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Abstract. Meridional ocean heat transport (MHT) plays a central role in the climate system by redistributing energy across

latitudes and influencing global and regional climate variability. While sustained observing systems in the Atlantic, subpolar

North Atlantic and Arctic gateways provide valuable observational constraints on Atlantic heat transport, their spatial cover-

age remains limited and assessing their uncertainties remains challenging. Ocean reanalyses offer a complementary, spatially

complete view of the ocean, but their ability to represent Atlantic heat transport across those gateways has so far not been5

consistently assessed.

Here we evaluate MHT estimates from 17 global ocean reanalyses using in-situ observational transport estimates and com-

plementary heat-budget-derived transport estimates. The assessment covers major observing sections across the Atlantic and

Arctic Oceans, including the South Atlantic Meridional Overturning Circulation Basin-wide Array (SAMBA), the RAPID ar-

ray at 26.5◦N, the Overturning in the Subpolar North Atlantic Program (OSNAP), the Greenland-Scotland Ridge (GSR), Davis10

Strait, Fram Strait and the Barents Sea Opening.

The two sets of estimates generally agree within two sigmas, despite the fact that biases and errors cannot be fully accounted

for (whether in mooring-based estimates or in reanalyses). We demonstrate this level of agreement both for the meridional

structure and for temporal variability in MHT. Temporal correlations are as high as 0.75–0.8 at RAPID and 0.65–0.75 at the

GSR, but significant differences exist in both mean state and variability. Increasing resolution in reanalyses tends to improve15

agreement with observational estimates when computed from monthly temperature and velocity output. However, for one

degree reanalyses it is essential to include the parameterized eddy terms (advective and diffusive) rather than using temperature

and velocity output. Accounting for these parameterized contributions removes significant but artificial biases in MHT at this

resolution.
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The reanalysis ensemble mean shows lower mean heat transport than the mooring based estimates at RAPID and Fram20

Strait, while showing higher transport through the Barents Sea Opening. Hence there is significant uncertainty in terms of

the partitioning of Arctic heat inflow pathways. Heat-budget-derived transport estimates show generally good agreement with

the available transport observations across the evaluated sections. The representation of variability depends strongly on region

and timescale. At RAPID and the GSR, the considered reanalyses show the highest consistency with observational estimates

across seasonal to interannual timescales, whereas OSNAP is the most challenging section. Trend analyses from the reanalysis25

ensemble indicate a broad reduction of northward Atlantic heat transport across most gateways since the early 1990s, although

substantial uncertainties remain prior to the Argo era. At the RAPID latitude (26.5◦N), the full reanalysis ensemble indicates

1993–2023 declines of −0.058± 0.039 PW decade−1 in MHT.

1 Introduction

The redistribution of heat by the global ocean is a fundamental component of Earth’s climate system, shaping the exchange30

of energy between low and high latitudes and influencing regional climate variability and long-term climate change(Trenberth

and Caron, 2001; Fasullo and Trenberth, 2008; Forget and Ferreira, 2019). In the Atlantic Ocean, northward heat transport as-

sociated with the Atlantic Meridional Overturning Circulation (AMOC) strongly influences air-sea heat exchange, atmospheric

circulation, Arctic and European climate, and the storage of excess heat in the ocean (Buckley and Marshall, 2016; Trenberth

and Fasullo, 2017; Forget and Ferreira, 2019). Understanding the variability and long-term evolution of Atlantic heat transport35

is therefore essential for improving our understanding of climate variability and trends, as well as for evaluating climate model

simulations and for long-range prediction systems.

Direct observational estimation of ocean heat transport remains limited to a small number of sustained observing systems and

hydrographic sections. While these observing systems provide highly valuable constraints on ocean circulation and transport

variability, their spatial coverage is necessarily sparse and most records are so far relatively short compared to the timescales40

of climate variability and trends. Complementary approaches have been developed that combine Argo observations and other

spatially resolved observational datasets with models to infer meridional heat transports, providing an alternative to transport

estimates from individual observing sections (Forget et al., 2008a, b). Ocean reanalyses (ORAs) have also become increas-

ingly important tools for investigating ocean heat transport variability, as they can provide dynamically consistent and spatially

complete estimates of the evolving ocean state over multiple decades. The North Atlantic remains uniquely well suited for45

evaluating ocean heat transport estimates because it is spanned by multiple sustained observing systems extending from the

subtropical Atlantic to the Arctic gateways, such as RAPID (Johns et al., 2011; McCarthy et al., 2015), OSNAP (Lozier et al.,

2019), SAMBA (Kersalé et al., 2020) and Arctic gateway monitoring programs (Tsubouchi et al., 2021). Those observational

networks enable a systematic assessment of reanalysis-derived heat transports across a wide range of latitudes and circulation

regimes. It should be noted, however, that mass transport estimates from sustained observing systems are themselves subject50

to methodological uncertainties. These arise from assumptions required to close the mass and freshwater transport budgets, in-

cluding the treatment of unsampled regions, mass conservation constraints, and boundary conditions, as well as the geostrophic
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assumption (Stepanov et al., 2016) and differing assumptions regarding exchanges through connecting gateways such as the

Bering Strait (McCarthy et al., 2020; Sinha et al., 2018). Heat transport estimates additionally require adequate temperature

sampling across the section, which for extended sections relies on complementary observations such as Argo profiles.55

At the same time, substantial uncertainties remain in ocean reanalysis estimates of heat transport, arising from differences

in model resolution, atmospheric forcing, data assimilation methodologies and representation of key circulation features such

as boundary currents, overflows and mesoscale variability. A number of recent studies have evaluated ocean reanalysis heat

transports against individual observing systems. Comparisons at the Greenland-Scotland Ridge have shown that most modern

reanalyses reproduce the observed variability reasonably well, although systematic differences remain in both mean transports60

and variability amplitudes (Mayer et al., 2023b). Similar assessments at OSNAP revealed substantially larger discrepancies be-

tween reanalyses and observational transport estimates, particularly on interannual timescales (Winkelbauer et al., 2026; Baker

et al., 2022). Recent work suggests that some of these discrepancies may however arise from uncertainties in the observational

estimates and should not be attributed solely to deficiencies in the reanalyses (Winkelbauer et al., 2026). In the South Atlantic,

Baker et al. (2023) found considerable differences between reanalysis-, altimetry- and heat-budget-derived transport estimates65

at the SAMBA latitude. In the Arctic and Nordic Seas, several studies have documented substantial differences among ocean

reanalyses in the representation of gateway transports, water-mass properties and heat exchanges, emphasizing the continued

need for systematic evaluation against sustained observations (Uotila et al., 2019; Winkelbauer et al., 2022, 2024b). While

these studies provide valuable insights for individual observing systems, a comprehensive assessment of heat transport using a

consistent methodology across the full Atlantic observing network is still lacking.70

This study is carried out within the framework of the Ocean Decade: Marine Environment Reanalyses Evaluation Project

(MER-EP, UNESCO Ocean Decade, 2025), Yang et al. (2026a), which aims to systematically evaluate and intercompare

global ocean and marine reanalyses across a broad range of variables, processes and user-oriented applications. MER-EP

builds upon earlier coordinated ocean reanalysis intercomparison efforts, most notably the Ocean Reanalyses Intercomparison

Project (ORA-IP; Balmaseda et al. (2015)), which demonstrated both the value of multi-reanalysis ensembles and the sub-75

stantial uncertainties that remain in key aspects of the ocean state estimation. While ORA-IP primarily focused on large-scale

physical ocean properties, including ocean heat content, sea level and mixed-layer depth, it also included targeted assessments

of circulation and transport diagnostics (Jackson et al., 2019). MER-EP seeks to provide a more systematic evaluation of the

most recent marine reanalyses using more process-based use cases spanning ocean physics, sea ice, waves and biogeochemistry.

In addition to direct observational estimates, we also evaluate the reanalyses against heat transport estimates derived from80

the vertically integrated ocean heat budget (Trenberth et al., 2019; Mayer et al., 2023a). These budget-constrained estimates

combine net surface heat fluxes, temporal ocean heat content tendencies and thermodynamic sea ice contributions, thereby

providing an observationally constrained estimate of heat transport variability that is derived independently of the circulation

fields of the ocean reanalyses themselves. Recent studies have demonstrated the potential of such approaches for estimating

large-scale ocean heat transport variability at regional to global scales (Meyssignac et al., 2024; Calafat et al., 2025; Pan et al.,85

2026). The approach is particularly useful for investigating interannual and longer-term variability, although uncertainties in

ocean heat content tendencies remain an important source of uncertainty in the inferred MHT (Meyssignac et al., 2024).
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By combining direct observations, energy-budget estimates and a large ensemble of ocean reanalyses (ORAs), this study

aims to assess the robustness, consistency and structural uncertainty of Atlantic Ocean heat transport estimates across a wide

range of latitudes and timescales. This includes long-term trends, which may be related to changes in the strength of the AMOC90

(Terhaar et al., 2025).

2 Data and Methods

This section describes the study region, datasets and methods used in this study. Figure 1 provides an overview of the Atlantic

study domain and the observational transport sections considered. We first introduce the ORAs along with the indirect heat

transport estimates derived from the vertically integrated ocean heat budget, followed by the observation section-based transport95

estimates.

Figure 1. Map of Atlantic bathymetry showing sections and straits where observation based estimates are available.

2.1 Direct Calculation of Transports from Ocean Reanalysis

We analyse a collection of 17 global ORAs from several international forecasting and climate centres (see Table 1 for more

details and explanation of acronyms). The ensemble includes products from ECMWF, CMCC, Mercator Ocean, the UK Met

Office, MIT, JAMSTEC, the University of Maryland and CNR-ISMAR; spanning horizontal resolutions from 1◦ to eddy-rich100

1/12◦ configurations. The products assimilate in situ temperature and salinity profiles, satellite sea level anomalies and sea

surface temperature observations, while differing substantially in their ocean models, atmospheric forcing, data assimilation

schemes, selected insitu and satellite data products and their quality control. The ensemble includes both closely related sys-

tems (e.g. the GREP-family products based on NEMO; Desportes et al., 2017; Storto et al., 2019) and methodologically diverse
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products, including the ECCO ocean state estimate (Forget et al., 2015; ECCO Consortium et al., 2021b, a) and the SODA105

(Carton et al., 2018) and ESTOC (Osafune et al., 2015) ocean reanalyses, thereby sampling a broad range of structural uncer-

tainties in ocean model systems. ORAS6-pilot is a pilot version of the ECMWF ocean and sea-ice ensemble reanalysis ORAS6

(?). It differs from the final ORAS6 system in several respects, including the observations assimilated and the settings used for

sea-level anomaly assimilation. Only the unperturbed member of ORAS6-pilot is used in this study. None of the products as-

similate the insitu transport observations used for the evaluation presented here, such as RAPID or OSNAP mooring velocities,110

and much of the section-specific hydrography is also not assimilated. However, some underlying observational information

may overlap with data assimilated by the reanalyses. The use of this large and diverse ensemble allows us to assess the ro-

bustness of inferred heat transport variability across the ORAs and to better quantify structural uncertainty than in previous

assessments.

Ocean heat transports are calculated from monthly mean velocity and temperature output of the ORAs following equation 1.115

Monthly output was used because it is the highest temporal resolution consistently available across the full reanalysis ensemble.

Daily fields retain sub-monthly covariance terms between velocity and temperature that are not explicitly represented when

heat transport is calculated from monthly mean fields. While neglecting these covariance terms may introduce small differences

in the estimated heat transport at some latitudes (Valdivieso et al., 2014, , Fig 3), monthly output was considered sufficient

enough for the purpose of this study. A comparison using daily and monthly GLORYS12V1 fields (Appendix Fig. A1) shows120

that differences in the mean transport are largest in parts of the Southern Ocean, near the equator and around 35-40◦N, while the

temporal variability agrees closely over most latitudes. The largest differences in deseasonalized heat transports occur around

35-40◦N and south of approximately 40◦S. Throughout this study, we refer to transports across latitude sections as meridional

heat transport (MHT) and to transports through ocean gateways or straits, which additionally contain a zonal component, as

ocean heat transport (OHT).125

OHTORA = cpρ

xr∫

xl

z2(x)∫

z1(x)

(θ(x,z)− θref )v(x,z) ·ndzdx, (1)

where v ·n is the velocity component normal to the section, θ the potential temperature, θref a reference temperature, ρ the

seawater density and cp the specific heat capacity of seawater. Since many considered sections do not exhibit perfectly closed

mass budgets, heat transports depend on the choice of reference temperature (Schauer and Beszczynska-Möller, 2009). In

principle, this ambiguity can be reduced by choosing a reference temperature representative of the transport-weighted mean130

temperature of the flow across each section (Bacon et al., 2015). However, because the present study compares heat transports

across a wide range of Atlantic sections and reanalysis products, we adopt the commonly used reference temperature of

θref = 0◦C for all calculations. This ensures a consistent definition of heat transport throughout the analysis, although the

absolute values remain reference-temperature dependent (Forget and Ferreira, 2019). Transport calculations are performed on

the native model grids using the StraitFlux framework (Winkelbauer et al., 2024a) or using MeshArrays.jl (Forget et al., 2015)135

to ensure consistency with the underlying model discretization. Transport calculations are generally based on the resolved
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monthly three-dimensional velocity and temperature fields (U , V , T ) provided by the reanalyses. For the coarse-resolution

ECCO, OCCA and ESTOC products, for which additional diffusive and parameterized eddy-induced (bolus) heat transport

components are available, these contributions are included in the total MHT used throughout the analysis. This provides a

physically more complete estimate and improves consistency with eddy-permitting and eddy-rich products, where a larger140

fraction of mesoscale heat transport is explicitly resolved. For CIGAR at 1◦ resolution, these additional components are not

available, and MHT is therefore calculated from the resolved velocity and temperature fields only. The sensitivity of coarse-

resolution MHT estimates to the inclusion of parameterized transport components is examined in Sect. 3.1.

2.2 Heat Budget-derived

To complement the directly estimated ocean heat transports (OHT), we additionally derive indirect estimates OHTinf based145

on the vertically integrated ocean heat budget approach described in Mayer et al. (2023a). In this framework, OHT across a

latitude or ocean section is inferred from the balance between net air–sea heat fluxes and temporal ocean heat content tendencies

integrated over the ocean area enclosed between the section of interest and a reference chokepoint where OHT is either known

and/or small, together with the observed heat transport through that reference chokepoint.

OHTinf =OHTcp −
∫

S


FS(x,y)− ρ0cp

∂

∂t

z2∫

z1

(θo(x,y,z)− θref )dz−Lfρi
∂di(x,y)

∂t
−RAdj


 dS (2)150

where S is the ocean surface area between the chokepoint section (e.g. Bering Strait) and the section of interest (e.g. RAPID).

Here, FS denotes the net downward surface heat flux, θo the ocean temperature, θref a reference temperature, di the sea-ice

thickness, ρ0 and ρi the densities of seawater and sea ice (set constant to 1026 kgm−3 and 928 kgm−3 respectively). The terms

in brackets represent the area-integrated contributions from net surface heat fluxes, ocean heat content tendencies and sea ice

melt energy tendency (the tendency of latent heat of fusion associated with sea ice changes) in S. To ensure global consistency155

between surface heat fluxes and ocean heat storage, a spatially uniform monthly adjustment RAdj is applied following Trenberth

et al. (2019); Mayer et al. (2023a).

This method yields continuous OHT estimates across latitude bands of the Atlantic, the Indo-Pacific, and global oceans,

including the major observational sections. For Atlantic estimates, the heat budget is integrated between the latitude of inter-

est and a reference chokepoint section where OHT estimates are available. In contrast, global meridional OHT estimates are160

obtained from the vertically integrated global ocean heat budget from either North or South Pole without requiring an external

chokepoint constraint, as the zonal integration around the globe forms a closed domain. Heat-budget-derived transport esti-

mates are calculated for SAMBA, RAPID, OSNAP and the GSR. Separate estimates are not derived for the individual Arctic

gateways, as the comparatively small transports and larger influence of sea-ice energy terms increase the uncertainty of such

estimates. In addition, deriving individual transports through Fram Strait and Barents Sea Opening would require assumptions165

about the partitioning of heat transport among those gateways.

7

https://doi.org/10.5194/egusphere-2026-5435
Preprint. Discussion started: 14 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Surface heat fluxes are estimated indirectly from the atmospheric energy budget. This combines net radiation at TOA from

the Clouds and the Earth’s Radiant Energy System–Energy Balanced and Filled (CERES-EBAF Loeb et al., 2018) and DEEP-

C (Liu et al., 2020) datasets, with the divergence of atmospheric energy transports as well as atmospheric energy storage based

on the ERA5 (Hersbach et al., 2020), MERRA2 (Gelaro et al., 2017), JRA55 (Kobayashi et al., 2015), and JRA-3Q (KOSAKA170

et al., 2024) atmospheric reanalyses. Energy budgets from reanalyses are diagnosed following (Mayer et al., 2024). Ocean

heat content tendencies are obtained from the IAPv4 (Cheng et al., 2024), RFROM (Lyman and Johnson, 2023) and ORAS5.

Sea-ice melt energy tendency is estimated from GIOMAS (Zhang and Rothrock, 2003) and ORAS5. As reference chokepoint

transports we use monthly observational transport estimates from Tsubouchi et al. (2024) and Fredriksen et al. (2025) for three

boundary configurations: (i) Bering Strait (mean: 1.4 ± 0.8 TW), (ii) the combined Arctic gateways (Davis Strait, Fram Strait175

and Barents Sea Opening; mean: 0.14 ± 0.04 PW), and (iii) Davis Strait together with the Greenland–Scotland Ridge (mean:

0.31 ± 0.05 PW).

The heat-budget-derived estimates are therefore not generally independent of all datasets used in the ORA evaluation.

ORAS5 is furthermore used for ocean heat content and sea-ice melt energy tendencies in some realizations, while the obser-

vational chokepoint transports used as boundary constraints are also included among the direct transport estimates evaluated180

in this study. The data used is summarized in Table 2. Uncertainties are quantified as twice the standard deviation (2σ) across

different combinations of atmospheric and oceanic datasets used in the budget calculation.

variable datasets

Fs inferred ERA5, JRA55, MERRA2, JRA3Q

OHCT IAPv4, RFROM, ORAS5

IHCT GIOMAS, ORAS5

OHTcp Bering , Davis+Fram+BSO, Davis+GSR

Table 2. Datasets and reference chokepoint configurations used for the heat-budget-derived ocean heat transport estimates. The table lists the

atmospheric, oceanic and sea-ice datasets, together with the reference chokepoint transports used in the heat-budget integration. Chokepoint

transport estimates are taken from Fredriksen et al. (2025) and Tsubouchi et al. (2024).

Similar energy-budget-based approaches have recently been applied by Meyssignac et al. (2024) to infer heat transports

between OSNAP and RAPID, and by Calafat et al. (2025) using observational constraints from Argo, satellite altimetry, and

gravimetry to derive basin-scale Atlantic heat transport estimates. More recently, Pan et al. (2026) applied a closely related185

framework to estimate global and basin-scale meridional heat transports from ocean heat content tendencies and surface fluxes,

but using a different energy-budget adjustment methodology based on constrained optimization and spatial covariance struc-

tures. Together, these studies support the robustness of indirect energy-budget approaches for estimating large-scale ocean heat

transport variability.
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2.3 In-situ and altimeter based estimates190

Neither the direct transport calculations from reanalyses nor the indirect approaches use derived current velocities, which are

available only at dedicated sections with sustained observing systems and hydrographic programs in the Atlantic and Arctic

Oceans (Fig. 1). These include the RAPID array at 26.5◦N in the subtropical North Atlantic (Johns et al., 2011; McCarthy et al.,

2015; Moat et al., 2026), the OSNAP observing system in the subpolar North Atlantic (Lozier et al., 2017; Fu et al., 2025), and

the SAMBA array at 34.5◦S in the South Atlantic (Kersalé et al., 2020, 2021). In the Arctic and Nordic Seas, we additionally195

use transport estimates from the Greenland-Scotland Ridge (GSR) (Tsubouchi et al., 2021; Mayer et al., 2023b), as well as

Davis Strait, Fram Strait and the Barents Sea Opening based on inverse-model estimates constrained by extensive moored

observations (Fredriksen et al., 2025; Tsubouchi et al., 2024). Uncertainties associated with these observational transport esti-

mates are taken from the original data products where available. For RAPID, we follow the uncertainty estimates of Johns et al.

(2011, 2023), as also adopted by Meyssignac et al. (2024), accounting for both statistical uncertainty associated with temporal200

variability and potential measurement and methodological biases. For SAMBA, we adopt the published total uncertainty from

Kersalé et al. (2021). For OSNAP and the GSR, uncertainties are taken directly from the corresponding observational products.

For the Arctic gateway estimates, uncertainty is estimated from the spread across the available observational transport recon-

structions (Fredriksen et al., 2025; Tsubouchi et al., 2024). For the 12-month running-mean time series, monthly observational

uncertainties are propagated assuming independent errors. Mean observational transports and the associated uncertainties used205

throughout this study are summarized in Appendix Table A1.

Additionally, comparisons are made with meridional heat transport estimates derived from the AX07 (30°N) and AX18

(35◦S) repeat XBT transects. These products are based on repeated trans-basin expendable bathythermograph (XBT) obser-

vations combined with satellite altimetry and atmospheric reanalysis data and provide independent estimates of Atlantic heat

transport variability (Baringer and Garzoli, 2007; Garzoli et al., 2013). Given the relatively short duration of the SAMBA210

record, we additionally consider the altimeter-based meridional heat transport estimates of Dong et al. (2021), which extend

the South Atlantic transport record back to 1993 and are derived by combining satellite altimetry and in situ observations

with atmospheric reanalysis winds. While these estimates provide valuable additional temporal coverage, they are not fully

independent of the ORAs evaluated here. Comparisons with the Dong et al. (2021) product should therefore be interpreted as

complementary to, rather than replacing, the direct validation against the SAMBA observations.215

These observational products provide the best available constraints on Atlantic heat transport, although they differ in method-

ology and degree of independence from the ORAs evaluated here. The mooring-based observing systems derive basin-scale

transports by combining measurements from moorings, hydrographic observations and, in some cases, additional observing

platforms such as gliders, with interpolation and inverse-model techniques. Consequently, uncertainties may arise not only

from measurement errors but also from observational gaps and the methods used to reconstruct spatially continuous transport220

fields (Winkelbauer et al., 2026). In contrast, the XBT- and altimeter-based products share some input data with many ORAs

and therefore should not be seen as fully independent.
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Strait Period Reference

RAPID 2004/04 - 2023/12 Moat et al. (2026)

OSNAP 2014/08 - 2022/07 Fu et al. (2025)

GSR 1993/01 - 2021/07 Tsubouchi et al. (2021)

Fram, Barents, Davis 2004/10 - 2024/07 Fredriksen et al. (2025)

SAMBA 2013/09 - 2017/07 Kersalé et al. (2020, 2021)

Altimeter-based at

34.5◦S, 30◦S, 25◦S, 20◦S, 26.5◦N
1993–2025 Dong et al. (2021)

XBT at

35◦S, 30◦N

2002–2019,

1994–2024

Baringer and Garzoli (2007),

Garzoli et al. (2013)

Table 3. Sections with current observation systems used for the evaluation of ocean heat transport (OHT) across the Atlantic and Arctic

Oceans. The table lists the observing sections, the periods used in the analysis, and the corresponding references. Comparisons with reanal-

ysis products are performed over the maximum available overlap between each observational record and the reanalysis time series. Mean

observational transport estimates and their associated uncertainties are provided in Appendix Table A1.

2.4 Methodological considerations

2.4.1 AMOC calculation at sections

In addition to meridional heat transport, we evaluate the Atlantic Meridional Overturning Circulation (AMOC) strength at the225

RAPID section (26.5◦N). The overturning streamfunction is calculated in depth coordinates from the monthly mean meridional

velocity fields by vertically integrating the zonally integrated transport from the ocean bottom upward,

Ψ(z) =

z0∫

zb

xr∫

xl

v(x,z′)dxdz′, (3)

where v is the meridional velocity normal to the section, xl and xr denote the western and eastern boundaries of the section,

zb is the local ocean bottom, and z′ is depth. Positive values correspond to northward transport. The AMOC strength is then230

defined as the maximum of the overturning streamfunction.

2.4.2 Mass flux constraints at sections

For OSNAP, a mass-flux constraint is applied and transports are calculated directly from the model velocity fields. This correc-

tion is needed to match the methodology of the observational product (Lozier et al., 2019). Specifically, a southward through-

flow of 1.6 Sv is prescribed across OSNAP West, representing an observational estimate of the long-term mean export through235

Davis Strait, and is compensated by an equal northward transport across OSNAP East to satisfy the basin-wide mass budget.

As this adjustment can affect the barotropic variability across the section, its influence was assessed in a sensitivity test (not
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shown). The adjustment affects the mean transport and, to a lesser extent, the seasonal cycle, while its influence on deseason-

alized and low-frequency variability is small.

The constraint is implemented in StraitFlux through a barotropic velocity correction. A spatially uniform compensation240

velocity is added over the entire wet cross-sectional area,

vcorr =
Qtarget −Qraw

A
, (4)

where Qraw is the volume transport calculated directly from the model velocities, Qtarget is the prescribed target volume

transport and A is the total oceanic cross-sectional area. The corrected transport is then obtained by adding vcorr to the normal

velocity at every wet grid cell. This correction is applied only for OSNAP in order to follow the definition of the observational245

transport estimate and ensure a consistent comparison between reanalyses and observations.

2.5 Uncertainty quantification

Uncertainties in the reanalysis-derived heat transports are quantified as twice the inter-product standard deviation (±2σ) across

the reanalysis ensemble, which provides a measure of the uncertainty associated with differences in model formulation, reso-

lution, atmospheric forcing and data assimilation. Uncertainty in the heat-budget-derived estimates is similarly quantified from250

the spread across the different combinations of atmospheric energy budget, ocean heat content, and sea ice datasets described

in Sect. 2.2.

Linear trends are estimated separately for each reanalysis product using ordinary least-squares regression. The uncertainty

of the ensemble-mean trend combines the spread among the individual reanalysis trends with the regression uncertainty of

the individual trend estimates. Because monthly transport time series exhibit serial correlation, the regression uncertainty is255

adjusted using an effective sample size based on the lag-one autocorrelation (Santer et al., 2000) of the regression residuals

before being combined with the inter-product spread.

To facilitate comparisons across observing sections with different uncertainty ranges, biases are also expressed as standard-

ized biases,

z =
OHTORAs −OHTobs√

σ2
obs +σ2

ORAs

, (5)260

where OHTORAs and OHTobs denote the mean reanalysis and observational heat transports, respectively, σobs is the un-

certainty provided for the observational estimate, and σORAs is the inter-reanalysis spread. Positive (negative) values indicate

overestimation (underestimation) relative to the observations.
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3 Results

3.1 Mean Heat Transport265

Figure 2 shows the climatological mean meridional heat transport (MHT) as a function of latitude for the global and Atlantic

Oceans derived from the ocean reanalyses, and from the indirect energy-budget estimates. Mean transports are calculated over

the full available period of each product (see Table 1). Most reanalyses reproduce the large-scale structure of the global ocean

heat transport, characterized by southward transports in the Southern Hemisphere and northward transports in the Northern

Hemisphere, with maxima in the subtropical oceans. The inferred energy-budget estimate provides the primary observationally270

constrained reference for the global ocean and exhibits a comparatively smooth latitudinal structure with peak transports of

approximately 1.8 PW in the Northern Hemisphere and -1.2 PW in the Southern Hemisphere.

Figure 2. Mean meridional heat transport (MHT) as a function of latitude for the (a) global ocean and (b) Atlantic Ocean. Mean transports

are computed over the available period of each product (Table 1). Units are PW. ORAs are compared to inferred estimates (black lines, grey

shading indicates the ±2σ spread), direct observational estimates from hydrographic sections (red and blue symbols) and altimetry-based

estimates from Dong et al. (2021) (gold symbols).

Substantial spread exists between individual reanalyses, particularly in the Southern Ocean and at mid-to-high latitudes.

While the inter-product spread is larger among the 1/4° and finer-resolution systems (Appendix Fig. A2), this group also con-

tains more products and the difference in spread should therefore not be interpreted as a resolution-dependent effect. In contrast,275

more systematic biases are evident among the coarse-resolution (1°) products. The resolution-group comparison in Appendix

Fig. A2 indicates a clearer low bias in the 1◦ ensemble across much of the Northern Hemisphere, whereas in the Southern

Hemisphere the spread is larger among the 1/4◦ and finer-resolution products, with several individual reanalysis exhibiting
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substantial deviations from the inferred estimate. ORAS6-pilot exhibits pronounced localized extrema around 35–40◦ in both

hemispheres, which are related to the sea-level anomaly assimilation scheme (de Boisséson et al., 2026). Pronounced extrema280

around approximately 40–50◦S are also evident in CIGAR, the only coarse-resolution product for which heat transport is cal-

culated solely from the resolved velocity and temperature fields because additional parameterized transport components are

not available. For the other coarse-resolution products, the available diffusive and parameterized eddy-induced heat transport

components are included in the total heat transport shown in Fig. 2.

The importance of these additional transport components is illustrated in Fig. 3 for ECCO and ESTOCv7a. In both reanal-285

yses, the transport derived from advective velocity and temperature fields alone exhibits pronounced spurious extrema near

40–50◦S, while the inclusion of diffusive and parameterized eddy-induced (bolus) contributions, in particular those associ-

ated with Gent–McWilliams-type parameterizations, results in a much smoother and more physically consistent large-scale

transport structure and brings the estimates closer to the inferred energy-budget estimate. This demonstrates that transports

calculated only from advective components can exhibit artificial spatial variability and biases in coarse-resolution products.290

Where available, parameterized transport components should therefore be included when evaluating or using MHT from such

products. In contrast, the impact of these components is considerably smaller in eddy-permitting and eddy-rich 1/4◦ and 1/12◦

products, where mesoscale transports are more explicitly resolved (not shown), although their full contribution requires suffi-

ciently high-frequency velocity and temperature fields to capture transient covariance terms (Valdivieso et al., 2014).

80 60 40 20 0 20 40 60 80
lat

1.5
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ECCOv4r4 global MHT 1992-2017
U,V,T
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Adv

Diff
Bolus
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Figure 3. Decomposition of the global meridional heat transport (MHT) into advective, diffusive, and bolus components for (a) ECCO4r4

and (b) ESTOCv7a. The red curve shows the transport computed from monthly mean velocity and temperature fields (U, V, T), while the

blue curve includes the additional diffusive and parameterized (bolus) contributions. Units are PW.

For the Atlantic Ocean and Arctic (Fig. 2b), additional constraints are available from direct observational estimates at295

SAMBA, RAPID, OSNAP, the GSR, Arctic gateways and two XBT sections. Further, altimeter-based estimates from Dong

et al. (2021) are also considered. Most ORAs reproduce the observed meridional structure of Atlantic heat transport, including

the northward transport throughout the basin and the subtropical maximum near 25◦N. However, many products systematically

underestimate heat transports compared to observational and inferred estimates, particularly in the subtropical and subpolar

North Atlantic. This low bias is most pronounced in coarse-resolution calculations that use monthly temperature and velocity300
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fields (Appendix Fig. A2). Including the diffusive and bolus transport components significantly reduces artificial biases but not

entirely. Quarter degree systems tend to agree more closely with observational estimates, but still often show a low bias.

Figure 4 summarizes the comparison between observational, reanalysis-based and inferred mean heat transport estimates

at the major observational sections. Heat-budget-derived estimates are available for SAMBA, RAPID, OSNAP and the GSR,

where they agree closely with the corresponding observational estimates and overlap within the reported uncertainties. The305

ensemble-mean reanalysis estimate also reproduces the observed large-scale transport structure reasonably well, but tends

to underestimate transports at several sections. This low bias is most pronounced at the SAMBA and RAPID arrays. At the

SAMBA latitude, where the comparison is made against the longer altimetry-based estimate rather than the shorter mooring-

derived record, the ensemble-mean reanalysis estimate (0.35±0.18 PW) and the inferred estimate (0.41±0.19 PW) are both

lower than the altimetry-based estimate (0.53±0.21 PW). However, these differences remain within the relatively large uncer-310

tainty ranges. At the RAPID array at 26.5◦N, the ensemble-mean reanalysis estimate (0.91±0.16 PW) falls noticeably below

both the observational estimate (1.21±0.12 PW) and the inferred estimate (1.18±0.09 PW), representing the largest systematic

low bias among the major observation sections. Part of this apparent low bias may, however, reflect methodological differences

between the directly calculated reanalysis transports and the observational estimate. Stepanov et al. (2016) showed that apply-

ing RAPID-like geostrophic assumptions to model fields can yield substantially higher MHT than direct calculations from the315

model velocity field, primarily due to differences in the representation of upper-ocean western boundary circulation.

A particularly interesting behaviour is found at the Arctic gateways. Most ORAs underestimate the observed heat transport

through Fram Strait while simultaneously overestimating the transport entering the Barents Sea Opening. Although these biases

can be substantial at the individual sections, they partly compensate when both gateways are considered together, resulting in a

considerably better agreement with observational estimates of the total heat transport entering the Arctic Ocean. This suggests320

that differences among reanalyses are associated not only with the total magnitude of northward heat transport, but also with

its partitioning between the two Arctic inflow pathways.

Mean MHT values at all sections and for all ORAs are given in Table A1. The standardized biases shown in Fig. 5 provide

a complementary view of these differences by accounting for the combined uncertainty of the observational estimates and

the reanalysis spread. Consistent with Fig. 4, most reanalyses show negative standardized biases at RAPID, Davis Strait,325

Fram Strait, SAMBA, OSNAP and the GSR, indicating a tendency to underestimate heat transport relative to the observational

reference. Positive biases are mainly confined to the Barents Sea Opening. In contrast to heat transport, volume transport biases

(Fig. A3 and Tab. A2) are less systematic across products. Neither the magnitude nor the sign of the biases at Fram Strait and

the Barents Sea Opening is consistent across the ensemble. The stronger and more coherent biases found in heat transport

therefore cannot be explained by volume transport errors alone, but likely also reflect differences in water-mass properties and330

possibly heat transport components that are not fully captured by the monthly advective estimates, including high-frequency,

eddy induced and diffusive transports.

In Fig. 5, reanalyses are ordered according to their mean absolute standardized bias across all sections. The two ESTOC

versions exhibit the largest overall biases, with predominantly negative biases across the evaluated sections. CIGAR also shows

comparatively large biases, most notably at RAPID, but is the only coarse-resolution product for which parameterized eddy-335
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induced and diffusive heat transport components are not available. ECCO4r6 and OCCA2, on the other hand, show smaller

overall biases despite their similarly coarse (1◦) resolution, with standardized biases at most individual sections comparable

to those of many higher-resolution products, although regional differences remain, such as the positive Barents Sea bias in

OCCA2. Overall, most eddy-permitting systems (∼1/4◦ resolution) tend to show smaller standardized biases, but considerable

differences remain among individual products and sections. Notably, the highest-resolution products (1/10◦-1/12◦) do not340

systematically outperform the best-performing 1/4◦ systems, suggesting that increased horizontal resolution alone does not

guarantee improved representation of large-scale heat transports.

Figure 4. Surface net energy fluxes (colour shading; positive downward) and associated meridional heat transports across key Atlantic

sections. Values derived from observational estimates (black), the reanalysis (ORAs) ensemble mean (red), and heat-budget-based inferred

estimates (blue) are shown for each section. Observational estimates are taken from the products listed in Table 3, except at the SAMBA

latitude, where comparison is made against the altimetry-based estimate of Dong et al. (2021) owing to the relatively short duration of the

direct SAMBA observational record. Uncertainties for the reanalysis and inferred ensemble estimates indicate ±2σ ensemble spread.

3.2 Temporal Variability

While substantial differences exist in the mean transports, agreement in temporal variability is generally reasonable at the

majority of straits. Figure 6 shows that most reanalyses reproduce a considerable fraction of the observed low-frequency345

(12-month running mean) variability at the major observing sections despite the mean-state biases discussed above. This

behaviour is reflected in the Taylor-diagram analysis (Fig. 7), where many products exhibit moderate to high correlations with

the observations while maintaining variability amplitudes comparable to those observed.
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Figure 5. Mean heat transport biases relative to observations expressed as standardized biases (z-scores). Biases are normalized by the com-

bined observational uncertainty and inter-reanalysis spread at each observing section. Positive values indicate overestimation and negative

values indicate underestimation relative to observations. An absolute standardized bias |z| ≤ 1 indicates agreement with the observational

estimate within the combined 1-σ uncertainty. Rows are ordered according to the mean absolute standardized bias across all sections. The

bottom row shows the heat-budget-derived estimate OHTinf with its 2-σ spread. The last column shows the combined transport through

the Barents Sea Opening and Fram Strait. Dates below the section names indicate the averaging period used for the comparison. For ORAs

that do not cover the full observational period, means were computed over the available overlapping period only. Observational estimates are

taken from the products listed in Table 3, except at the SAMBA latitude, where the comparison is made against the altimetry-based estimate.

The strongest agreement is found at RAPID (26.5°N), where most ORAs cluster around correlations of approximately

0.7–0.9 and normalised variability amplitudes close to 1. The major multi-year fluctuations observed by RAPID are reproduced350

by the majority of products, indicating that subtropical Atlantic heat transport variability is captured consistently across a wide

range of ocean state estimates. An exception is SODAv4, which exhibits substantially poorer agreement than the remainder of

the ensemble. The heat-budget-derived estimates generally occupy similar regions of Taylor space as the reanalysis ensemble.

At the SAMBA section, products exhibit substantially weaker agreement on interannual timescales compared to RAPID. The

mooring-derived SAMBA observations show considerably larger variability than most ORAs, whereas the longer altimetry-355

based estimate exhibits variability amplitudes that are more comparable to the reanalysis ensemble. Because of its substan-

tially longer temporal coverage, the altimetry-based (not-independent) product is used as the observational benchmark in the
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Figure 6. Monthly heat transport anomalies across the SAMBA, RAPID, OSNAP, Greenland–Scotland Ridge (GSR), Fram Strait and Barents

Sea sections from observations and ORAs. Anomalies are shown as 12-month running means relative to the temporal mean of each product

over the observational period. Black solid lines indicate observations, while colored lines show individual reanalyses. Black dashed lines

denote inferred estimates where available, with shading indicating the associated 2σ uncertainty.

correlation analyses. Relative to this benchmark, most reanalyses broadly reproduce the timing of several of the observed

anomalies and multiple products show moderate correlations on interannual timescales. The inferred heat-budget estimates

display substantially larger variability, with amplitudes that are closer to those observed by the direct SAMBA array than to360
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the altimetry-based estimate. This enhanced variability however is only weakly correlated with either observational product.

Similar behavior was reported by Baker et al. (2023), who showed that heat-budget-derived transport estimates at the SAMBA

latitude contain substantial variability that is largely uncorrelated with direct transport observations. The comparatively poor

performance of the inferred estimates at SAMBA may partly reflect increasing uncertainty when the heat-budget approach is

integrated over large areas towards regions of smaller OHT. Analysis of the individual budget terms indicates that both the365

surface heat fluxes and the observed ocean heat content tendency contribute substantially to this variability (not shown). The

amplitude of the variability of inferred OHT is also somewhat reduced after approximately 2005, consistent with improved

observational constraints following the widespread deployment of the Argo observing system.

Figure 7. Taylor diagrams comparing low-frequency heat transport variability in ORAs against observations for the SAMBA, RAPID, OS-

NAP, Greenland–Scotland Ridge (GSR), Fram Strait, Davis Strait and Barents Sea sections. Statistics are computed from 12-month running

mean anomalies. Radial distance indicates the standard deviation normalized by observations, angular position indicates the correlation coef-

ficient, and grey contours show centered root-mean-square differences against the available observational estimates. Black symbols represent

inferred estimates and inferred-member ensembles for SAMBA, RAPID, OSNAP and the GSR.

The Greenland–Scotland Ridge also exhibits relatively good agreement, with correlations typically around 0.5–0.7 and

variability amplitudes close to those observed. As already shown by Mayer et al. (2023b) reanalyses generally reproduce both370

the timing and magnitude of the observed low-frequency variability, resulting in a comparatively compact distribution in Taylor

space, with an exception of the ESTOCv3a reanalysis, which shows no correlations with the observed values.
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At Fram Strait and the Barents Sea Opening, correlations are generally lower than at RAPID and the Greenland–Scotland

Ridge, and larger differences exist in the simulated variability amplitudes. At Fram Strait, several products substantially over-

estimate variability, whereas ECCO4 and the two ESTOC versions exhibit weaker variability than observed. The spread among375

products is reflected in the larger range of Taylor statistics at this section. At the Barents Sea Opening, the reanalysis ensem-

ble is more tightly clustered, although ESTOC products again show reduced variability compared with the observations. The

weakest agreement is found at OSNAP. Correlations are generally low and both ORAs and heat-budget-derived estimates differ

substantially from the observed record. Inspection of the time series indicates that much of the discrepancy is associated with a

small number of pronounced transport anomalies, particularly during 2015 and 2020, when strong peaks in overturning MHT380

observed in OSNAP East are not reproduced by either the ORAs or the inferred estimates (Winkelbauer et al., 2026).

3.2.1 Seasonal Cycles

The seasonal cycle of heat transport is generally reproduced qualitatively by the reanalysis ensemble, although notable differ-

ences in phase, amplitude, and mean transport remain among products (Fig. 8). SAMBA exhibits a pronounced seasonal cycle,

with maximum heat transport during austral winter and a minimum during spring to early summer. Most ORAs reproduce385

the timing of this cycle, but sometimes show reduced seasonality and mean transport as compared with the observational esti-

mates. The direct SAMBA observations exhibit a somewhat different seasonal cycle from both the reanalyses and the longer

altimeter-based reconstruction of Dong et al. (2021) with a strong peak in late summer. Given the comparatively short obser-

vational record however, it is difficult to assess whether these differences reflect robust climatological features or sampling

variability. At RAPID, both observations and reanalyses exhibit a minimum heat transport during late winter and early spring390

and a maximum during summer, with most products reproducing the observed timing and amplitude of the annual cycle de-

spite a tendency to underestimate the mean transport. OSNAP, in contrast, displays a comparatively weak seasonal cycle and

larger differences between products and observations. The weak seasonal variability of the combined OSNAP transport largely

reflects the contribution from OSNAP West, whereas the eastern branch exhibits a more pronounced seasonal cycle similar to

that at the Greenland–Scotland Ridge, with the summer minimum occurring approximately one month later (not shown). At395

the Greenland–Scotland Ridge (GSR), the observed seasonal cycle is characterized by a minimum during late spring to early

summer and a maximum during autumn and early winter. While the broad structure of this cycle is captured by most ORAs,

many products exhibit a delayed seasonal minimum and a weaker autumn increase compared to the observations. Farther north,

Fram Strait shows a similar seasonal evolution as GSR, with minimum transports during summer and maximum transports in

autumn and early winter, although most reanalyses underestimate the mean transport and tend to delay the transition from400

the summer minimum to the autumn recovery. The Barents Sea Opening exhibits one of the most consistently represented

seasonal cycles in terms of its overall shape. Most ORAs show somewhat higher mean transports and seasonal amplitudes than

the central observational estimate, although the majority remain within the observational uncertainty range. A slight offset in

the timing of the seasonal minima is also evident. Finally, Davis Strait exhibits only a weak seasonal signal and a large relative

spread among reanalyses, making robust evaluation more challenging.405
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Figure 8. Mean seasonal cycle of heat transport at the SAMBA, RAPID, OSNAP, GSR, Davis, Fram and Barents observing sections. Monthly

climatologies were calculated over the maximum overlapping period between each reanalysis and the corresponding observational record.

Colored lines show individual ORAs, the dashed black line indicates the reanalysis ensemble mean, and the solid black line shows the

observations.

Fig. 9 summarizes heat-transport correlations between the observations and individual reanalyses across timescales, while

the correlations for each product are provided in Appendix Fig. A5. RAPID exhibits consistently high skill across all timescales,

with median correlations of about 0.85 for the seasonal cycle and remaining near 0.75-0.8 for monthly anomalies and 12-month

running means. GSR also shows robust skill across all timescales, although with lower median correlations of approximately

0.65-0.75 and comparatively small inter-reanalysis spread. SAMBA, Fram and Barents all show strong seasonal-cycle agree-410

ment, with median correlations around 0.8–0.95, but their skill decreases substantially for monthly and low-frequency anoma-

lies. This decrease is especially pronounced at SAMBA, where correlations drop from over 0.9 for the seasonal cycle to below

about 0.2 for 12-month running means. Fram and Barents exhibit a similar, although less pronounced, reduction in skill with in-

creasing timescale. Davis Strait behaves differently from the other sections, with weak seasonal-cycle agreement and somewhat

higher median correlations at monthly to annual timescales. These correlations are, however, generally not statistically signif-415

icant and vary substantially across products. In contrast, OSNAP emerges as the most challenging section, with correlations

decreasing from modest seasonal-cycle agreement to near-zero or negative values for annual and low-frequency variability.

This behaviour suggests substantial disagreement between ORAs and observations on interannual timescales and may reflect

both limitations in the reanalyses and uncertainties in the observational estimate itself (Winkelbauer et al., 2026).
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Figure 9. Representation of heat transport variability across timescales in Atlantic and Arctic observing sections. Correlations between

observed and reanalysis-derived heat transports are shown for the seasonal cycle, deseasonalized monthly anomalies and 12-month running

mean anomalies. Lines indicate the median correlation across all ORAs, while shaded envelopes denote the interquartile range (25th–75th

percentile). Correlations were calculated over the maximum overlapping period between each reanalysis and observational record.

3.3 Trends420

Figure 10 summarizes linear trends in Atlantic meridional heat transport (MHT) derived from the reanalysis ensemble for

the periods 1993–2023 and 2004–2023. For both periods, the ensemble-mean trend indicates a broad reduction of northward

heat transport throughout much of the Atlantic basin. The strongest negative trends occur in the tropical and subtropical North

Atlantic, with weaker trends at higher latitudes. Normalizing the trends by the climatological mean MHT (not shown) does

not substantially alter the overall spatial pattern of MHT changes. However, the normalized decline, expressed as a percentage425

of the mean MHT per decade, becomes more pronounced in the subpolar North Atlantic, reflecting the smaller climatological

mean transport in this region.

The spatial pattern of the ensemble-mean trend is broadly similar for the two periods, although trend amplitudes are generally

larger at higher latitudes when the analysis is extended back to 1993. This difference is associated with stronger declines during

the pre-Argo observing era, when the ocean observing system was scarcer.430

The uncertainty associated with these trends arises from two sources: disagreement among reanalysis products and uncer-

tainty in the estimation of individual linear trends. Appendix Fig. A6 shows that the relative importance of these contributions

varies with latitude and analysis period. Trend estimation uncertainty is generally larger for the shorter 2004–2023 period be-

cause fewer years are available to constrain the linear trend, whereas inter-product spread tends to increase when the analysis

is extended into the pre-Argo era. Despite the larger spread in the earlier period, most reanalyses indicate negative MHT trends435

over the North Atlantic, suggesting that the basin-scale weakening of northward Atlantic heat transport is a robust feature across

a wide range of ocean state estimates, although its precise magnitude remains uncertain. The largest overall uncertainties occur

in the tropical Atlantic and around 35–40°N, where trends are largest and reanalysis products show substantial disagreement

in both the magnitude and the sign of long-term trends.
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Inspection of individual products (Appendix Fig. A7) indicates that part of this spread originates from a small number440

of ORAs exhibiting strong low-frequency variability and long-term trends prior to the Argo period. In particular, ORAS5,

ORAS6-pilot and CIGAR0.25 contribute disproportionately to the ensemble spread before the mid-2000s. In the case of

ORAS5, the non-stationary behaviour has been attributed to difficulties of the assimilation system to realistically constrain

OHT in the early period with little sub-surface observational data (Tietsche et al., 2020).

Two products were excluded from the trend analysis because of limitations in temporal coverage or known issues in their445

long-term behaviour. SODA4 was omitted because preliminary evaluation revealed unrealistic low-frequency variability and

low correlations when compared with the broader reanalysis ensemble and available observations. ESTOCv3a was excluded

because its record ends in 2014. GloSIA9-1 terminates before the end of the analysis period (2023), but was retained because it

provides a complementary estimate over a substantial fraction of the study period. The resulting ensemble therefore represents

a compromise between maximizing the number of independent estimates and maintaining temporal consistency across the450

analysis period.

Figure 10b shows trends calculated from an ensemble of heat-budget-derived estimates (see Appendix Fig. A8 for the in-

dividual realizations). Similar to the reanalysis ensemble, the inferred estimates indicate predominantly negative MHT trends

throughout much of the Atlantic. However, the ensemble-mean trends are generally not statistically significant. This is consis-

tent with Mayer et al. (2023a), who similarly found that heat-budget-derived Atlantic OHT trends were generally associated455

with substantial uncertainty and were statistically significant only over limited latitude ranges. Appendix Fig. A8 demonstrates

that both the magnitude and significance of the inferred trends depend on the atmospheric reanalysis, the applied energy-budget

adjustment method and the choice of integration boundary, although all realizations consistently indicate a reduction of north-

ward heat transport across much of the basin. The inferred trends are generally associated with smaller uncertainties when

integrating from the Greenland–Scotland Ridge and Davis Strait than from Bering Strait. This is consistent with the smaller460

integration domain and the reduced contribution of Arctic heat storage and sea-ice processes to the integrated heat budget. The

sensitivity to the adjustment method highlights another important source of uncertainty in heat-budget-derived transport esti-

mates. The globally uniform adjustment applied following Trenberth et al. (2019); Mayer et al. (2023a) is designed to ensure

consistency between globally integrated surface heat fluxes and observed ocean heat uptake. However, alternative approaches

distribute the required adjustment regionally according to estimated spatial uncertainty structures or regional energy imbalances465

rather than uniformly across the global ocean (e.g. Liu et al., 2020; Liu, 2026; Yang et al., 2026b). In the present analysis, these

regional adjustment methods generally produce somewhat larger negative MHT trends than the globally uniform adjustment,

with some individual estimates becoming statistically significant, while the overall conclusion of a basin-wide reduction in

northward heat transport remains unchanged.

At the RAPID latitude (26.5°N, Fig. 11), the ORA ensemble-mean trend over 2004–2023 is in close agreement with the470

observed RAPID trend. Both estimates indicate a decline of approximately 0.03 PW decade−1, with overlapping uncertainty

ranges, although the ORA ensemble-mean trend over this period is not statistically significant. This agreement is notable given

that none of the reanalysis products assimilates the RAPID velocity observations directly. Extending the analysis back to 1993

yields a stronger and statistically significant negative ensemble-mean trend of −0.058±0.039 PW decade−1. The inter-product
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Figure 10. a) Linear trends in Atlantic MHT estimated from an ensemble of ORAs over the periods 1993–2023 (red) and 2004–2023 (blue).

Solid lines show the ensemble-mean trends, the shaded envelopes indicate the combined uncertainty, calculated as the quadratic sum of

the inter-product ensemble spread and the trend-estimation uncertainty (±2SEAR1), following a similar approach as used by Mayer et al.

(2022). b) MHT trends inferred from surface heat fluxes using an ensemble of estimates based on different atmospheric reanalyses, integration

boundaries, and adjustment methods (Table A4). The black line shows the ensemble-mean inferred trend. The dark grey shading indicates

the uncertainty of the ensemble-mean trend (±2SEAR1), while the light grey shading shows the combined uncertainty obtained from the

quadratic sum of the trend uncertainty and the spread among the inferred estimates. The black marker shows the RAPID 26.5°N MHT trend

for 2004–2023, with horizontal error bars indicating the 95% confidence interval of the trend estimate. Negative values indicate a reduction

in northward heat transport. Trends are expressed in PW decade−1.

spread is also substantially larger during the pre-Argo period. Much of this enhanced spread originates from a small number475

of ORAs exhibiting pronounced anomalies during the 1990s, which may in part reflect initialization and spin-up effects.

Consistent with the discussion above, ORAS5 exhibits a particularly strong shift during this period (Tietsche et al., 2020).

Excluding ORAS5 reduces the 1993–2023 ensemble-mean trend to −0.050±0.039 PW decade−1 and excluding both ORAS5

and CIGAR025, the two products with the strongest negative trends, yields −0.045± 0.037 PW decade−1. Both estimates

remain statistically significant, indicating that the negative ensemble-mean trend is not solely driven by these outliers. All 14480

ORAs exhibit negative trends over the 1993–2023 period, of which eight are statistically significant, although their magnitudes

vary considerably among products (Table A3). For several reanalyses, the decline is strongest during the earlier part of the

record and weaker after approximately 2010, with indications of a renewed decrease in MHT during the most recent years.
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Figure 11. MHT and AMOC anomalies at 26.5°N. a) MHT anomalies. b) AMOC anomalies. Thin red curves show individual reanalysis

products and the thick red curve denotes the ensemble mean. Thick black curves show RAPID observations. The blue curve in the upper

panel shows the inferred MHT estimate, calculated as the mean over ERA5, JRA3Q and MERRA2. the light blue curve shows the inferred

MHT estimate in combination with IAPv4. All anomalies are referenced to the 2005–2023 mean, except for the inferred estimate, which

is referenced to its available period (2005–2021). Solid red lines indicate linear trends calculated from the reanalysis ensemble mean over

1993–2023, and dashed red lines show trends over the RAPID period (2004–2023). The dashed black line shows the RAPID trend over

2004–2023. Displayed anomalies are shown as 12-month running means, while trend estimates are calculated from the unsmoothed anomaly

time series.

A complementary perspective is provided by the heat-budget-derived estimates at the RAPID latitude. Figure 11 shows the

ensemble-mean inferred MHT anomaly together with the corresponding linear trends obtained using only the surface heat flux485

term (Fs; dark blue) and in combination with the observed ocean heat content tendency (OHCT ) from IAPv4 (light blue).

Including the observed ocean heat content tendency does not substantially alter the inferred long-term trend, but increases

24

https://doi.org/10.5194/egusphere-2026-5435
Preprint. Discussion started: 14 September 2026
c© Author(s) 2026. CC BY 4.0 License.



the temporal variability of the inferred transport estimates and consequently the uncertainty of the trend estimate, consistent

with previous studies identifying ocean heat content variability as a major source of uncertainty in heat-budget-derived MHT

estimates (Mayer et al., 2023a; Terhaar et al., 2025). Table A4 summarizes the trends obtained for all individual heat-budget490

realizations. While all inferred realizations indicate negative MHT trends over 1993–2023, most individual realizations, as

well as the ensemble-mean inferred trend (−0.03±0.03 PW decade−1), are not statistically significant. Statistically significant

declines are obtained primarily for realizations using the adjustment method proposed by Yang et al. (2026b); Liu (2026),

whereas trends based on the globally uniform adjustment generally remain absent within uncertainty bounds.

A broadly similar picture emerges for the AMOC (Fig. 11b). The ensemble-mean AMOC time series exhibits a long-495

term decline that is consistent with the RAPID observations over the 2004–2023 period, although its significance is still

debated in literature (Volkov et al., 2024). Extending the analysis back to 1993 yields a stronger ensemble-mean negative

trend of −1.23± 0.57 Sv decade−1, accompanied by considerably larger inter-product spread during the earlier part of the

record. Excluding ORAS5 reduces the ensemble-mean trend to −1.01± 0.56 Sv decade−1, while excluding both ORAS5

and CIGAR025 yields −0.87± 0.54 Sv decade−1. These estimates overlap within their uncertainty ranges, indicating that500

the magnitude of the ensemble-mean trend is sensitive to the inclusion of individual products, but that its negative sign is not

determined by the two products with the strongest declines. All 14 reanalyses show negative AMOC trends over 1993–2023, of

which 12 are statistically significant. Taken together, the reanalyses therefore consistently indicate a weakening of the Atlantic

overturning circulation over this period, although its precise magnitude remains uncertain. Figure 12 further demonstrates that

both the mean state and long-term trends in Atlantic MHT are closely related to the corresponding AMOC characteristics505

across the reanalysis ensemble. While products with a stronger mean AMOC generally exhibit larger mean heat transports

(R= 0.83), the relationship is even tighter for the long-term trends (R= 0.95), indicating that differences in simulated MHT

trends are closely linked to differences in the strength of the AMOC decline. This suggests that changes in the gyre component

of MHT shows relatively little trend - a hypothesis that could be tested using reanalyses.

The larger uncertainty associated with the pre-Argo period (with an approximately 65% larger inter-product spread in 12-510

month-smoothed MHT anomalies during 1993–2004 than during 2005–2023) is consistent with the evolution of the global

ocean observing system. Prior to the widespread deployment of Argo profiling floats, subsurface temperature and salinity

observations were substantially sparser and less homogeneous in space and time, particularly outside major shipping routes.

Ocean reanalyses and state estimates therefore rely more strongly on model dynamics and data-assimilation properties such as

error covariances, resulting in greater structural differences among products. Biases will accumulate freely during the period515

before Argo, and their magnitude depend on the quality of the free running model and spin up phase used to initialize reanalyses.

Users should be aware that this issue is particularly sensitive when sequential data assimilation is used – when Argo assimilation

starts it can erase accumulated biases rapidly and induce artificial jumps in MHT and AMOC (Fig. 11).

Nevertheless, the agreement between the RAPID observations and the reanalysis ensemble during their overlapping period

provides additional confidence in the observed decline in subtropical Atlantic poleward heat transport during the well-observed520

Argo era, while the magnitude of the longer-term decline extending into the pre-Argo period remains more uncertain.
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Figure 12. Relationship between Atlantic meridional overturning circulation (AMOC) strength and Atlantic meridional heat transport (MHT)

across the ORAs at 26.5N. (a) Mean AMOC strength versus mean MHT for 1993–2023. (b) Linear AMOC trends versus MHT trends over

1993–2023. Colored symbols denote the individual reanalysis products, while the filled black circle indicates the reanalysis ensemble mean

for 1993–2023. The open black circle shows the ensemble-mean trend over 2004–2023 and the black star denotes the RAPID observational

estimate.

4 Conclusions

This study evaluates Atlantic and Arctic Ocean heat transport in a large ensemble of global ORAs using direct observations

and heat-budget-derived estimates. By combining sustained observing systems at SAMBA, RAPID, OSNAP, the Greenland–

Scotland Ridge, Davis Strait, Fram Strait and the Barents Sea Opening with energy-budget constraints, we assess the mean525

state, temporal variability and trends of heat transport across a wide range of latitudes and timescales.

Overall, reanalyses and observational estimates agree on the large-scale structure of Atlantic meridional heat transport,

including northward heat transport throughout the Atlantic basin with a subtropical maximum near 25◦N. However, substantial

differences remain in the magnitude of transports, with most ORAs underestimating heat transports at major Atlantic and

Arctic Straits relative to the observational and heat-budget-derived estimates. However, part of the apparent low bias may530

reflect methodological differences between direct model transport calculations and the observational estimates, for example

geostrophic assumptions (Forget, 2010; Stepanov et al., 2016).

Resolution is an important factor controlling the quality of reanalysis heat transport estimates. Coarse-resolution products

show the largest standardized biases and can exhibit pronounced artificial extrema in global heat transport when only the re-

solved advective transport is available. The artificial nature of this issue is clearly demonstrated by ECCO, which provides535

accurate advective and diffusive transport terms computed online during model integration. Users relying solely on tempera-

ture–velocity output risk introducing substantial and spurious biases; producers of one degree resolution reanalyses are there-

fore strongly encouraged to provide online-computed diagnostics and to explicitly caution users against the UVT approach at

this resolution.

26

https://doi.org/10.5194/egusphere-2026-5435
Preprint. Discussion started: 14 September 2026
c© Author(s) 2026. CC BY 4.0 License.



The highest-resolution products (1/12) do not systematically outperform the lower-resolution systems (1/4 or 1 degree),540

suggesting that differences in model formulation, forcing and assimilation strategy can be as important as nominal horizontal

resolution. The ensemble mean heat-budget-derived time mean MHT agrees closely with available observational estimates at

most evaluated sections, supporting the usefulness of vertically integrated energy-budget methods as an additional benchmark

for ocean reanalysis evaluation. This agreement is particularly encouraging given that the inferred estimates are largely inde-

pendent of the ocean circulation fields used in the ocean reanalyses themselves. At the same time, the SAMBA comparison545

highlights an important limitation: inferred estimates exhibit substantially larger discrepancies with direct observations when

integrating over regions with large OHT towards regions with smaller OHT.

The overall agreement across estimates for temporal variability is generally better than that of the mean transports, but

depends strongly on region and timescale. RAPID and the Greenland–Scotland Ridge show the most robust agreement between

ORAs and observations from seasonal to interannual timescales, whereas OSNAP appears to be the most challenging section,550

with weak agreement between observations, reanalyses and heat-budget inferred estimates on interannual timescales. The

comparatively strong agreement at RAPID may partly reflect the relatively dense observational coverage of the subtropical

North Atlantic, which provides stronger constraints on the assimilative reanalyses, although the influence of the observing

network is not explicitly assessed here. More generally, ORAs and observational estimates agree better for seasonal heat

transport variability than they do deseasonalized monthly and interannual fluctuations, likely because the seasonal forcing555

by surface heat fluxes and winds, including the associated Ekman transport, is well constrained in the reanalyses. The strong

reduction in skill from seasonal to interannual timescales at sections such as SAMBA and OSNAP demonstrates that agreement

in the mean state or seasonal cycle does not necessarily imply skill in representing longer-term variability.

Trend analyses indicate a broad reduction of northward Atlantic heat transport across the reanalysis ensemble since the early

1990s, although substantial uncertainties remain, particularly prior to the Argo era. At 26.5◦N, the reanalysis ensemble trend560

over the RAPID period agrees in general with the observed RAPID decline, despite the fact that the transport observations are

not directly assimilated by the reanalyses. This agreement provides some support for a recent reduction in subtropical Atlantic

heat transport across independent observing and reanalysis systems, although the observational record remains too short to

robustly establish a long-term trend. Nevertheless, the magnitude of long-term trends remains uncertain, particularly before

the Argo and RAPID era, when subsurface observations were more limited and reanalysis products diverge more strongly.565

Heat-budget-derived estimates likewise generally show negative trends in northward heat transport, although the magnitude

and statistical significance of the inferred trends depend on the applied energy-budget adjustment method and the choice of

integration boundary. An alternative interpretation of the non-significance of many of the trend estimates is that the length of

record is too short for long-term trends to emerge from variability. Nevertheless, all methodological choices considered here

yield the same qualitative picture of negative MHT trends. At the RAPID latitude (26.5°N), the reanalysis ensemble indicates570

1993–2023 trends of −0.058± 0.039 PW decade−1 in MHT and −1.23± 0.57 Sv decade−1 in AMOC strength. Excluding

ORAS5 and CIGAR025, the two products with the strongest negative trends, reduces these estimates to −0.045± 0.037 PW

decade−1 and −0.87±0.54 Sv decade−1, respectively, while both remain negative. Thus, while the magnitude of the estimated

trends remains uncertain, their negative sign is consistent across the reanalysis ensemble considered here.
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Our results extend the earlier ORA-IP assessment of Jackson et al. (2019) to a newer generation of reanalyses, a broader575

observational network and records extending into the early 2020s. The previously identified low bias at RAPID persists, while

the present analysis additionally reveals strong regional and timescale dependence in reanalysis performance and shows that

the highest-resolution products do not systematically outperform eddy-permitting systems. Extending the observational and

reanalysis records remains important for distinguishing long-term changes from decadal variability, particularly given the

larger uncertainties prior to Argo.580

Taken together, these results demonstrate both the value and limitations of ORAs for studying Atlantic heat transport. Reanal-

yses provide a spatially complete and dynamically consistent view of ocean heat transport variability, but substantial differences

remain in their representation of mean transports, unresolved eddy contributions and low-frequency variability, at key observing

sections. Continued evaluation against sustained observations will be essential for improving confidence in reanalysis-based

assessments of ocean heat transport and its role in climate variability and change. More broadly, this study demonstrates how585

application-oriented evaluation against independent benchmarks can provide practical guidance on the fitness-for-purpose of

ORAs, thereby supporting their wider use in climate monitoring and future climate assessments.

Appendix: Supplemental figures

Appendix A1
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Product
SAMBA [PW]

1993–

RAPID [PW]

2004–

OSNAP [PW]

2014–

GSR [PW]

1993–

Davis [TW]

2004–

Barents [TW]

2004–

Fram [TW]

2004–

GLORYS12V1 (1/12◦) 0.45 0.95 0.52 0.24 5.1 81.3 35.3

SODAv4 (1/10◦) 0.38 0.99 0.43 0.22 10.3 70.8 43.3

ORAS6-pilot (1/4◦) 0.22 1.11 0.51 0.25 8.4 96.6 41.6

ORAS5 (1/4◦) 0.30 0.95 0.48 0.22 13.4 80.0 32.7

CGLORSv8 (1/4◦) 0.36 0.90 0.48 0.27 12.6 85.7 47.1

CGLORSv7 (1/4◦) 0.42 1.12 0.45 0.26 5.1 77.6 40.5

GLORYS4V2 (1/4◦) 0.48 1.06 0.46 0.24 7.7 84.2 36.7

GLORYS2V4 (1/4◦) 0.50 0.96 0.46 0.23 2.2 85.1 23.8

GloSIA9-1 (1/4◦) 0.20 0.88 0.43 0.24 4.4 78.9 37.3

GloRANV14 (1/4◦) 0.33 0.93 0.45 0.25 9.3 87.5 42.9

SODAv3 (1/4◦) 0.36 0.80 0.41 0.24 4.8 77.1 46.4

CIGAR0.25 (1/4◦) 0.37 1.13 0.45 0.24 10.2 83.0 35.4

OCCA2 (1◦) 0.34 0.81 0.39 0.26 7.6 110.0 18.5

ECCO4r6 (1◦) 0.38 0.84 0.40 0.25 9.8 84.4 18.5

CIGAR (1◦) 0.31 0.50 0.39 0.22 -4.0 70.8 13.5

ESTOCv7a (1◦) 0.24 0.71 0.37 0.04 7.1 13.5 21.5

ESTOCv3a (1◦) 0.35 0.81 0.35 0.04 -4.9 7.8 16.3

Inferred 0.41 ± 0.19 1.18 ± 0.09 0.45 ± 0.04 0.28 ± 0.03

Observations 0.53 ± 0.21 1.21 ± 0.12 0.51 ± 0.09 0.28 ± 0.05 23.9 ± 11 64.8 ± 26 50.4 ± 19

Table A1. Mean meridional heat transport estimates from the ORAs, heat-budget-derived (inferred) estimates, and observational reference

sections. Values are computed over the common observational periods indicated below the section names, or the maximum available overlap

where shorter reanalysis records are used. Heat transports are reported in PW for SAMBA, RAPID, OSNAP, and the Greenland–Scotland

Ridge (GSR), and in TW for Davis Strait, the Barents Sea Opening, and Fram Strait. ORAs are grouped according to their nominal horizontal

resolution.
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Product
Fram [Sv]

2004–

Barents [Sv]

2004–

Fram+Barents [Sv]

2004–

GLORYS12V1 -1.75 2.87 1.11

SODAv4 -1.82 2.64 0.82

ORAS6-pilot -1.87 3.92 2.05

ORAS5 -1.73 3.42 1.69

CGLORSv8 -2.62 3.28 0.66

CGLORSv7 -2.09 3.08 0.99

GLORYS4V2 -2.75 2.91 0.15

GLORYS2V4 -2.63 3.37 0.74

GloSIA9-1 -2.58 3.06 0.48

GloRANV14 -3.25 3.48 0.23

SODAv3 -1.10 2.60 1.49

OCCA2 -3.82 4.15 0.32

ECCO4r6 -2.54 3.27 0.73

CIGAR -2.01 2.96 0.95

ESTOCv3a -0.99 0.31 -0.69

ESTOCv7a -1.01 0.21 -0.82

Observations -2.24 ± 0.77 2.61 ± 0.45 0.37 ± 0.89

Table A2. Mean volume transports through Fram Strait, the Barents Sea Opening and their sum over the common observational period.

Positive values denote inflow to the Arctic Ocean and negative values denote outflow. ORAs are grouped according to their nominal horizontal

resolution.
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Ocean reanalysis 1993– 2004–

ORAS5 −0.150± 0.037∗ −0.062± 0.059∗

CIGAR025 −0.122± 0.043∗ −0.020± 0.081

ORAS6-pilot −0.107± 0.038∗ −0.085± 0.067∗

GloRANV14 −0.075± 0.048∗ −0.004± 0.094

CGLORSv7 −0.067± 0.043∗ −0.095± 0.082∗

ESTOCv7a −0.057± 0.032∗ −0.001± 0.063

GloSIA9-1 −0.056± 0.048∗ 0.014± 0.088

CGLORSv8 −0.038± 0.036∗ −0.020± 0.076

GLORYS2V4 −0.031± 0.032 −0.042± 0.063

GLORYS12V1 −0.030± 0.036 −0.093± 0.074∗

SODA3 −0.028± 0.041 −0.015± 0.074

OCCA2 −0.025± 0.032 −0.007± 0.067

ECCO4r6 −0.015± 0.029 −0.002± 0.063

GLORYS4V2 −0.007± 0.039 0.010± 0.079

Ensemble mean −0.058± 0.039∗ −0.030± 0.052

Table A3. Linear trends in Atlantic meridional heat transport at 26.5◦N over the 1993–2023 and 2004–2023 periods. Values are given

as trend ±2SEAR1 (PW decade−1), where the trend standard error accounts for lag-1 autocorrelation in the regression residuals. Not all

products span the full analysis periods; for each reanalysis, trends are calculated over the available record (see Tab. 1) within the respective

period. The ensemble mean is reported as the mean reanalysis trend ± the combined uncertainty, including the inter-product spread and the

autocorrelation-adjusted trend-estimation uncertainty. An asterisk (∗) denotes a trend that is statistically significant (p < 0.05).
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Adjustment Atmospheric Reanalysis Bering Strait GSR/Davis

Global

ERA5 −0.013± 0.032 −0.015± 0.028

JRA55 −0.020± 0.034 −0.023± 0.029

JRA3Q −0.015± 0.035 −0.022± 0.030

MERRA2 −0.000± 0.035 −0.026± 0.030

Liu (2026)

ERA5 −0.018± 0.032 −0.018± 0.028

JRA55 −0.057± 0.035∗ −0.045± 0.028∗

MERRA2 −0.035± 0.036 −0.056± 0.030∗

Ensemble mean −0.026± 0.029/0.044

Table A4. Linear trends in inferred Atlantic meridional heat transport at 26.5◦N for the different atmospheric forcing products, adjustment

methods and integration boundaries over 1993–2023. Values are given as trend ± uncertainty (PW decade−1). Individual estimates are

reported as trend ±2SEAR1, while the ensemble mean is reported using both the statistical trend uncertainty and the combined uncertainty

shown in Fig. 10b. An asterisk (∗) denotes trends that are statistically significant (p < 0.05).
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Figure A1. Comparison of meridional heat transport (MHT) calculated from daily and monthly GLORYS12V1 fields. (a) Mean global and

Atlantic MHT calculated from daily (solid) and monthly (dashed) velocity and temperature fields. (b) Correlation between the deseasonal-

ized monthly variability of the daily- and monthly-derived MHT. (c) Ratio of the standard deviation of deseasonalized monthly-derived to

daily-derived MHT. The comparison illustrates the effect of neglecting sub-monthly velocity–temperature covariance terms when MHT is

calculated from monthly mean fields.
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Figure A2. Mean meridional heat transport (MHT) as a function of latitude for the (a) global ocean and (b) Atlantic Ocean. ORAs are

grouped into 1◦ products and products with a resolution of 1/4◦ or finer. Lines show the ensemble means and shaded envelopes indicate

±2 inter-product standard deviations. Mean transports are computed over the available period of each product (Table 1). The reanalysis

ensembles are compared with heat-budget-derived estimates (black lines).

Figure A3. Mean volume transport biases through Fram Strait, the Barents Sea Opening, and their combined transport (Fram+Barents)

expressed as standardized biases (z-scores). Biases are normalized by the combined observational uncertainty and inter-reanalysis spread.

Positive values indicate larger (more positive) transports than observed, while negative values indicate smaller (more negative) transports

than observed. For Fram Strait, where the observed transport is southward (negative), negative z-scores therefore correspond to a stronger-

than-observed export.
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Figure A4. As in Figure 7, but for deseasonalized monthly heat transport anomalies without temporal smoothing. The mean seasonal cycle

is removed separately for each product prior to computing Taylor statistics.
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Figure A5. Correlations between observed and reanalysis-derived heat transports for different variability metrics. Panels show correlations

of the seasonal cycle, deseasonalized monthly anomalies, annual-mean anomalies and 12-month running mean anomalies. Positive values

indicate agreement in temporal variability, while values near zero or negative indicate weak or inconsistent agreement with observations.
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Figure A6. Decomposition of Atlantic MHT trend uncertainty. Ensemble-spread uncertainty (dashed), trend-estimation uncertainty derived

from ordinary least-squares regression (dotted), and the resulting combined uncertainty (solid) for MHT trends computed over 1993–2023

(red) and 2004–2023 (blue). Combined uncertainty is calculated as the square root of the sum of squared ensemble-spread and trend-

estimation uncertainties. Values represent 1σ uncertainties and are expressed in PW decade−1.

Figure A7. Atlantic meridional heat transport (MHT) trends from individual reanalysis products. Linear MHT trends as a function of latitude

for individual ORAs over the periods 1993–2023 (left) and 2004–2023 (right). The thick black curve indicates the ensemble-mean trend. The

black marker and horizontal error bar show the RAPID-derived MHT trend at 26.5°N for 2004–2023 (±1σ).
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Figure A8. Linear trends in inferred Atlantic meridional heat transport (MHT) as a function of latitude for the different atmospheric forcing

products and adjustment methods. Panels show estimates obtained using the global adjustment (a,b) and the adjustment of Liu (2026);

Yang et al. (2026b) (c,d), with integration from the Bering Strait (left) and from the Greenland–Scotland Ridge/Davis Strait (right). Shading

indicates the ±2 standard error of the ordinary least-squares trend estimate. Solid line segments denote statistically significant trends (p <

0.05), whereas dashed segments indicate trends that are not statistically significant (p≥ 0.05).
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