
Vol.:(0123456789)

Surveys in Geophysics (2024) 45:1855–1874
https://doi.org/10.1007/s10712-024-09865-5

North Atlantic Heat Transport Convergence Derived 
from a Regional Energy Budget Using Different Ocean Heat 
Content Estimates

B. Meyssignac1 · S. Fourest1 · Michael Mayer2,3 · G. C. Johnson4 · F. M. Calafat5 · 
M. Ablain6 · T. Boyer7 · L. Cheng8 · D. Desbruyères9 · G. Forget10 · D. Giglio11 · 
M. Kuusela12 · R. Locarnini7 · J. M. Lyman4,13 · W. Llovel9 · A. Mishonov7,14 · J. Reagan7 · 
V. Rousseau6 · J. Benveniste15

Received: 11 December 2023 / Accepted: 7 September 2024 / Published online: 24 October 2024 
© The Author(s) 2024

Abstract
This study uses an oceanic energy budget to estimate the ocean heat transport convergence 
in the North Atlantic during 2005–2018. The horizontal convergence of the ocean heat 
transport is estimated using ocean heat content tendency primarily derived from satellite 
altimetry combined with space gravimetry. The net surface energy fluxes are inferred from 
mass-corrected divergence of atmospheric energy transport and tendency of the ECMWF 
ERA5 reanalysis combined with top-of-the-atmosphere radiative fluxes from the clouds 
and the Earth’s radiant energy system project. The indirectly estimated horizontal conver-
gence of the ocean heat transport is integrated between the rapid climate change-merid-
ional overturning circulation and heatflux array (RAPID) section  at 26.5°N (operating 
since 2004) and the overturning in the subpolar north atlantic program (OSNAP) section, 
situated at 53°–60°N (operating since 2014). This is to validate the ocean heat transport 
convergence estimate against an independent estimate derived from RAPID and OSNAP 
in-situ measurements. The mean ocean energy budget of the North Atlantic is closed to 
within ± 0.25  PW between RAPID and OSNAP sections. The mean oceanic heat trans-
port convergence between these sections is 0.58 ± 0.25  PW, which agrees well with 
observed section transports. Interannual variability of the inferred oceanic heat transport 
convergence is also in reasonable agreement with the interannual variability observed at 
RAPID and OSNAP, with a correlation of 0.54 between annual time series. The correla-
tion increases to 0.67 for biannual time series. Other estimates of the ocean energy budget 
based on ocean heat content tendency derived from various methods give similar results. 
Despite a large spread, the correlation is always significant meaning the results are robust 
against the method to estimate the ocean heat content tendency.
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Article Highlights

•	 The mean ocean energy budget of the North Atlantic is closed, within ± 0.25  PW, 
between RAPID and OSNAP sections

•	 The inferred mean oceanic heat transport convergence between RAPID and OSNAP 
sections is 0.58 ± 0.26 PW, which agrees well with observed section transports

•	 Interannual variability of the North Atlantic oceanic heat transport convergence is in 
reasonable agreement with the interannual variability observed at RAPID and OSNAP, 
with a correlation of 0.54 between annual time series and 0.67 for biannual time series

•	 The results are robust against those products used to estimate the ocean heat content 
(OHC) tendency, whether these products are based on in situ measurements, satellite 
altimetry, and space gravimetry or a combination of them

1  Introduction

The Atlantic meridional overturning circulation (AMOC) is often represented as stream 
function in latitude-depth or sometimes latitude-density space derived from the zonally-
integrated meridional velocities in the Atlantic Ocean (Frajka-Williams et al. 2019; Jack-
son et al. 2019; Rousselet et al. 2021). It is characterized by a northward flow of warm, 
salty upper ocean water, and a southward flow of colder, denser, deep waters that sink in 
the subpolar North Atlantic and Greenland-Iceland-Norwegian Sea after transferring heat 
to the atmosphere. The AMOC affects a meridional transport of heat (MHT) in the North 
Atlantic basin that is positive northward. It is responsible for most of the meridional trans-
port of heat by the midlatitude northern hemisphere ocean (and up to 25% of the northward 
global atmosphere–ocean heat transport in the northern hemisphere -e.g., Bryden et  al. 
2001-). This North Atlantic MHT plays a crucial role in the climate variability of the entire 
Northern hemisphere, particularly affecting ocean temperature and circulation, and the 
Atlantic storm track (e.g., Rhines et al. 2008). Additionally, the Atlantic MHT impacts the 
regional climate by warming the atmosphere over Europe, thereby influencing air tempera-
ture and precipitation in this densely populated region (e.g., Palter 2015). Future projec-
tions with global warming suggest a weakening of the North Atlantic MHT with potential 
profound local climate effects. However, there are substantial disagreements among models 
both in terms of how well they simulate the MHT and the magnitude of future changes 
(e.g. Collins et al. 2019; Mecking and Drijfhout 2023). Accordingly, there is considerable 
interest in quantifying the North Atlantic variability to better validate and constrain climate 
simulations and determine whether the projected trends are a response to the forced climate 
or internal variability.

In this work, we evaluate the zonal mean MHT in the North Atlantic as a residual of 
the ocean energy budget (see Sect. 2). An advantage of this approach is that it provides 
estimates of the zonal mean MHT at any latitude. For validation, we compare our estimate 
of the zonal mean MHT with estimates derived from in situ measurements of the RAPID 
array, at the RAPID section at 26.5°N, and of the OSNAP array, along OSNAP sections in 
the subpolar North Atlantic (see Fig. 1 and Sect. 4). We further analyze the spatio-temporal 
variability of the North Atlantic MHT and its causes (see Sect. 4). As the MHT is derived 
from an energy budget, we evaluate the role of the different terms of the oceanic energy 
budget in the North Atlantic MHT spatiotemporal variability (see Sect. 4 and 5).
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The indirect method that we use here to evaluate the zonal mean MHT in the North 
Atlantic (which relies on an ocean energy budget) has already been developed in the lit-
erature (Mayer et  al. 2022; Liu et  al. 2020, Trenberth and Fasullo 2017). Previous stud-
ies use atmospheric reanalysis (ERA-interim -Dee et al. 2011 and ERA5—Hersbach et al. 
2020) combined with top-of-the-atmosphere (TOA) radiative fluxes (from the clouds and 
the earth’s radiant energy system project-CERES) to estimate the net surface fluxes and 
ocean reanalyses (ORAS5 -Zuo et al. 2019 and ORAP6 -Zuo et al. 2021) to estimate the 
ocean heat content tendency (OHCT). They show that the ocean heat content tendency 
term of the energy budget explains most of the time variability in the Atlantic MHT at the 
RAPID section on interannual and longer time scales. However, it has never been explored 
the extent to which the estimate of the Atlantic MHT time variability is dependent on the 
North Atlantic OHCT estimate derived from ocean reanalysis.

In this study, we use a recent estimate of the ocean heat content changes over the North 
Atlantic derived from a geodetic approach which combines satellite altimetry data with 
space gravimetry data (update of Marti et al. 2022, 2024) to estimate the OHCT. We also 
use other estimates of the OHCT either derived from in situ measurements of the ocean 
temperature by the Argo network of profiling floats augmented by other ocean observing 
systems, or derived from in  situ data combined with satellite altimetry data, or derived 
from an ocean reanalysis. With this ensemble of OHCT estimates, we assess the closure 
of the ocean energy budget and evaluate the spread in MHT that is induced by the differ-
ences across different OHCT estimates. This approach has three important benefits: First, 
it enables exploration of the sensitivity of the North Atlantic MHT estimate on the OHC 
product that is used and thus provides insights on the uncertainty in the MHT variabil-
ity that is due to the uncertainty in the OHC estimate (which is likely the largest source 
of uncertainty in the estimated MHT variability). Second, it enables testing for closure 
of the North Atlantic Ocean energy budget. This important piece of information reveals 
whether the important causes of the North Atlantic MHT are identified and how closely 

Fig. 1   Map of the North Atlantic domain (NAD) in which the ocean energy budget is evaluated. The south-
ern white line indicates the 26.5°N latitude where the RAPID array is located. The white dots along the 
line indicate the position of the RAPID array moorings. The Northern white lines indicate the two legs of 
OSNAP and the dots indicate the location of the OSNAP moorings
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their combination matches the MHT estimated using mooring data at RAPID and OSNAP 
sections. It provides a quantitative understanding of why and how the North Atlantic MHT 
is changing with time. It also cross-validates different products based on different observa-
tions such as the OHCT based on satellite altimetry and space gravimetry or argo obser-
vations, the atmospheric lateral energy transport divergence and tendency of ERA5, and 
the TOA radiative fluxes from CERES. This cross-validation is an efficient approach to 
evaluate the consistency of different observed North Atlantic variables including OHCT, 
TOA radiation fluxes, and MHT with regard to the energy conservation law. This aspect 
is particularly important when we want to use OHCT products, TOA radiation products, 
and MHT products in globally consistent objective estimates of the global energy budget 
such as the one developed in the world climate research program global energy and water 
exchanges (GEWEX) project (Stephens et al. 2023) and in the NASA NEWS project (e.g., 
L’Ecuyer et al. 2015 and Roberts et al. this issue). We evaluate and discuss these three ben-
efits in the discussion section.

2 � Method

The oceanic energy budget is evaluated over a closed domain of the North Atlantic region, 
between the RAPID section and the OSNAP sections, for the period of 2005–2018. The 
OSNAP sections comprise two legs: one leg from Southern Labrador to South-west Green-
land and one leg from South-east Greenland to the coast of Scotland (see Fig. 1). The Med-
iterranean sea is excluded from the domain. This closed North Atlantic domain is called 
NAD hereafter.

We write the vertical integral of the oceanic energy budget for any column of water 
located in NAD as

where ∇.OHF is the vertical integral of the horizontal divergence (i.e., the opposite of the 
horizontal convergence) of the ocean heat transport in the water column, SHF is the net 
surface heat flux at the top of the water column, and OHCT is the temporal ocean heat con-
tent tendency of the water column. Since 2000s, Sea ice is only presented in the NAD in a 
narrow band along southern Labrador in winter, so the tendency in the sea ice melt energy 
is neglected in Eq. (1).

When ∇OHF is integrated horizontally over any large domain such NAD, it corresponds 
to the heat transport convergence or to the difference in MHT through the frontiers of the 
domain (Gauss theorem). In the case of the NAD, the horizontal integration of ∇OHF rep-
resents the difference between the MHT through the RAPID section and the MHT through 
the OSNAP sections.

In this study, the vertical integral of the convergence of the ocean heat transport (i.e., 
the integral of −∇OHF ) is estimated as a residual of Eq.  (1). The surface heat flux is 
derived as the residual of the mass-corrected atmospheric energy budget as in Mayer 
et  al. (2017) and discussed also in this issue (Mayer et  al. 2024). That is, the surface 
heat flux is estimated as the difference of the TOA net radiative fluxes with the atmos-
pheric tendency of energy and the vertically integrated divergence of atmospheric moist 
static plus kinetic energy fluxes. The OHCT is estimated by derivation of the ocean heat 
content which is derived either from optimal interpolation of in  situ measurements of 
the ocean temperature and salinity (with a vertical integration of the specific heat of 

(1)∇.OHF = SHF − OHCT
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sea water multiplied by the local density of seawater and the oceanic temperature as in 
Melet and Meyssignac 2015), or from the observed thermal expansion of the sea water 
(with the local thermosteric sea level rise multiplied by the local integrated expansion 
efficiency of heat, e.g., Marti et al. 2022), or from the reconstruction of the ocean state 
by an ocean reanalysis.

Small enthalpy fluxes, associated to evaporation, precipitation, river run-off, and the 
inflow from the Mediterranean, are entering or leaving the NAD. In total, these enthalpy 
fluxes are of the order of 10TW (the dominating enthalpy flux is due to the Mediterranean 
inflow and amounts less than 15TW on average over decadal time scales, Macdonald et al. 
1994; Wu and Haines 1998). 10TW is about two orders of magnitude smaller than the dif-
ferent terms of the budget represented in Eq. (1) so we neglect these enthalpy fluxes in the 
ocean energy budget. Small amounts of mass may enter or leave the NAD without going 
through the RAPID and OSNAP sections. It can be sea ice floating in and out through 
the northern boundary, evaporation and precipitation through the surface, river run-off and 
river discharge through the coast, or the inflow from the Mediterranean. It is also likely 
that RAPID and OSNAP do not fully sample all the net mass flux going through their 
respective sections. This small amount of mass generates a bias in the NAD oceanic energy 
budget (see Mayer et al. 2022 for more details). A mass correction should be applied to the 
ocean energy budget to balance RAPID, OSNAP, and other term volume fluxes. However, 
in this study, we use heat transports at both RAPID and OSNAP which are computed with 
a flow field that is constrained to have zero net mass transport through both sections. This 
constraint on the flow field  implicitly accounts for precipitation minus evaporation plus 
other small input of water in the NAD region. So, the mass correction is not needed here.

3 � Data

3.1 � Data Used to Estimate the Net Surface Heat Flux SHF

The net surface heat flux SHF is inferred over the period of 2005–2018 from the mass 
corrected vertically integrated total atmospheric energy budget in which, the mass-bal-
anced atmospheric horizontal energy transport divergence and the atmospheric energy 
tendency are derived from ECMWF’s latest reanalysis dataset ERA5 as in Mayer et al. 
(2021a). ERA5 provides a four-dimensional estimate of the atmospheric state at ~ 31 km 
spatial and hourly temporal resolution, generated using a 4-dimensional variational data 
assimilation method that ingests a wealth of remotely sensed and in  situ-based obser-
vational information (Hersbach et al. 2020). The atmospheric budget data are available 
from the Copernicus Climate Data Store (CDS; Mayer et al. 2021b). The net TOA radia-
tion fluxes are derived from the CERES–Energy Balanced and Filled (CERES-EBAF) 
product in version 4.1 (Loeb et al. 2018). The uncertainty on the net surface heat flux 
is evaluated using two other atmospheric reanalysis (namely JRA55 and MERRA2) to 
estimate the net surface heat flux SHF . For each month, we consider the maximum dif-
ference across the three reanalysis estimates of the SHF as the standard deviation of 
the uncertainty for this monthly SHF estimate. Note that we could have considered the 
ensemble mean of the three reanalysis estimates of the SHF as the best estimate of the 
SHF, but the literature suggests that the ERA5 reanalysis performs best for ocean energy 
budgets (see Mayer et al. 2022) so we use ERA5 estimate as best estimate.
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3.2 � Data Used to Estimate the Ocean Heat Content Tendency OHCT

OHCT is estimated from eight different products in total, comprising ocean in situ tem-
perature products from the National Oceanographic and Atmospheric Administration 
(NCEI from Levitus et al. 2012), from Ifremer (ISAS21 Kolodziejczyk et al. 2023), from 
the National Oceanic Center (NOC, King 2023), by Giglio et al. 2023 (LocalGPspace), 
and from the Institute of Atmospheric Physics (IAP, Cheng et  al. 2017), plus Ocean 
heat content products from the European Space Agency (Magellium/LEGOS, 2022; 
Marti et al. 2024 in revision), NOAA/PMEL (RFROM, Lyman and Johnson 2023), and 
an ocean state reanalysis (ECCO, Fukumori et  al 2021). The ECCO and Magellium/
LEGOS estimates are full depth, but the others are from the surface to 2000 m depth.

The ocean in situ products consist of statistical optimal interpolation of the observed 
in situ temperature profiles mainly from the argo profiling float network over the period 
of 2005–2018. The argo data are augmented by ocean temperature observations from 
ship-based observations (research ships and ship of opportunity merchant ships), 
moored buoys (mainly the tropical moored buoy array with additional OceanSITES 
buoys) and sometimes gliders, and pinniped mounted sensors.

The NCEI product is a gridded product generated by objective analysis of binned 
one-degree latitude/longitude means of monthly temperature anomalies calculated from 
all available ocean profile temperature data subtracted from the corresponding one-
degree climatological mean temperature at standard depth levels for years of 1955–2006 
(World Ocean Atlas 2009, Locarnini et  al. 2010) as described in Levitus et  al. 2012. 
Analyzed temperature anomalies are added back to the climatological mean field to 
obtain temperature and salinity fields for the time period in question (each month for 
years 2005–2022) at 26 vertical levels between the surface and 2000 m.

The ISAS21 product is a gridded product of temperature and salinity data derived 
from the in situ analysis system (ISAS, Gaillard et al. 2016). This version is an update 
of ISAS21_ARGO (https://​www.​seanoe.​org/​data/​00412/​52367/​data/​86436.​pdf). This 
product merges all the available delayed-mode quality-controlled (core and deep) argo 
profiles in the Atlantic domain along with oceanographic campaigns. ISAS uses an opti-
mal interpolation scheme that preserves as much as possible the time and space sam-
pling capabilities of the in situ profiles. The ISAS procedure and products are described 
in Gaillard et al. (2016).and in Kolodziejczyk et al. (2023).

The NOC_OI product provides gridded fields of in  situ temperature and practical 
salinity encompassing the period from 2004 to 2022. Such fields have been generated 
through objective mapping of argo profiling float data and quality-controlled mooring 
data at 26.5°N from RAPID. The data are provided on a 1° × 1° grid with a vertical 
spacing of 20 decibars and a temporal resolution of 10 days. Quality control procedures 
were conducted by the source data programs, and no additional quality control was 
applied before the mapping process.

The LocalGPspace product (Giglio et al. 2023) provides OHC fields that are mapped 
using locally stationary Gaussian processes with data-driven decorrelation scales (Kuu-
sela and Stein 2018). A linear time trend is included in the estimate of the mean field, 
along with spatial terms and harmonics for the annual cycle. Mapping is done separately 
for different vertical sections, which are then combined to estimate global OHC time-
series in the upper 2000 dbar of the ocean. Regions of the ocean that are not sufficiently 
well sampled by the Argo array are not included.

https://www.seanoe.org/data/00412/52367/data/86436.pdf
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The IAP product is a gridded product generated by the Institute of Atmospheric Phys-
ics (IAP hereinafter, Cheng and Zhu 2016; Cheng et al. 2017). It has advantages in both 
instrumental error reduction and its gap-filling method. IAP mapping technique used spa-
tial covariance from model simulations to help provide spatial interpolation. This product 
merges all the available bias-corrected in situ ocean temperature observations from a vari-
ety of instruments held in the World Ocean Database. The spatial resolution of IAP data is 
1° by 1° mesh grid from 1 to 2000 m (41 levels), and the temporal resolution is monthly.

The ocean heat content products consist of a combination of ocean in situ temperature 
profiles with satellite data derived from satellite altimetry and space gravimetry.

The Magellium/LEGOS product is a gridded OHC product available from April 2002 
to December 2020 over the Atlantic Ocean (Magellium/LEGOS, 2022). The spatial reso-
lution is 1° in latitude and longitude with a monthly temporal resolution. The product is 
the combination of satellite altimetry-based data (C3S, Legeais et  al. 2021) and satellite 
gravimetry-based data (update of Blazquez et al. 2018) to estimate local expansion of sea 
water in addition to in situ data (EN4.2.2.l09, Levitus et al. 2009, and ISAS21, Kolodzie-
jczyk et al. 2021) to correct for the salinity effect and convert the resulting thermal expan-
sion into OHC with the integrated expansion efficiency of heat. Uncertainties are provided 
regionally at a yearly timescale in a variance–covariance matrix and are estimated by 
propagating uncertainties from the input satellite data until the OHC change. The regional 
uncertainties associated with altimetry data are derived from the error budget of Prandi 
et  al. (2021) while uncertainties associated with gravimetry data are estimated with an 
ensemble approach derived from Blazquez et al. (2018). The Magellium/LEGOS product 
and its uncertainty are described in Marti et  al. (2024) and references therein. From the 
local variance–covariance matrix of the uncertainties of the Magellium/LEGOS product, 
we compute the variance of the uncertainty in OHCT at each time step for each location 
in the NAD. The uncertainty variance–covariance matrix of the Magellium/LEGOS prod-
uct only includes the temporal correlation of the errors and does not include the spatial 
correlation in errors. We adopt a conservative approach and consider that the Magellium/
LEGOS product errors are fully correlated spatially. So, we add linearly the uncertainties 
of the OHCT of each location when the OHCT is aggregated over the NAD to estimate the 
uncertainty on the OHCT spatial mean. Among all OHC products, the LEGOS/Magellium 
product is the most comprehensive one as it covers the global ocean down to the bottom of 
the ocean and it provides an uncertainty estimates which accounts for all sources of known 
errors including the time correlation in errors. For this reason, we use this product to test 
wether the NAD energy budget (on Fig. 5) is closed within uncertainties.

RFROM (random forest regression ocean maps) is a gridded product of ocean heat con-
tent anomaly maps produced with a machine learning algorithm, random forest regression. 
In situ ocean temperature profile data are used as training data. Geographic location, time, 
and gridded satellite sea-surface height (SSH) and sea-surface temperature (SST) maps are 
used as predictors. The end result is ocean heat content anomaly maps for 10 different pres-
sure levels between the ocean surface and 2000 dbar at 7-day × ¼° × ¼° resolution, starting 
in January 1993 (Lyman and Johnson, 2023).

The ocean reanalysis is the ECCO4 reanalysis which estimates the ocean state from 
1992 to 2017 from a collection of global datasets (Forget et al 2015a; Fukumori et al 
2021). ECCO4 notably includes argo, altimetry, gravimetry, and atmospheric data as 
constraints. The fit of model to data is achieved through optimization of forcing fields 
and parameters that control turbulent transport rates in the ocean interior (Forget et al 
2015a, b; Forget and Ponte 2015). Through this technique, ECCO4 provides a dynami-
cally consistent estimate of ocean transports, OHU, and OHC variability that form a 
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closed heat budget unlike other data assimilative products that involve state variable 
increments of unknown nature (Storto et al 2019). A detailed analysis of ECCO4’s heat 
budget in terms of meridional transports is available in Forget and Ferreira 2019.

3.3 � Data Used to Validate the Vertical Integral of the Oceanic Energy Budget ∇OHF

The vertical integral of the horizontal divergence of the ocean heat transport ∇OHF 
is inferred from the net surface heat flux (SHF) and the ocean heat content tendency 
(OHCT) (following the equation of the oceanic energy budget, Eq.  (1)). Then, it is 
integrated horizontally over the NAD and compared with the difference of the MHT 
between the RAPID section and the OSNAP sections for validation.

The MHT across the RAPID (26.5°N) and OSNAP (between 50 and 60oN) trans-
basin sections is calculated by integrating the product of the cross-sectional velocity, 
potential temperature, specific heat and density along each section based on data from 
mooring arrays, argo floats, and (at OSNAP) gliders. The MHT due to Ekman trans-
port is derived from the wind fields of the ERA5 reanalysis (RAPID) and the ERA-
Interim reanalysis (OSNAP). At the RAPID section, MHT through the Florida Straits 
is estimated based on measurements from a submarine cable. For RAPID, the data 
are available as 12-hourly estimates of MHT spanning the period from April 2004 to 
August 2018, whereas for OSNAP, the data are provided as 30-day mean estimates 
for the period from August 2014 to May 2018. We note that these transports repre-
sent true heat transports, at both RAPID and OSNAP, since the flow field used in 
the calculation is constrained to have zero net mass transport through both sections. 
The approaches to calculate MHT at the RAPID and OSNAP sections are described, 
respectively, by Johns et al. (2011) and Lozier et al. (2019), and we defer to those stud-
ies for full details. For the MHT uncertainties at the RAPID section, we consider an 
uncertainty of ± 0.22 PW (at 1 sigma) on the monthly time series that is derived from 
the ± 0.21  PW uncertainty on daily times series from Johns et  al. (2011) onto which 
we added a possible measurement bias error estimated to be  ± 0.07 PW (W. Johns per-
sonal communication). Since only one degree of freedom per 40 days of observations 
were considered in the Johns et  al. (2011) uncertainty estimate, the error bar on the 
RAPID MHT monthly time series is estimated to be same as the daily error bar. For 
the MHT uncertainties at the OSNAP sections, we use the uncertainties given in the 
product for the period of 2015–2018. For the period of 2005–2014, we use the same 
uncertainty at each month calculated as the mean monthly uncertainty over the period 
of 2015–2018 (i.e., ± 0.1 PW at 1 sigma). We consider the uncertainty in the OSNAP 
MHT and the RAPID MHT as uncorrelated because they are derived from independ-
ent data. So, we add quadratically their uncertainty to estimate the uncertainty on the 
NAD heat transport convergence.

All calculations in this work are done with monthly time series of the different data-
sets on their native grid. The datasets are then resampled on the same 1° × 1° grid at 
the last step and then combined together to infer the vertical integral of the oceanic 
energy budget. The climatology is then removed to get anomalies. When time series 
are filtered in time, we use the same Lanczos filter to filter them all in a consistent 
way. All correlations are Pearson correlations and the associated confidence intervals 
is estimated with a two-tailed p-value test.
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4 � Results

4.1 � The Mean Ocean Energy Budget over 2005–2018

The mean surface heat flux is the dominant term of the mean NAD energy budget from 
2005 to 2018 in both amplitude and spatial variability (Fig. 2b). Over 2005–2018, the 
surface heat flux shows a mean heat loss from the ocean to the atmosphere of 0.54 PW 
over the NAD. Ocean heat uptake in the tropics is discharged from the ocean to the 
atmosphere at higher latitudes and in particular along the Gulf stream (Fig.  2b). This 
picture is consistent with the general poleward redistribution of heat in the upper ocean. 
This air-sea heat flux is about three times as large as the mean OHCT in the region 
(Fig. 2a).

Over 2005–2018, the time-mean OHCT is small on average over the NAD (0.062 PW), 
with warming generally in the subtropics that is strongest in the north portions of the Gulf 
stream and cooling through much of the subpolar region (Fig. 2a). This spatial variability 
is consistent across all estimates of the mean OHCT whether they are based on satellite 
data, in situ observations, or reanalysis (Fig. 3). The OHCT estimates using satellite altim-
etry data tend to show finer spatial structures coming from the mesoscale activity partially 
resolved by satellite radar altimeters, in particular along the Gulf stream and North Atlantic 
current (Fig. 3a,b). When combined together, the different terms of the mean ocean energy 
budget lead to an estimate of the time-mean vertical integral of the horizontal heat flux 
that shows a maximum along the Gulf stream and at high latitude (Fig. 2d). This pattern is 
owing to the role of the mean surface heat flux, which dominates the mean energy budget. 
The spatial variability of the OHCT is small and the spatial variability of the mean vertical 
integral of the horizontal heat flux convergence is actually almost all compensated for by 
the spatial variability of the mean surface heat flux.

4.2 � Meridional Heat Transport Between the RAPID and OSNAP Sections over 2005–
2018

Poleward heat transport of 0.50 ± 0.1 PW is estimated to cross the OSNAP sections from 
August 2014 to May 2018 (Fig. 4). The overturning circulation is largely responsible for 
setting this heat transport (Li et al. 2021). In contrast, the RAPID array indicates a much 
larger mean heat transport across 26°N of 1.18 ± 0.22 PW over August 2014 to May 2018 
and of 1.17 ± 0.22 PW over 2005–2018 (Fig. 4b). These results are expected as the Atlantic 
poleward heat transport is known to be stronger in the subtropical North Atlantic than in 
the subpolar North Atlantic (Ganachaud and Wunsch 2000, Trenberth et al., 2001). At the 
RAPID section, the overturning circulation is also largely responsible for the MHT, even 
more than at OSNAP sections (McCarthy et  al., 2015). The comparison of the RAPID 
and OSNAP MHT estimates shows another difference: the subtropical MHT is markedly 
more variable over monthly to interannual time scales than the subpolar MHT. Indeed, the 
RAPID MHT monthly standard deviation (0.28 PW) is about five times larger than that at 
OSNAP (0.051 PW).

Combining the OSNAP and RAPID MHT estimates reveals a convergence of 
heat transport in the NAD of 0.67 ± 0.24  PW during the overlapping time period of 
2014–2018. The temporal variability of this heat transport convergence is largely domi-
nated by the RAPID heat transport variability in the subtropics (see Fig. 4). The same 
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Fig. 2   Maps of North Atlantic 
mean ocean heat content ten-
dency (mean OHCT) (a), mean 
surface heat flux derived from 
ERA5 and CERES (mean SHF) 
(b), and mean vertical integral of 
the horizontal heat flux conver-
gence inferred from the energy 
budget residual (mean ∇OHF ) 
(c), for the period of 2005–2018. 
In a and c, the OHCT is derived 
with the geodetic method from 
the Magellium/LEGOS product 
(see Fig. 3 For the OHCT over 
the same period derived from 
other OHC products)
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situation probably holds before 2014, up to 2005, because the decadal changes in the 
subpolar heat transports are known to be weak during the past few decades (around a 
few tenth of PW, Li et al. 2021).

To extend our ocean heat budget analysis over the whole period of 2005–2018, 
we make the hypothesis that the mean MHT at OSNAP has not changed compared to 
August 2014 to May 2018 and is 0.50 ± 0.1 PW over 2005–2018. We also neglect the 
variability in OSNAP MHT before 2014 under the assumption that it has remained weak 

Fig. 3   OHCT averaged over 2005–2018 derived from the different OHC products considered in this study. 
The middle panel corresponds to Fig. 2 panel a

Fig. 4   OSNAP (yellow plain line) and RAPID (blue line) meridional heat transport estimated from, respec-
tively, OSNAP and RAPID arrays in situ observations. Approximation of OSNAP meridional heat transport 
with a constant of 0.5 ± 0.05 PW over 2005–2014 (yellow dashed line). NAD heat transport convergence 
from the difference of RAPID and OSNAP meridional heat transport (green line)
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over the past decades and it plays only a marginal role  (in comparison to the RAPID 
MHT variability) on the convergence of the heat transport over the NAD.

We estimate the total horizontal heat transport convergence in the NAD as the resid-
ual of the ocean energy budget spatially integrated between the RAPID section and the 
OSNAP section (Fig. 5, red line). We compare it with the estimate of the convergence of 
heat transport in the NAD estimated as the difference in MHT between the RAPID and 
OSNAP sections with RAPID and OSNAP in situ observations (red line). The components 
of the ocean energy budget, spatially integrated over the NAD, are also shown, includ-
ing the OHCT (blue line) and the surface heat flux (orange line). Agreement between the 
heat transport convergence derived from the ocean energy budget and the in situ observa-
tions is reasonable both in terms of temporal mean and interannual variability. The differ-
ence in long-term means is 0.06 ± 0.4 PW, which is small (less than 15% of the signal) and 
not distinguishable from 0 given the level of uncertainty. The variability over 2008–2018 
agrees well between both estimates with a correlation of 0.73 for annual time series (0.91 
for biannual timeseries). Before 2008, the agreement in terms of variability is not as good. 
In addition, the in situ data show a decrease in heat transport convergence between 2005 
and 2009 that is not captured by the ocean energy budget estimate. The decrease of heat 
transport convergence in 2009–2010, primarily wind-driven (McCarthy et al. 2012), lasts 
longer in the energy budget, until 2011. Over the whole record, the correlation between the 
in situ estimate and the energy budget estimate of the heat transport convergence is 0.54 
and remains significant at the 95% confidence level (the confidence level is estimated with 
a two-tailed p-value test). On 2 year and longer time scales, agreement is better between 
both estimates of the NAD heat transport convergence with a correlation of 0.67 over the 
period of 2005–2018 (Fig. 6).

Fig. 5   Monthly time series filtered with a Lanczos low-pass with a cutoff period at 1 year of the net surface 
heat flux (orange line) and OHCT estimated from Magellium/LEGOS (blue line) over the NAD (see Fig. 6 
for OHCT time series derived from other OHCT products). Monthly time series series low-pass filtered at 
1 year of the convergence of heat transport between the RAPID and the OSNAP sections estimated from 
in situ measurement of the RAPID array and the OSNAP array (red line) and from the residual of the oce-
anic energy budget (green line)
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The energy budget estimate of the NAD allows us to analyze the causes of the tempo-
ral variability in the NAD OHCT and evaluate the role of heat transport convergence in 
NAD OHCT. We find that, on average over 2005–2018, the heat transport convergence 
in NAD is almost compensated by the NAD surface heat loss to the atmosphere lead-
ing to a 2005–2018 mean NAD OHCT of 0.062 ± 0.17 PW which is close to zero. On 
interannual time scales, the picture is different. The role of surface heat fluxes is sizable 
on the OHCT interannual variability but remains small except for some periods such as 
at the end of 2009 and at the beginning of 2012. The NAD heat convergence shows an 
increase from 2014 to 2018 that is captured by both the in situ estimate and the ocean 
energy budget. This increase results in a warming of the ocean in the NAD (OHCT pos-
itive) that is concomitant with a decrease of heat loss from the ocean to the atmosphere 
(decrease in surface heat flux).

Fig. 6   a Monthly time series low-pass filtered at 1 year of the meridional heat transport convergence 
between the RAPID and the OSNAP arrays estimated from in  situ observations of the RAPID and the 
OSNAP arrays (black curve) and from the NAD energy budget residual with the OHCT derived from 
Magellium/LEGOS (purple line, same time series as the blue line in Fig. 5), RFROM (brown), NCEI (blue) 
ISAS21 (orange), IAP (green), ECCO (red), NOC_OI (gray), and LocalGPspace (pink). b Taylor diagram 
of the ocean heat transport convergence inferred from NAD energy budget residuals against the in situ esti-
mate from the RAPID and the OSNAP arrays. c and d are, respectively, equivalent to a and b but with 
monthly time series low-pass filtered at 2 years
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All conclusions presented above hold for estimates of OHCT derived from any OHC 
product considered in this study. But, they show different levels of correlation, variance, 
and rms differences. Part of these differences in terms of correlation variance and rms dif-
ferences is likely explained by the limited depth of several OHC products (indeed products 
based on in situ data except ISAS21, only cover the upper ocean down to 2000 m depth 
and probably miss important parts of the deeper branch of the AMOC) and their limited 
resolution. On annual time scales, products that use satellite altimetry (Magellium/LEGOS, 
RFROM, ECCO4) show better correlation between the energy budget estimate and the 
in situ estimate of the NAD heat transport convergence (Fig. 6a, b). They also show better 
or equivalent rms difference, but RFROM standard deviations are lower than that of the 
NAD heat transport convergence and the Magellium/LEGOS are higher (as are the NOC_
OI standard deviations). On 2 year and longer time scales, the correlation increases for all 
product and the difference in correlation among them is reduced (Fig. 6a). For that time 
scale, the Magellium/LEGOS and NOC_OI standard deviations are still noticeably higher 
than the others. While the lateral heat transport convergence is cast as the reference in the 
Taylor diagrams, all of the terms in the heat budget have uncertainties and some errors can 
also be hidden in the estimate of the lateral heat transport convergence.

Generally, on 2 year and longer time scales, the energy budget estimates of the NAD 
heat transport convergence show similar temporal variability regardless of the product 
used for OHCT (Fig. 6b). Despite this similar temporal variability across energy budget 
estimates, some systematic differences remain with the in situ estimate of the NAD heat 
transport convergence, in particular before 2009 (see Fig.  6). These discrepancies could 
be due to some systematic errors common to all OHC content products. But, some of the 
OHC products (e.g., Magellium/LEGOS) are based on largely independent data. It rather 
suggests some errors in other terms of the energy budget such as the surface heat flux com-
ponent, the assumption that the OSNAP MHT has not changed over 2005–2014, or the 
approximation associated with the net zero mass transport constraint applied to RAPID and 
OSNAP heat transport calculation. The latter option is unlikely given the magnitude of the 
difference between the energy-based and the in situ-based estimate of the NAD heat trans-
port convergence, in particular before 2009. Previous studies also suspected some issue in 
the in situ estimate of the RAPID MHT before 2009 (Trenberth and Fasullo 2017).

On annual time scales, the situation is slightly different as we find some significant 
differences in the temporal variability across the energy budget-based estimates of the 
NAD heat transport convergence. The differences are particularly large during 2009 and 
2011–2014. They may be due to several issues including mapping errors, differences in the 
climatology, differences in the data quality criteria, and others.

5 � Discussion and Conclusions

In this study, we evaluate the heat transport convergence over the North Atlantic with 
an energy budget approach using different ocean heat content products derived from 
in  situ temperature measurements, satellite altimetry, satellite gravimetry data, and 
reanalysis. We compare the energy-based estimates of the North Atlantic heat trans-
port convergence with an estimate derived from the RAPID and OSNAP arrays’ in situ 
data over the period of 2005–2018. Confirming previous studies (Trenberth and Fasullo 
2017, Forget and Ferreira 2019, Liu et  al. 2020, Mayer et  al. 2022), we find a good 
agreement in terms of mean (agreement at precision of ± 0.24  PW) and a reasonable 
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agreement in terms of annual and interannual temporal variability between the energy-
based estimates and the in situ-based estimate of the North Atlantic heat transport con-
vergence (with significant correlations between 0.22 and 0.7 for time series low-pass 
filtered at 1 year). The agreement in temporal variability increases at 2-year and longer 
time scales (with significant correlations between 0.35 and 0.83 for time series low-pass 
filtered at 2 years). We close the oceanic energy budget in the North Atlantic Ocean to 
within ± 0.2 PW (residual STD) for the closed ocean domain between RAPID array and 
the OSNAP array with an average budget residual of 0.06 PW (residual mean).

We find that the temporal mean spatial variability of the local North Atlantic heat 
transport convergence is compensated for by the local time-mean surface heat fluxes 
leading to a time-mean OHCT that is closed to uniform over 2005–2018 in the NAD. 
However, it is the North Atlantic heat transport convergence that explains most of the 
time variability of OHCT averaged over the NAD. So, the agreement in terms of annual 
and interannual temporal variability between the energy-based and the in  situ-based 
estimate of the North Atlantic heat transport convergence means that the OHC products 
contain part of the information associated to the MHT. This is true at 2 year and longer 
time scales for all OHC products tested but less so at annual time scales where OHC 
products using satellite altimetry tend to perform better. The comparisons made here 
provide an independent framework for assessing regional ocean heat content and their 
capacity to represent the ocean heat transport means and variability, in particular, the 
heat transport associated with the main branches of the overturning circulation (Forget 
and Ferreira 2019; Rousselet et al 2021). Such validation is useful if ocean heat content 
products are to be used in objective regionalized Earth energy budget to evaluate the 
changes in regional energy fluxes as in the GEWEX effort from Stephens et al. (2023). 
In this respect, continuous monitoring of the heat transport at ocean cross-sections such 
as RAPID and OSNAP is essential to test the closure of ocean energy budget and vali-
date ocean heat content estimates at regional scale.

The OHC product that leads to the highest correlation between the energy-based and 
the in situ-based estimates of the NAD heat transport convergence on annual time scales 
is based on satellite altimetry and space gravimetry data. It shows a correlation of 0.54 for 
annual time series over 2005–2018 (0.67 for biannual time series). This is comparable to 
Trenberth and Fasullo (2017) but smaller than Liu et al. (2020) who obtained a correlation 
of 0.66 and Mayer et al. (2022) who obtained a correlation of 0.72. However, our approach 
is different from Trenberth and Fasullo (2017) and Liu et  al. (2020) attempts, which 
inferred OHT between the RAPID section and the Bering Strait, and from Mayer et  al. 
(2022) attempt which inferred OHT between the RAPID section and the Greenland–Scot-
land Ridge and Davis Strait. It is unlikely though that the difference in the domain size 
explain the difference in correlation as the time variability in heat transport convergence 
over the North Atlantic is generally dominated by the RAPID MHT variability. Liu et al. 
(2020) and Mayer et al (2022) have in common that they use the ocean reanalysis ORAS5 
to infer the OHCT. We tested ORAS5 to derive the OHCT, and we found indeed a better 
correlation of 0.7 (for annual time series and 0.82 for time series filtered at 2 years). A 
simple interpretation of this better performance of ORAS5 is that ORAS5 better resolves 
the Atlantic MHT in its OHC reconstruction. However, ORAS5 is an ocean reanalysis 
which uses ERA-interim atmospheric reanalysis for the surface forcing. Over the common 
period 2005–2014, ERA-interim surface heat fluxes averaged over the NAD are close to 
ERA5 surface fluxes (not shown). We suspect that using a similar surface heat flux to force 
ORAS5 reanalysis and to infer the ocean energy budget, leads to compensation of errors in 
Liu et al. (2020) and Mayer et al (2022). In our study, these errors cannot compensate and 



1870	 Surveys in Geophysics (2024) 45:1855–1874

may lead to a poorer correlation with in situ-based estimate of the heat transport conver-
gence. More analyses are needed to test this hypothesis.

The drop from 2005 to 2009 in NAD heat transport convergence observed by the in situ 
data of RAPID and OSNAP is not captured by any energy budget estimate of this study, 
regardless of the OHC product used. It is not captured by previous energy budget stud-
ies either (Trenberth and Fasullo 2017, Liu et al. 2020, Mayer et al. 2022). In this study, 
we find that this discrepancy is unlikely related to the OHC data as we tested different 
estimates of OHC based on independent data. It raises questions on the cause for this dis-
crepancy. Is it an issue in surface heat fluxes? Or in the in situ data? How substantial is the 
vertical heat flux through the 2000 m (the bottom depth of most of the ocean heat content 
estimates) in the NAD? Can we really assume no changes in the MHT variability across 
the OSNAP section before 2014?

Although we find the North Atlantic Ocean energy budget is closed on annual time 
scales, there is room for improvement. It would be interesting to get to monthly estimates 
but this objective remains challenging for the argo observing system and for the space 
gravimetry observing system, but also the in situ-measurements in the ocean. In addition, 
the processing of the convergence (interpolation and truncation) and the processing of the 
tendency (derivation) both amplify the noise and introduce uncertainties that are larger for 
higher temporal and spatial resolution. These issues pose a challenge as well.
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