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1. Introduction 

1.1. Executive summary 
Since the industrial era, anthropogenic emissions of greenhouse gases (GHG) in the 
atmosphere have lowered the total amount of infrared energy radiated by the Earth towards 
space. Now the Earth is emitting less energy towards space than it receives radiative energy 
from the sun. As a consequence there is an energy imbalance (EEI) at the top of the 
Atmosphere (Hansen et al., 2011; Trenberth et al., 2014). It is essential to estimate and 
analyse the Earth Energy Imbalance (EEI) if we want to understand the Earth’s changing 
climate. Measuring the EEI is challenging because the EEI is a globally integrated variable 
whose variations are small (of the order of several tenth of W.m-2, (von Schuckmann et al., 
2016) compared to the amount of energy entering and leaving the climate system (of ~340 
W.m-2, (L’Ecuyer et al., 2015)). An accuracy of <0.3 W.m−2 at decadal time scales is necessary 
to evaluate the long term mean EEI associated with anthropogenic forcing. Ideally an accuracy 
of <0.1 W.m−2 at decadal time scales is desirable if we want to monitor future changes in EEI 
which shall be non-controversial science based information used by the GHG mitigation policies 
(Meyssignac et al., 2019).  
EEI can be estimated by an inventory of heat changes in the different reservoirs - the 
atmosphere, the land, the cryosphere and the ocean. As the ocean concentrates the vast 
majority of the excess of energy (~91%) in the form of heat (Trenberth et al., 2016), the 
global Ocean Heat Content (OHC) places a strong constraint on the EEI estimate. 
In the MOHeaCAN project, we introduce the major improvements made in the latest version of 
the MOHeaCAN product (V6.0), which are: 1) OHU is estimated in the upper 1000 metres 
based on an inverse method developed by (Fourest et al., submitted), which combines now 
Argo T/S profiles with  space geodetic measurements; 2) a new estimate of the deep ocean 
contribution to the OHU is provided from the residuals of the inverse method; and 3) an 
updated estimate of the OHU uncertainty. 
MOHeaCAN project’s objectives were to develop novel algorithms, estimate realistic OHC 
uncertainties thanks to rigorous efforts, in order to reach the challenging target for the 
uncertainty quantification of 0.3 W. m−2 which then allow our estimate to contribute to better 
understanding the Earth’s climate system.  

1.2. Scope and objectives 
This document is the Product User Manual (PUM) of the MOHeaCAN project initially supported 
by ESA and which is now supported by CNES and ESA within the frame of the MOTECUSOMA 
project. The PUM is dedicated to the content and format description of the MOHeaCAN product. 
This product gathers estimates of the OHC at global and regional scales and EEI’s evolution 
over January 2004 - May 2025. 
This is the primary document that users should read before handling the products. It provides 
an overview of processing algorithms, technical product content and format and main 
validation results. Details on the algorithms are given in the algorithm theoretical basis 
document (ATBD) [AD1].  

 
 

 

page 5/17 

. 



 

MOHeaCAN 
Product User Manual 

Ref.: GIECCO-DT-068-MAG_PUM    
Date: 05/06/2026​
Issue: 2.0 

 

1.3. Document structure 
In addition to this introduction, the document is organised as follows: 

●​ Section 2 summarises the algorithms of the processing chain.  
●​ Section 3 presents MOHeaCAN product’s content. 
●​ Sections 4 presents data policy and product access. 

1.4. Applicable documents 
Id. Ref. Description 
AD1  GIECCO-DT-067-MAG_ATBD Algorithm Theoretical Basis Document (ATBD) 

 
Table 1:  List of applicable documents 

1.5. Terminology 
Abbreviation/acronym Description 
ATBD Algorithm theoretical basis document 
BAR Barystatic sea level 
DOI Digital Object Identifier 
EEH Expansion efficiency of heat 
EWH  Equivalent water height  
GM Global mean 
GOHC Global ocean heat content 
GOHU Global ocean heat uptake 
GMSL Global mean sea level 
GMSSL Global mean steric sea level  
MAN Manometric sea level 
NetCDF Network common data form 
OHC Ocean heat content 
PUM Product user manual 
SL Sea level 
SLBC_cci Sea level budget closure from climate change 

initiative 
SSL Steric sea level 
TOA Top-of-Atmosphere 

Table 2 : List of abbreviations and acronyms 
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2. Algorithm 

2.1. The retrieval methodology 
Interested readers can find details on the retrieval algorithm in ATBD [AD1] and can also refer 
to V5 for comparison of the OHC-EEI MOHeaCAN (V6.0) product against independent data.  
 
In the MOHEACAN V6.0 processing chain, the EEI is inferred from the Global change in 
full-depth Ocean Heat Content (GOHC), which provides a very good approximation of the 
Earth energy uptake, as the oceans store approximately 91% of the excess heat accumulated 
by the Earth system (IPCC, Forster et al., 2021). This GOHC time series is computed as the 
area-weighted geographic mean of the regional OHC change grid on a 1° × 1° × 1-Month 
spatio-temporal grid spanning the period January 2004 to April 2025. This regional OHC field is 
obtained using the inverse method newly proposed by (Fourest et al., submitted) and is briefly 
described below. 
Indeed, this spatiotemporal OHC field reconstruction for 2004–2024 (hereafter MOHEACAN 
V6.0) integrates satellite altimetry (ESA’s SLBC_cci), space gravimetry (GRACE(-FO) era), and 
in situ observations from the Argo Program within a unified inverse setting. Satellite-derived 
thermosteric sea level (TSSL) provides a physically based prior, which is locally calibrated to 
Argo-derived OHC using a weighted least-squares inversion. The residuals from this inversion 
are subsequently mapped using objective analysis to recover unresolved local-scale OHC 
variability. This methodology exploits the near-global coverage and temporal continuity of 
satellite observations while preserving the accuracy and vertical resolution of in situ Argo 
measurements. 
Note that the resulting product provides a spatially and temporally consistent estimate of OHC 
in the 0–1000 m layer, extended to full depth (see Section 3 in ATBD [AD1]), using satellite 
constraints on the vertically integrated OHC. 
 
Hence, this approach provides direct access to the EEI through the newly reconstructed GOHC 
(MOHEACAN V6.0), linking ocean heat uptake to the Earth energy budget. 
 
Finally, uncertainties of the spatiotemporal OHC reconstruction are quantified at both regional 
and global scales, using Monte Carlo Cross-Validation simulations, complemented by 
OCCIPUT-derived synthetic data to compute global standard deviations. Although this approach 
allows the estimation of full-depth OHC (MOHEACAN V6.0) uncertainties at  multiple scales, it 
does not yet incorporate temporal correlations. 
 
Ocean heat content from an inverse-mapping approach 
Following the work of (Fourest et al., submitted), a new reconstruction of Ocean Heat Content 
(OHC) for [January 2004, April 2025] is proposed by combining satellite altimetry, space 
gravimetry, and in situ Argo observations within a unified local inverse framework (see Section 
2.4 in ATBD [AD1]). Satellite-derived thermosteric sea level provides a physically based prior 
that is locally calibrated to Argo-based OHC estimates using a Weighted Least Squares (WLS) 
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inversion. The residuals from this WLS-inversion are subsequently objectively mapped to 
recover unresolved small-scale OHC variability. This methodology exploits the near-global 
coverage and temporal continuity of satellite observations while preserving the accuracy of 
Argo in situ measurements. 

For each spatial grid point , Argo profiles at positions  within a surrounding spatial  (Λ, Φ) λ
𝑖
, φ

𝑖
, 𝑡

𝑖( )
box are selected. The box size (in longitute/latitude) is adaptively adjusted in time to ensure 
an approximately uniform temporal sampling density at each grid point. Only profiles from the 
same prescribed ocean basin are retained, thereby preventing spurious signals across 
dynamical boundaries (e.g. between the Mediterranean Sea and the Atlantic Ocean) (Fourest 
et al., submitted). 

Mathematically, the inverse problem can be written on the neighborhood of some grid point 
 as: (Λ, Φ)

 𝑂𝐻𝐶
[0,1000],𝐴𝑟𝑔𝑜

λ
𝑖
, φ

𝑖
, 𝑡

𝑖( ) = α
Λ,Φ

. 𝑇𝑆𝑆𝐿 λ
𝑖
, φ

𝑖
, 𝑡

𝑖( ) + γ0
Λ,Φ

+ γ1
Λ,Φ

. 𝑡
𝑖

+ µ
Λ,Φ

. 𝑐𝑦𝑐𝑙𝑒 𝑡
𝑖( ) + η

Λ,Φ
. 𝑔𝑟𝑎𝑑 λ

𝑖
, φ

𝑖( ) + ε
𝑖

where 
 𝑇𝑆𝑆𝐿 =  𝑆𝐿 −  𝑀𝐴𝑁 − 𝐻𝑆𝑆𝐿,  

 
is the well-known sea level budget equation linking the thermosteric sea level (TSSL prior) to 
the total relative sea level (SL, from altimetry), manometric sea level (MAN from gravimetry) 
and halosteric sea level (in situ HSSL from Argo). 
In the WLS expression above, a local scaling coefficient  quantifies the integrated expansion α

Λ,Φ
efficiency of heat of the water column [0,1000m] relating changes in TSSL height to 
Argo-derived OHC variations down to 1000m ( would be 1/IEEH; former IEEH calculations are α

Λ,Φ
described in MOHeaCAN V.5 ATBD [AD1], see also Marti et al. (2022)). The linear trend in time 

 allows capturing contributions from the deep-ocean [1000,bottom] heat storage. The γ1
Λ,Φ

terms  account for annual and semi-annual harmonics useful to capture spurious seasonal µ
Λ,Φ

variability (e.g. signatures on seasonal cycles in space gravimetry). The  coefficient γ0
Λ,Φ

represents an additive bias introduced by differing reference states (fixed seawater properties 
versus temporal baseline) and is estimated in the WLS process to reconcile these references 
and preserve spatial consistency without affecting anomaly time evolution. Last but not least, 
the gradient terms  (in longitude and latitude) account for unresolved spatial mismatches η

Λ,Φ
caused by strong local temperature–salinity variability by allowing the WLS fit to adjust steric 
sea-level anomalies with local longitudinal and latitudinal corrections, thereby restoring spatial 
consistency. Finally, the model errors  are minimized in the WLS sense, allowing the ε

𝑖
derivation of WLS residuals estimate associated with OHC[0,1000m]. 
 
This first step of inverse method provides a “first guess”  reconstructing the 𝑂𝐻𝐶

[0,1000],𝑟𝑒𝑐
observed OHC[0,1000m] from Argo. However, in order to account for small-scale OHC 
variability not necessarily captured by the fitted  estimate, an objective mapping 𝑂𝐻𝐶

[0,1000],𝑟𝑒𝑐
step is applied to the WLS residuals expressed as: 
 

) +  𝑂𝐻𝐶
[0,1000],𝑚𝑎𝑝

= 𝑚𝑎𝑝𝑝𝑖𝑛𝑔(𝑂𝐻𝐶
[0,1000],𝐴𝑟𝑔𝑜

− 𝑂𝐻𝐶
[0,1000],𝑟𝑒𝑐

𝑂𝐻𝐶
[0,1000],𝑟𝑒𝑐
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where mapping() denotes the objective interpolation function.  

This ultimate mapping stage ensures that the final OHC MOHeaCAN V6.0 estimate aligns firmly 
with Argo observations—widely recognized as a benchmark for accuracy and of superior 
quality—while mitigating and correcting small-scale errors or approximations arising from the 
satellite-based prior. 
 
Earth energy imbalance 
The Global Ocean Heat Uptake (GOHU) corresponds to the temporal tendency of the GOHC, it 
represents almost 91% of the EEI. It is therefore simply inferred from the time derivative of 
the GOHC on a monthly basis (see Section 4 in ATBD [AD1]):  
 

 𝐺𝑂𝐻𝑈(𝑡) =  
𝑑 𝐺𝑂𝐻𝐶

𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑, 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑
(𝑡)

𝑑𝑡

 
We can obtain the EEI with the equation: 

. 𝐸𝐸𝐼(𝑡) = 𝐺𝑂𝐻𝑈(𝑡) ×  1
𝛼  , 𝑤𝑖𝑡ℎ 𝛼 = 0. 91

 
The adjustment with the α coefficient allows to account for contributions from other climate 
reservoirs (land, cryosphere and atmosphere) to the EEI (IPCC, Forster et al., 2021). As the 
high-frequency content of GOHC contains signals which are not related to the EEI imbalance 
(see the subsequent Product limitations section), the OHC change grids and the resulting 
GOHC first need to be filtered-out from signals lower than 3 years before calculating GOHU and 
then EEI.  
 
Estimation of the OHC/EEI uncertainties 
The uncertainties are computed upon regional OHC[0,bottom] (MOHeaCAN V6.0) and 
GOHC[0,bottom] (in J/m²), which are detailed in Section 5 of ATBD [AD1]. The proposed 
Monte Carlo-Cross-Validation approach consists in generating a spatiotemporal 
OHC[0,bottom] standard deviation field (J/m²). Once these OHC[0,bottom] standard 
deviations (STDs) have been determined, global OHC[0,bottom] uncertainties can be derived 
for any time-spans; here over the period [2004, 2024]. Roughly, these global uncertainties 
calculations rely on the derived Monte Carlo-Cross-Validation STDs, OCCIPUT-derived spatial 
correlation maps with respect to each grid position  and Gaussian approximations.  (𝑙𝑜𝑛, 𝑙𝑎𝑡)
The OHC MOHeaCAN V6.0 product samples near-global ocean coverage, capturing heat stored 
in the 0-1000 m layer using Argo Temperature profiles, as well as in regions shallower than 
1000m through the consistency of satellite observations. This approach thereby enables 
estimates of OHC changes across the full depth of the ocean. 
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2.2. Product limitations 
Users should also bear in mind the global variables in MOHeaCAN product actually correspond 
to a more restricted area, about 87% of the oceans only, because of the IEEH spatial 
availability.  
 
The correction for the glacial isostatic adjustment (GIA) used on sea level grids from altimetry 
was chosen to fit with the recent study by Prandi et al., 2020 for an estimation of the sea level 
trends uncertainties at regional scales (see section 2.7 in ATBD [AD1]). 
 

2.3. Optimisation strategy 
No optimisation strategy in terms of calculation or product definition has been implemented for 
the MOHeacAN product. Indeed, although the time series are long (29 years), the volumes of 
data manipulated remain modest and do not require an optimisation strategy.  
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3. Product description 
The MOHeaCAN product is delivered in two distinct files. The main one contains the essential 
variables like Global Ocean Heat Content, Earth Energy Imbalance time series, their relative 
variance-covariance matrices and their relative spread of uncertainty through 16th and 84th 
percentiles. The second is only available upon request, and contains more variables than the 
first product like time series of MAN, SL and SSL change grids. It also includes additional 
variables that were not used for the GOHC calculation, such as the BAR, GMSL and GMSSL 
time series, but which may nevertheless be of interest to users.  

3.1. Spatial information 
All 2-D fields of the MOHeaCAN product are displayed on a 1° lon-lat grid (WGS84) and are 
defined on the global ocean except on inland seas, mediterranean sea. 

3.2. Temporal information 
All time-series are provided on a monthly basis, from January, 2004 to May 2025. The EEI is 
derived from the temporal derivative of the GOHC after filtering-out the high-frequency signals 
in the OHC lower than 1 year.  

3.3. File format 
The product is delivered as Network Common Data Form version 4 (netCDF4) file with 
metadata attributes compliant with version 1.7 of the Climate & Forecast conventions (CF 
V1.7). 

3.4. Product with essential variables 

3.4.1. File naming convention 
The product follows the naming standard: 
 

MOHeaCAN_<START_DATE>_<END_DATE>_<VERSION>.nc 
where: 

●​ <VERSION> is the four-digit version number, starting with ‘V1-0’ for the first major 
version. The first digit changes each time a major version is released (‘V2-0’, ‘V3-0’, 
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‘4-0’, ‘5-0’), while changes in the second digit indicate reprocessing versions or minor 
versions (‘V1-2’, ‘V1-3’). 

●​ <START_DATE> and <END_DATE> give the UTC start and end date of the total data 
coverage in the form YYYYMM with Y, M as year and month respectively.  

 

3.4.2. Product content 

3.4.2.1. Dimensions 
4 dimensions are defined:  

●​ time 
●​ time_1 
●​ latitude 
●​ longitude 

3.4.2.2. Variables 
For reminder, the variable GOHC in this product is not absolute quantities but anomalies with 
respect to a reference (see ATBD [AD1]).  
 

Variables(dimensions) Description Units 
Data 
Type 

Scale 
factor 

time(time) Time (monthly resolution) 

days since 
1950-01-01 
00:00:00 UTC 

datetim
e64 none 

time_1(time_1) 
Time of covariance matrices 
(monthly resolution) 

days since 
1950-01-01 
00:00:00 UTC 

datetim
e64 none 

time_covar(time_covar) 
Time of covariance matrices 
(annual resolution) 

days since 
1950-01-01 
00:00:00 UTC 

datetim
e64 none 

time_covar_1(time_cova
r_1) 

Time of covariance matrices 
(annual resolution) 

days since 
1950-01-01 
00:00:00 UTC 

datetim
e64 none 

gohc(time) 

Global ocean heat content - 
this global OHC was obtained 
from the local OHC change 
grids 

joules per square 
meter float none 
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gohu(time) 

Global ocean heat uptake - 
this global OHU was obtained 
from time tendency of GOHC 
with 1-year rolling mean filter 

watts per square 
meter float none 

eei(time) 

Earth energy imbalance 
obtained from GOHU divided 
by 0.91 

watts per square 
meter float none 

gohc_var_covar_matrix(t
ime, time) 

Variance covariance matrix of 
errors on global ocean heat 
content (gohc) 

square joules per 
meter to the 
power of 4 float none 

gohc_84perc(time)* 
84th percentile of the global 
OHC variable 

joules per square 
meter float none 

gohc_16perc(time)* 
16th percentile of the global 
OHC variable 

joules per square 
meter float none 

gohu_var_covar_matrix(
time, time) 

Variance covariance matrix of 
errors on global ocean heat 
uptake (gohu) 

square watts per 
meter to the 
power of 4 float none 

gohu_84perc(time)* 
84th percentile of the global 
OHU variable 

watts per square 
meter float none 

gohu_16perc(time)* 
16th percentile of the global 
OHU variable 

watts per square 
meter float none 

eei_var_covar_matrix(ti
me, time) 

Variance covariance matrix of 
errors on Earth energy 
imbalance (eei) 

square watts per 
meter to the 
power 4 double none 

eei_84perc(time)* 
84th percentile of the Earth 
energy imbalance 

watts per square 
meter float none 

eei_16perc(time)* 
16th percentile of the Earth 
energy imbalance 

watts per square 
meter float None 

mask(latitude, 
longitude) 

Mask of the local OHC change 
grids used to estimate GOHC 
and EEI 

Mask: 1=True, 
0=False int none 

ohc(time,latitude,longitu
de) 

Ocean heat content estimated 
over the 0 m depth to bottom 

joules per square 
meter float none 
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range 

ohc_0_1000(time,latitud
e,longitude) 

Ocean heat content estimated 
over the 0–1000 m depth 
range 

joules per square 
meter float none 

ohc_1000_bottom(time,l
atitude,longitude) 

Ocean heat content estimated 
over the 1000 m depth to 
bottom range 

joules per square 
meter float none 

gohc_trend_uncertainty(
) 

Global Ocean Heat Content 
trend uncertainty at 1-sigma 
confidence level 

watts per square 
meter float none 

gohu_trend_uncertainty(
) 

Global Ocean Heat Uptake 
trend uncertainty at 1-sigma 
confidence level 

watts per square 
meter per decade float none 

Cell_surface 
(latitude,longitude)     

Table 3: Description of the content and format of MOHeaCAN product (NetCDF file) 
*: The envelopes are provided since they are centered around the ensemble mean and only 
the variables relative to a sub-ensemble are provided 
 

3.6. Metadata 
Users will find a number of metadata attributes in the NetCDF file, at the file-level, at the 
layer-level and at the level of the dimension variables. 
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4. How to access MOHeaCAN product? 

4.1. Downloading 
The data product (NetCDF file), together with the Algorithm Theoretical Basis Document 
(ATBD) [AD1], can be found and downloaded: 

●​ on the AVISO webpage:  
https://www.aviso.altimetry.fr/en/data/products/ocean-indicators-products/ocean-heat-
content-and-earth-energy-imbalance 

Once downloaded, NetCDF data can be browsed and used through a number of software, like:  
●​ ncBrowse: https://www.pmel.noaa.gov/epic/java/ncBrowse/ 
●​ NetCDF Operator (NCO): http://nco.sourceforge.net/ 
●​ Panoply: https://www.giss.nasa.gov/tools/panoply/  
●​ IDL, Matlab, GMT, Python… 

Useful information on UNIDATA: http://www.unidata.ucar.edu/software/netcdf/ 

4.2. Dataset reference 
When using the MOHeaCAN OHC/EEI dataset in a publication or study, please cite: "The 
OHC/EEI product from space altimetry and space gravimetry was produced by 
Magellium/LEGOS and distributed by AVISO+ (https://aviso.altimetry.fr) with support from 
CNES and ESA (https://doi.org/10.24400/527896/a01-2020.003 version 6.0)". 

4.3. Support 

For any technical issues or additional information related to the MOHeaCAN products, users are 
advised to contact the project team:  

-​ Robin Fraudeau (technical coordinator) : robin.fraudeau@magellium.fr 
-​ Benoit Meyssignac (science lead) : benoit.meyssignac@legos.obs-mip.fr 
-​ Michaël Ablain (project manager) : michael.ablain@magellium.fr 

5. References 
●​ Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D., 
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