that when using the CIGAR‐based thermosteric component for the upper 0–2,000 m depth
layer, the budget is not closed since about 2016, like when using Argo data down to 2,000 m. The mean trend of
the residual curve amounts to 0.46 ± 0.22 mm/yr over 2005–2022, a value comparable to the residual trend based

Figure 1. GMSL budget over January 1993 to December 2022 with the thermosteric component (data down to 2,000 m;
yellow curve), the individual mass contributions (glaciers, Greenland ice sheet, Antarctica ice sheet, and terrestrial water
storage; colored dashed curves)), and GRACE‐based ocean mass (called barystatic sea level) since 2004 (blue solid curve).
The red curves represent the sum of the thermosteric sea level and mass components (with GRACE: solid curve; sum of mass
components: dashed curve). The bottom curves show the residuals (GMSL minus sum of components for the two cases:
individual mass components (black dashed curve) and GRACE (black solid black)). Shaded areas correspond to 1‐sigma
uncertainties. A 3‐month smoothing is applied to all time series.

Earth's Future 10.1029/2025EF007403

CAZENAVE ET AL. 5 of 16



on the use of Argo data down to 2000 m. However, the residual curve shown
in Figure 2 does not show any steep change of the residuals beyond 2016
(unlike Figure 1) but rather a smooth positive trend since about 2014/2015.

In Figure 3 where the CIGAR thermosteric full depth is used, quasi‐closure of
the sea level budget is observed. On average, residuals are not departing from
zero over 2002–2017. Slightly larger averaged residuals are noted over 2018–
2022. But the mean residual trend over 2005–2022 (of 0.01 ± 0.22 mm/yr) is
not significant.

A similar result was obtained by Barnoud, Pfeffer, et al. (2023) using the
thermosteric full depth over 2005–2020 from the ORAS5 reanalysis
(Copernicus Climate Change Service, 2021; Zuo et al., 2019). These authors
assessed the ocean mass budget by comparing the GRACE‐based ocean mass
to the GMSL corrected for the ORAS5 thermosteric sea level full depth (0–
6,000 m). They showed that the ocean mass budget is closed within data
uncertainties, unlike when using Argo products over the 0–2,000 m depth
range. The GMSL budget using the same data as in Barnoud, Pfeffer,
et al. (2023) over January 2005–December 2020 is shown in Figure S2 of
Supporting Information S1. Although the ORAS5 assimilates altimetry data
unlike the CIGAR reanalysis, quasi closure of the sea level budget is also
observed when the ORAS5 thermosteric full depth is accounted for. This
agrees well with our result based on the CIGAR thermosteric full depth
(Figure 3).

4. Validation of the CIGAR Thermosteric Sea Level
In order to further check the robustness of the CIGAR‐based thermosteric sea
level, we compared it with observed (mostly Argo‐based) thermosteric sea
level for the 0–2,000 m ocean depth. This is shown in Figure 4 where the
CIGAR‐based thermosteric (0–2,000 m) time series is superimposed to the
Argo‐based (ensemble mean of five Argo products, 0–2,000 m) and
the IAPv4 (0–2,000 m) thermosteric time series over 2005–2022. The dif-
ference curves (residuals) are also shown. The linear trends of each time
series (given in Table 1) are all close to 1.3 mm/yr. While the difference
curves display high frequency signal, no significant residual trend (∼0.1 mm/
yr) is detected. Thus, the CIGAR‐based thermosteric sea level (0–2,000 m)
compares well with Argo data over the 0–2,000 m depth range.

We further compared the CIGAR full depth (0–6,000 m) thermosteric sea level to the altimetry‐based GMSL
corrected for the GRACE‐based ocean mass contribution (Figure 5; the data sets described in Section 2 are used).
Indeed, as discussed in Marti et al. (2022), the global mean sea level corrected for the ocean mass is supposed to
represent the total (full depth) thermosteric sea level contribution. These authors applied this approach to estimate
the ocean heat content from which the Earth energy imbalance was deduced.

The estimated linear trends computed over 2005–2022 are similar, both amounting 1.7 mm/yr (Table 1). We note
that the two curves agree well beyond 2016. Figure 5 also superimposes the IAPv4 thermosteric (0–6,000 m) time
series. Its trend over 2005–2022 amounts to 1.6 mm/yr, thus agree well with the CIGAR full depth and ocean mass
corrected GMSL trends within their respective uncertainties (see Table 1).

From Table 1 and Figure 4, we conclude that the CIGAR reanalysis properly captures the upper ocean warming as
observed by Argo. Besides, the good agreement noted between the trends of the CIGAR thermosteric full depth
with the GMSL corrected for the ocean mass term and IAPv4 (0–6,000 m) thermosteric time series (Figure 5) also
suggests that CIGAR correctly reproduces the deep ocean warming, at least in terms of global mean.

Figure 2. Sea level budget over January 2005–December 2022. The upper
panel shows the altimetry‐based GMSL (black curve), GRACE‐based ocean
mass component (called barystatic sea level, blue curve), CIGAR
thermosteric component (0–2,000 m depth, yellow curve) and the sum of
mass and thermal component (red curve). The bottom panel shows the
residuals. Shaded areas represent the data uncertainties. A 3‐month
smoothing is applied to all time series.
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5. Deep and Upper Ocean Warming
According to Table 1, the deep ocean contribution to the GMSL rise of the
2005–2022 time span, based on the difference between CIGAR thermosteric
full depth (0–6,000 m) and CIGAR (0–2,000 m) is estimated to
0.4 ± 0.15 mm/yr. Such a value compares well the residual trend of the
observations‐based GMSL budget when using either CIGAR or Argo‐based
thermosteric sea level over 0–2,000 m (estimated to 0.46 ± 0.2 mm/yr over
2005–2022, Figure 2).

Analyzing repeated in situ hydrographic sections from the 1980s to 2010,
Purkey and Johnson (2010) found significant warming of the deep ocean
(below 1,000 m) over that period in most ocean basins, especially in the
Southern Ocean. Their estimated deep ocean contribution to the GMSL rise is
of the order of 0.1 mm/yr. Our approach based on the sea level budget and use
of the CIGAR reanalysis suggests a deep ocean contribution of
0.4 ± 0.15 mm/yr to the GMSL rise since 2005, hence a significant increase
compared to the 1980–2010 time span.

Increased ocean warming may explain another intriguing phenomenon
(Leclercq et al., 2026). In effect, if we consider the mean Pacific sea level time
series over the whole altimetry era (since 1993) and remove a long‐term linear
trend supposedly accounting for part of the mean ocean mass and thermal
expansion increase (note that removing a linear trend does not mean that the
long‐term sea level trend is purely linear since decadal changes due to various
sources likely superimpose to this linear trend), the detrended Pacific sea level
presents decadal fluctuations that appear well correlated with the Pacific
Decadal Oscillation (PDO) until 2016/17 (correlation of 0.7). A similar
observation is the made for the Atlantic Ocean sea level, even though the
correlation (estimated to 0.45) with the PDO is lower than for the Pacific sea
level. The linearly detrended Pacific and Atlantic mean sea levels over 1993–
2023, with the PDO superimposed are shown in Figure 6 (the domains
considered for averaging the sea level data over the Pacific and Atlantic
oceans are shown in Figure S3 of Supporting Information S1). Figure 6 shows
that until 2016/17, the decadal variations of the Pacific sea level were mostly
driven by PDO. However, since then, the close consistency between the two
curves breaks down: The Pacific sea level goes up and continues to increase
beyond 2016/17 while the PDO goes down. A similar observation holds for
the Atlantic Ocean.

The departure of the linearly detrended Pacific and Atlantic mean sea level from the PDO decadal variability as of
2016/17 suggests an accelerated sea level rise beyond that date. An increased thermosteric contribution due to
increased upper and deep ocean warming could well explain this observation.

To explore this further, we consider regional deep ocean (2,000 m to bottom) thermal expansion from CIGAR.
Figure 7 shows the CIGAR‐based deep ocean thermosteric differences between two successive 7‐year long
periods: 2016–2022 minus 2009–2015.

Positive signal is observed in the Northwest Atlantic, Caribbean seas, Mediterranean Sea and in the Southern
Ocean around Antarctica. In some places, deep ocean warming increase, observed over 2016–2022 versus the
previous seven years, coincides with regions of deep water formation (Labrador Sea south of Greenland; Gulf of
Lion, south Adriatic Sea and Levantine Basin in the Mediterranean Sea; Weddell and Ross seas around
Antarctica). Moreover, the positive signal found in the Northwest Atlantic Ocean coincides with the location of
the lower branch of the Atlantic Meridional Overturning Circulation (AMOC) (Rahmstorf, 2024) which brings
deep ocean waters equatorward. Enhanced local subduction of intermediate warm and salty waters in the
Northwestern Atlantic Ocean could contribute to the deep ocean warming therein.

Figure 3. Sea level budget over January 2005–December 2022. The upper
panel shows the altimetry‐based GMSL (black curve), GRACE‐based ocean
mass component (called barystatic sea level, blue curve), CIGAR
thermosteric component (full depth, 0–6,000 m, yellow curve) and the sum
of mass and thermal component (red curve). The bottom panel shows the
residuals. Shaded areas represent the data uncertainties. A 3‐month
smoothing is applied to all time series.
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However, according to Figure 7, the Pacific Ocean does not show any deep
warming below 2,000 m, except in a limited region east of Japan. This would
suggest that the departure of the decadal Pacific sea level from the PDO as of
2016/17 does not result from deep ocean warming, but more likely from an
increased warming of the upper ocean. To check on this, we computed the
CIGAR‐based thermosteric differences between the two 7‐year long periods:
2016–2022 minus 2009–2015 for the 0–2,000 m depth layer (Figure 8).

According to the CIGAR reanalysis (Figure 8), increased warming affected
the upper Pacific Ocean during the 2016–2022 time span compared to the
previous seven years (2009–2015). This may explain the observed accelerated
rise of the Pacific sea level with respect to the mean linear trend of the 1993–
2024 time span. If we except the strong signal associated with the western
boundary currents (Gulf Stream and Kuroshio), significant warming of the
upper Atlantic Ocean is also observed, in particular in the mid latitudes of the
northwestern Atlantic and in almost the whole south Atlantic.

To check the robustness of the CIGAR‐based regional upper (0–2,000 m) and
deep (2,000 m‐bottom) ocean warming signal, we reproduced Figures 7 and 8
using the IPAv4 data set. The corresponding maps (regional thermosteric sea
level differences between two periods: 2016–2022 minus 2009–2015) are
shown in Figure 9.

Comparing Figure 9 upper map (IAPv4 data, 0–2,000 m) with Figure 8
(CIGAR reanalysis, 0–2,000 m) shows very good agreement, with similar
thermosteric patterns in all three main oceans. Figure 9 lower map (IAPv4,
2,000 m‐bottom) displays similar characteristics as Figure 7 (CIGAR rean-
alysis, 2,000 m‐bottom), i.e., some positive signal in the North Atlantic and in
the southern Ocean south of 30°S, and almost no signal over the whole Pacific
Ocean. For the 0–2,000 m upper ocean, IAPv4 and CIGAR agree also in terms
of amplitudes. On the other hand, in the deep ocean, the IAPv4 signal is much
smaller. As explained in Cheng, Pan, et al. (2024) and Cheng, Tan,
et al. (2024), deep ocean temperature data are indeed very sparse both in time
and space. They are mostly based on a few hydrographic lines (e.g., Katsu-
mata et al., 2022), completed since only very recently by localized Deep Argo

data (since 2014 in the western Pacific and since 2017 at some locations of the western Atlantic; see current Deep
Argo coverage: https://www.ocean‐ops.org/share/Argo/Maps/deep‐models_.png, and recent published articles:
Deybruyeres et al., 2025; Lele & Purkey, 2024; Zilberman et al., 2025). Spatial averaging of the limited in situ
measurements will obviously provide lower signal than in the CIGAR reanalysis, where the numerical ocean
model dynamically redistributes water masses even in absence of observations.

Figure 4. Upper panel: thermosteric (0–2,000 m) time series over 2005–2022
from CIGAR (black), ensemble mean (EM) of five Argo products (blue) and
IAPv4 (red). The data and model uncertainties are not shown for clarity.
Lower panel: Thermosteric differences EM 0–2,000 m minus CIGAR (blue)
and IAPv4 0–2,000 m minus CIGAR (red).

Table 1
Linear Trends and Associated Uncertainties (1‐Sigma) Computed Over 2005–2022 for Different Thermosteric Sea Level
Time Series

Thermosteric sea level time series Linear trends (mm/yr) 2005–2022

CIGAR thermosteric (0–2,000 m) 1.3 ± 0.1

Ensemble mean (five Argo products) (0–2,000 m) 1.3 ± 0.15

IAPv4 (0–2,000 m) 1.5 ± 0.1

CIGAR thermosteric Full depth (0–6,000 m) 1.7 ± 0.10

GMSL corrected for the GRACE‐based ocean mass 1.7 ± 0.25

IAPv4 thermosteric (0–6,000 m) 1.6 ± 0.1

Note. Except for the ocean mass corrected GMSL, the trend uncertainties are based on the least squares fit.
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The lack of correlation between the detrended Pacific and Atlantic sea levels
and PDO as of 2016/17 (Figure 6) may be understood as the result of
increased upper ocean warming for the Pacific (Figure 8) and full depth
warming for the Atlantic (Figures 7 and 8). To investigate this further,
Figure 10 superimposes the non‐detrended mean Pacific and mean Atlantic
sea levels over 2005–2020 with the non‐detrended CIGAR thermosteric time
series for 0–6,000 m and 2,000–6,000 m. For the Pacific, a steep increase is
noted in 2016 in the ocean thermosteric component, likely due to the upper
ocean since no similar signal is seen in the deep ocean. This supports what is
shown in Figure 8, that is, an increased warming contribution from the upper
ocean as of 2016/17. It is worth noting that Cluett et al. (2025) reported that
around 2015, the North Pacific sea surface temperature departed from its
classical PDO expression, suggesting additional warming in this basin. Be-
sides, Klavans et al. (2025) suggested that the recent decadal PDO index
variations are largely driven by anthropogenic forcing rather than internal
climate variability. Thus the observed correlation/decorrelation between Pa-
cific sea level and PDO reported in our study does not lead to simple inter-
pretation and a detailed attribution study remains to be conducted. For the
Atlantic Ocean, Figure 10 shows a steep increase around the end 2016 in both

the altimetry‐based sea level and full depth thermosteric sea level, due to a combination of upper and deep ocean
warming. We note a much larger contribution of deep ocean warming in the Atlantic Ocean compared to the
Pacific Ocean (in agreement with Figure 7).

6. Discussion
The ocean is currently storing more than 90% of the heat excess accumulating in the climate system in response to
greenhouse gas emissions (von Schuckmann et al., 2020, 2023). This heat is transported by ocean currents from
the surface to depth and across the different oceans. Both large‐scale currents and mesoscale eddies play a role in
this transport (Wang et al., 2024). In spite of the still incomplete coverage of in situ data from hydrographic
profiles and Deep Argo floats, a number of recent studies have quantified the amount of heat having reached the
deep ocean (below 2,000 m) and how it is distributed regionally (Cheng, Pan, et al., 2024; Cheng, Tan,
et al., 2024; Johnson and Purkey, 2024; Zhang et al., 2025). Using in situ temperature data from various sources,
Cheng, Pan, et al. (2024) and Cheng, Tan, et al. (2024) report significant regionally averaged deep (2,000–
6,000 m) ocean warming over the past three decades, with some acceleration in the recent years. Using Deep Argo

temperature data and ship‐based CTD (Conductivity‐Temperature‐Depth)
instrumental data from the mid‐1980s to the mid‐2010s, Johnson and Pur-
key (2024) found widespread warming of the deep Southern Ocean south of
50°S, especially in regions of Antarctic Bottom Water formation. Significant
warming was also reported south of Greenland and in the western subpolar
Atlantic. Zhang et al. (2025) also reported increased ocean heat uptake in the
deep ocean, especially in the Southern Ocean and Atlantic, using in situ
hydrographic sections over January 1992 to December 2015 time span.
However, when they compared in situ data with model‐based estimates
derived from the ECCO ocean state model (ECCO Consortium et al., 2021),
they found some discrepancies between data and model that they attributed to
the model.

Enhanced deep ocean warming (>2,000 m) observed since mid‐2010s in the
western North Atlantic has been recently linked to shifts in ocean circulation
and reduced deep‐water formation, both increasing heat content at depth. In
particular, a recent shift in the Atlantic overturning/gyre circulation has
enhanced the advection of warm, salty subtropical waters into the deep
subpolar North Atlantic (Desbruyères et al., 2017), while a weakening of deep
convection/ventilation (e.g., in the Labrador Sea after 2016) has allowed
existing deep waters to warm and expand (e.g., Clement et al., 2023;

Figure 5. CIGAR thermosteric full depth (black) and altimetry‐based GMSL
corrected for the GRACE‐based ocean mass (green). Shaded areas represent
the data uncertainties. The IAPv4 thermosteric (0–6,000 m) time series is
superimposed (red).

Figure 6. Time series of linearly detrended altimetry‐based sea level
averaged over the Pacific and Atlantic oceans (blue curves) and PDO (red
curve) over 1993–2023. A 5‐month running averaging is applied to all time
series.
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Yashayaev, 2024), all superimposed on a long‐term anthropogenic warming trend in abyssal waters (Purkey &
Johnson, 2010) and the strong increase in the North Atlantic Oscillation since the early 2010s (Chafik
et al., 2023).

Concerning the Southern Ocean, several recent studies have argued that the abyssal Antarctic warming first
described by Purkey and Johnson (2010) is a fingerprint of a slowdown in the Southern Ocean overturning cell
(e.g., Gunn et al., 2023; Li et al., 2023). A slowdown in the lower cell overturning rate leaves the deepest waters
off Antarctica both warmer and less oxygenated, with a deflation of the Antarctic Bottom Water layer (see also
Rintoul et al., 2025). The above studies based on in situ measurements are highly promising. However,
considering that current sampling of the deep ocean is still very limited in space and time, other approaches are
worth to be considered. Previous studies based on the GMSL budget closure approach concluded that deep ocean
warming was undetectable considering the data uncertainties (Dieng et al., 2015; Frederikse et al., 2020; Llovel

Figure 7. Regional differences in CIGAR‐based thermosteric sea level (2,000 m to bottom) between two seven‐year‐long
time spans: 2016–2022 minus 2009–2015. The scale is in m.

Figure 8. Regional differences in CIGAR‐based thermosteric sea level (0–2,000 m) between two seven‐year‐long time spans:
2016–2022 minus 2009–2015. The scale is in m.
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et al., 2014). In effect, observed closure of the sea level budget until 2015/16 using Argo data down to 2,000 m
confirmed the negligible contribution of deep ocean warming to the GMSL until that date.

Yang et al. (2021) indirectly investigated deep ocean warming over the 2005–2015 period, and its regional
distribution, by analyzing gridded altimetry‐based sea level data corrected for Argo‐based steric sea level down to
2,000 m and GRACE‐based ocean mass redistribution. They reported significant warming of the deep ocean in
middle‐east Indian Ocean, north and southeast Pacific and northeast Atlantic, and cooling in the northwest
Atlantic and southern oceans over this time span. However, this study does not inform on deep ocean warming
beyond 2015. Assessing the regional sea level budget closure over 2004–2022, using altimetry, Argo down to
2,000 m and GRACE data for the GMSL and its components, Bouih et al. (2025) found significant residuals in the
North Atlantic region, attributed by the authors to the anomalous regional halosteric component affected by Argo‐
based salinity measurement errors since 2015 (Barnoud et al., 2021). However, we cannot exclude that part of the
North Atlantic residuals comes from non‐account of the deep ocean thermosteric sea level.

In the present study, we have shown that the non‐closure of the GMSL budget beyond 2016 is possibly due to the
emerging contribution of the deep ocean warming signal. The use of ocean reanalyzes to estimate the total (i.e.,
vertically integrated from surface to bottom) thermosteric component has allowed us to close the sea level budget
beyond 2016/17. A deep ocean contribution of 0.4 ± 0.15 mm/yr to the GMSL rise was found for the 2005–2022
time span.

Departure as of 2016/17 of the decadal variations of the mean Pacific and Atlantic sea level from the PDO implies
the influence of another climate‐related contribution, either due to internal climate variability or driven by
external forcing. Results based on the CIGAR thermosteric sea level suggest that the recent (since 2016) mean

Figure 9. Regional differences in IAPv4‐based thermosteric sea level (0–2,000 m, upper map and 2,000 m‐bottom, lower
map) between two seven‐year‐long time spans: 2016–2022 minus 2009–2015. The scale is in m.

Earth's Future 10.1029/2025EF007403

CAZENAVE ET AL. 11 of 16



Pacific sea level increase does not come from the deep ocean but rather from
the upper 0–2,000 m ocean, while for the Atlantic, it is likely that warming of
the whole ocean column has caused sea level rise to accelerate in the recent
years. This definitely needs further investigation in order to discriminate
between internal climate variability and external forcing.

Using CMIP5 simulations, Silvy et al. (2020) showed that the anthropogenic
warming signal in deep waters of the subpolar North Atlantic first rose
consistently above natural variability in the early 2010s, indicating the start of
detectable deep ocean climate change in that basin. Recent studies of the
Earth energy imbalance (EEI) based on top of the atmosphere radiative flux
measurements (e.g., by the Clouds and the Earth's Radiant Energy System—
CERES‐, Loeb et al., 2018) report significant discrepancy with the EEI based
on the upper ocean (0–2,000 m) ocean heat content, especially since the mid‐
2010s, calling for a new contribution from the deep ocean (Storto et al., 2022).
This aligns well with our finding based on the sea level budget.

As a final note, it is worth noting that our conclusions depend on the CIGAR
ocean reanalysis. Previous literature (e.g., Cheng et al., 2025; Hakuba
et al., 2024; Pan et al., 2026; Prigent et al., 2025; Storto & Yang, 2024) has
shown that CIGAR well reproduces the global and Atlantic, upper ocean or
full‐column, warming compared to independent data sets. Storto and
Yang (2024) extensively validated the warming signal against independent
data sets (geodetic approach or Top of the Atmosphere/TOA‐derived ocean
heat content) and assessed the robustness of the reanalyzed signal with respect
to partial withholding of observations or reanalysis configuration. Addition-
ally, the recent literature based on satellite data (e.g., Chafik et al., 2023;

Meyssignac et al., 2024) confirms that the western North Atlantic is a recent hotspot of warming, due to con-
current factors like weakening of deep convection, shift of North Atlantic gyre circulation, and other factors.

Moreover, in the present study, we have provided independent validation of the global mean CIGAR‐based
thermosteric sea level, both for the 0–2,000 m upper ocean and 0–6,000 m depth layer, comparing with four
independent data sets, leading to very good agreement in terms of trend. In addition, the regional thermosteric
differences between the two periods 2016–2022 minus 2009–2015 using CIGAR on one hand and the in situ data‐
based IAPv4 product on the other hand compare well, at least in terms of patterns. Our study should be considered
as a first attempt to demonstrate the significant role of deep ocean warming for closing the recent years GMSL
budget. As more Deep Argo temperature measurements become available, it will be possible to provide direct
observational evidence of the deep ocean heat uptake and of its spatio‐temporal evolution. Conducting the three
independent approaches (sea level budget approach, analysis of the EEI and direct Deep Argo‐based in situ
measurements) should robustly inform on the recent emergence of deep ocean warming. The next step will be to
determine whether the recent deep ocean change is due to internal climate variability, forced anthropogenic
response or a combination of both. Such a mechanistic analysis (beyond the scope of the present study) could be
conducted using CMIP‐type coupled climate models. In addition, the specific physical processes behind deep
ocean warming found in this study with the CIGAR reanalysis should be addressed in future investigations,
especially the respective contribution of ocean circulation, ventilation processes (deep water formation) and
surface atmospheric forcing.
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Figure 10. Basin‐averaged altimetry‐based sea level (in mm) over 2004–
2020 (blue curve) with the CIGAR‐based 0–6,000 m thermosteric sea level
(green curve) and CIGAR‐based deep ocean thermosteric sea level (orange
curve). Upper panel: Pacific Ocean. Lower Panel: Atlantic Ocean.
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The DT2021 gridded altimetry data set is available at Copernicus Climate Change Service, Climate Data
Store (2018).

The Argo‐based temperature data used to compute the thermosteric time series come from different sources: (a)
SIO, data available from https://argo.ucsd.edu/data/argo‐data‐products, (b) IPRC, data available from https://a
pdrc.soest.hawaii.edu/projects/Argo/, (c) JAMSTEC, data available from http://www.jamstec.go.jp/ARGO/J_
ARGOe.html., (d) EN4, data available from https://www.metoffice.gov.uk/hadobs/en4/, (e) ISAS, data available
at Kolodziejczyk et al. (2023), (6) IAPv4, data available at Cheng, Tan, et al. (2024). The corresponding ther-
mosteric time series are available from https://github.com/CNES/lenapy.

The GRACE, GRACE FO mascon data are available from Save et al. (2016) for CSR (http://www2.csr.utexas.
edu/grace), Watkins et al. (2015) for JPL (http://grace.jpl.nasa.gov/) and Loomis et al. (2019) for GSFC (https://ea
rth.gsfc.nasa.gov/geo/data/grace‐mascons).

The glacier mass balance data are available at Dussaillant et al. (2024).

The IMBIE ice sheet mass balance data are available at Shepherd et al. (2021).

The land water storage data are available at Mueller‐Schmied et al. (2024b).

The PDO time series are available from the NOAA web site (https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/i
ndex/ersst.v5.pdo.dat).

Description of the CIGAR data set, instructions, and data sets are available through the website https://cigar.isma
r.cnr.it.
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Erratum
The originally published version of this article contained a typographical error. Coauthor William Llovel's name
was misspelled as William Lovell. The error has been corrected, and this may be considered the authoritative
version of record.
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