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Abstract. Ocean reanalyses are potentially useful tools to study ocean heat transport (OHT) and its role in climate variability,
but their ability to accurately reproduce observed transports remains uncertain, particularly in dynamically complex regions
like the subpolar North Atlantic. Here, we evaluate currents, temperatures, and resulting OHT at the OSNAP (Overturning in
the Subpolar North Atlantic Program) section by comparing OSNAP observations with outputs from a suite of global ocean
reanalyses. While the reanalyses broadly reproduce the spatial structure of currents and heat transport across OSNAP West and
East, systematic regional biases persist, especially in the representation of key boundary currents and inflow pathways.

Temporal variability is well captured at OSNAP West, but none of the reanalyses reproduce the observed OHT variability at
OSNAP East, especially a pronounced peak in 2015. This discrepancy in 2015 is traced to the glider region over the eastern
Iceland Basin and Hatton Bank, where OSNAP data show a strong, localized inflow anomaly associated with the North Atlantic
Current (NAC). This signal is absent from all reanalyses as well as from independent, indirect heat transport estimates based
on surface heat fluxes and heat content. Investigation of sea level anomalies and implied geostrophic currents further confirm
that this mismatch is mainly driven by differences in flow structure rather than temperature anomalies alone.

Our results highlight both the value and limitations of reanalyses in capturing subpolar heat transport variability. While
higher-resolution products such as GLORYS12V1 better represent circulation features, significant mismatches remain, espe-
cially in regions with sparse observational coverage. The findings underscore the need for improved observational networks

and higher-resolution modeling to more accurately constrain subpolar OHT.

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is a critical component of the global climate system, redistributing
heat and freshwater between the tropics and high latitudes. This circulation is characterized by the northward transport of warm
surface waters and the southward return of cooler, deeper waters, which together play a vital role in regulating regional and
global climate variability. Variations in the AMOC can significantly impact Arctic sea ice (Serreze et al., 2007; Mahajan et al.,
2011), sea surface temperatures (e.g., Yeager and Danabasoglu, 2014; Duchez et al., 2016) and, consequently, broader climate
patterns across the Northern Hemisphere (Rahmstorf, 2024; Fox-Kemper et al., 2023; Buckley and Marshall, 2016; Jackson

etal., 2015), highlighting the importance of understanding its variability and long-term changes. Anthropogenic greenhouse gas
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emissions are anticipated to drive a long-term weakening of the AMOC (Collins et al., 2019; Rahmstorf, 2024), superimposed
on its natural variability, which occurs across timescales ranging from subseasonal to centennial (Buckley and Marshall, 2016).
Observations from the Rapid Climate Change—Meridional Overturning Circulation and Heatflux Array (RAPID-MOCHA,
Rayner et al., 2011) at 26.5°N since 2004 have provided critical insights into AMOC variability on shorter timescales (Bryden
et al., 2020; Srokosz et al., 2012), but this record is not yet long enough to detect long-term trends. Furthermore, AMOC
variability in the subtropical North Atlantic may differ from that in the subpolar region (Buckley and Marshall, 2016). To
explore past AMOC changes, researchers have turned to indirect evidence, such as the “warming hole” or “cold blob” in
the subpolar North Atlantic, a region that has cooled or resisted warming, contrary to global trends, likely due to AMOC
slowing (Rahmstorf, 2024). Studies using proxies and indirect methods have suggested a possible weakening of the AMOC
over the past century (Rahmstorf et al., 2015; Caesar et al., 2018; Thornalley et al., 2018), though with significant uncertainties
(Moffa-Sanchez et al., 2019). While climate models have successfully predicted global mean temperature changes, their ability
to accurately reproduce past AMOC changes remains limited, with many models underestimating AMOC sensitivity and
failing to simulate features like the observed cold blob (Rahmstorf, 2024; McCarthy and Caesar, 2023). Direct and sustained
observations in the subpolar North Atlantic are therefore critical for capturing the structure and variability of the AMOC and
refining model predictions.

The Overturning in the Subpolar North Atlantic Program (OSNAP) provides continuous observations of meridional trans-
ports of volume, heat, and freshwater from 2014 onward across the subpolar North Atlantic (Lozier et al., 2017; Li et al., 2017,
Lozier et al., 2019). These observations offer valuable insights into the mechanisms and variability of the AMOC (Zou et al.,
2020). The OSNAP observations also serve as a benchmark for validating ocean reanalyses (Baker et al., 2022) and climate
models (Menary et al., 2020), which are critical for extending our understanding of AMOC variability beyond the observational
record.

Ocean reanalyses (ORAs) have become an essential tool for studying past ocean states, variabilities and long-term climate
trends (Storto et al., 2019; von Schuckmann et al., 2020; Mayer et al., 2021b, 2022). However, their reliability depends heavily
on the quality and quantity of assimilated data, with data scarcity in the deep ocean and high-latitude regions posing significant
challenges. Despite these limitations, ORAs have been shown to realistically capture observed trends and variability in northern
high-latitude ocean heat content (OHC) (Mayer et al., 2021b). However, their performance deteriorates in data-sparse areas like
the deep ocean, where observational constraints are limited (Palmer et al., 2017). Although oceanic heat transports (OHT) play a
critical role in the climate system and reanalyses would provide a vital tool for studying their variability prior to the availability
of direct observations, their validation has received comparatively less attention than the validation of state quantities such as
OHC. As reanalyses generally do not assimilate direct observations of ocean currents, their transport estimates depend largely
on model dynamics and parameterizations rather than observational constraints. An additional difficulty is the methodological
complexity of OHT estimation (e.g., depth vs. density space, reference temperature choice), which complicates validation.

Overall, past studies have demonstrated that while ocean reanalyses generally capture the mean and variability of key features
such as integrated transports reasonably well, notable biases persist, particularly in the representation of deep water masses,

overflow waters, and the spatial structure of currents in narrower sections (Mayer et al., 2023; Fritz et al., 2023). Jackson et al.
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(2016, 2019) have shown that reanalyses can capture key aspects of AMOC variability at the RAPID array in the subtropical
North Atlantic. At subpolar latitudes, Baker et al. (2022) found that reanalyses broadly reproduce the magnitude and variability
of the MOC at OSNAP, supporting their use in studying the overturning circulation. However, their analysis did not assess heat
transport variability or its spatial distribution, leaving important gaps in our understanding of how reanalyses represent heat
transport at OSNAP.

The present study addresses this critical gap by comparing observational and reanalysis-derived OHT estimates across the
western and eastern branch of the OSNAP section. These are accompanied by detailed analyses of cross-sections of currents
and temperatures to find reasons between the arising differences such that we can reliably assess how well reanalyses replicate

observed variability and show the value of integrating observational and model-based approaches to advance climate research.

2 Data and Methods

OSNAP is a sustained, international ocean observing initiative established in 2014 to provide comprehensive measurements
of the Atlantic Meridional Overturning Circulation (AMOC) in the subpolar North Atlantic (Lozier et al., 2017). While the
program’s primary objective is to quantify AMOC variability, it also provides integrated meridional heat and freshwater fluxes.
The OSNAP array, which consists of moorings, gliders and floats, includes two legs: OSNAP West, spanning from Labrador
Shelf to West Greenland, and OSNAP East, extending from East Greenland to Scotland. Figure 1 illustrates the OSNAP array,
including its network of moorings and glider deployments (for further details, see Lozier et al., 2017).

We compare those observational estimates of oceanic transports to monthly output from a set of global ocean reanalyses,
including ORASS (Ocean ReAnalysis System 5, Zuo et al., 2019), CGLORSv7 (Centro Euro-Mediterraneo sui Cambiamenti
Climatici Global Ocean Reanalysis System, Storto and Masina, 2016), GLORYS2V4 (Global Ocean Reanalysis and Simu-
lation, Garric and L.Parent, 2016), GloRanV 14 (an improved version of GloSea$, also known as the FOAM, herafter called
FOAMV2; MacLachlan et al. 2015), and GLORYS12V1 (Lellouche et al., 2018). The first four products can be considered as
an updated version of the Copernicus Marine Service (CMEMS) Global Reanalysis Ensemble Product (GREP; Desportes et al.
2017), while GLORYS12V1 extends the analysis with its higher resolution. The reanalyses are all based on the NEMO ocean
model, with the GREP products being configured at a 0.25° horizontal resolution and 75 vertical levels, while GLORYS12V1
has a finer horizontal resolution of 0.083° and 50 vertical levels. The necessary atmospheric forcing for all ORAs was taken
from the ERA-Interim (Dee et al., 2011) atmospheric reanalysis, after 2019 from ERAS5 (Hersbach et al., 2020). While this
forcing is similar for all the ORAs, they differ in their data assimilation methods, physical parameterizations, and initial condi-
tions, which contribute to important differences in their transport estimates. Notably, ORASS assimilates sea level anomalies
(SLA) only between 50°S and 50°N, whereas the other four reanalyses assimilate SLA in ice-free seas globally. While all the
considered ORAs assimilate in-situ profiles of temperature and salinity, they do not assimilate observations of currents, i.e.
they can be considered independent of OSNAP in that regard.

To assess geostrophic circulation anomalies at the surface, we use satellite-derived sea level anomalies (SLA) from the

CMEMS multi-mission product (SLA). This dataset provides global, gridded SLA fields referenced to the 1993-2012 mean,
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Figure 1. Map of the OSNAP region and the general ocean bathymetry, schematically depicting OSNAP East, OSNAP West, mooring and
glider locations used for the OSNAP obseravtions, as well as the Greenland-Scotland Ridge, Fram Strait and the Barents Sea Opening (BSO).

with a 0.25° horizontal resolution. It is based on delayed-time altimeter observations from multiple satellite missions and
includes standard corrections for tides, atmospheric pressure, and instrumental effects. The resulting fields allow for the esti-
mation of surface geostrophic velocities through sea level gradients.

To reduce short-term variability and highlight interannual changes, all time series are smoothed with a 12-month running

mean, unless otherwise indicated.
2.1 Cross-sections and transports

Velocity and temperature sections reveal oceanic flow and temperature distributions across specific straits or regions, facilitating
the understanding of the structure and variability of OHT.

Fu et al. (2023) provide gridded sections of velocities, temperatures, and salinities as well as integrated transports of heat,
freshwater and volume across the OSNAP line using in situ measurements from moored instruments deployed at multiple
depths across the subpolar North Atlantic. These moored observations are supplemented by gliders and Argo floats, which fill
spatial gaps between moorings and provide additional data in regions without moored observations. The positions of moorings
and glider sections are shown in Fig. 1. Detailed descriptions of the instruments, as well as calculation and interpolation
techniques used, can be found in Li et al. (2017) and Lozier et al. (2017).

We aim to compare the observed velocity and temperature sections, as well as integrated transports across the OSNAP sec-
tion, to those calculated from ocean reanalyses. Extracting accurate velocity sections and calculating transports from reanaly-
ses is challenging as ocean models often use complex curvilinear or unstructured grids, necessitating the accurate handling of

varying grid geometries. To address this, we use StraitFlux (Winkelbauer et al., 2024), a Python tool specifically designed to
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calculate cross-sections and transports in a manner consistent with the discretization schemes of the analyzed models, and to
preserve conservation properties of the model’s native grids. More details on the calculation methods can be found in Winkel-
bauer et al. (2024).

To assess cross-sectional biases and RMSE values between OSNAP and reanalyses, the reanalyses sections are interpolated
bilinearly onto the OSNAP grid.

In addition to cross-sections, we analyze integrated oceanic transports through the OSNAP section. In general, oceanic
transports of volume (OVT), heat (OHT), and other tracers through a given cross-section are key metrics for understanding
ocean circulation and energy transfer. These transports are defined mathematically as integrals over the cross-sectional area,
incorporating the velocity field and additional scalar properties such as temperature or tracer concentration. In this study, we

focus on the transport of heat, which can be expressed as:

z, 22(x)

OHT:cpp/ / (0(z,2) = Orep)v(z, 2) -Rdzdr (1)

Ty 21 (x)
with the velocity vector v and the unit normal vector to the cross-section n. The cross-sectional area of the strait is defined
by its width = and depth 2. The density of seawater is represented by p and the specific heat capacity of seawater by c,. For
simplicity, transport calculations based on reanalyses are performed assuming constant p (1026kg/m?) and ¢, (3996J / kgK),
while for OSNAP observations transports p and c, are calculated for each grid cell as a function of temperature, salinity,
and pressure (Li et al., 2017). However, the impact of these differences should be minimal, as variations in p and ¢, tend
to compensate each other, resulting in negligible changes to the total transports (Fasullo and Trenberth, 2008). Additionally,
for heat transports the potential temperature 6 and a reference temperature 6, are needed. Transports have to be calculated
relative to a reference temperature, as unambiguous heat transports require closed volume transports, which is not the case for
individual straits and only approximately true for total oceanic transport (Schauer and Beszczynska-Moller, 2009). To simplify
the analysis and align with previous studies the reference temperature 6, is commonly set to 0°C. To avoid interpolation
and preserve conservation properties net integrated transports from reanalyses are calculated by employing StraitFlux’s line
integration method.

All transport calculations in this study are based on monthly mean output from the ocean reanalyses. To evaluate the po-
tential influence of temporal resolution, we additionally tested calculations based on daily velocity and temperature fields for
GLORYS12V1. The resulting differences in integrated heat transports were found to be less than 0.5% when averaged over
the OSNAP period, indicating that monthly output provides a sufficiently accurate representation for the purposes of this study
(see Fig.A2).

2.2 Indirect estimation of heat transports

To complement the ORA-based OHT estimates, a largely independent heat transport estimate was additionally obtained fol-

lowing the oceanic heat budget approach outlined in Mayer et al. (2023).
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7 GSR/FS+BSO
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The vertical net surface energy flux, counted positive if downward, is denoted as F's. We define gridpoint ocean temperatures
as 0,, the reference temperature as 6, f, the sea ice density p; (assumed constant at 928 kg m~3) and gridpoint average sea ice
thickness d;. This method infers OHT at OSNAP East by integrating Flg, the heat content changes (OHCT; second term inside
the brackets of Eq. 2) and the melt ice tendencies (MET; third term inside the brackets) over the area between the OSNAP-East
section and a nearby section where observations are available.

Fs is estimated indirectly from atmospheric budgets, so these are much better constrained by independent observations than
parameterized surface fluxes, which typically are more uncertain and depend on the sea state (Mayer et al., 2023; Trenberth
et al., 2019). Therefore, divergences and tendencies from atmospheric reanalyses ERAS (mass-consistent energy budgets,
Mayer et al., 2021a), MERRAZ2 (Gelaro et al., 2017) and JRAS55 (Kobayashi et al., 2015) are combined with top-of-atmosphere
(TOA) fluxes from CERES-EBAF TOA version 4.2 (Scott et al., 2022; NASA/LARC/SD/ASDC, 2025).

OHC is taken from the GREP reanalyses mentioned above, the Institute of Atmospheric Physics version 4 (IAPv4 Cheng
et al., 2024) and Random Forest Regression Ocean Maps (RFROM Lyman and Johnson, 2023). The melt ice tendencies MET
is calculated from GIOMAS (Zhang and Rothrock, 2003) and ORASS, which both provide ice thickness fields at 1 degree and
1/4 degree resolution, respectively.

Mass-consistent heat transport estimates are used at two different choke-points: the Greenland-Scotland Ridge (GSR), and
the combination of Fram Strait (FS) and the Barents Sea Opening (BSO). While the GSR transports are available continuously
from 1993 to 2021 (Tsubouchi et al., 2021), the Fram Strait and BSO estimates are limited to the ArcGate campaign period
from October 2004 to April 2010 (Tsubouchi et al., 2024). To enable comparisons over the extended OSNAP period, we
construct a synthetic ensemble of Fram + BSO transports by extrapolating the limited ArcGate observations. The extrapolation
uses a first-order autoregressive [AR(1)] model that preserves the observed seasonal cycle and reproduces realistic variability
based on the lag-1 autocorrelation and the standard deviation of monthly anomalies. We generate 1000 synthetic realizations
to sample the range of plausible interannual variability. Using the GSR as a boundary introduces larger uncertainties due to the
relatively high magnitude and variability of the heat transport across the ridge. In contrast, integrating from Fram Strait and
the BSO benefits from lower uncertainties in the upstream OHT, but requires a larger integration domain (potentially leading
to larger accumulated errors) and more careful treatment of sea ice processes and storage. By considering both configurations,
we leverage the strengths of each approach and account for complementary sources of uncertainty in estimating the subpolar
heat transport.

An approach like this would require a closed volume. However, the region bounded by the choke-points and OSNAP East
includes an open passage between Scotland and Norway (ScoNo in Fig. 1). Since exchanges through this passage are negligibly
small (ORASS gives a mean transport of 3 + 8§ TW, more than two orders of magnitude smaller than transports across OSNAP

East), they are excluded from the calculation. Additionally, to address global inconsistencies between air—sea heat fluxes and
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ocean heat content tendencies (OHCT), we apply a spatially uniform adjustment R 44; to the net heat fluxes. Specifically, we
subtract the monthly difference between the global full-depth OHCT and surface fluxes at every grid point as implemented e.g.
in Mayer et al. (2023) and Trenberth et al. (2019).

To account for uncertainty in each component of the budget, we combine three estimates for surface fluxes, six estimates for
OHC, and two estimates for sea ice in all possible permutations, resulting in 36 estimates for both choke-points. The data used

is summarized in Table 1.

variable datasets

Fs inferred ERA5, JRA55, MERRA2

OHCT IAPv4, RFROM, ORASS5, CGLORS, GLORYS2V4, FOAMv2
MET GIOMAS, ORASS

Table 1. Datasets used for indirect heat transport estimates.

A similar approach has recently been applied and evaluated by Meyssignac et al. (2024), who used surface fluxes and heat
storage terms between OSNAP and RAPID to estimate heat transports at the RAPID section. Their results show good agreement
with direct in situ estimates in terms of the mean and reasonable agreement in terms of temporal variability, supporting the use
of energy budget methods to bridge observational gaps between ocean sections. Our analysis, which additionally incorporates
independent ocean reanalyses and explicit uncertainty estimates for all budget components, might provide a useful complement

and help to build confidence in this approach.

3 Results
3.1 Temperature and Velocity Cross-Sections

The temperature distribution along the OSNAP section is shown in Figure 2a, while the corresponding temperature biases
for the reanalyses relative to the OSNAP observations are presented in Figures 2b—f. The OSNAP temperature cross-section
reveals a distinct thermal structure across the North Atlantic, with warmer waters concentrated in the Rockall Trough and the
upper layers of the Iceland Basin, where the North Atlantic Current transports heat from lower latitudes northward. Below
the warm Atlantic Water layer, temperatures gradually decrease and transition to deeper, colder water masses. In contrast, the
Irminger Basin and the Labrador Basin are characterized by significantly colder waters. These basins are influenced by waters
of subpolar and Arctic origin, with the coldest and densest overflow waters formed in the Nordic Seas. While the reanalysis
models broadly reproduce the large-scale thermal structure observed by OSNAP, they exhibit systematic and regionally varying
temperature biases. Temperatures are predominantly underestimated in the basin interiors, with cold biases reaching up to -
1.0°C, particularly in ORASS. In contrast, distinct warm biases appear at the Labrador Shelf as well as the West and East
Greenland Shelfs, the highly dynamical Reykjanes Ridge, intermediate waters in Icealnd basin, west of Hatton and Rockall

Bank, Rockall Trough and deep waters below 2000m along the continental slopes of the Irminger, Labrador and to a lesser
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extent also Iceland Basins. While we treat OSNAP observations as a reference, comparisons with the EN4 objective analysis
dataset (Good et al., 2013) reveal some differences (see Fig. Al). EN4 generally shows a cold bias relative to OSNAP, with
particularly pronounced discrepancies near the Reykjanes Ridge and along the Labrador Shelf. These differences might reflect
EN4’s coarser resolution and the sparser observational coverage in the subpolar North Atlantic, but at the same time, while
OSNAP offers more detailed and spatially resolved data, it may also be subject to its own observational and methodological
uncertainties (Li et al., 2017).

Figure 3 illustrates the temporal RMSE values relative to OSNAP observations. All reanalyses exhibit similar spatial patterns
of error, suggesting a shared underlying structure in their deviations from observations. The strongest RMSE values are found
in surface waters, particularly over the continental shelves and along the Reykjanes Ridge, as well as in intermediate waters
within the Iceland Basin, where important inflow branches of the North Atlantic Current (NAC) are located. However, no direct
mooring observations are available in this region, and ARGO (Jayne et al., 2017) floats provide the primary observational
coverage. Additionally, RMSE values are elevated below 2000 m in the Labrador Basin, where a distinct "break” in the error
pattern appears. This could be attributed to a lack of observationally constrained variability at these depths in the ORAs as
ARGO data are only available down to 2000 m.

Figure 4a depicts the time-mean currents across the OSNAP-East and OSNAP-West sections, while Figures 4b—f illustrate
the mean biases of the reanalyses relative to observations. Although the reanalyses generally capture the overall flow structure
and main currents, discrepancies exist in both the strength and exact positioning of these currents.

Observations indicate that the Labrador Current (LC) originates close to the shore along the Labrador Shelf and extends
along the continental slope down to the seafloor. In contrast, reanalysis data suggest a slightly more offshore and shallower
LC position. Additionally, the reanalyses show a weak northward recirculation east of the LC, a feature absent in OSNAP
observations, likely due to a lack of mooring coverage in that region. Similarly, all 0.25° reanalyses underestimate the strength
of the West Greenland Current (WGC) and displace it slightly towards the shore, while the East Greenland Current (EGC)
appears too broadly extended offshore, leading to an underestimation of southward current velocity along the continental slope
and an overestimation further into the basin. These biases may contribute to the positive temperature anomalies observed along
the continental slopes of the Irminger and Labrador basins. GLORYS12V1 shows very strong but very narrow velocity peaks, it
overestimates the WGC and EGC at their peaks along the continental slopes but underestimates their strength farther offshore.
Despite this sharp structure, the spatial mean absolute error remains comparable to that of the other reanalyses (see Fig. 4). The
East Reykjanes Ridge Current is systematically underestimated in all reanalyses, while the North Atlantic Current just west
of Hatton Bank is overestimated across all ORAs except GLORYS2V4. Moreover, the reanalyses exhibit pronounced inflows
and outflows within the Iceland Basin and, to a lesser extent, the Rockall Trough, regions where no mooring observations are
available, making it difficult to assess the accuracy of these features.

Figure 5 presents the velocity temporal RMSE values relative to OSNAP observations. All reanalyses display similar spatial
RMSE patterns, with GLORYS12V1 exhibiting greater variability due to its higher horizontal resolution. The largest variances

are associated with major currents, particularly the North Atlantic Current in the Iceland Basin, where mooring observations
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Figure 2. a) Cross sections of 2014/08 to 2020/06 average temperatures along the OSNAP section; b)-f) Biases of temperatures compared to
OSNAP for the respective reanalyses. Mean Absolute Error (MAE) is indicated in the top-right corner of each bias panel.

are absent. In the basin interiors, the RMSE fields exhibit a streaky appearance, which likely reflects current misplacements

235 but may also partly result from the sparse spatial coverage of the OSNAP moorings in the interior.

Despite broadly reproducing the thermal and dynamic structure along the OSNAP section, the reanalyses exhibit systematic
biases with respect to OSNAP in both temperature and velocity fields. The cold biases in basin interiors, warm biases along
continental slopes, and discrepancies in current positioning suggest limitations in how these models represent observed oceanic
features given the relatively limited observational constraints. Notably, ocean currents are not directly assimilated in these

240

reanalyses. While the general patterns of error are consistent across reanalyses, the absence of mooring observations in key

regions, such as the Iceland Basin and Rockall Trough, adds further uncertainty.
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Figure 3. Cross-sections of temporal temperature RMSE (annual cycle removed) relative to OSNAP East for each reanalysis product over

the period 08/2014 to 06/2020. Mean RMSE values are shown in the top-right corner of each panel.
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Figure 4. a) Cross-section of 2014/08 to 2020/06 average velocities along the OSNAP section; b)-f) Bias of velocity compared to OSNAP
for the respective reanalyses. Major currents are indicated: Labrador Current (LC), West Greenland Current (WGC), East Greenland Current
(EGC), Irminger Current (IC), East Reykjanes Ridge Current (ERRC) various branches of the North Atlantic Current (NAC; labeled in grey

where no moorings are present). Mean Absolute Error (MAE) is indicated in the top-right corner of each bias panel.
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Figure 5. Cross-sections of temporal velocity RMSE (annual cycle removed) relative to OSNAP East for each reanalysis product over the

period 08/2014 to 06/2020. Mean RMSE values are shown in the top-right corner of each panel.
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3.2 Heat transports

Table 2 shows average heat transport values over the 08/2014 to 06/2020 period. OSNAP observations show a net heat transport
of 417 £ 27 TW for OSNAP East. While reanalyses generally yield lower values, all except ORASS fall within the observa-
tional uncertainty range. For OSNAP West, observations indicate a heat transport of 85 + 6 TW. Among the reanalyses, only
the higher-resolution GLORYS12V1 (92 TW) falls within the observational uncertainty range, whereas ORASS significantly
overestimates it, and the remaining three reanalyses substantially underestimate the observed values. Figure 6 presents the
net integrated heat transports across OSNAP West (a) and East (b), comparing OSNAP-derived heat transports with direct
transport estimates derived from the reanalyses using StraitFlux (Winkelbauer et al., 2024). In addition to individual ORA
outputs, the GREP mean (mean of the four 0.25 ° reanalyses) is shown, along with its associated uncertainty (£1 standard
deviation, blue shading). At OSNAP West, heat transport variability is generally lower compared to OSNAP East, though there
is a considerable spread among ocean reanalyses. The reanalyses generally capture heat transport variability well, showing
high correlations with observations (see Table 3), except for ORASS (r=0.12, p=0.31). GLORYS12V1, with higher resolution,
closely follows observations (r=0.79, p<0.01), while the GREP mean, though biased low, represents variability equally well
(r=0.79, p=0.01). In contrast, at OSNAP East, reanalyses generally exhibit weaker MHT variability than the observation, in par-
ticular they miss the pronounced 2015 maximum, the subsequent multi-year decline to the 2019 minimum, and the 2019-2020
increase. Consistent with this muted variability, correlations with observed MHT are low for the 0.25° reanalyses, whereas
the higher-resolution GLORYS12V1 exhibits a comparatively stronger correlation (r=0.37, p<0.01), suggesting that increased
spatial resolution may enhance the representation of heat transport variability.

The lower panel (6¢) presents indirect estimates of heat transport using the GSR choke-point (blue lines) and the Fram
+ BSO choke-point (green lines), as described in Section 2.3. Thin lines show all possible combinations using the datasets
listed in Table 1. Uncertainties are estimated by combining the spread (measured as standard deviation) across the datasets
involved, the observational uncertainties associated with the GSR, and the spread across the 1000 Fram+BSO realizations.
Corresponding mean values are given in Table 2. They are biased low relative to observations, with larger uncertainties for the
Fram+BSO estimate. These uncertainties are dominated by the wider integration area, which leads to larger uncertainties in Fs
and OHCT (std = 51 TW), whereas the contribution from the synthetic Fram+BSO ensemble is smaller (std = 21 TW). While
these indirect estimates show better agreement with OSNAP observations in the latter half of the record, capturing the 2019
minimum and the subsequent increase, they, like the direct transports from the reanalyses, do not reproduce the pronounced
2015 heat-transport peak and, overall, correlate only weakly with OSNAP over the full period (see Table 1). This holds true
across all combinations of datasets and both choke-point approaches, despite the use of multiple, independent data sources.
This discrepancy will be discussed in more detail in section 3.3.

Figure 7 shows (a,b) heat transports along the OSNAP West and East sections, (c,d) the accumulated transports along the
sections and (e,f) the corresponding variability (standard deviation) along the sections. Figure A3 shows the same for volume
transports. Heat transport estimates reproduce the biases found in the velocity and temperature cross-sections (Fig. 4 and 2):

The reanalyses generally agree quite well with observations in terms of the major inflow and outflow branches. However,
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Figure 6. Time series of heat transports from the OSNAP product, the individual reanalyses and the mean of the four 0.25° reanalyses
(GREP) at a) OSNAP West and b) OSNAP East, as well as c) heat transports at OSNAP East estimated via the indirect approach using
the GSR and Fram+BSO choke points. All time series are smoothed using a 12-month running mean. Shading for GREP and the indirect

estimates represents 1 standard deviation across the individual products.
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Names OSNAP ORASS CGLORS FOAMv2 GLORYS2V4 GLORYS12V1 GREP indi.csrg indi.ryB

East 417 £27 369 £ 15 398 +7 402 £7 412 £ 6 402 + 12 395+18 370£24 374+£52
West 85+6 101 £ 21 5T+£7 49+ 11 52+13 92 £12 65 £ 26 - -
Total 503 £28 470£12 455+£10 451+13 464 £ 15 494 + 12 460 £+ 28 - -

Table 2. Mean heat transports (2014/06-2020/08) at OSNAP East, West, and for the full OSNAP section. Shown are values from the
observational product, each reanalysis individually, the mean of the four 0.25° reanalyses (GREP), and the indirect estimates. Uncertainties
for individual reanalyses are based on the standard deviation of annual mean values. For GREP and the indirect estimates, uncertainties

reflect the spread across the contributing products (calculated as standard deviation).

Names ORAS5 CGLORS FOAMv2 GLORYS2V4 GLORYS12V1 GREP indi.gsrg indi.ryp
OSNAP East -0.07 0.02 -0.05 0.04 0.37 -0.03 0.14 0.27
OSNAP West 0.12 0.71 0.52 0.86 0.79 0.79 - -

Table 3. Correlation coefficients of heat transport at OSNAP East and OSNAP West for the period 08/2014-06/2020, comparing observations

with ocean reanalyses and (for OSNAP East) indirect estimates.

some discrepancies remain in transport amplitudes and exact positions. At OSNAP West (Fig. 7a,c,e), all reanalyses except
ORASS, overestimate the heat outflow via the LC. A return current slightly east of the LC partially offsets these biases.
However, the eastern inflow branch of OSNAP West, associated with the WGC tends to be slightly too weak in all quarter-
degree reanalyses, leading to the negative bias in net heat transport at OSNAP West in CGLORS, GLORYS2V4, and FOAMV2.
While GLORYS12V1 also overestimates LC heat transport, this is counterbalanced by stronger heat inflows in the interior of
the Labrador Basin. Additionally, heat transport via the WGC, although narrower and stronger than observed, remains in good
agreement with observations, resulting in net heat transport estimates close to observed values. In contrast, ORASS produces
LC heat transports that align well with observations, but stronger heat inflows in the Labrador Basin, combined with slightly
underestimated WGC heat transports, lead to a net positive heat transport bias at OSNAP West. At OSNAP East (Fig. 7b,d,f),
heat transports associated with the EGC are slightly displaced in all 0.25° reanalyses and overestimated in GLORYS12V1.
Transports in the interior of the Irminger Basin, as well as at the IC and ERRC, are weaker than suggested by the OSNAP
observations. In the interior of the Iceland Basin, the reanalyses exhibit high variability and a strong heat inflow and outflow
associated with a northward branch of the NAC and a southward recirculation to the east, respectively. This northward and
southward circulation feature is not resolved by the OSNAP observations due to OSNAP’s array design that relies on end-point
dynamic height moorings to capture the total integrated transport and its variability in the Iceland basin. However, It is worth
noting that the accumulated transport over this segment from about 2500 km to 2750 km is consistent between the reanalyses
and observations (Fig. 7d). While all reanalyses show positive net heat transport biases when accumulating to the west of

Rockall Trough, they tend to underestimate heat transport in the interior of Rockall Trough compared to OSNAP estimates.
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Figure 7. Mean heat transport across the OSNAP West and East sections for the period 06/2014 to 08/2020. (a,b) local heat transport at each

point along the section in W per dx with dx=0.25°, (¢,d) cumulative heat transport along the section, (e,f) temporal standard deviation of the

local heat transport.

This results in a generally lower net heat transport for the entire OSNAP East section. More broadly, the reanalyses exhibit

high variability (Fig. 7¢) in regions that lack direct mooring observations, underscoring potential uncertainties in these areas.

3.3 Case study: 2015 Heat Transport Anomaly

While differences between observations and reanalyses at OSNAP East persist throughout the OSNAP period (Section 3.2),

the most striking mismatch occurs during 2015, when OSNAP shows a pronounced heat transport peak that is absent from
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all reanalyses and indirect transport estimates. We use this event as a case study to characterize and localize the differences
between OSNAP and the reanalyses.

Differences in OHT variabilities between observations and reanalyses concerning the 2015 peak can be traced back primarily
to the eastern OSNAP glider region (indicated by the green line in Fig. 1). This region, located in the eastern Iceland Basin
and around Hatton Bank, is highly dynamic and influenced by a northward-flowing branch of the NAC. Figure 8a shows
heat transport anomalies for the glider region alone, where OSNAP observations display a distinct 2015 peak, with transports
approximately 50 to 130 TW higher than the reanalyses, accounting for much of the offset in the full-section transports (Fig.
6b). This peak is also evident in volume transport (Fig. 8b), indicating a link to flow strength or structure rather than temperature
alone. In fact, vertical profiles of temperature anomalies (Fig. 9) show broad agreement across data sets: both indicate colder
than usual conditions in the eastern glider box (blue) and cooler surface waters with warmer intermediate layers in the western
box. However, anomalies tend to be stronger in the reanalyses than in OSNAP. Anomalies of currents (Fig. 9b) reveal a strong
but narrow positive anomaly in OSNAP just west of Hatton bank (at x~2.85e6 m) during 2015, suggesting an intensification
of the NAC that is not captured to this extent by any of the reanalyses. The combination of this intensified northward flow and
slightly warmer temperatures relative to the reanalyses likely explains the anomalously high heat transport observed in OSNAP.
Particularly noticeable is also a strong anticyclonic eddy in the western glider region, clearly visible in GLORYS12V1 and,
to a lesser extent, in GLORYS2V4. This feature was also sampled by the OSNAP western glider array, as reported by Lozier
et al. (2017), highlighting the glider system’s capability to capture mesoscale variability. However, no such signal is evident in
the publicly available OSNAP dataset used in this study. While this eddy is unrelated to the 2015 heat transport peak, it further

illustrates the variability in this region and the importance of consistent observational coverage.

lel4 Heat Transport Glider Area

_ 67 —— ORASS5
s . CGLORS
£ 3] 4 —— GLORYS2V4
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Figure 8. Heat (top) and volume (bottom) transports integrated over the eastern glider region, smoothed using a 12-month running mean.

The definition of the glider region can be seen in Fig. 1 and in Fig. 9.
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Figure 9. Temperature (top) and velocity (bottom) anomalies for the 2015 period for OSNAP (left) the mean of all four quarter degree
reanalyses (middle) and GLORYS12V1 (right). The eastern and western glider region are indicated by the blue box.

To provide geostrophic context for the 2015 anomaly in the glider region, we next examine along-section sea-level anomalies
(SLA) and their gradients. We note a key methodological difference: OSNAP derives time-varying geostrophic shear from T/S
and applies a time-mean reference velocity with a uniform barotropic compensation, whereas the reanalyses assimilate SLA and
thus have time-varying surface geostrophic flow tied to SLA. Accordingly, the SLA—transport comparison below is intended
as a diagnostic of reanalysis consistency and as context for OSNAP. In this framework, tight pointwise correlations between
SLA gradients and OSNAP transport are not expected. Nevertheless, because along-section SLA gradients set the surface
geostrophic shear, we’d expect a coherent relationship after spatial averaging over broader segments (e.g., the glider regions).

Figure 10 presents Hovmoller diagrams of SLA (left), its along-section gradient (middle), and top-to-bottom vertically
integrated volume transport (right), based on observations (top row), GLORYS12V1 (middle), and GLORYS2V4 (bottom).
SLA in the reanalyses is computed relative to the same 1993-2012 reference period as the observational product. Overall, SLA
and its gradients show similar spatial and temporal patterns between the observations and the reanalyses, consistent with the
fact that both GLORYS products assimilate SLA data even at these northern latitudes. Fine-scale details are more apparent in
the higher-resolution observations and GLORYS12V1 than in the coarser GLORYS2V4.

However, the vertically integrated volume transport fields reveal more pronounced differences. In OSNAP, the strong
2015/16 transport maximum is not accompanied by an equally strong along-section SLA gradient in the eastern glider re-
gion, and outside this event the OSNAP transports remain relatively smooth and weak, even during periods of enhanced SLA
gradients. This is consistent with OSNAP’s use of a time-mean reference velocity with barotropic compensation, i.e., SLA does
not directly set the absolute velocity along the line. The GLORYS reanalyses, which assimilate SLA, exhibit spatially coherent
transport anomalies, including pronounced signals in the western glider box, that align more closely with their SLA-gradient
fields.
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Figure 10. left: Sea Level anomalies along the OSNAP East section referenced to the 1993-2012 period from satellite observations, GLO-
RYS12V1 and GLORYS2V4, middle: the respective Sea Level anomaly gradients, right: vertically integrated volume transports for OSNAP,
GLORYS12V1 and GLORYS2V4. Blue lines indicate the glider areas.

Correlations between SLA gradients and volume transport across the glider region are shown in Fig.11. Solid lines represent
correlations between each reanalysis and its own SLA gradient field, while dashed lines represent correlations to the observa-
tional SLA gradient. As expected given OSNAP’s time-mean reference velocity, OSNAP shows weak pointwise correlations
with observed SLA gradients (mean = (.08 along the section). In contrast, GLORYS12V1 and GLORYS2V4 exhibit higher
correlations with observed SLA gradients (0.40 and 0.39, respectively) and even larger values when compared to their own
SLA fields (0.79 and 0.51). Notably, the higher-resolution GLORYS12V1 shows the strongest correlations overall, consistent
with its improved spatial representation of circulation features. Correlations are weaker for the ORASS5 reanalysis (not shown),
with a correlation of just 0.25 against observed SLA gradients, likely a result of it not assimilating sea level anomalies north of
50°N. To reduce noise and better match the spatial scales at which geostrophic balance is maintained, all data were smoothed

to 1° resolution. This allows us to focus on mesoscale dynamics while suppressing small-scale variability and potential sam-
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Figure 11. Along section temporal correlations between the SLA gradient and full-depth integrated volume transports for the glider region,
smoothed to 1° resolution. Solid lines show correlations between each reanalysis and its own SLA gradient, dashed lines show correlations

to the observational SLA gradient. Values in the legend describe correlations averaged over the whole glider region.

pling mismatches. Despite this smoothing, the pointwise correlations across the section remain relatively low for the OSNAP
dataset. However, when SLA gradients and volume transport are averaged over the two full glider regions before computing
the correlation, substantially higher values are found for OSNAP (0.55 for the western, 0.47 for the eastern glider region) and
GLORYS12V1 (0.72 for the western, 0.89 for the eastern), while the correlation for GLORYS2V4 decreases slightly (0.32 for
the western, 0.37 for the eastern). These reanalysis-based values refer to correlations with their respective SLA gradient fields.
Overall, these results suggest that, while local correlations are sensitive to methodology, sampling, and the limited ability of
observations and reanalyses to resolve small-scale processes, the large-scale geostrophic relationship emerges clearly after
spatial averaging over the glider regions in both the observations and the high-resolution reanalyses.

Correlations computed using full geostrophic velocity fields, calculated from reanalysis temperature and salinity profiles
via pressure gradients and referenced to surface altimetry show nearly identical patterns (not shown), confirming that SLA

gradients dominate the transport signal.
34 AMOC

To complement the heat transport analysis, we also assess the Meridional Overturning Circulation (AMOC) in density space at
OSNAP East (Fig. 12). The reanalyses reproduce the mean overturning streamfunction reasonably well, consistent with earlier
findings by Baker et al. (2022), with a maximum around 27.5-27.6 kgm~? and peak strengths of about 16 Sv, slightly higher in
the reanalyses, particularly in ORASS. In terms of variability, OSNAP observations show a clear peak in 2015, which coincides
with the observed heat transport variability (see Fig. 6). Interestingly, the reanalyses also display a peak in overturning strength,
though shifted slightly later, to early 2016. However, and as discussed in section 3.2, this overturning peak does not coincide
with a heat transport peak in the reanalyses. Looking at transports of the in- and outflow branches of the overturning, we find

that in GLORYS12V1 both inflow and outflow heat transports are stronger than in OSNAP, but the outflow has a greater net
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effect than in OSNAP. This suppresses the overall heat transport peak despite intensified overturning. The mismatch may result
from temperature biases, such as colder inflow or warmer outflow, and suggests that the overturning in the reanalyses may

involve different water mass properties or pathways than observed.
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Figure 12. a) Meridional Overturning Circulation (MOC) streamfunction in density space, averaged over the period 06/2014 to 08/2020. b)

Time series of the MOC at the o level of maximum overturning, smoothed using a 12-month running mean.

To diagnose why the reanalysis MOC peak does not translate into a total OHT peak, we decompose MHT into overturning
and gyre components (Fig. 13), as done e.g. by Li et al. (2021). In the OSNAP observations, the 2015 maximum is overturning-
driven and followed by a multi-year decline. The 2019 minimum is likewise set by the overturning term and the consecutive
increase is reinforced by a strong gyre contribution. In the reanalyses, the overturning term is biased high in the mean but its
2015 anomaly is weaker and lacks the subsequent decline, while the gyre term is systematically lower than in OSNAP (even
negative in ORASS). The 2019 minimum in the overturning term is weaker in the reanalyses and a contrasting maximum in the
gyre term flattens the 2019 minimum in the net transports (see Fig. 6). Therefore, the good correspondence in MOC yet poor
correspondence in total OHT might be due to the temperature contrast associated with the overturning being too low or shifted

in the reanalyses and additionally the gyre term dampening the total OHT anomalies.
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Figure 13. Meridional heat transport decomposition in density space at OSNAP-East for the 08/2014 to 06/2020 period, smoothed with a

12-month running mean: (a) overturning component; (b) gyre component.
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4 Conclusions

This study evaluates the ability of global ocean reanalyses to capture oceanic heat transport across the OSNAP section by
comparing reanalysis-derived estimates with observational estimates of heat transport, velocity, and temperature cross-sections.
While ocean reanalyses generally reproduce the broad structure of the AMOC and its associated heat transport, systematic
biases persist in both the thermal and dynamic properties of the ocean circulation.

Reanalyses successfully capture the major inflow and outflow branches at OSNAP, but discrepancies remain in transport am-
plitudes and current positioning. At OSNAP West, most reanalyses overestimate the heat transport via the LC, while underesti-
mating the inflow associated with the WGC, leading to a net negative heat transport bias. The higher-resolution GLORYS12V1
better represents heat transport through the WGC and interior Labrador Basin, resulting in values closer to observations. Con-
versely, ORASS, while producing more realistic LC transports, shows an overall positive heat transport bias due to excessive
heat inflow within the Labrador Basin.

At OSNAP East, reanalyses show eastward displacements of the EGC and weaker transports in the Irminger Basin, Iceland
Basin, and at the ERRC. A significant heat transport inflow and outflow associated with NAC branches is present in the
Iceland Basin (Fig. 7b), which is not captured by the OSNAP observations due to sparse mooring coverage in this region.
This discrepancy highlights the impact of observational gaps on our understanding of the spatial structure of meridional heat
transport. However, we note that the integrated transports over this area are generally consistent between observations and
reanalyses (Fig. 7d).

The temporal variability of heat transport is generally well represented at OSNAP West, with high correlations between
reanalyses and OSNAP observations. However, at OSNAP East reanalyses disagree with the observed variability throughout
the period, showing muted amplitudes and missing the 2015 maximum and the 2019 minimum. Decomposing MHT into over-
turning and gyre contributions shows that in the observations variability is overturning dominated, whereas in the reanalyses
the overturning term is biased high in the mean but the 2015/2019 anomalies are weaker, and additionally flattened by the gyre
term. A possible reason why MOC agreement in 2015 does not translate into OHT agreement is that the temperature contrast
within the overturning limb is reduced or shifted to other regions in the reanalyses. While the event may be genuine and missed
by the reanalyses, its absence from independent budget-based estimates and the lack of a clear sea-level signature argue for
caution. This highlights both the value of gliders in resolving fine-scale circulation and the need for sustained, multi-platform
observational strategies and cross-validation with models and indirect methods to robustly assess heat transport variability in
dynamically active regions.

These findings emphasize both the value and limitations of ocean reanalyses in representing heat transport. While they pro-
vide a useful tool for temporally and spatially extending heat transport estimates beyond direct observations, persistent biases
highlight the need for continued improvements in data assimilation techniques, model resolution, and observational coverage.
In particular, the lack of direct measurements in dynamically complex regions such as the Iceland Basin and Rockall Trough,

the deep ocean and basin interiors complicates the assessment of uncertainties in both reanalyses and OSNAP observations.
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While well-maintained mooring lines provide the gold standard for MHT variability estimation, it is remarkable that dis-
crepancies to reanalyses can be used to trace sampling issues and inhomogeneities in those observing systems. There are many
examples in atmospheric sciences where reanalyses could be used to find and even estimate biases in global observing systems
(Hollingsworth et al., 1986; Haimberger et al., 2012). We therefore see this as an indication of the high value and quality of
present ocean reanalyses.

Nevertheless, addressing data scarcity, particularly in the deep ocean and overflow regions, is essential not only for improving
the accuracy of reanalyses and reducing uncertainties in reconstructed oceanic heat transport but also for strengthening direct
observational OSNAP heat transport estimates. Expanding sustained and spatially comprehensive ocean observations will
provide critical constraints for both data assimilation and observational estimates, reducing biases and uncertainties in AMOC
variability assessments. In this regard, coordinated international efforts such as the Marine Environment Reanalyses Evaluation
Project (MER-EP; UNESCO Ocean Decade, 2025) are essential for advancing the systematic evaluation of ocean reanalyses

and for ensuring their suitability as reliable tools for climate research.

Appendix: Supplemental figures
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Figure A1l. Temperature differences between OSNAP observations and the EN4 objective analysis (left) as well as the GREP reanalyse mean
and EN4 (right), averaged over the period 08/2014 to 06/2020. Positive values indicate regions where OSNAP/GREP is warmer than EN4.
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Figure A2. Time series of MHT at OSNAP East derived from monthly and from daily GLORYS12V1 data, smoothed using a 12-month

running mean.
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Figure A3. Mean volume transport across the OSNAP West and East sections for the period 06/2014 to 08/2020. (a,b) local volume transport
at each point along the section in m>/s per dx with dx=0.25°, (c,d) cumulative volume transport along the section, (e,f) temporal standard
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25



430

435

https://doi.org/10.5194/egusphere-2025-4093
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Author contributions. SW, MM and LH conceptualized the study. SW and IW performed the data analysis, including the production of the
figures. SW prepared the manuscript. MM, LH and YF contributed to the interpretation of results and the writing of the manuscript. All

authors have read and agreed to the publication of the present version of the manuscript.

Acknowledgements. This work was funded by the Copernicus Marine Environment Monitoring Service under contracts 21003-COP-GLORAN
Lot 7 and 24254L.03-COP-GLORAN MER-EP 4000, as well as by the European Space Agency (ESA) under contract 4000145298/24/1-LR
(MOTECUSOMA) and contract 4000147586/1/25-LR (CCI Ocean Surface Heat Fluxes). We would like to thank Yuying Pan for the helpful

discussion concerning the indirect heat transport calculations. ChatGPT (OpenAl) and DeepL were used to improve grammar and phrasing.

Code availability. Codes for calculating the figures will be made available on https://zid.univie.ac.at/en/gitlab/

Straitflux is available via https://pypi.org/project/StraitFlux/

Data availability. Source data have all been taken from public sources as cited. Those have not been copied to a public repository. Input data

to reproduce the plots of this manuscript will be provided at https://zid.univie.ac.at/en/phaidra/

26



440

445

450

455

460

465

470

https://doi.org/10.5194/egusphere-2025-4093
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

References

Global Ocean Gridded L 4 Sea Surface Heights And Derived Variables Reprocessed 1993 Ongoing, https://doi.org/10.48670/moi-00148.

Baker, J., Renshaw, R., Jackson, L., Dubois, C., lovino, D., and Zuo, H.: Overturning variations in the subpolar North Atlantic in an ocean
reanalyses ensemble, in: The Copernicus Marine Environment Monitoring Service Ocean State Report, Issue 6, edited by Le Traon, P. Y.
et al., vol. 15, pp. S1-S142, https://doi.org/10.1080/1755876X.2022.2095169, 2022.

Bryden, H. L., Johns, W. E., King, B. A., McCarthy, G., McDonagh, E. L., Moat, B. 1., and Smeed, D. A.: Reduction in Ocean Heat
Transport at 26°N since 2008 Cools the Eastern Subpolar Gyre of the North Atlantic Ocean, Journal of Climate, 33, 1677 — 1689,
https://doi.org/10.1175/JCLI-D-19-0323.1, 2020.

Buckley, M. W. and Marshall, J.: Observations, inferences, and mechanisms of the Atlantic Meridional Overturning Circulation: A review,
Reviews of Geophysics, 54, 5-63, https://doi.org/10.1002/2015RG000493, 2016.

Caesar, L., Rahmstorf, S., Robinson, A., Feulner, G., and Saba, V.: Observed fingerprint of a weakening Atlantic Ocean overturning circula-
tion, Nature, 556, 191-196, https://doi.org/10.1038/s41586-018-0006-5, 2018.

Cheng, L., Pan, Y., Tan, Z., Zheng, H., Zhu, Y., Wei, W., Du, J., Yuan, H,, Li, G., Ye, H., Gouretski, V., Li, Y., Trenberth, K. E., Abraham, J.,
Jin, Y., Reseghetti, F., Lin, X., Zhang, B., Chen, G., Mann, M. E., and Zhu, J.: IAPv4 ocean temperature and ocean heat content gridded
dataset, Earth System Science Data, 16, 3517-3546, https://doi.org/10.5194/essd-16-3517-2024, 2024.

Collins, M., Sutherland, M., Bouwer, L., Cheong, S.-M., Frolicher, T., Jacot Des Combes, H., Koll Roxy, M., Losada, I., McInnes, K., Ratter,
B., Rivera-Arriaga, E., Susanto, R. D., Swingedouw, D., and Tibig, L.: Extremes, Abrupt Changes and Managing Risks, in: IPCC Special
Report on the Ocean and Cryosphere in a Changing Climate, edited by Portner, H.-O., Roberts, D. C., Masson-Delmotte, V., Zhai, P.,
Tignor, M., Poloczanska, E., Mintenbeck, K., Alegria, A., Nicolai, M., Okem, A., Petzold, J., Rama, B., and Weyer, N. M., pp. 589-655,
Cambridge University Press, Cambridge, UK and New York, NY, USA, https://doi.org/10.1017/9781009157964.008, 2019.

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G., Bauer,
P, Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, A. J., Haim-
berger, L., Healy, S. B., Hersbach, H., Holm, E. V., Isaksen, L., Kéllberg, P., Kohler, M., Matricardi, M., McNally, A. P., Monge-Sanz,
B. M., Morcrette, J.-J., Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The ERA-Interim reanalysis:
configuration and performance of the data assimilation system, Quarterly Journal of the Royal Meteorological Society, 137, 553-597,
https://doi.org/10.1002/q;j.828, 2011.

Desportes, C., Garric, G., Régnier, C., Drévillon, M., Parent, L., Drillet, Y., Masina, S., Storto, A., Mirouze, 1., Cipollone, A., Zuo,
H., Balmaseda, M., Peterson, D., Wood, R., Jackson, L., Mulet, S., and Greiner, E.: Global Ocean Ensemble Physics Reanalysis,
https://doi.org/10.48670/moi-00024, 2017.

Duchez, A., Courtois, P., Harris, E., Josey, S. A., Kanzow, T., Marsh, R., Smeed, D. A., and Hirschi, J. J.-M.: Potential for
seasonal prediction of Atlantic sea surface temperatures using the RAPID array at 26°N, Climate Dynamics, 46, 3351-3370,
https://doi.org/doi.org/10.1007/s00382-015-2918-1, 2016.

Fasullo, J. T. and Trenberth, K. E.: The Annual Cycle of the Energy Budget. Part I: Global Mean and Land—Ocean Exchanges, Journal of
Climate, 21, 2297 — 2312, https://doi.org/10.1175/2007JCLI1935.1, 2008.

Fox-Kemper, B., Hewitt, H., Xiao, C., Adalgeirsdéttir, G., Drijthout, S., Edwards, T., Golledge, N., Hemer, M., Kopp, R., Krinner, G., Mix,
A., Notz, D., Nowicki, S., Nurhati, 1., Ruiz, L., Sallée, J.-B., Slangen, A., and Yu, Y.: Ocean, Cryosphere and Sea Level Change, pp.
1211-1362, Cambridge University Press, Cambridge, https://doi.org/10.1017/9781009157896.011, 2023.

27



475

480

485

490

495

500

505

510

https://doi.org/10.5194/egusphere-2025-4093
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Fritz, M., Mayer, M., Haimberger, L., and Winkelbauer, S.: Assessment of Indonesian Throughflow transports from ocean reanalyses with
mooring-based observations, Ocean Science, 19, 1203—1223, https://doi.org/10.5194/0s-19-1203-2023, 2023.

Fu, Y., Lozier, M. S., Bil6, T. C., Bower, A. S., Cunningham, S. A., Cyr, F.,, de Jong, M. F., deYoung, B., Drysdale, L., Fraser, N., Fried,
N., Furey, H. H., Han, G., Handmann, P., Holliday, N. P., Holte, J., Inall, M. E., Johns, W. E., Jones, S., Karstensen, J., Li, F., Pacini, A.,
Pickart, R. S., Rayner, D., Straneo, F., and Yashayaeyv, I.: Meridional Overturning Circulation Observed by the Overturning in the Subpolar
North Atlantic Program (OSNAP) Array from August 2014 to June 2020, https://doi.org/doi.org/10.35090/gatech/70342, 2023.

Garric, G. and L.Parent: GLobal Ocean ReanalYses and Simulations: GLORYS2V4 product Scientific and technical notice for users, https:
//www.mercator-ocean.eu/wp-content/uploads/2017/06/GLORY S2V4_technical_features_OCT2016.pdf, 2016.

Gelaro, R., McCarty, W., Sudrez, M. J., Todling, R., Molod, A., Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Reichle, R.,
Wargan, K., Coy, L., Cullather, R., Draper, C., Akella, S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., Kim, G.-K., Koster, R.,
Lucchesi, R., Merkova, D., Nielsen, J. E., Partyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D., Sienkiewicz, M., and
Zhao, B.: The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2), Journal of Climate, 30, 5419 —
5454, https://doi.org/10.1175/JCLI-D-16-0758.1, 2017.

Good, S. A., Martin, M. J., and Rayner, N. A.: EN4: Quality controlled ocean temperature and salinity profiles and monthly objective analyses
with uncertainty estimates, Journal of Geophysical Research: Oceans, 118, 6704—6716, https://doi.org/10.1002/2013JC009067, 2013.
Haimberger, L., Tavolato, C., and Sperka, S.: Homogenization of the global radiosonde temperature dataset through combined comparison

with reanalysis background series and neighboring stations, J. Climate, 25, 8108-8131, 2012.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Sim-
mons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren,
P, Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J.,
Hoélm, E., Janiskovd, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, I., Vamborg, F., Vil-
laume, S., and Thépaut, J.-N.: The ERAS global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049,
https://doi.org/10.1002/qj.3803, 2020.

Hollingsworth, A., Shaw, D. B., Lonnberg, P., Illari, L., and Simmons, A. J.: Monitoring of observation and analysis quality by a data
assimilation system, Mon. Wea. Rev., 114, 861-879, 1986.

Jackson, L. C., Kahana, R., Graham, T., Ringer, M. A., Woollings, T., Mecking, J. V., and Wood, R. A.: Global and European climate impacts
of a slowdown of the AMOC in a high resolution GCM, Climate Dynamics, 45, 32993316, https://doi.org/10.1007/s00382-015-2540-2,
2015.

Jackson, L. C., Peterson, K. A., Roberts, C. D., and Wood, R. A.: Recent slowing of Atlantic overturning circulation as a recovery from
earlier strengthening, Nature Geoscience, 9, 518-522, https://doi.org/10.1038/ngeo2715, 2016.

Jackson, L. C., Dubois, C., Forget, G., Haines, K., Harrison, M., Iovino, D., K6hl, A., Mignac, D., Masina, S., Peterson, K. A., Piecuch,
C. G., Roberts, C. D., Robson, J., Storto, A., Toyoda, T., Valdivieso, M., Wilson, C., Wang, Y., and Zuo, H.: The Mean State and Variability
of the North Atlantic Circulation: A Perspective From Ocean Reanalyses, Journal of Geophysical Research: Oceans, 124, 9141-9170,
https://doi.org/10.1029/2019JC015210, 2019.

Jayne, S. R., Roemmich, D., Zilberman, N., Riser, S. C., Johnson, K. S., Johnson, G. C., and Piotrowicz, S. R.: The Argo Program: Present
and Future, Oceanography (Washington, D.C.), 30, 18-28, https://doi.org/10.5670/oceanog.2017.213, 2017.

28



515

520

525

530

535

540

545

https://doi.org/10.5194/egusphere-2025-4093
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Kobayashi, S., Ota, Y., Harada, Y., Ebita, A., Moriya, M., Onoda, H., Onogi, K., Kamahori, H., Kobayashi, C., Endo, H., Miyaoka, K., and
Takahashi, K.: The JRA-55 Reanalysis: General Specifications and Basic Characteristics, Journal of the Meteorological Society of Japan.
Ser. 1, 93, 5-48, https://doi.org/10.2151/jmsj.2015-001, 2015.

Lellouche, J.-M., Greiner, E., Le Galloudec, O., Garric, G., Regnier, C., Drevillon, M., Benkiran, M., Testut, C.-E., Bourdalle-Badie, R.,
Gasparin, F.,, Hernandez, O., Levier, B., Drillet, Y., Remy, E., and Le Traon, P.-Y.: Recent updates to the Copernicus Marine Service global
ocean monitoring and forecasting real-time 1/12° high-resolution system, Ocean Science, 14, 10931126, https://doi.org/10.5194/0s-14-
1093-2018, 2018.

Li, F, Lozier, M. S., and Johns, W. E.: Calculating the Meridional Volume, Heat, and Freshwater Transports from an Observing System
in the Subpolar North Atlantic: Observing System Simulation Experiment, Journal of Atmospheric and Oceanic Technology, 34, 1483 —
1500, https://doi.org/10.1175/ITECH-D-16-0247.1, 2017.

Li, F, Lozier, M. S., Holliday, N. P., Johns, W. E., Le Bras, I. A., Moat, B. I., Cunningham, S. A., and de Jong, M. F.: Observation-based
estimates of heat and freshwater exchanges from the subtropical North Atlantic to the Arctic, Progress in Oceanography, 197, 102 640,
https://doi.org/10.1016/j.pocean.2021.102640, 2021.

Lozier, M. S., Bacon, S., Bower, A. S., Cunningham, S. A., de Jong, M. F., de Steur, L., deYoung, B., Fischer, J., Gary, S. F., Greenan, B.
J. W., Heimbach, P., Holliday, N. P., Houpert, L., Inall, M. E., Johns, W. E., Johnson, H. L., Karstensen, J., Li, F.,, Lin, X., Mackay, N.,
Marshall, D. P.,, Mercier, H., Myers, P. G., Pickart, R. S., Pillar, H. R., Straneo, F., Thierry, V., Weller, R. A., Williams, R. G., Wilson, C.,
Yang, J., Zhao, J., and Zika, J. D.: Overturning in the Subpolar North Atlantic Program: A New International Ocean Observing System,
Bulletin of the American Meteorological Society, 98, 737 — 752, https://doi.org/10.1175/BAMS-D-16-0057.1, 2017.

Lozier, M. S., Li, F,, Bacon, S., Bahr, F,, Bower, A. S., Cunningham, S. A., de Jong, M. F,, de Steur, L., deYoung, B., Fischer, J., Gary, S. F,,
Greenan, B. J. W., Holliday, N. P., Houk, A., Houpert, L., Inall, M. E., Johns, W. E., Johnson, H. L., Johnson, C., Karstensen, J., Koman,
G., Bras, I. A. L., Lin, X., Mackay, N., Marshall, D. P., Mercier, H., Oltmanns, M., Pickart, R. S., Ramsey, A. L., Rayner, D., Straneo, F.,
Thierry, V., Torres, D. J., Williams, R. G., Wilson, C., Yang, J., Yashayaev, 1., and Zhao, J.: A sea change in our view of overturning in the
subpolar North Atlantic, Science, 363, 516-521, https://doi.org/10.1126/science.aau6592, 2019.

Lyman, J. M. and Johnson, G. C.: Global High-Resolution Random Forest Regression Maps of Ocean Heat Content Anomalies Using In Situ
and Satellite Data, Journal of Atmospheric and Oceanic Technology, 40, 575 — 586, https://doi.org/10.1175/JTECH-D-22-0058.1, 2023.

MacLachlan, C., Arribas, A., Peterson, K. A., Maidens, A., Fereday, D., Scaife, A. A., Gordon, M., Vellinga, M., Williams, A., Comer, R. E.,
Camp, J., Xavier, P., and Madec, G.: Global Seasonal forecast system version 5 (GloSea5): a high-resolution seasonal forecast system,
Quarterly Journal of the Royal Meteorological Society, 141, 1072—1084, https://doi.org/10.1002/qj.2396, 2015.

Mahajan, S., Zhang, R., and Delworth, T. L.: Impact of the Atlantic Meridional Overturning Circulation (AMOC) on Arctic Surface Air
Temperature and Sea Ice Variability, Journal of Climate, 24, 6573 — 6581, https://doi.org/10.1175/2011JCLI4002.1, 2011.

Mayer, J., Mayer, M., and Haimberger, L.: Mass-consistent atmospheric energy and moisture budget monthly data from 1979 to present
derived from ERAS reanalysis, https://doi.org/10.24381/cds.c2451f6b, 2021a.

Mayer, J., Haimberger, L., and Mayer, M.: A quantitative assessment of air—sea heat flux trends from ERAS since 1950 in the North Atlantic
basin, Earth System Dynamics, 14, 1085-1105, https://doi.org/10.5194/esd-14-1085-2023, 2023.

Mayer, M., Vidar, S. L., Kjell, A. M., von Schuckmann, K., Monier, M., and Greiner, E.: Ocean heat content in the HighNorth, Journal of
Operational Oceanography, 14, S17-S23, https://doi.org/10.1080/1755876X.2021.1946240, 2021b.

29



550

555

560

565

570

575

580

https://doi.org/10.5194/egusphere-2025-4093
Preprint. Discussion started: 29 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Mayer, M., Tsubouchi, T., von Schuckmann, K., Seitner, V., Winkelbauer, S., and Haimberger, L.: Atmospheric and oceanic contributions
to observed Nordic Seas and Arctic Ocean Heat Content variations 1993-2020, Journal of Operational Oceanography, 15, S20-S28,
https://doi.org/10.1080/1755876X.2022.2095169, 2022.

McCarthy, G. D. and Caesar, L.: Can we trust projections of AMOC weakening based on climate models that cannot reproduce
the past?, Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 381, 20220193,
https://doi.org/10.1098/rsta.2022.0193, 2023.

Menary, M. B., Jackson, L. C., and Lozier, M. S.: Reconciling the Relationship Between the AMOC and Labrador Sea in OSNAP Observa-
tions and Climate Models, Geophysical Research Letters, 47, e2020GL089 793, https://doi.org/10.1029/2020GL089793, 2020.

Meyssignac, B., Fourest, S., Mayer, M., Johnson, G. C., Calafat, F. M., Ablain, M., Boyer, T., Cheng, L., Desbruyeres, D., Forget, G., Giglio,
D., Kuusela, M., Locarnini, R., Lyman, J. M., Llovel, W., Mishonov, A., Reagan, J., Rousseau, V., and Benveniste, J.: North Atlantic Heat
Transport Convergence Derived from a Regional Energy Budget Using Different Ocean Heat Content Estimates, Surveys in Geophysics,
45, 1855-1874, https://doi.org/10.1007/s10712-024-09865-5, 2024.

Moffa-Sanchez, P., Moreno-Chamarro, E., Reynolds, D. J., Ortega, P., Cunningham, L., Swingedouw, D., Amrhein, D. E., Halfar, J., Jonkers,
L., Jungclaus, J. H., Perner, K., Wanamaker, A., and Yeager, S.: Variability in the Northern North Atlantic and Arctic Oceans Across the
Last Two Millennia: A Review, Paleoceanography and Paleoclimatology, 34, 1399-1436, https://doi.org/10.1029/2018PA003508, 2019.

NASA/LARC/SD/ASDC: CERES Energy Balanced and Filled (EBAF) TOA and Surface Monthly means data in netCDF Edition 4.2.1,
https://doi.org/10.5067/TERRA- AQUA-NOAA20/CERES/EBAF _L3B004.2.1, 2025.

Palmer, M. D., Roberts, C. D., Balmaseda, M., Chang, Y.-S., Chepurin, G., Ferry, N., Fujii, Y., Good, S. A., Guinehut, S., Haines, K.,
Hernandez, F., Kohl, A., Lee, T., Martin, M. J., Masina, S., Masuda, S., Peterson, K. A., Storto, A., Toyoda, T., Valdivieso, M., Vernieres,
G., Wang, O., and Xue, Y.: Ocean heat content variability and change in an ensemble of ocean reanalyses, Climate Dynamics, 49, 909-930,
https://doi.org/10.1007/s00382-015-2801-0, 2017.

Rahmstorf, S.: IS THE ATLANTIC OVERTURNING CIRCULATION APPROACHING A TIPPING POINT?, Oceanography, 37, pp. 16—
29, https://www.jstor.org/stable/27333920, 2024.

Rahmstorf, S., Box, J. E., Feulner, G., Mann, M. E., Robinson, A., Rutherford, S., and Schaffernicht, E. J.: Exceptional twentieth-century
slowdown in Atlantic Ocean overturning circulation, Nature Climate Change, 5, 475480, https://doi.org/10.1038/nclimate2554, 2015.
Rayner, D., Hirschi, J. J.-M., Kanzow, T., Johns, W. E., Wright, P. G., Frajka-Williams, E., Bryden, H. L., Meinen, C. S., Baringer, M. O.,
Marotzke, J., Beal, L. M., and Cunningham, S. A.: Monitoring the Atlantic meridional overturning circulation, Deep Sea Research Part
II: Topical Studies in Oceanography, 58, 1744—1753, https://doi.org/10.1016/j.dsr2.2010.10.056, climate and the Atlantic Meridional

Overturning Circulation, 2011.

Schauer, U. and Beszczynska-Moller, A.: Problems with estimation and interpretation of oceanic heat transport — conceptual remarks for the
case of Fram Strait in the Arctic Ocean, Ocean Science, 5, 487494, https://doi.org/10.5194/0s-5-487-2009, 2009.

Scott, R. C., Rose, F. G., Stackhouse, P. W, Loeb, N. G., Kato, S., Doelling, D. R., Rutan, D. A., Taylor, P. C., and Smith, W. L.: Clouds and
the Earth’s Radiant Energy System (CERES) Cloud Radiative Swath (CRS) Edition 4 Data Product, Journal of Atmospheric and Oceanic
Technology, 39, 1781 — 1797, https://doi.org/10.1175/JTECH-D-22-0021.1, 2022.

Serreze, M. C., Holland, M. M., and Stroeve, J.: Perspectives on the Arctic’s Shrinking Sea-Ice Cover, Science, 315, 1533-1536,
https://doi.org/10.1126/science.1139426, 2007.

30



585

590

595

600

605

610

615

https://doi.org/10.5194/egusphere-2025-4093
Preprint. Discussion started: 29 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Srokosz, M., Baringer, M., Bryden, H., Cunningham, S., Delworth, T., Lozier, S., Marotzke, J., and Sutton, R.: Past, Present, and Fu-
ture Changes in the Atlantic Meridional Overturning Circulation, Bulletin of the American Meteorological Society, 93, 1663 — 1676,
https://doi.org/10.1175/BAMS-D-11-00151.1, 2012.

Storto, A. and Masina, S.: C-GLORSVS: an improved multipurpose global ocean eddy-permitting physical reanalysis, Earth System Science
Data, 8, 679-696, https://doi.org/10.5194/essd-8-679-2016, 2016.

Storto, A., Masina, S., Simoncelli, S., Iovino, D., Cipollone, A., Drevillon, M., Drillet, Y., Schuckmann, K., Parent, L., Garric, G.,
Greiner, E., Desportes, C., Zuo, H., Balmaseda, M., and Peterson, K.: The added value of the multi-system spread information for
ocean heat content and steric sea level investigations in the CMEMS GREP ensemble reanalysis product, Climate Dynamics, 53,
https://doi.org/10.1007/s00382-018-4585-5, 2019.

Thornalley, D. J. R., Oppo, D. W., Ortega, P, Robson, J. ., Brierley, C. M., Davis, R., Hall, I. R., Moffa-Sanchez, P., Rose, N. L., Spooner,
P. T., Yashayaev, 1., and Keigwin, L. D.: Anomalously weak Labrador Sea convection and Atlantic overturning during the past 150 years,
Nature, 556, 227-230, https://doi.org/10.1038/s41586-018-0007-4, 2018.

Trenberth, K. E., Zhang, Y., Fasullo, J. T., and Cheng, L.: Observation-Based Estimates of Global and Basin Ocean Meridional Heat Transport
Time Series, Journal of Climate, 32, 4567 — 4583, https://doi.org/10.1175/JCLI-D-18-0872.1, 2019.

Tsubouchi, T., Véage, K., Hansen, B., Larsen, K. M. H., @sterhus, S., Johnson, C., J6nsson, S., and Valdimarsson, H.: Increased
ocean heat transport into the Nordic Seas and Arctic Ocean over the period 1993-2016, Nature Climate Change, 11, 21-26,
https://doi.org/10.1038/s41558-020-00941-3, 2021.

Tsubouchi, T., von Appen, W.-J., Kanzow, T., and de Steur, L.: Temporal Variability of the Overturning Circulation in the Arc-
tic Ocean and the Associated Heat and Freshwater Transports during 2004—10, Journal of Physical Oceanography, 54, 81 — 94,
https://doi.org/10.1175/JPO-D-23-0056.1, 2024.

UNESCO Ocean Decade: Marine Environment Reanalyses Evaluation Project (MER-EP), https://oceandecade.org/actions/
marine-environment-reanalyses-evaluation-project/, accessed: 21 August 2025, 2025.

von Schuckmann, K., Cheng, L., Palmer, M. D., Hansen, J., Tassone, C., Aich, V., Adusumilli, S., Beltrami, H., Boyer, T., Cuesta-Valero, F. J.,
Desbruyeres, D., Domingues, C., Garcia-Garcia, A., Gentine, P., Gilson, J., Gorfer, M., Haimberger, L., Ishii, M., Johnson, G. C., Killick,
R., King, B. A., Kirchengast, G., Kolodziejczyk, N., Lyman, J., Marzeion, B., Mayer, M., Monier, M., Monselesan, D. P., Purkey, S.,
Roemmich, D., Schweiger, A., Seneviratne, S. L., Shepherd, A., Slater, D. A., Steiner, A. K., Straneo, F., Timmermans, M.-L., and Wijffels,
S. E.: Heat stored in the Earth system: where does the energy go?, Earth System Science Data, 12,2013-2041, https://doi.org/10.5194/essd-
12-2013-2020, 2020.

Winkelbauer, S., Mayer, M., and Haimberger, L.: StraitFlux — precise computations of water strait fluxes on various modeling grids, Geosci-
entific Model Development, 17, 4603—4620, https://doi.org/10.5194/gmd-17-4603-2024, 2024.

Yeager, S. and Danabasoglu, G.: The Origins of Late-Twentieth-Century Variations in the Large-Scale North Atlantic Circulation, Journal of
Climate, 27, 3222 — 3247, https://doi.org/10.1175/JCLI-D-13-00125.1, 2014.

Zhang, J. and Rothrock, D. A.: Modeling Global Sea Ice with a Thickness and Enthalpy Distribution Model in Generalized Curvilinear
Coordinates, Monthly Weather Review, 131, 845 — 861, https://doi.org/10.1175/1520-0493(2003)131<0845:MGSIWA>2.0.CO;2, 2003.

Zou, S., Lozier, M. S., Li, E.,, Abernathey, R., and Jackson, L.: Density-compensated overturning in the Labrador Sea, Nature Geoscience,

13, 121-126, https://doi.org/10.1038/s41561-019-0517-1, 2020.

31



https://doi.org/10.5194/egusphere-2025-4093
Preprint. Discussion started: 29 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Zuo, H., Balmaseda, M. A., Tietsche, S., Mogensen, K., and Mayer, M.: The ECMWF operational ensemble reanalysis—analysis system
620 for ocean and sea ice: a description of the system and assessment, Ocean Science, 15, 779-808, https://doi.org/10.5194/0s-15-779-2019,
2019.

32



