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Abstract. The estimation of the regional Ocean Heat Content (OHC) is essential for climate analysis and future climate

predictions. In this study, we propose a method to estimate and propagate uncertainties in regional OHC changes. The OHC is

estimated with space geodetic steric data corrected from salinity variations estimated with in situ measurements. A variance-

covariance matrix method is used to propagate uncertainties from space geodetic data to the OHC change. The integrated OHC

change over the Atlantic basin is 0.17 W m−2 which represents 21% of the global OHC trend, with significant trends observed5

in 52% of the Atlantic basin. Uncertainties in OHC trends are mainly attributed to manometric sea level change uncertainties.

We validate our space geodetic OHC estimates at two test sites, representing the subtropical and subpolar regions of the North

Atlantic, highlighting their importance in understanding climate dynamics. Our results show good agreement between space

geodetic estimates and in situ measurements in the North Atlantic region. The space geodetic OHC trends reveal a warming

pattern in the southern and western parts of the North Atlantic, particularly in the Gulf Stream region, while the northeastern10

part exhibits cooling trends. Overall, our study provides valuable insights and a new framework to estimate regional OHC

change and its uncertainties, contributing to a better understanding of the Earth’s climate system and its future projections.

The space geodetic OHC change product (version 1.0) is freely available at https://doi.org/10.24400/527896/a01-2022.012

(Magellium/LEGOS, 2022).
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1 Introduction15

Due to its large volume and its high thermal inertia, the ocean accounts for most of the planetary heat uptake generated by the

Earth Energy Imbalance (EEI) associated with the current climate change ( ≃ 91% ± 2%, Church et al., 2011; Levitus et al.,

2012; Meyssignac et al., 2019; von Schuckmann et al., 2020). The ability of the ocean to store and redistribute this excess heat

plays a key role in the long-term transient response of the Earth system to climate change (Rose and Rayborn, 2016).

The global Ocean Heat Content (OHC) change is the dominant term in the planetary energy budget on timescales longer20

than several months and can be considered a proxy for Earth’s net radiative flux imbalance. As it integrates the full ocean it

is significantly more representative of EEI than the global surface temperature changes (Palmer et al., 2019; von Schuckmann

et al., 2016). Earlier studies have proposed an accurate monitoring and description of the global and full-depth OHC change

(Desbruyères et al., 2017; Meyssignac et al., 2019; von Schuckmann et al., 2020; Hakuba et al., 2021; Marti et al., 2022). At

regional scales, however, this description remains more limited.25

At regional scales, the spatial pattern of ocean warming affects the strength of climate feedbacks and climate sensitivity (Rose

et al., 2014; Rose and Rayborn, 2016), which in turn determine the asymptotic response of the global surface temperature of

the climate system for a given increase in CO2 concentrations. Understanding and accurately monitoring the patterns of OHC

change from the global to regional scales are therefore of central importance to constraining properly climate parameters of

key importance such as climate sensitivity (Chenal et al., 2022).30

In the North Atlantic, changes in the transport and storage of heat play a key role in both global and regional scale climate

changes. At the global scale, such changes are crucial to the dynamics of the global overturning circulation, including the global

ocean deep water circulation, which partly modulates the rate of vertical diffusion of the excess heat into the ocean on climate

time scales (Gnanadesikan, 1999). On a regional scale, they are important because a large part of the heat transport from the

tropics to higher latitudes takes place in the first layers of the ocean, interacts with the atmosphere and probably modulates the35

variability of the climate in Western Europe (Palter, 2015).

The OHC can be inferred by several approaches each with their own advantages and limitations (Meyssignac et al., 2019).

The first approach involves using direct in situ measurements of temperature and salinity such as those made autonomously

by the Argo network of profiling floats (von Schuckmann et al., 2020). These in situ measurements are unevenly distributed in

both space and time, with still poor sampling of the deep ocean (below 2000m), marginal seas, coastal regions and below sea40

ice. The second approach consists in using direct satellite measurements of net ocean surface heat fluxes (Kato et al., 2018;

L’Ecuyer et al., 2015). These net fluxes are estimated from the satellite observations of radiative and turbulent fluxes. However,

this approach is associated with large residuals and uncertainties and at regional scales the fluxes need to be corrected from

horizontal energy transport by ocean dynamics (Meyssignac et al., 2019). A third approach is to use ocean reanalyses with

assimilation of satellite and in situ observations (Stammer et al., 2016). Some reanalyses (such as ECCOv4, Forget et al., 2015;45

ECCO Consortium et al., 2020) are dynamically consistent but they can be numerically biased in regions with sporadic spatio-

temporal observational constraints such as polar regions or the deep ocean (Palmer et al., 2017). The fourth approach is the

space geodetic approach which consists in measuring sea level changes due to thermal expansion and saline contraction of the
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ocean (steric sea level change) based on differences between total sea level changes derived from altimetry measurements and

manometric sea level changes derived from gravimetry measurements. This approach offers consistent temporal and spatial50

sampling of the ocean, integrated over the entire ocean water column, with nearly a global coverage of the oceans, except for

polar regions above 82°. But it does not provide separated estimates of the contributions of different ocean layers to the total

OHC change.

At global scale, salinity has a negligible influence on the total sea level (Gregory et al., 2019). The potential of the geodetic

approach to estimate the global thermal expansion and the global OHC change at global scale has been demonstrated (Marti55

et al., 2022; Hakuba et al., 2021). A key advantage of this method is its ability to provide a realistic estimation of the uncer-

tainties from time correlated errors.

At regional scales, the influence of salinity on the total sea level is not negligible anymore (Llovel and Lee, 2015) and needs

to be accounted for. In this case, the thermal expansion is obtained by subtracting halosteric variations due to salinity change

derived from in situ measurements from the regional steric sea level derived from the space geodetic approach. A preliminary60

estimate of the OHC change at regional scales was done with the geodetic approach (Marti et al., 2022) over 2002-2016 but

the uncertainty was just estimated for the global ocean and not at the regional scale. Furthermore, they did not remove the

halosteric variations to estimate the OHC change. Here we propose a new estimate of the regional changes in OHC in the

Atlantic ocean with an estimate of the regional uncertainties. The originality of the present study lies in the provision of OHC

change at regional scales with a combination of space geodetic and in situ data to correct for the salinity effect. Combining65

regionally space geodetic with in situ data has three major advantages: 1) it provides an estimate of the thermosteric sea level

change integrated over the full ocean depth; 2) it provides a very good spatial and temporal coverage of the ocean since April

2002; and 3) it provides an estimate of the uncertainties from the altimetry and gravity measurements.

The physical assumptions behind the estimation of the OHC change are given in section 2. Section 3 describes the datasets

used for the estimation of the OHC change and its validation. The preprocessing of the datasets used for the computation70

of OHC is explained in section 4. A subsection is specially dedicated to the validation of the estimation of steric sea level

change from the space geodetic approach. Another subsection is dedicated to the description of the method used to propagate

uncertainties. Results are presented in section 5. A validation work was also performed with in situ products (section 6). Finally,

conclusions and perspectives are given in section 7.

2 Physical principle of the OHC change calculation75

In the space geodetic approach, the OHC change is estimated from the thermal expansion of the seawater observed from satellite

data and in situ data. Thermal expansion corresponds to the change in water density due to temperature change, and is also

called TSSL change. The TSSL change is retrieved from the sea level budget equation where the total sea level change (∆SL)

is the sum of the manometric sea level (∆MAN ) and the steric sea level change (∆SSL) expressed in meters. The latter can

be decomposed in two terms, the thermal expansion change (∆TSSL) and the halosteric sea level change (∆HSSL). Thermal80
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expansion is derived at every timestep and spatial coordinate following Eq. (1):

∆TSSL(lon, lat, t) = ∆SL(lon, lat, t)−∆MAN(lon, lat, t)−∆HSSL(lon, lat, t) (1)

The TSSL change is converted into OHC change with the use of the Integrated Expansion Efficiency of Heat (IEEH)

coefficient. This coefficient expresses the ratio of the thermosteric sea level over the heat content. It is estimated from direct

measurements of TSSL and OHC from in situ data. It is expressed as in Eq. (2):85

IEEH(lon, lat, t) =
∆TSSL(lon, lat, t)
∆OHC(lon, lat, t)

(2)

where TSSL, the thermosteric sea level referenced to a physical thermosteric sea level (defined at 0° Celsius and 35 PSU), and

OHC, the ocean heat content, are both integrated over the whole water column.

With the estimate of TSSL change and IEEH, the regional OHC change is calculated following a regional version of the

geodetic approach from Marti et al. (2022). OHC change (∆OHC) at a specific longitude (lon), latitude (lat) and time (t) is90

defined by the difference between OHC at t and t0 , and can be written as in Eq. (3):

∆OHC(lon, lat, t) =
1

Scell(lon, lat)

[
∆TSSL(lon, lat, t) +TSSL(lon, lat, t0)

IEEH(lon, lat, t)
− TSSL(lon, lat, t0)

IEEH(lon, lat, t0)

]
(3)

The OHC change will be given in J/m2 where the Scell is the sea surface of interest in m2.

In this study, TSSL change is derived from SL change, which is observed from space with radar altimetry missions (section

3.1), MAN change is observed from space with space gravimetry missions (section 3.2) and HSSL change is observed from in95

situ observations of ocean temperature and salinity (section 3.3.1). In situ datasets of temperature and salinity are also used to

estimate the regional IEEH (section 3.3.2).

3 Data

3.1 Total sea level change

The total sea level change at regional scales is derived from the sea level products operationally generated by the Copernicus100

Climate Change Service (C3S). This dataset, fully described in Legeais et al. (2021) is highly stable and specifically designed

for climate applications. It provides daily sea level anomalies grids at a 1/4° spatial resolution. It is based on reference al-

timeter missions (TopEx/Poseidon, Jason-1,2,3 and S6-MF very soon). Complementary missions (ERS-1,2, Envisat, Cryosat,

SARAL/Altika, Sentinel-3A) are used to increase spatial coverage. C3S provides total sea level anomalies (SLA) around a

mean sea surface (MSS) above the reference mean sea-surface computed over 1993-2012. The C3S sea level grids were also105

corrected for the glacial isostatic adjustment (GIA) applying a regional correction from an ensemble average of 27 ICE-5G

model viscosity variations (Spada and Melini 2019). A correction of +0.1 mm/yr is also applied for the deformations caused

by the modern melt of land ice (GRD) on the ocean crust (Frederikse et al., 2017; Lickley et al., 2018).
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The altimetry sea level uncertainties are provided at regional scales by Prandi et al. (2021). Uncertainties are characterised for

the main sources of errors including high frequency noise from orbit determination and geophysical corrections, low frequency110

noise from the wet troposphere correction and drifts from the GIA correction.The uncertainties account for time correlation in

errors. However, to date, the spatial correlation of the sea level errors has not been described.

3.2 Manometric sea level change

GRACE and GRACE Follow On (GRACE-FO) missions allow the monitoring of ocean mass change from gravity measure-

ments. It is used to derive the manometric component of the sea level from 04/2002 to nowadays. As GRACE decommissioned115

in 2017, and its successor GRACE-FO was launched in May 2018, there is a 11 months data gap in 2017/2018. In this study we

considered an update of Blazquez et al. (2018) ensemble of GRACE solutions (http://ftp.legos.obs-mip.fr/pub/soa/gravimetrie/

grace_legos/V1.5.1). This ensenble is based on normalised spherical harmonic solutions from six different centres and a large

variety of post-processing corrections including corrections for the geocentre motion, the oblateness of the Earth, the dealias-

ing of ocean and atmosphere, the filtering of the noise linked to the so-called stripes of GRACE gravity data, the GIA and the120

leakage correction. In comparison with the ensemble V1.4 used in Marti et al. (2022), the ensemble V1.5.1 accounts for 288

solutions, notably because it includes a new geocentre solution (Dahle et al., 2013). There is also an increase in the temporal

coverage in the new version of the ensemble as the data gap between GRACE and GRACE-FO has been reduced. Two extra

corrections were also added: one for the earthquakes (Tang et al., 2020) and one for the ocean mass change at the first 300km

near Greenland and Antarctica. In MAN grids we fill in the data gap which is present between July 2017 and June 2018 with a125

cubic approximation that is applied regionally on deseasonned and detrended time series.

We use the Blazquez et al. (2018) ensemble to estimate the variance-covariance matrix that characterises the MAN uncer-

tainties. This method accounts for spatio-temporal correlated errors of the MAN that are implicitly included in the ensemble.

3.3 In situ data

3.3.1 Halosteric sea level change130

The halosteric sea level (HSSL) change is estimated from in situ temperature (T) and salinity (S) data. The computation of the

sea level variations due to salinity variations relies on the thermodynamic equation of seawater (McDougall and Barker, 2011).

The HSSL component is estimated from the combination of two in situ temperature and salinity datasets. From 0 m to 2000

m depth, the HSSL is calculated with the ISAS20 temperature and salinity datasets (Kolodziejczyk et al., 2021). The ISAS

procedure and product is described in (Gaillard et al., 2016). It is based on the measurements from the Argo and Deep Argo135

floats (note that at the time of the ISAS20 computation, few of Deep Argo profiles reached the data quality standard required to

be implemented into the optimal interpolation tool, personnal communication from Nicolas Kolodziejcyk). Between 2000m and

6000m, HSSL is calculated with EN4.2.2.l09 temperature and salinity gridded fields (Good et al., 2013; Levitus et al., 2009).

EN4.2.2.l09 product has been chosen to address the deep ocean contribution as it relies on data from other ocean observing

systems, such as moored buoys and research vessels (Good et al., 2013). Note that deep ocean measurements remain sporadic140
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both spatially and temporally so that most of the deep ocean signal remains close to the climatology after optimal interpolation.

T and S fields from ISAS20, which were used to estimate halosteric change and IEEH are given at a 1/2° resolution whereas

EN4.2.2.l09 fields are given at a 1° resolution. Before merging the two HSSL contributions, the HSSL based upon ISAS20 is

first interpolated at a 1° resolution.

Recent studies highlight that in situ salinity datasets from Argo present a drift since 2016 due to anomalies on conductivity145

sensors (Wong et al., 2020). Barnoud et al. (2021) showed that this drift affects the global mean HSSL estimates. The impact

of this halosteric drift on the regional OHC change is still unknown and difficult to quantify.

Currently the only uncertainties associated with HSSL that are available are formal uncertainties from temperature and salin-

ity profiles estimated in EN4.2.2.l09 and ISAS20 datasets. In this present study, these uncertainties have not been propagated

to the HSSL change.150

3.3.2 IEEH

The IEEH is also computed with the combination of ISAS20 and EN4.2.2.l09 in situ datasets which were already depicted

in section 3.3.1. First we compute the thermal expansion (TSSL) and Ocean heat content change (OHC change) from T and

S based on TEOS-10. The high frequencies of TSSL and OHC changes are removed by locally applying a low-pass filter

(Lanczos) with a cutoff period of 3 years before estimating the IEEH. This high-frequency variability can arise from various155

sources, such as local weather conditions, ocean currents, and internal ocean waves. These high-frequency signals can mask the

underlying signal of interest, which is the relationship between interannual to long-term variability in ocean thermal expansion

and thermosteric sea level.

To propagate and estimate the uncertainties on the regional OHC change from the space geodetic data, the uncertainty of

the IEEH must be taken into account. We use the IEEH uncertainty estimated at global scale in Marti et al. (2022) and apply160

it everywhere as a constant. The global estimate results from the dispersion between several global IEEH estimated from 11

Argo solutions (see Marti et al. (2022)). As the IEEH is not an intensive parameter (i.e. it can not be averaged from regional

scale to global scale), a scaling factor is used to convert the global uncertainty into regional one with a cross product:

eIEEH(lat, lon) =
IEEH(lat, lon) ∗ eIEEHglobal

IEEHglobal
(4)

where eIEEH(lat, lon) is the uncertainty at a given latitude and longitude, IEEH(lat, lon) is the values of the regional165

IEEH, eIEEHglobal
= 5.5∗10−4m.Y J−1 is the uncertainty of the IEEH at global scale (Marti et al., 2022) and IEEHglobal =

1.68 ∗ 10−25m.J−1 is the value of the IEEH calculated at global scale for the in situ product ISAS20-EN4.

3.3.3 Validation products

The space geodetic product is validated in the North Atlantic region at two test sites. First, the product is validated in the

subtropical region with two products: an optimal interpolation product based on data from Argo floats and produced by the Na-170

tional Oceanography Centre (hereinafter referred to as NOC Argo OI) and T/S data from RAPID-MOCHA (RAPID-Meridional
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Overturning Circulation and Heatflux Array). The NOC Argo OI dataset is a gridded product generated by the NOC using op-

timal interpolation of Argo profile data including T and S over the depths 0-2000m. The spatial resolution of NOC Argo OI

is 1° in latitude/longitude and 20m in depth with a temporal resolution of 10 days. In-situ estimates of depth-integrated OHC

were computed from the gridded T and S using thermodynamic routines included in the Gibbs SeaWater (GSW) oceanographic175

library over the period April 2004 to September 2021. The RAPID programme aims to quantify the Atlantic Meridional Over-

turning Circulation (AMOC) using an array of moored instruments at a latitude of ∼26.5° N measuring temperature, salinity,

and current velocities from the near surface to the sea-floor. Raw instrument mooring data is processed at the NOC and made

available as a gridded product, with a 20m spatial resolution, and a 12-hour temporal resolution, currently spanning the period

April 2004 to March 2020. The RAPID section was split into two zonal sections demarcated by the full-depth profiles at the180

Eastern and Western boundaries as well as at the mooring located west of the Mid Atlantic Ridge. OHC was then estimated

across each of the two sections using the NOC Argo OI data, calibrated against RAPID observations at the boundaries of each

section, relying on the main assumption that the two datasets are equal at these locations except for an additive bias.

The geodetic OHC product is further validated in the Subpolar North Atlantic with two in situ datasets: repeat hydrography

along the A25-Ovide section (Mercier et al., 2022) and Argo-based ISAS21 in situ product. OVIDE (Observatoire de la vari-185

abilité interannuelle et décennale en Atlantique Nord) consists of 9 Portugal-Greenland hydrography sections occupied every

other year during 2002-2018 (in early boreal summer: May-June/June-July). Vertical profiles of T and S, typically spaced out

by 20 nautical miles in the interior and down to few nautical miles above steep continental slopes, have been objectively inter-

polated onto ∼7km x 7km horizontal grid and with a high vertical resolution of 1 m. ISAS21 is an update of ISAS20 that is

built with all available Argo and Deep-Argo profiles over the 2002-2020 period (Kolodziejczyk et al., 2021). In the Subpolar190

North Atlantic, the latitudinal and longitudinal resolution of ISAS21 are ∼0.20° to ∼0.4° and 0.5°, respectively. There are

187 standard depth levels between 0-5500 m depth. Note that prior to the comparison process, all in situ OHC estimates have

been regridded onto the horizontal resolution of the space geodetic product (1°x1°). Each time series presented hereafter is an

anomaly with respect to its time mean.

4 Data processing195

4.1 Propagation of the uncertainties

An added value of this study is to estimate and provide OHC uncertainties at regional scales that take into account the temporal

correlation of the space geodetic errors and propagating the uncertainties associated with satellite data to derive regional OHC

change uncertainties (Figure C1). This method is an extension of the method proposed by Marti et al. (2022) which had for

initial purpose to derive OHC change uncertainties for the global ocean.200

The main principle of the method is based on the calculation of the error variance-covariance matrices of the total sea

level change (ΣSL(lon, lat, t, t)), the manometric sea level change (ΣMAN (lon, lat, t, t)), the halosteric sea level change

(ΣHSSL(lon, lat, t, t)) and to propagate the uncertainties to derive the error variance-covariance matrices (ΣOHC). Here,
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ΣHSSL(lon, lat, t, t) are neglected, (see section 3.3.1). It might lead to an underestimation of the regional OHC change uncer-

tainties.205

The first step to estimate the variance-covariance matrix of OHC uncertainties consists in calculating the error variance-

covariance matrices of space geodetic data. ΣSL(lon, lat, t, t) is the sum of the individual variance-covariance matrices of

each error source from the sea level error budget as in Prandi et al. (2021):

ΣSL(lat, lon,t, t) =
n∑

i=1

ΣErrori(lat, lon,t, t) (5)

For the manometric sea level change, ΣMAN (lon, lat, t, t) is calculated on an annual basis, from the dispersion of the MAN210

ensemble updated from Blazquez et al. (2018) and described in section 3.2. An additional uncertainty is added in ΣMAN over

the GRACE(-FO) data gaps (e.g. between GRACE and GRACE-FO in 2018) to account for sub-annual variability that is not

well captured by the gap-filling algorithm (described in section 3.2).

For each latitude and longitude of the MAN ensemble, the regional variance-covariance matrix is computed using all the

solutions of the ensemble. The resulting MAN ensemble solutions contains n temporal vectors noted hereafter Xi for i from 1215

to n. The MAN variance-covariance matrix reads:

ΣMAN (i, j)(lat, lon,t, t) = cov(Xi,Xj)(lat, lon,t, t) = E[(Xi−E[Xi])(Xj −E[Xj ])](lat, lon,t, t) (6)

The second step consists in calculating the variance-covariance matrices of the TSSL change. Since TSSL is the differences

between SL, MAN and HSSL, ΣTSSL is obtained by summing the variance-covariance matrices of the errors of SL, MAN and

HSSL:220

ΣTSSL = ΣSL + ΣMAN + ΣHSSL (7)

Note that Equation 7 implicitly assumes that the errors of SL, MAN and HSSL are uncorrelated with each other. However,

in practice a few similar geophysical corrections are applied on both SL and MAN which can generate correlated errors

not quantified to date. However, we expect these correlated errors to be small because the system error measurements are

independent and there are few potential sources of correlated errors (e.g. GIA and ocean tide). Moreover, if observing systems225

are different and do not allow the observation of the ocean with the same spatio-temporal sampling, errors could be introduced

while interpolating these datasets to the same spatio-temporal resolution. The study of the uncertainties associated with this

source of error has not been quantified yet.

The third step consists in propagating the uncertainties in the calculation of the OHC change. The OHC is derived from the

TSSL change divided by the IEEH. Considering their respective uncertainties, we have:230

∆OHC(t, lat, lon) =
∆TSSL(t, lat, lon)± eTSSL(t, lat, lon)
IEEH(t, lat, lon)± eIEEH(lat, lon)

(8)

Assuming TSSL and IEEH uncorrelated, the variance-covariance matrix of the OHC (ΣOHC) can be estimated using the

following equation (see Taylor (1997), Eq. 3.8):

ΣOHC =
1

IEEH2
Σ∆TSSL + (

IEEH

eIEEH
)2∆OHC.∆OHCt (9)
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The uncertainty on trends or acceleration can be estimated for any time span from the variance-covariance matrix (Σ), The235

mathematical formalism is fully described in Ablain et al. (2019). It consists in fitting the trend and the acceleration from a

linear regression model (y = Xβ + ϵ) applying an ordinary least square (OLS) approach, where the estimator of β with the

OLS, noted β̂ takes into account Σ and follows a normal law :

β̂ = N(β,(XtX)−1(XtΣX)(XtX)−1) (10)

4.2 Space geodetic SSL change240

A processing chain was specifically developed in order to calculate the OHC change from space geodetic measurements and

in situ products, following the physical principle from section 2. The first step consists in pre-processing the grids of input

data over the full period. All grids are interpolated on a 1° and a monthly resolution. The space geodetic approach gives the

estimation of the SSL change following :

∆SSL(lon, lat, t) = ∆SL(lon, lat, t)−∆MAN(lon, lat, t) (11)245

Then, Atlantic Ocean trends of the dilatation of seawater are estimated from April 2002 to December 2020 following the

mathematical statement in section 4.1.

Figure 1. (a) SSL trends in each 1° grid cell of the Subtropical North Atlantic region for the space geodetic product, (b) as for (a) but for

NOC Argo OI product.

SSL change from space geodetic data are validated against SSL change estimated with independent in situ data from NOC

Argo OI, ISAS21 and OVIDE. Figure 1 shows the validation of the regional steric sea level trends of the space geodetic product

against NOC Argo OI product in the Subtropical North Atlantic region. Patterns show overall quite good consistency with the250

largest values reaching 12 mm yr−1 in the NOC Argo OI product against 15 mm yr−1 with the space geodetic approach. In

both products, weak negative patterns are observed in the southern part of the Subtropical North Atlantic region (-3 mm yr−1).

A validation is also carried out in the Subpolar North Atlantic region and along OVIDE section with ISAS21 product. Figure

2 shows that the spatial patterns are in agreement with positive values in the Gulf Stream region reaching 13 mm yr−1 for

ISAS21 and 15 mm yr−1 for the space geodetic product. Negative values are found near Greenland and are less intense in255
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Figure 2. Steric sea level (SSL) trends in the Subpolar North Atlantic (a) from the space geodetic product and (b) from the ISAS21 product.

The green line in Figure (a) shows the OVIDE section. (c) Monthly detrended SSL time series along the OVIDE section from the space

geodetic product (blue curve), from ISAS21 product (black curve) and from the cruise-based snapshots (red dots).

ISAS21 (-5mm yr−1) than in the space geodetic product (-12mm yr−1). A validation against OVIDE section was also carried

out (Figure 2c) and interannual variations of the space geodetic SSL change are found to be close to ISAS21 SSL interannual

variations and to OVIDE SSL estimates at the OVIDE section.

4.3 TSSL and OHC change

The TSSL change is calculated from SSL change derived from space geodetic data and HSSL change derived from in situ260

data (Eq. 1, Figure A1). For the computation of TSSL changes, SSL changes and HSSL changes have to be referenced to the

same date. We set arbitrarily the reference date t0 to January 2005. SSL and HSSL datasets described in section 3, do not have

the same references. The SSL reference is broken down into the SL reference, which is the mean sea surface calculated over

1993-2012, and the MAN solution reference, which is the time average of the ensemble solution over 2005-2015. The HSSL

is referenced to a halosteric physical reference (defined at 0° Celsius and 35 PSU). To reference the TSSL change at t = t0, we265

have to apply the following equation for the TSSL change calculation.
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∆TSSL(lon, lat, t) = ∆SSL(lon, lat, t)−∆HSSL(lon, lat, t)− (∆SSL(lon, lat, t0)−∆HSSL(lon, lat, t0)) (12)

Note that we tested the sensitivity to the choice of time reference for TSSL and OHC changes and we found there is no

effect on TSSL trends and a weak effect on OHC changes (<1% difference). Once the Thermosteric sea level change has been

estimated at regional scale, we estimate the OHC change by using the Argo-derived IEEH coefficient described in section 3.3.2.270

The spatial coverage of the IEEH is consistent with the one from Marti et al. (2022) which implies a limitation on the spatial

coverage of OHC change estimates (Figure B1). Indeed, estimation of temperature and salinity with Argo data is primarily

available only in the open ocean , in sea-ice free regions.

The IEEH coefficient can vary over time due to various factors such as changes in ocean circulation, mixing, and stratification

especially in regions where mesoscale activity is strong (e.g. western boundary currents regions). The IEEH coefficient can275

also be influenced by the variability of non-oceanic processes, such as changes in atmospheric conditions and changes in the

distribution of sea ice. Although IEEH changes are expected to be small we account for these changes by estimating a time

varying IEEH from in situ data. Sensitivity tests made by comparing OHC estimates with constant and time variable IEEH

coefficients reveal that in the region of the Gulf Stream the local time-dependency of the IEEH is indeed important to retrieve

the local OHC changes. The difference is negligible elsewhere.280

In the following, we refer as "space geodetic" OHC change, the OHC derived from this approach that combines total sea

level from satellite altimetry , manometric sea level from space gravimetry , halosteric sea level and the IEEH from in situ Argo

data. Note that although thus approach is called "space geodetic" approach regionally it depends partly on in situ data.

5 OHC trends over the Atlantic Ocean

Figure 3 shows the OHC trends from the space geodetic method for the period from April 2002 to December 2020. Hatched285

areas represent non-significant OHC trends (68% confidence level or CL, estimated with the method from section 4.1). On the

southern and western part of the North Atlantic, positive trends can reach values up to 15 W m−2, This warming pattern, which

is enhanced in the Gulf Stream region, is likely related to a warming of the north atlantic sub-tropical gyre. In the northeastern

part of the North Atlantic, OHC trends are negative and reach values down to -13.6 W m−2. This cooling patterns associated

to the warming of the subtropical gyre are likely linked to an AMOC-driven reduced oceanic meridional heat transport and290

the associated redistribution of cold subpolar waters versus warm subtropical waters within its northward-flowing upper limb

(Ruiz-Barradas et al., 2018; Desbruyères et al., 2022).

The OHC change integrated over the entire Atlantic basin is 0.17 W m−2. This value is quite similar to the result obtained

in a recent study that utilized in situ data, which reported a value of 0.16 W m−2 (Desbruyères et al., 2017). The Atlantic

basin’s OHC change represents approximately 21% of the global OHC change trends. 52% (resp. 32%) of the Atlantic area295

shows significant trends in OHC at the 68% CL (resp. 90%CL). A major part of the significant trends at the 90% CL are

observed in the North Atlantic basin. The uncertainty in OHC trends can reach values up to 3 W m−2 in the North Atlantic
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Figure 3. Map of regional OHC change trends on the Atlantic Ocean computed over April 2002-December 2020 with the space geodetic

approach. Hatched areas are regions where regional OHC trends are not significant at the 68% confidence level (CL), see section 4.1 for the

trends uncertainties calculation. The geographical mask is conditioned by in situ products used to estimate the IEEH.
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basin. These OHC trends uncertainties were found to be essentially due to MAN uncertainties with a contribution ranging from

70% at the east of the Atlantic basin to more than 99% at the west of the Atlantic basin (Figure D1). Further investigations

need to be conducted to determine which contribution in MAN uncertainties is the highest contributor to OHC uncertainties:300

the uncertainty due to GIA or to the geocenter realisation.

6 OHC change validation

The OHC change validation aims to provide a detailed experimental error analysis for evaluating the accuracy and reliability

of the space geodetic OHC change at two test sites in the North Atlantic region. These two test sites were chosen because they

contain independent validation data along the RAPID and OVIDE sections.305

6.1 In the Subpolar North Atlantic region

To evaluate the accuracy of the geodetic product in the Subpolar North Atlantic region, the geodetic estimate of the OHC

trends are compared to ISAS21 OHC trends (Figures 4a and 4b). The large-scale distribution of OHC trends is consistent in the

geodetic and the insitu products with cooling patterns north of 55°N and at the west European basin and warming patterns at

35°-50°N and 70°-30°W. However, both the negative OHC trend in the northern subpolar gyre and the positive OHC trend in310

the northwestern subtropical gyre appear larger in the geodetic estimate than in the ISAS21 estimate ~-2-5 W m−2. Unraveling

the causes of such differences is challenging. They could be due, for instance, to the limited availability of T and S data below

2000m depth in ISAS21, and the relaxation towards the climatology in those deep layers.

Time series of monthly and full-depth OHC interpolated along the OVIDE section during 2002-2020 from both geodetic

product and ISAS21 are shown in Figure 4c. The corresponding hydrography-based OHC estimates from the 9 OVIDE hy-315

drography surveys are superimposed (red dots). A good correlation of r = 0.83 (at 95% CL) is found between the full-depth

monthly OHC time series, as well as with hydrography-based OHC change estimates from OVIDE dataset (r = 0.6 at 95%

CL). However, OHC changes along the OVIDE line appear overestimated in the range of ~-7.5x108 to 109 J m−2 by the space

geodetic product in 2008, early 2013, late 2014 to mid 2015 and late 2017 (see the comparison against ISAS21 OHC estimate)

and mid 2014 (see the comparison against OVIDE OHC estimate), for instance. Despite these scarce mismatches, consistent320

OHC trends of -2.15±0.85 W m−2 and -2.82±0.66 W m−2 are reported for the geodetic product and the in situ ISAS21

estimates along the OVIDE section (Figure 4c).

6.2 In the Sutropical North Atlantic region

OHC trends estimated in each 1° grid cell of the NOC Argo OI dataset are shown in Figure 5b. On the overall, the OHC trends’

pattern from the NOC Argo OI dataset are very similar to the geodetic OHC trends’ pattern (5a) with an homogeneous positive325

trend marked in the Northwest by highly positive trends, and in the Northwest and Northeast by slightly negative trends.

Additionally, the average magnitude of the space geodetic dataset is very similar to the NOC Argo OI dataset (2.9 W m−2 vs

2.3 W m−2), although it does appear to be slightly higher, particularly at latitudes towards the centre of the analysed region.
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Figure 4. Ocean Heat Content (OHC) trends in the Subpolar North Atlantic (a) from the space geodetic product and (b) from the ISAS21

product. The green line in Figure (a) shows the OVIDE section. (c) Monthly OHC time series along the OVIDE section from the space

geodetic product (blue curve), from ISAS21 product (black curve) and from the cruise-based snapshots (red dots). The light blue and cyan

bands represent respectively the lower and upper bounds of the error associated with the OHC estimates from the space geodetic product.

The dashed blue and black lines are OHC trends lines respectively from the space geodetic and ISAS21 products.

Following the approach described in the methods section, spatially integrated estimates of OHC anomaly were produced across

the Western basin of the subtropical North Atlantic at 26.5° N spanning longitudes from 76.74° W to 50.57° W, and across330

the Eastern Basin between longitudes 50.57° W and 16.23° W. Figure 5c shows the temporal evolution of depth-integrated

OHC anomaly estimated from the RAPID array at 26.5°N, spatially integrated across the Western basin of the North Atlantic

(black). Equivalent space geodetic OHC anomalies are shown in blue. Trends are shown with dashed lines. The comparison

of the RAPID data against space geodetic OHC data reveals fairly good temporal agreement in the OHC time series between

both datasets, with trends of 5.21 W m−2 and 6.01 W m−2 respectively. Using a similar arrangement as the one described335

above, Figure 5d shows the temporal evolution of OHC anomaly integrated across the Eastern basin calculated using the space

geodetic OHC anomalies assessed against RAPID. In general, we observe that temporal agreement with RAPID is somewhat

better than that which is found in the Western basin. In comparison with the RAPID-estimated trend of 3.67 W m−2, we find

that the space geodetic estimate of 4.12 W m−2 is similar but likewise still slightly overestimated. The overall agreement with
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RAPID is reasonably good for both basins with relative discrepancies between OHC trends derived from space geodetic and340

from RAPID found to be in the range ∼5-10%.

Figure 5. (a) OHC trends in each 1° grid cell of the Subtropical North Atlantic region for the space geodetic product, the green line is

indicative of the RAPID-MOCHA mooring array. (b) as for (a) but for NOC Argo OI product. (c) De-seasonalised temporal evolution of

depth-integrated OHC anomaly estimated from the RAPID-MOCHA array at 26.5° N in combination with data from the NOC Argo OI

product, spatially integrated across the Western basin of the North Atlantic (black). Comparison with estimates from space geodetic OHC

anomalies (blue). Respective trends shown with dashed lines. (d) as for (c) but across the Eastern basin of the North Atlantic.

7 Conclusions

The space geodetic approach gives an estimation of the expansion of sea level from space altimetry and space gravimetry

measurements over the 19-year period from April 2002 to December 2020. Together with the estimation of the halosteric sea

level variations from in situ data, the space geodetic dataset allows to estimate the thermal expansion of the ocean. With the345

use of the integrated expansion efficiency of heat coefficient derived from in situ data, thermal expansion is converted into an

estimation of the ocean heat content.

The estimation of the steric sea level change was first validated with in situ gridded datasets. The results have shown overall

good consistency and correlations between the geodetic estimation over the subtropical region with in situ estimation from

NOC Argo OI and over the subpolar region with in situ estimation from ISAS21 and OVIDE. The results in terms of ocean350

15

https://doi.org/10.5194/essd-2023-236
Preprint. Discussion started: 26 July 2023
c© Author(s) 2023. CC BY 4.0 License.



heat content change show that over the full period the trends of the ocean heat content change are significantly strong in the

North Atlantic region (up to 15 W m−2). Particularly in these regions, the regional OHC trends show a clear warming over

the subtropical region and a cooling over the subpolar region which is in line with patterns derived from the in situ ISAS21

and NOC Argo OI products. Furthermore, the geodetic product was validated in a dedicated section. In the Subpolar North

Atlantic, the space geodetic product was compared against hydrography-based OHC along the A25-Ovide repeat hydrography355

line, as well as against the Argo-based ISAS21 gridded product. The comparison has shown good correlation between their

respective OHC estimates (r=0.6, 95% CL for A25-Ovide and r=0.83, 95% CL for ISAS21), including a good match between

linear trends. In the Subtropical North Atlantic region, the analysis along the RAPID mooring section has shown fairly good

agreement with relative discrepancies in the OHC trends being less than ∼5-10%.

Our study shows that it is essential at regional scale to consider a time varying IEEH for the estimation of the space geodetic360

OHC change. Indeed, at a regional scale, taking a time constant IEEH is not a valid physical consideration in those regions

where the mesoscale activity is strong (e.g. Gulf Stream region, Figures E1 and F1).

This study shows that the combination of spatial data together with in situ data is highly valuable to accurately estimate

regional OHC change. However, there are potential issues in the fact of combining space geodetic data and in situ data. In

terms of spatial sampling, Argo floats measure ocean variables (e.g., temperature, salinity, and pressure) at discrete locations365

as they drift with ocean currents. In contrast, space geodetic data, such as satellite altimetry or gravimetry, provides continuous

measurements of the full ocean. Those different spatial sampling can lead to biases and data gaps, especially in regions where

Argo floats are sparse or absent. One way of assessing this effect would be to use data from a reanalysis subsampled in such a

way that mimics the spatio-temporal sampling of the in situ observations, but this is beyond the scope of this paper.

Furthermore, the OHC change is affected by the issues of each one of the product. If Argo floats operate continuously,370

gravimetry data are affected by scarce gaps of data during the whole period and an even longer gap of data between GRACE

and GRACE-FO missions (06/2017-06/2018). In this study, a regional filling gap algorithm was applied to interpolate GRACE

data in the gaps. After 2016, the ocean heat content change is also impacted by the spurious drift of conductivity sensors

affecting salinity data (Wong et al., 2020; Barnoud et al., 2021). To date, the impact of this drift on regional halosteric change

and OHC change has not been investigated yet.375

We have developed and presented a new framework for the estimation of regional uncertainties associated with OHC change.

This framework allows us to derive realistic OHC uncertainties through a rigorous error budget of the altimetric, gravimetric

and in-situ instruments. Currently, most of the uncertainties associated with the geodetic product arise from the uncertainties

associated with the manometric component of the sea level and future work is needed to reduce them especially by improving

estimates of the geocenter motion and of the GIA. Note that currently, our estimate of the uncertainties is likely underestimated380

for several reasons. First, the uncertainties are given at annual timescales. A possible improvement would be to provide a

variance-covariance matrix at monthly timescales but this might lead to larger variance as variability in the ocean increases

with frequency, and is particularly large at mesoscale (1-3 months). Second, uncertainties of halosteric sea level due to salinity

variations have not been estimated at regional scale. It has to be estimated properly from temperature and salinity uncertainties

in a futur work. Third, the uncertainties of the integrated expansion efficiency of heat (IEEH) have been estimated only at global385
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scale. A comparison of several Argo products provides an estimate of the regional uncertainty in IEEH due to the differences

between different Argo datasets. This comparison shows regional difference in IEEH below 1%. The regional IEEH estimated

with the ECCO model is also consistent with IEEH estimates derived from the Argo product. Fourth, the spatial correlation of

regional errors has not been described, neither for the altimetry nor for the in situ products.

Efforts made over the Atlantic basin could be pursued by extending the OHC change estimation near coasts but also poleward390

(up to 82◦) which are also key regions for the study of climate change. For the Atlantic area, these zones would represent a

gain of surface of around 29%. This could be done by estimating the IEEH from reanalysis data instead of the fully in-situ data

based Argo products.

Concerning the scientific perspective, the space geodetic OHC product represents a great opportunity to support operational

decadal predictions, but also monitor climate indicators such as the meridional heat transport (MHT). One way to estimate the395

North Atlantic MHT would be to develop a regional ocean heat budget following Mayer et al. (2022). In situ measurements

such as those derived from RAPID section and OSNAP (Overturning in the Subpolar North Atlantic Program) array would

complement the results and ultimately allow analysis of MHT variability and investigation of its cause. Applied at all basin

scales, the space geodetic approach will support studies on the spatial distribution of energy and the heat transport within the

ocean. In combination with Argo estimates of the upper layer OHC, it will also provide estimates of the OHC in deep-ocean400

layers.

Data availability. OHC change at regional scales or “4DAtlantic” product from space altimetry and space gravimetry was produced by

Magellium/LEGOS and distributed by AVISO+ (https://aviso.altimetry.fr) with support from ESA. The results of this study were obtained

with the first version of the dataset (V1.0). It is available online at https://doi.org/10.24400/527896/a01-2022.012 (Magellium/LEGOS,

2022). The content of the dataset is described in Table 1. The complete associated documentation is available on the website (experimental405

dataset description and algorithm theoretical basis document). Further information and documentation are also available on the project

website (https://www.4datlantic-ohc.org/).
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Table 1. Description of the contents of the dataset.

Variables Description Units

time(time) Time (monthly timestep) days since 1950-01-01 00:00:00 UTC

time_covar(time_covar) Time (annual timestep) days since 1950-01-01 00:00:00 UTC

latitude(latitude) Latitude of data degrees_north (°N)

longitude(longitude) Longitude of data degrees_east (°E)

crs Describes the grid mapping used by the

2-D variables of the file

none

cell_surface(latitude, longitude) Surface of the grid cell square meter (m2)

ohc(time, latitude, longitude) Ocean heat content change joules per square meter (J m−2)

ohc_mask OHC mask to apply on OHC grids for

masking interpolated data ( 1 for ob-

served data and 0 for extrapolated data)

none

ohc_var_covar_matrix

(latitude, longitude, time_covar,

time_covar)

Variance covariance matrix of errors on

OHC change time-series

square joules per meter to the power of

4 (J2 m−4)

ohc_trends(latitude, longitude) Trend of the OHC change timeseries watt per square meter (W m−2)

ohc_trends_uncertainties(latitude, lon-

gitude)

Trend uncertainty of the OHC change

timeseries (1-σ)

watt per square meter (W m−2)
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Appendix A

Figure A1. Map of regional trends of steric sea level change estimated with the geodetic approach (left), halosteric sea level change estimated

with in situ measurements (center) and their difference which gives an estimate of the thermosteric sea level change (right) on the Atlantic

Ocean computed over April 2002-December 2020.
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Appendix B

Figure B1. Map of the integrated expansion efficiency of heat (IEEH) time-mean over the Atlantic Ocean over April 2002-December 2020.

The IEEH is computed over a spatial extent corresponding to the minimum area of availability of various Argo products (Marti et al., 2022).

20

https://doi.org/10.5194/essd-2023-236
Preprint. Discussion started: 26 July 2023
c© Author(s) 2023. CC BY 4.0 License.



Appendix C410

Figure C1. Uncertainty calculation and propagation chain for the ocean heat content (OHC) change estimated with the space geodetic

approach.
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Appendix D

Figure D1. Map of the regional contribution of the manometric component of the sea level (MAN) uncertainties to the ocean heat content

(OHC) change trends uncertainties (68% CL).
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Appendix E

Figure E1. As for figure 4 but the space geodetic product is estimated with a time mean IEEH instead of a time varying IEEH.
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Appendix F

Figure F1. As for figure 5 but the space geodetic product is estimated with a time mean IEEH instead of a time varying IEEH.
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