
1. Introduction
Ocean reanalyzes (ORAs) provide estimates of the long-term evolution of the ocean state. They supply users 
with high-resolution ocean physical and biogeochemical characteristics at the global and regional scales 
over several decades. The detailed strategy of the development of ocean reanalyzes and the overview of the 

Abstract The eddy-resolving (1/12°) global ocean reanalysis GLORYS12 is assessed against 14 years 
(2002–2015) of independent hydrographic observations collected at 59.5°N in the North Atlantic. Two 
multi-observations statistical analyses, ISAS-15 and ARMOR-3D, and an eddy-permitting (1/4°) reanalysis, 
GLORYS025, also contribute to this comparison. The mean thermohaline structure along the 59.5°N 
section revealed by the observations is well-reproduced by GLORYS12, except for the overflow waters. A 
good agreement with observations is found for linear trends over the whole period, exhibiting a dipole-like 
pattern with a cooling/freshening in the main thermocline and a warming/salinization below. However, 
localized discrepancies with observations suggest the need for improvement in the reanalysis system 
(especially in the overflows representation and the consistency between the forcing and data assimilation 
system) and the deep observational array. The reanalysis reliably represents the ocean heat content in 
the upper 700-m layer but shows significant differences with observations between 700 and 2,000 m. The 
meridional volume and heat transports across the 59.5°N section are compared for years when ADCP 
observations were available. The reanalysis does not reproduce the variability observed in the western 
boundary current but agrees well with observed transports in the other parts of the section. The reanalysis 
reproduces the major mesoscale eddy features that contribute to the meridional transport and provides 
the large-scale context of their location. The analysis of time correlation at all measurement points 
demonstrated that GLORYS12 is the most accurate among the analyzed datasets used in this study to 
represent and explain the observed ocean characteristics and variability along that section.

Plain Language Summary The GLORYS12 reanalysis data set produced recently by 
Mercator Ocean International forecasting center describes the day-to-day evolution of the world-
ocean physical properties for 1993–2018. This reanalysis uses many observations of different kinds to 
constrain the solution of a dynamical ocean forecasting model. GLORYS12 is assessed against 14 years 
of hydrographic (temperature and salinity) observations, not used in the reanalysis process, collected 
annually between Scotland and Greenland along 59.5°N. The observed time-mean thermohaline structure 
and patterns of the temporal trends along 59.5°N are well represented except for the deep waters of 
Arctic origin that flows along Greenland. Local discrepancies between reanalysis and observations 
emphasize the need for improvements in the reanalysis system and observations at depth. GLORYS12 
provides a reliable assessment of the ocean heat content in the upper 700 m, an important climate index, 
the agreement which deteriorates at greater depths. The comparison with similar datasets produced by 
statistical analyses of observations (not using a dynamical model) shows that GLORYS12 is the one that 
best describes the variability seen in the observations. The reanalysis, because it provides a view of the 
large-scale circulation context, allows to relate the variability of the meridional heat transport across the 
section to the presence of mesoscale circulation features.
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major global reanalyzes involved in the CLIVAR/GODAE Ocean Reanalysis Intercomparison project (ORA-
IP) are presented in, for example, Balmaseda et al. (2015) and Masina et al. (2015), Storto et al. (2019)and 
von Schuckmann et al. (2019). ORAs combine different ocean observations (in-situ and satellite) with the 
solution of a state-of-the-art ocean general circulation model via optimal data assimilation methods. Similar 
to atmospheric reanalyzes, ORAs have the potential to provide more internally consistent and accurate es-
timates of the ocean state and its variability compared to the estimates solely based on observations or free 
(non-assimilated) model simulations, especially when the eddying ocean is considered (Masina et al., 2015).

While early ORAs did not use all available observations (Balmaseda et al., 2015; Carton et al., 2018, 2019) 
due to the limitations imposed by the data assimilation techniques, the recent ORAs largely benefit from 
the advanced data assimilation methods that allow for the use of a variety of ocean observations (Lellouche 
et al., 2018; Zuo et al., 2015, 2019). These include (while not limited to) the in-situ databases such as CORA 
(Cabanes et al., 2013) and EN4 (Good et al., 2013), ARGO floats data (Roemmich and the Argo Steering 
Team, 2009), satellite observations of sea level anomalies like AVISO (https://www.aviso.altimetry.fr) and 
improved sea surface temperature (SST) datasets like AVHRR or OSTIA (Donlon et al., 2012). In this respect, 
the assessment of the ORAs using independent observations (those not being assimilated) is a challenge.

ORAs are used mainly for climate monitoring studies, focusing on the ocean temperature and salinity var-
iability on a decadal time scale (Carton et al., 2018, 2019), ocean heat content (Balmaseda et al., 2013; Me-
yssignac et al., 2019; Palmer et al., 2017; Xue et al., 2012), the steric sea level variability (Storto et al., 2017), 
the assessment of the upper ocean salinity content (Shi et al., 2017), or air-sea fluxes and ocean-associ-
ated global energy imbalances (Valdivieso et al., 2017, von Schuckmann et al. 2016a). ORAs are used in 
the Ocean State Reports of the Copernicus Marine Environment Monitoring Service (CMEMS, http://ma-
rine.copernicus.eu/) to document the evolution of several climate essential variables, changes in ocean 
climate, and to report on the extreme ocean or sea-ice conditions (von Schuckmann et al., 2016b, 2019; von 
Schuckmann, 2018).

However, most studies cited above did not use independent data to assess the ORAs, but rather employed 
a large number of existing ORAs for implementing multi-reanalysis ensemble approaches for improving 
the estimation of signals and quantifying uncertainties in individual ORAs using signal-to-noise ratio (Bal-
maseda et al., 2015; Masina et al., 2015; Storto et al., 2017 among others). Many of these studies clearly 
demonstrated serious flaws in ORAs and posed several fundamental open questions about the robustness 
of the reanalyzed ocean characteristics. This justifies the necessity of continuous efforts for assessing the 
quality of ORAs in order to improve further models, assimilation techniques, and observing systems. In this 
regard, observations, which are not assimilated in ORAs, are of a special value, especially when they cover 
periods from several years to decades.

This paper is focused on the regional assessment of the recent GLORYS12 Version 1 reanalysis (GLORYS12 
hereafter), the first eddy-resolving (1/12°) global ORA produced by Mercator Ocean International (https://
www.mercator-ocean.fr/en/). We focus on the representation of the circulation phenomena revealed by 
observations at the transatlantic section along 59.5°N (referred to as the 59.5°N section hereafter) between 
Greenland and Scotland. This approach is grounded by the availability of the long-term in-situ hydro-
graphic observations collected annually from 1997 onwards along 59.5°N by the IORAS (Shirshov Insti-
tute of Oceanology, Moscow). While extensively used in different regional oceanographic studies (Falina 
et al. 2007; Gladyshev et al. 2018, 2019; Sarafanov et al. 2008, 2010), this data set has not been assimilated in 
the present ORAs and thus represents a unique opportunity to validate GLORYS12 against truly independ-
ent observations in a critically important ocean region. Therefore, we limit our assessment to the ability of 
the GLORYS12 reanalysis to represent the state of the ocean along 59.5°N as revealed by the hydrographic 
observations over the period 2002–2015. The products used in this study are described in Section 2. Sec-
tion 3 describes the pre-processing applied to the data and also the metrics used for validation. The assess-
ment of GLORYS12 at 59.5°N is presented in Section 4. Conclusive Section 5 provides the discussion and 
gives the outlook of the validation of GLORYS12.
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2. Products Used in the Study
2.1. GLORYS12 Ocean Global Reanalysis

GLORYS12 is a global ocean eddy-resolving ORA covering the satellite altimetry era 1993–2018 produced by 
Mercator Ocean International in the context of the CMEMS. The reanalysis system is largely based on the 
current real-time global CMEMS forecasting system (Lellouche et al., 2018), which employs the ocean and 
sea-ice circulation model ORCA12 (DRAKKAR Group, 2014), global implementation of the NEMO plat-
form (Madec et al., 2016). The model horizontal grid is quasi-isotropic with a resolution of 1/12° (9.25 km 
at the equator and ∼4.5 km at subpolar latitudes) and 50 vertical levels, with the spacing increasing with 
depth (22 are within the first 100 m). In GLORYS12, the ocean model is driven at the surface by the Euro-
pean Center for Medium-Range Weather Forecasts (ECMWF) ERA-Interim atmospheric reanalysis (Dee 
et al., 2011). A 3-h sampling of atmospheric quantities is used to reproduce the diurnal cycle. Due to largely 
known biases in precipitations and radiative fluxes at the surface, a satellite-based large-scale correction is 
applied to the ERA-Interim fluxes (Garric et al., 2018). A multivariate reduced-order Kalman filter is used to 
assimilate different types of observations in a 7-day assimilation cycle (Lellouche et al., 2018). Along track 
altimeter sea level anomalies (Pujol et al., 2016), AVHRR satellite sea surface temperature from NOAA, 
Ifremer/CERSAT sea-ice concentration (Ezraty et al., 2007), and in situ temperature and salinity vertical 
profiles from the latest CORA in situ databases (Cabanes et al., 2013; Szekely et al., 2016) are jointly assim-
ilated. No satellite salinity products were assimilated. A “hybrid” Mean Dynamic Topography (MDT) has 
also been used as a reference for altimeter data assimilation. This hybrid MDT is based on the CNES-CLS13 
MDT (Rio et al., 2014) with some adjustments (Hamon et al., 2019). No digital time filter is included in 
the SLA processing. In parallel with the multivariate reduced-order Kalman filter, GLORYS12 employs a 
3D-VAR scheme, which provides a correction for the slowly evolving large-scale biases in temperature and 
salinity. GLORYS12 reanalysis provides, among many parameters, daily 3D fields of temperature, salinity, 
and current velocity from top to bottom, complemented by sea surface height, mixed layer depth, and sea-
ice parameters. In the present study, we use the period 2002–2015.

2.2. In-Situ Observations Along the 59.5°N Section

The first full-depth section along the 59.5°N IORAS section was carried out by the R/V “Professor Shtok-
man” in 1997. Then regular annual surveys (typically between June and September) have been conducted 
from 2002 to the present (Daniault et al., 2016, Gladyshev et al., 2016, 2017, 2018; Sarafanov et al., 2018). 
Until 2005, the distance between stations was 1-degree longitude (30 nautical miles). In 2006, the intra-sta-
tion distance was reduced to 20 miles in the Icelandic basin and in the Irminger Sea. During the 2007 survey, 
the distance between stations was set to 15 miles, and since 2008 the maximum intra-station distance never 
exceeded 20 miles. Since 2009, the station spacing over the shelf and continental slope of Greenland in the 
region of the western boundary current system decreased to 2–10 miles. In 1997, 2002, and 2003 only CTD 
measurements were conducted. Single down-looking lowered ADCP WHS 300 kHz was used to measure 
currents in 2004–2006. Since 2007, a dual 300 kHz LADCP system (down and up-looking) was implement-
ed, and from 2009 the continuous upper layer current measurements started using TRDI OS38 kHz and 
OS75 kHz shipboard ADCPs. In the present study, we use the temperature, and salinity profiles from the 14 
annual cruises between 2002 and 2015 and further herein refer to this data set as OBS.

2.3. ARMOR-3D and ISAS-15 Multi-Observations-Based Datasets

We use the ARMOR-3D data set (ARMOR hereafter, Guinehut et al. [2012], Mulet et al., [2012]), which 
consists of global temperature, salinity, geopotential heights, and geostrophic currents on a 1/4° regular 
grid and on 33 depth levels from the surface down to 5,500 m. This data set is produced by combining sat-
ellite (sea level anomalies, geostrophic surface currents, sea surface temperature) and in-situ observations 
(temperature and salinity profiles) through a three-step statistical procedure. First, satellite observations of 
sea level anomalies and sea-surface temperature are projected onto the vertical via a multiple linear regres-
sion method using co-variances deduced from historical observations. This provides synthetic fields, which 
then, along with all available in-situ T/S profiles, are combined through an optimal interpolation method. 
This leads to the ARMOR T/S combined fields. Finally, the thermal wind equation with a reference level at 
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the surface is used to combine geostrophic surface current fields from satellite altimetry with ARMOR T/S 
fields to generate the global geostrophic current and geopotential height fields. ARMOR fields are available 
from CMEMS (CMEMS reference: MULTIOBS_GLO_PHY_REP_015_002) as weekly or monthly means for 
the period 1993–2018.

We also used the ISAS-15 product (In-Situ Analysis System, ISAS hereafter, Gaillard et al. [2016]; Kolodzie-
jczyk et al. [2017]). It provides gridded fields of temperature and salinity between the surface and 2,000 m 
that preserve to the extent possible the time and space sampling capabilities of the network of ARGO pro-
filing floats but also incorporates many different sources of the vertical profiles (gliders, XBT, sea mammals, 
etc.,). ISAS15 was not used for estimating the transport because it does not provide ocean current estimates. 
We also use monthly mean fields for the period 2002–2015. Note that ARMOR, ISAS, and GLORYS12 have 
many observations in common.

2.4. GLORYS025 Ocean Global Reanalysis

To better assess the value added by the high resolution of GLORYS12, we also use a previous eddy-per-
mitting reanalysis performed by Mercator Ocean Intl. at a resolution of 1/4°. This reanalysis referred to 
here as GLORYS025 (the reference at Mercator Ocean is GLORYS2V4, also available from CMEMS under 
reference CMEMS-GLO-PUM-001-031) is very comparable to GLORYS12 in terms of assimilated observa-
tions and assimilation technique, the much noticeable difference being in the grid resolution of the model 
which is nine times coarser (1/4° vs. 1/12°). The main characteristics of the GLORYS025 reanalysis series 
are described in Ferry et al. (2010). GLORYS12 and GLORYS025 data were provided and analyzed on their 
original computational grids.

3. Methods
3.1. Data Processing

GLORYS12 reanalysis daily mean values of potential temperature, salinity, and current vectors for the peri-
od 2002–2015 over the subpolar North Atlantic (Figure 1) are provided on the original computational grid 
(1/12° or every 4.695 km along 59.5°N, and 50 vertical levels). Although the position of the section along 
which in-situ observations have been collected was maintained (at 59.5°N) from year to year, the location of 
the CTD stations varied (see Section 2.2). Therefore, a projection of the observations collected at all sections 
on a common grid is required to estimate their time mean properties and their year-to-year changes over 
the 14 years period. We chose to interpolate the observed in-situ profiles onto the 1/12° model grid because 
this latter grid is regular and has the finest resolution. We first calculated the mean path of the ship over 14 
cruises. Then, the common grid of the section of resolution 1/12° is defined by taking the model grid points 
closest to the mean path. To project the observations on the common grid, a Gaussian weighted interpola-
tion is used with a core size dependent on the distance between station locations (which slightly varies from 
year to year) and GLORYS12 grid points. This process does not degrade the high resolution of the reanalysis 
and does not add any information to the in-situ observations, and so allows for a quantitative comparison of 
the two datasets. Because it takes approximately 10 days to carry out the observational section, the observa-
tions do not provide an instantaneous view of the section. Therefore, we use the average of the GLORYS12 
data over the section deployment period (∼10 days) to represent the section rather than a daily snapshot. 
We compared this co-location in time with the more accurate co-location at the exact time when the CTD 
profiles were made and found negligible discrepancies (i.e., the difference between the section sampled 
with the ∼10 days mean and that sampled with the exact time is an order of magnitude smaller than the 
differences between the reanalysis and the observations, see Supplementary Figure S1). This has the ad-
vantage of increasing the relevance of the comparison with the ARMOR data that have a weekly sampling.

For quantitative comparison, ISAS, ARMOR, and GLORYS025 data were interpolated from their original 
grid onto the common 1/12° grid, bi-linearly for the scalars, and using the method of Akima (1970) for the 
vector fields (currents). The latter method is based on a piecewise function with slopes at the junction points 
determined locally by a set of polynomials and known to provide a very accurate solution.
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3.2. Assessment Method

The assessment of the reanalysis starts from the comparison of T and S to the in-situ measurements at 
the 59.5°N section. The 2D (depth-longitude) mean fields along the 59.5°N section and the rms of their 
differences are used to quantify the consistency of the reanalysis with the observed fields and to identify 
the major biases. With a time record short of only 14 samples collected in the summer of 2D T and S fields, 
statistical analyses have to be used with caution. Nevertheless, we computed the linear trends over these 
summer records with the least squares and estimated their statistical significance at a 95% level using the 
squared r-value test.

To assess how the GLORYS12 reanalysis and the two other products, ARMOR and ISAS represent the ocean 
characteristics along the section, we calculate the time-correlation between the temperature anomalies of 
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Figure 1. (a) Mean surface velocity for the summer period of 2002–2015 provided by GLORYS12 reanalysis (color 
shading in m⋅s−1 and vectors) and the location of the 59.5°N section points. (b) Variations with the depth of the mean 
current (summer period) across the 59.5°N section (positive/negative values indicate northward/southward flows in 
m⋅s−1).
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the analyzed datasets and those of the observations over the 14 summers at every hydrographic station and 
compare their respective distributions. Anomalies were calculated by removing the 14-summer mean and 
detrended.

The calculation of the ocean heat content at the 59.5°N section is performed for every section using the 
potential temperature interpolated on the model grid. The temperature at each grid point is first weighted 
by the volume of the corresponding model grid-cell, and all temperature points are then summed up across 
the section and over the levels corresponding to the depth ranges 0–700 m and 700–2,000 m.

The analysis of the meridional volume and heat transports based on the observations is limited by the avail-
ability of the LADCP data that are crucial for computation. Thus, computations using OBS were performed 
for the years 2010, 2014, 2015. First, the geostrophic velocities along the section are calculated using CTD 
data. The velocity data from two upward and downward-looking 300 kHz LADCPs are then used to quantify 
the barotropic component of the absolute velocities, which are used for volume transport estimation (Vis-
beck, 2002). Double precision of LADCP velocity estimation is gained using two instruments’ data on the 
way down and up, with the velocity error estimated around 0.03 m/s, which is proven to be a qualitative re-
sult according to Thurnherr (2010). The cumulative volume transport accumulated from west to east along 
the 59.5°N section was derived with 10 km resolution for each of the three sections. For the reanalysis and 
the two other analyses, cumulative transport was computed for every individual year of the 14-year period 
(see Appendix).

An accurate assessment of the MHT was not possible for OBS as only the barotropic volume transports and 
not current velocity profiles were available for this study. Therefore, we use a proxy of the MHT, calculated 
from the vertically averaged velocity (derived from the barotropic transport from OBS) instead of the full 
vertical velocity profiles (see Appendix). For GLORYS12 and ARMOR, the MHT is calculated in the same 
way for comparability. We estimated the error induced by this approximation with the reanalysis data and 
found that it was always less than a few percent.

4. Results
4.1. Time Mean Characteristics

The long-term mean (2002–2015) surface summer (JJAS) circulation revealed by GLORYS12 (Figure 1a) 
is in good agreement with the circulation schemes proposed by Daniault et  al.  (2016) or García-Ibáñez 
et al. (2015). The six major flow streams crossing the 59.5°N section are the East Greenland Coastal Current 
(EGCC); the East Greenland Current (EGC), and the southward flowing branch of the Irminger Current 
(IC) (those three currents forming the Western Boundary Current (WBC) system of the Irminger Basin); the 
main branch of the IC flowing northward along the western flank of the Reykjanes Ridge; the southward 
East Reykjanes Ridge Current (ERRC) east of the ridge; and the North Atlantic Current (NAC) flowing 
northward along the western flank of the Rockall Plateau. We also notice a strong slope (SC) current along 
the shelf break of the British Isles. Figure 1b shows the mean vertical section of the time-mean meridional 
velocities across the 59.5°N, the pattern and intensity of which are consistent with the observed current 
structure shown in Sarafanov et al.  (2012) for the 2002–2008 period, except for the deep Irminger Basin 
where observations report higher (southward) velocities (up to −0.1 m s−1), a feature related to the over-
flows from the Nordic Seas missed by the reanalysis.

The mean thermohaline structure of the ocean along the 59.5°N section revealed by the observations is 
well represented by the reanalysis except for the near bottom structure (Figures 2a, 2b, 2d and 2e). Dif-
ferences in the mean fields are in the range of ±0.1°C for temperature and ±0.01 for salinity over a large 
part of the section. The RMS values of the differences (RMSD hereafter, Figures 2c and 2f) are small in the 
regions where stratification is weak (Brunt-Vaisala frequency N < 2 × 10−5 s−1), for example, below the 
summer (main) thermocline in the Irminger (Iceland) basin, and between 100 and 800 m in the region of 
the Rockall Plateau. The largest values of the RMSD (∼0.8°C for T and ∼0.07°C for S) are observed in the 
well-stratified layers (N > 2 × 10−5 s−1) captured by 5°C and 8°C isotherms in Figure 2a, and in the bound-
ary currents that flow along the continental slope of Greenland and the eastern flank of the Reykjanes 
Ridge. In the main thermocline, the pattern of the RMSD holds the imprint of vertically coherent mesoscale 
structures. It cannot be ruled out that these structures are spurious values introduced in the temperature 
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Figure 2. Mean (period of 2002–2015) potential temperature (°C), and salinity along the 59.5°N section for (a),(d) GLORYS12 (b),(e) OBS, and (c),(f) the root 
mean square of the differences (RMSD) between the two datasets (colors). Dotted lines in (c),(f) are isolines of the Brunt-Vaisala frequency (in 10−5 s−1).



Journal of Geophysical Research: Oceans

profiles by inconsistencies in the multivariate assimilation of the altim-
etry signal (that only partly accounts for the mesoscale). Nevertheless, 
it is also likely that they result from the mismatch in the instantaneous 
positioning of mesoscale circulation features (current meanders, eddies, 
and fronts) rather than from systematic T, S biases. Although the reanal-
ysis assimilates the along-track altimetry data, which should allow for 
capturing these features, small mismatches in positioning or amplitude 
of mesoscale structures do exist, being especially evident in the regions 
of large gradients.

Figures 2a–2d shows that the T/S fronts over the Rockall Plateau have a 
similar position in the reanalysis and in OBS. This location is also where 
the RMSE in salinity is large (Figure 2f) and corresponds to the location 
of the NAC in Sarafanov et al.  (2012) (their Figure 4c). Since the front 
is highly variable, this region is also the place where year-to-year differ-
ences in salinity between the two datasets are the greatest, despite very 
comparable mean values. This location is also where we observe a large 
positive trend in S in both datasets (Figure 4).

Large values are also found in a very thin layer near the depth of 45 m, 
where the reanalysis is systematically cooler and fresher (it is quite ob-
vious in Figure 3c). It is difficult to understand the sources of the biases 
as many different factors can contribute. The fact that the T and S differ-
ences are anti-correlated (they do not compensate in density, Figure 3c) 
suggests a problem in the multivariate assimilation algorithm of SST that 
may generate spurious salinity values near the bottom of the shallow 
summer thermocline. Indeed, incoherencies between the temperature 
and salinity increments calculated by the atmospheric forcing (i.e., the 
output of the bulk formulas) and the assimilated SST data provided by an 
analysis of satellite observations are very likely to exist that the assimila-
tion algorithm has difficulty in removing.

The large values of the RMSD along the Greenland shelf break and from 
1,500 m down to the bottom in the Irminger Basin, and at the eastern 
flank of the Reykjanes Ridge below 1,200 m (Figures 2c and 2f), demon-
strate that the reanalysis fails to adequately reproduce the properties of 
the overflows from the Nordic Seas. The overflow waters are significantly 
warmer (by 0.5°C–1°C) and saltier (by 0.03–0.05) in the reanalysis com-
pared to the observations (Figure 3). The reanalysis is not directly con-
strained by observations collected at these depths (the Argo array does 
not cover the ocean below 2,000 m). Those biases in the overflow proper-
ties indicate that the present assimilation system is not able to improve 
the poor representation of the Denmark Strait overflow by the ORCA12 
numerical model (Colombo et al., 2020).

Differences in mean temperature between GLORYS12 and OBS demon-
strate that the reanalysis is warmer over ∼65% of the section, mainly in 
the highly stratified layers, and is cooler in the layers where stratification 
is weak (Figure 3a). The reanalysis is also saltier over ∼64% of the section 
(Figure  3b). The pattern of the differences between the reanalysis and 
OBS in temperature and salinity is remarkably consistent with each other 
over most of the domain (correlation > 0.9 for 90% of the points), with 
warmer waters being also saltier (Figure 3c), thus partly compensating 

their respective contributions to the density field. However, some noticeable exceptions (negative correla-
tions often beyond −0.5) are observed in the deep Iceland basin (from 1,800 m down to the bottom), in the 
core of the low stratified waters in the central Irminger basin (between 1,200 and 2,500 m–this is the LSW 
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Figure 3. Differences in mean (period 2002–2015) (a) Temperature and 
(b) Salinity between GLORYS12 and observational data set (OBS), and (c) 
time-correlation (over 14 samples) between the T and S differences (see 
Appendix for this calculation). Positive (negative) correlations indicate that 
warmer/cooler waters are also saltier/fresher (fresher/saltier). White dots 
along the depth axis in panels (a) and (b) indicate the model vertical levels.
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layer), and in the mentioned already very thin layer below the surface. These warmer (cooler) waters are 
also fresher (saltier) compared to OBS, thus suggesting changes in the density field.

4.2. Interannual Variability

We now turn to the assessment of representation of the ocean variability in the reanalysis. Figure 4 exam-
ines the linear trends in GLORYS12 and in the observations at 59.5°N over the period 2002–2015. We use 
linear trends here as an effective metric for the comparative assessment rather than for assessing ocean state 
climate tendencies, which can hardly be evaluated from a rather short 14-yr record of the hydrographic 
data. The dipole-like trend pattern in T and S seen in the observations is qualitatively well captured by the 
reanalysis, with a cooling (at maximum being −1.5°C per decade) and freshening (salinity trend of −0.1 
per decade) within and above the thermocline (σ0 < 27.70), and warming of about +0.3°C per decade and 
salinification of 0.02–0.04 g⋅kg−1 per decade in the deep ocean.

VEREZEMSKAYA ET AL.

10.1029/2020JC016317

9 of 22

Figure 4. Linear trends over the 14 years period (2002–2015) in potential temperature (top panels, in °C per decade) and salinity (bottom panels, in g⋅kg−1 per 
decade) as represented by the observations (right panels) and the reanalysis (left panels) along the 59.5°N section. Horizontal gray lines depict points with a 
95% level of trend significance. Thin dotted contour intervals are 0.5°C for temperature and 0.1 g⋅kg−1 for salinity. Bold black contours indicate the 27.25, 27.45, 
27.65, and 27.85 isopycnals (σ0).
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The positive temperature trends are somewhat weaker in the reanalysis and exhibit alternation of slightly 
positive and negative trends below 1,500 meters in the Iceland Basin, where observations show a robust 
pattern of positive trends (Figure 4a). These differences in the trend magnitudes lack, however, statistical 
significance. Observations also show locally strong but insignificant trends along the topographic features 
of the Rockall Plateau and the Scottish shelf break, which are not detectable in the reanalysis. In turn, the 
reanalysis exhibits locally strong negative (but also statistically insignificant) trends in the near–bottom 
layer of the Irminger Basin, while the observations report statistically significant positive trends.

The agreement between trend estimates in reanalysis and observations is closer for the salinity than for the 
temperature (Figures 4c and 4d). Trend magnitudes are quite close to each other except for the upper layer 
of the Iceland Basin, where the reanalysis exhibits stronger trends. Discrepancies were also found over the 
Rockall Plateau, where the reanalysis and observations show trends of the opposite sign, while both are 
statistically insignificant.

We now attempt to quantify the value added by the dynamical interpolation (i.e., based on a predictive phys-
ical model) performed by GLORYS12 in comparison to ARMOR and ISAS diagnostic interpolation (based 
on a physical diagnostic model). We calculated at every depth-longitude point of the common grid the time 
correlation of the detrended anomalies of the temperature of the observational data set (OBS) with those of 
GLORYS12, ARMOR, and ISAS. For each of these datasets, we obtain a set of correlation coefficients quan-
tifying how well the data set is correlated in time with the observations at every point of the section array. 
The distribution of the correlation coefficients is displayed in Figure 5. It reveals that the ISAS statistical 
analysis, which is monthly and does not use altimetry and is less capable of representing the variability seen 
in the in-situ observations compared to the ARMOR statistical analysis, which includes the altimetry. Fig-
ure 5 also demonstrates that the model-based dynamical interpolation of GLORYS12 performs (in terms of 
variability) better than the ARMOR statistical analysis, although both use equivalent datasets to constrain 
the analysis. Therefore, GLORYS12 appears to be the most accurate data set among the three analyses in 
representing the characteristics and variability of the ocean along that section.

4.3. Heat Content and Meridional Transports

Ocean heat content (OHC) and meridional heat transport (MHT) represent key climate indicators, and 
their variability is critically important for assessing changes in the ocean state and dynamics (Meyssignac 
et al, 2019; von Schukmann et al., 2016a, 2016b). Thus, representation of OHC and MHT in ORAs is of high 
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Figure 5. Distribution of the correlation coefficient values describing how the temperature variations of a given data 
set (GLORYS12 in blue, ARMOR in yellow, and ISAS in red) are correlated in time with those of observational data set 
(OBS) at every point of the section array of the 59.5°N section.
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priority, as most present estimates implying the impact of ocean heat accumulation on the global heat stor-
age change are based on the analyzed products (e.g., Balmaseda et al., 2013 among others).

The OHC at the 59.5°N section has been calculated for the depth ranges 0–700 m and 700–2,000 m from 
the in-situ observations OBS, GLORYS12, and ARMOR products (Figure 6). All three estimates are quite 
consistent with each other in the depth range 0–700 m (correlations of OBS with ARMOR and GLORYS12 
being 0.90 and 0.91). An exception is observed in 2006 when a minimum in OHC is seen in the observations 
and not reported by ARMOR and GLORYS12. The SODA3.4.2 reanalysis (0.25°) also does not capture this 
feature and shows, in general, a smaller negative trend in OHC (from the personal discussion with Jim Car-
ton). All three datasets agree on a strong decrease in OHC from 2014 to 2015, likely related to the 2015 cold 
anomaly in the subpolar gyre reported by Josey et al. (2018) during winters 2013–2016.

The consistency between the three datasets in the layer 700–2,000 m is, however, worse compared to the 
upper ocean layer. The two analyses show larger OHC than that OBS over the period from 2002 to 2011. 
Also, GLORYS12 and OBS consistently agree on a smaller OHC in 2006 marginally represented in ARMOR. 
However, both GLORYS12 and ARMOR do not capture the large OHC increase seen in the observations in 
2012. As a result, the biases of ∼0.05 × 1020 and ∼0.1 × 1020 Joules (for ARMOR and GLORYS12 respective-
ly) persists in the records (Figure 6) after 2012, while all three datasets agree on a continuous decrease of 
OHC from 2012 to the end of the period.

The full depth cumulative MVT (meridional volume transport, from west to east) across 59.5°N is shown 
in Figure 7a for the three products (GLORYS12, OBS, and AMOR) for the three chosen years with LADCP 
observations (2010, 2014, and 2015). The transports by the western boundary current system (from 41°W to 
37°W, thus including part of the Irminger Gyre) and by the interior flow (39°W–5°W) are plotted separately 
in order to eliminate the shift caused by the differences in the WBC magnitude in the different products on 
the rest of the section.

Year-to-year variations in WBC transport are not consistent across the different products (Figure 7a, left 
panel). Strong variability in the WBC in OBS (up to ∼20 Sv difference from year to year) is consistent with 
the interannual variability at a similar location of the OVIDE section (Daniault et al., 2016). Note that the 
OVIDE estimate for 2010 is ∼35 Sv, and it is ∼48 Sv in OBS at 60°N, although both sections were carried 
out in summer. Year-to-year variability is much smaller in GLORYS12, but the time mean WBC transport 
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Figure 6. Evolution of the total ocean heat content at the 59.5°N section in the depth range 0–700 m (upper panel) and 
in the depth range 700–2,000 m (lower panel).
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(32.5 Sv) is in good agreement with the independent estimates (∼33 Sv) by Våge et al. (2011) and Daniault 
et al. (2016). Of the three datasets analyzed, ARMOR always exhibits the lowest WBC transport.

In the interior flow (Figure 7a), the variability of the MVT is again greater in OBS than in the GLORYS12 
and ARMOR. Reanalysis shows large STD values (10–15 Sv) in the deep parts of the Irminger (40°W–35°W) 
and Iceland (28°W–23°W) Basins. In these domains (blue shading in Figure 7a), the structure of MVT is 
characterized by mesoscale variability imposing the pattern which differs from year to year, resulting in 
disagreement between datasets, even between GLORYS12 and ARMOR, which both use altimetry. This 
suggests that mesoscale variability dominates here and that the analyses do not properly catch the impact 
of these eddies in this area, possibly due to a lack of resolution in the AVISO along-track altimetry signal at 
this latitude.
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Figure 7. Eastward accumulated meridional (a) volume (separated between western boundary current and interior flow), and (b) heat transport along the 
59.5°N section starting from Greenland, for years 2010 (green lines), 2014 (blue lines), and 2015 (purple lines) for the Observations, GLORYS12, and ARMOR3D 
(see legend). The thick black line represents the 2002–2015 mean cumulative meridional volume transport (MVT) and meridional heat transport (MHT) of the 
reanalysis. The gray shading in (a) shows the standard deviation of the volume transport in GLORYS12 calculated with all sections (2002–2015).
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In the other parts of the section, estimates of MVT from the analyzed datasets qualitatively compare well 
with those derived from OBS (with a better agreement for GLORYS12 than for ARMOR) except for a few 
striking events. In 2010, there is no clear evidence in OBS of the Irminger Current (northward) at the west 
side of Reykjanes Ridge (33°W–30°W), possibly because of the presence of an intense anticyclonic eddy 
adjacent to the IC, whereas the IC is well identified in GLORYS12 and ARMOR.

Also, a special analysis is needed to understand the very large variability seen in the MVT in the main 
branch of the NAC (23°W–19°W), where GLORYS12 shows the greatest STD values (∼20 Sv). In 2015, in 
OBS, this feature is characterized by an intense northward transport (36 Sv) between 23°W and 21°W, a very 
strong southward recirculation (−47 Sv) between 21°W–19°W, and a northward recovery between 19°W 
and 17°W of a lesser amplitude (17 Sv). Both GLORYS12 and ARMOR demonstrate the same pattern in 
2015 with a slight eastward shift of the current reversal and lesser strength of the reversal. The pattern for 
2014 is alternatively characterized by an intense southward flow (13 Sv) between 23°W and 21.5°W and a 
strong return flow (17 Sv) at 21.5–18°W. Again, both GLORYS12 and ARMOR in 2014 demonstrate similar 
patterns. In 2014 the transport of this branch of the NAC flowing on the western part of the Rockall Plateau 
(∼18°W–13°W) is particularly weak in OBS (being about 10 Sv or more in the other datasets). This weakness 
leads to anomalously low total cumulative transport for the interior flow (18.8 Sv), which is significantly 
smaller than the 30–40 Sv seen in other years and analyzed products. None of those patterns is seen in 2010 
in any other data set. In the next subsection, we verify the hypothesis that these patterns are due to particu-
larly large and intense anticyclonic or cyclonic eddies that were well captured by the altimetry and thus 
reproduced in the analyses, especially in GLORYS12.

In the reanalysis, the 14-yr mean transport (black curve in Figure 7a) resembles the pattern seen in the ob-
servations in 2015 (full purple line), suggesting that this situation is predominant in the reanalysis. Indeed, 
this pattern is found eight times in the 14-year record of GLORYS12. We found that the pattern observed in 
2014 (a very weak MVT at 21.5°W, full blue line) occurred four times in the record, that there were 2 years 
of the record when none of these patterns were clearly detected.

The cumulative MHT (Figure 7b) does not separate the contribution of the WBC from that of the interior 
flow. It is calculated with the barotropic velocity (see Appendix) and follows in principle the MVT. Thus, the 
discussion about the inconsistencies of MVT is also applicable to findings related to MHT. The year-to-year 
spread of the estimates of MHT is large in all three datasets, with the largest variability being in OBS. There 
is no agreement between estimates of MHT in the boundary current and in the central parts of the Irminger 
and Iceland basins where mesoscale eddies determine the flow. A better agreement is found in the other 
parts of the section. Considering the MHT across the whole section, it appears to be too high in ARMOR 
exceeding other estimates by ∼1 PW. This shift can be partly explained by the weak MHT in the boundary 
current (0.6 PW), illustrated in Figure 7b, by the strong difference seen between any of the ARMOR MHTs 
and the 14-yr mean MHT of GLORYS12 at 37.5°W. An additional 0.4 PW of the difference is mainly due 
to the representation in this analysis of the southward flow associated with the large eddy-like pattern at 
22°W–20°W, which is smaller than in the other datasets.

The agreement is rather good between GLORYS12 and the observational estimates in 2010 (0.87 PW and 
1.0 PW respectively) and in 2015 (0.45 PW and 0.43 PW, respectively). The difference in the total MHT seen 
between GLORYS12 and OBS in 2010 (0.74 PW and 0.41 PW, respectively) should be likely related to the 
weak transport in the NAC on the western side of the Rockall Plateau, as was mentioned previously.

4.4. MVT Analysis for 2014 and 2015

The ORCA12 circulation model has a grid resolution of 4.625 km at 60°N. Such resolution, which only mar-
ginally resolves the eddy scale (the Rossby deformation radius being between 8 and 12 km in this region, 
Chelton et al., [1998]), allows for the generation of mesoscale circulation features such as current meanders, 
fronts, coherent eddies, as illustrated in Figure 8a, but their characteristics do not compare well with the ob-
served one. The assimilated along-track sea level anomalies have a resolution of 1/3°, which is insufficient 
to represent the mesoscale at this latitude accurately but could help in positioning the eddies of the greatest 
amplitude. Therefore, we cannot expect the GLORYS12 reanalysis system to resolve eddies (i.e., it accurate-
ly represents the mesoscale eddy field, its generating instability processes, and its effects on the state of the 
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ocean). Nevertheless, the eddy field of GLORYS12 (Figure 10c) compares very well with that of the ORCA12 
free run (Figure 8a), which indicates that the reanalysis system does not hamper the ability of the dynami-
cal model to generate eddies. The comparison with the lower resolution reanalysis GLORYS025 (Figure 8b) 
demonstrates that the increase of resolution from 1/4° to 1/12° brings dynamically consistent (i.e., consist-
ent with the dynamics resolved by the model) information on the mesoscale eddy field. Therefore, the eddy 
field of the reanalysis may be used to understand specific circulation features seen in the observations.

The Okubo-Weiss parameter often used to track coherent mesoscale eddies (D'Addezio et al., 2020; Vort-
meyer-Kley et al., 2016) allows separating the vorticity-dominated and deformation-dominated flow areas. 
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Figure 8. Snapshot (on 16/06/2015) of the relative vorticity normalized by the Coriolis parameter as provided (a) 
by a free run (NEMO code, no assimilation of observations) at 1/12° resolution, (b) by the medium resolution (1/4°) 
reanalysis GLORYS025. Insets show respectively the Okubo-Weiss parameter and the current speed and direction in the 
domain delimited by the gray box. The corresponding figure for the 1/12° GLORYS12 reanalysis is shown in Figure 10c.
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It is used in eddy activity analysis to distinguish the coherent eddying structures from ones with intense 
shear.

4.4.1. MVT in Summer 2014

The maximum cumulative MVT at 30°W (∼20 Sv) is a common feature of all products (Figure 9a). It results 
from a complex pattern of the IC on the western flank of the Reykjanes Ridge. The temperature front reach-
ing the depth of 800 m on this slope (Figure 9b) indicates that the northward predominantly barotropic flow 
determines the transport, which is confirmed by the vertical current profiles (see Supplementary Figure S2 
for that date, it is also well-identified in the mean current shown in Figure 1b). However, mesoscale distur-
bances in the temperature front suggest the presence of meanders or eddies in the current, confirmed by 
the presence of thin surface or bottom intensified southward jets (Supplementary Figure S2). The relative 
vorticity (and the map of the Okubo-Weiss parameter, not shown) confirms the dominance of large mean-
ders in the Irminger Current and a few coherent eddies (Figure 9c) rather than a continuous current as is 
the case for example for the East Greenland Current. Another essential feature of the MVT is the mesoscale 
pattern between 23°W and 20°W characterized by an MVT minimum at ∼23°W (detectable in all datasets 
except ARMOR, and weaker in GLORYS025, Figure 9a) and associated with a strong southward flow. In 
this longitudinal band, the relative vorticity field (Figure 9c) shows cores of cyclonic and anticyclonic vor-
ticity, the amplitude of which is significantly greater than the background, as shown by the large values of 
the Okubo-Weiss parameter (inlet in Figure 8c). This latter parameter suggests the presence of a coherent 
cyclonic eddy which is confirmed by the surface velocity (inlet in Figure 9c), which locates its center at 
21.5°W, in agreement with the vertical temperature structure in this part of the section (Figure 9b).

4.4.2. MVT in Summer 2015

In summer 2015, a large MVT was visible between 22°W and 18°W (Figure 10a) in all datasets except in the 
1/4° resolution reanalysis, which misses this pattern (likely because the resolution is too coarse to produce 
or maintain eddies at this high latitude). Consistently with GLORYS025, SODA3 reanalysis with a similar 
diagnostic also does not capture this eddy (Jim Carton, personal communication). The vorticity field (Fig-
ure 10c) shows that the section is passing through a large and intense mushroom-shaped mesoscale pattern 
with an anticyclonic vortex (22°W–20°W) characterized by a sharp deepening of the isotherms in the part 
of the section adjacent to a cyclonic vortex (20°W–18°W) marked by a doming of isotherms (Figure 9b). 
To be sure that this structure can be referred to as “eddy,” we provide here the Okubo-Weiss parameter 
analysis (see Figure 9c), which shows the coherent structure of the anticyclonic eddy. The maps of the Cur-
rent Velocity and the Okubo-Wiess parameter (inlets in Figure 10c) relate this pattern to the presence of a 
strong anticyclonic vortex (A) with a core located at 20°W, adjacent to a cyclonic vortex (C) north of it. The 
large northward transport (∼30 Sv) in the main branch of the NAC between 22°W and 20.5°W (Figure 10a) 
feeds the intense southeastward flow (∼30 Sv) between the two vortices at 20.5°W–19°W. The mushroom 
shape of the eddy suggests that the eddy is in a phase of generation from the instability of the NAC (Etling 
et al., 1993; Fedorov & Ginsburg, 1986; Fedorov et al., 1989; Mied et al., 1991; Simpson & Lynn, 1990). The 
vortices (as revealed by the vertical temperature structure in Figure 10b and by the vertical profile of the 
current speed (Supplementary Figure S3) are intensified above 1,500 m, but their signature reaches down 
to the bottom, implying that the associated flows have a strong barotropic component. Note that the MVT 
pattern is shifted to the west in GLORYS12 compared to observation (Figure 10a), likely because the anti-
cyclonic eddy is not precisely co-located in space with observations. The imprint of this shift on the T and S 
fields very likely contributes to the large value in the T and S RMSD shown in Figure 2.

Therefore, the reanalysis allows for a clear association of the eddy-associated features in MVT and MHT 
derived from the observations. The variability seen in the reanalysis in the branch of the NAC flowing west 
of the Rockall Plateau (∼20°W) indicates that this region is characterized by the intense generation of large 
mesoscale eddies, which are potentially well captured by satellite altimetry.
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Figure 9. (a) Cumulative volume transport (in Sv) along 59.5°N starting from 40°W for the observations and the various analyzed datasets in summer 2014. 
Reanalysis transports correspond to the central date of the section deployment (07/07/2014). (b) Vertical distribution of the potential temperature along 59.5°N 
and (c) the surface relative vorticity normalized by Coriolis parameter in the 1/12° reanalysis (07/07/2014). The Black dotted line in (c) depicts the positions of 
the hydrographic stations in 2014. The inserts show the Okubo-Weiss parameter and the surface currents in the Iceland Basin.
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Figure 10. Same as Figure 9 for the date of 16/06/2015. A and C in the inlets refer to the Anticyclonic and the Cyclonic Eddies described in the text, and North 
Atlantic Current (NAC) refers to the main path of the northern branch of the North Atlantic Current (see Figure 1a).
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5. Summary and Conclusion
The first eddy-resolving ocean reanalysis GLORYS12 produced by Mercator Ocean International was vali-
dated against 14 years (2002–2015) of independent observations (i.e., not assimilated in the reanalysis sys-
tem) at the 59.5°N section in the North Atlantic. To provide more comprehensive validation, two blended 
products, ISAS15 and ARMOR3D, which use the same datasets as GLORYS12, were additionally used.

GLORYS12 reproduces the main circulation pattern of the Subpolar Gyre realistically and also provides a 
realistic representation of the mean vertical structure of the currents across the 59.5°N section in agree-
ment with the recent observational studies (Daniault et  al.,  2016, García-Ibáñez et  al.,  2015; Sarafanov 
et al., 2012).

The mean thermohaline structure of the ocean at the 59.5°N section revealed by OBS is well represented by 
GLORYS12 except for the near bottom structure. The agreement in T and S fields, characterized by RMSD, 
is the highest below the main thermocline in the Irminger and Iceland basins, where the stratification is 
weak. The agreement is, however, weaker within the well stratified main thermocline (between the 5°C 
and 8°C isotherms). Imprints of vertically coherent mesoscale structures noticed in the thermocline can 
be attributed to the fact that the instantaneous positioning of mesoscale circulation features are not exactly 
co-located in the reanalysis and observations. Surprisingly, highly localized large RMSD values are also 
found at 45 m depth, suggesting a flaw that could be introduced by model vertical mixing parameterization, 
atmospheric forcing, or the data assimilation method. To investigate the particular reason for this discrep-
ancy, the sensitivity tests (mode on/off) on each of the possible causes should be provided by the GLORYS12 
development team.

The significant disagreements between OBS and GLORYS12 are associated with representing the overflow 
waters along Greenland and the eastern flank of the Reykjanes Ridge. The overflow waters are significantly 
warmer (by 0.5°C–1°C) and saltier (by 0.03–0.05) in the reanalysis compared to observations. This is a mat-
ter of the fact that the Argo array does not cover the ocean below 2,000 m; thus, GLORYS12 is not directly 
constrained over these depths by observations, and important model biases persist.

Year-to-year variability revealed by OBS is also relatively well captured by GLORYS12. Linear trends show 
similar patterns, revealing a dipole-like structure in both T and S with cooling and freshening within and 
above the main thermocline (the upper thermocline boundary is 27.5 in the ENA above the 27.70 isopyc-
nal), as well as warming and salinification in the deep ocean. The most substantial disagreement in trends 
is found in the region of overflows. The analysis of correlations calculated at every point of the section 
demonstrates that GLORYS12 is more accurate than the two other statistical analyses (ARMOR and ISAS) 
in representing the instantaneous structure of the ocean in this area.

The upper-ocean (0–700 m) heat content is found to be highly consistent between the three products over 
the whole period (correlation of GLORYS12, ARMOR, and ISAS with OBS is around 0.9). Also, all three 
products capture well a strong decrease in OHC during 2013–2015. This decrease is likely associated with di-
abatic cooling imposed by the atmosphere in the subpolar gyre reported by Josey et al. (2018) for 2013–2016 
winters. However, a lesser agreement in OHC is found at greater depth (700–2,000 m), while the cooling in 
2013–2015 was also reproduced at these depths. While ARGO floats formally cover the upper 2,000 meters, 
likely assimilation of only ARGO data is not enough for an accurate representation of ocean state and dy-
namics below 1,000 m.

The cumulative MVT and MHT were analyzed for three particular years (2010, 2014, and 2015) when LAD-
CP observations were available. The year-to-year spread of MVT and MHT estimates is prominent in all 
three datasets, being the largest in OBS, and no agreement is found between estimates of MVT in the bound-
ary current and in the central Irminger and Iceland Basins where mesoscale eddies dominate the flow. A 
reasonable agreement is found in the other parts of the section, i.e., on the Reykjanes Ridge and in the North 
Atlantic Current branches flowing on both sides of the Rockall Plateau. Large discrepancies in the WBC 
transport result in disagreement in the total cumulative transports across the section. Nevertheless, GLO-
RYS12 shows the best agreement with OBS compared to the two other products (ISAS15 and ARMOR3D).
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The information provided daily over the whole period on the large-scale circulation by the reanalysis is 
used to explain the origin of large-amplitude signals in the MVT and MHT and demonstrate the benefit of 
dynamical reanalyzes for understanding local observations.

We conclude that over most of the 59.5°N section, the GLORYS12 reanalysis system can realistically re-
produce the mean thermohaline structure of the ocean, except for the region of overflows. This important 
discrepancy emphasizes the need for deep-Argo floats in the future and the model improvement in repre-
senting these processes. The low capability of GLORYS12 to reproduce MVT and MHT in the WBCs and the 
eddy-dominated regions suggests the necessity of higher resolution altimetry being assimilated in the next 
generations of GLORYS12. In this respect, the expectations linked to the swath altimetry mission SWOT 
(Desai et al, 2018) are reassuring but will necessitate a proper adaptation of the data assimilation system. 
Our hypothesis that the existing ARGO float network is not dense enough to provide an accurate assess-
ment of the OHC below 2,000 m in this region suggests the importance of effort on the deep ARGO floats.

Among the lines of the future development of this study, we would mention an extensive use of observa-
tional time series at 59.5°N in the Atlantic for evaluation of an ensemble of ocean reanalyzes, which also 
include coarse-resolution products such as GLORYS2V4 (Garric et al., 2018), SODA3 (Carton et al., 2018) 
and ORAS5 (Zuo et  al.,  2019). This will allow for comparative assessment of different ocean reanalysis 
products using a single reference data set and can potentially put more light onto the differences in ocean 
state characteristics revealed by different products in the subpolar North Atlantic. Of specific interest will 
be the realism of representation of meridional transports at 59.5°N in relatively coarse (eddy-permitting) 
and high (eddy-resolving) reanalysis products with a focus on ∼0.25° ocean reanalyzes (Carton et al. 2018; 
Garric et al., 2018; Zuo et al., 2019). Note that this problem goes far beyond the role of mesoscale eddies 
in forming meridional transports and relates to the representation of overflows in high-resolution model 
configurations (Colombo et al., 2020).

A broader context of interest would also be the analysis of sea ice characteristics, including sea ice export in 
the Greenland Sea as revealed by GLORYS12 and coarser-resolution products.

Appendix A: Calculation Methods
We give here the details of the calculation of the various metrics used in this study.

Root Mean Square of the differences in T and S fields.

The root mean square of the differences between the reanalysis and the observed is calculated as follows 
from the co-localized data:

  


 1
N

R Oi ij ij
j

X X
RMSD

N
 (A1)

with N = 14 is the number of summers (JJAS) with 59.5°N available observations, i is the time index, j is the 
index of the measurement point in the section in the two-dimensional (2D) depth-longitude space, X states 
for temperature or salinity, subscript R is for reanalysis data and O for the observational one.

Correlation of the Temperature and salinity differences (Figure 3c)

OBS and GLORYS12 datasets have been projected on a common grid, so we have a realization of the section 
on that common longitude-depth grid every year. For each year, calculate the T and S differences between 
GLORYS and OBS at every longitude-depth point of the common grid. So, we have a time series of 14 val-
ues of the differences at every point of the section. Then at every point, we calculate the time-correlation 
between the temperature differences and the salinity differences. This is the correlation coefficient that is 
plotted in Figure 3c. When the correlation is positive, it means that positive/negative differences in T go 
with positive/negative differences in S. In other words, when GLORYS12 is warmer/colder than OBS, it is 
also saltier/fresher. The differences compensate (at least partially) in density. When correlation is negative, 
it is the opposite.
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The calculation of the ocean heat content of the section is performed using potential temperature in °C, 
interpolated on the model grid. The OHC is consequently relative to the reference temperature of 0°C. The 
temperature of each point is first weighted by the volume of the corresponding model grid cell, and all 
temperature points are then summed up across the section and over a given depth range (e.g., from top to 
bottom, or from 0 to 700 m):


  

   
0 0 0

Δ Δ Δ
X Y Z

p ijk
i j k

HC C T x y (A2)

where   is the water density (kg⋅m−3), pC  is the ocean water heat capacity (J⋅kg−1⋅K−1), ijkT  is the tempera-
ture at each point on section, Δ Δ Δx y zis the volume of each grid cell, X, Y, and Z are the number of points in 
the corresponding direction of. Note that Y = 1 in the case of a zonal section.

The cumulative meridional volume transport (MVT), accumulated from West to East starting from the coast 
of Greenland, is calculated as follows:

 
  

0 0
Δ Δ

Z I

I ik
k i

MVT V x z (A3)

where k and i are the grid-cell indexes in respectively the depth and longitude directions, ikV  is the merid-
ional velocity at each grid point, Δ Δx z is the area of the face of the grid-cell, Z is the total number of grid 
cells in the vertical direction (from surface to bottom), I is the number of grid cell in the zonal direction up 
to which the transport is accumulated from the western boundary (Greenland).

The calculation of meridional heat transport should be:


 

  
0 0

Δ Δ
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I p ik ik
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MHT C T V x z (A4)

Notations are as in Equation A3, and T is temperature (°C). However, such calculation is not possible for 
observations as we do not have the vertical velocity profiles Vik.

Therefore, we approximate the MHT by replacing in Equation A4 ikV  by the vertically averaged velocity, Vi, 
derived from the barotropic volume transport. The barotropic velocity is given by:

 
1 in the case of observations andi IV MVT
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0
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H is the local depth. The approximated MHT is given by:
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