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Abstract. The ocean has the largest heat capacity of any single component of the climate system and plays
a key dominant role in global heat content changes. To analyse ocean heat content (OHC) variability in the
Iberia–Biscay–Ireland (IBI) region, several Copernicus Marine reanalysis and observational products are used
together to provide multi-product estimations of OHC anomalies over the water column (at upper layers 150,
700, and 2000 m). This work provides a study of spatial and temporal variability of OHC in the northeastern
Atlantic region through the analysis of area-averaged time series, trend maps, and trends linked with the main
water masses found in the IBI region.

The work states the key role that subsurface water masses play in the OHC trends in the IBI region. The study
shows that, although no significant trends are detected for the surface water layers, the intermediate and deep
water layers show significant trends (with rates of +0.40 W m−2). However, the high interannual variability of
the subsurface water masses masks these trends. Two of the main water masses described in the region (i.e. Sub-
Arctic Intermediate Water and Mediterranean Outflow Water) are found to explain more than 50 % of the OHC
variability. Since the variability of both water masses is linked to the North Atlantic Oscillation, the work shows
the mechanisms by which atmospheric forcing is able to affect the subsurface water layers without showing a
signal in the surface.

1 Introduction

It is well established that the main storage (> 90 %) of ex-
tra heat from increasing greenhouse gases is absorbed by
the oceans; consequently, oceans are the dominant source of
changes in global warming (Levitus et al., 2005, 2012; Tren-
berth et al., 2014; Cheng et al., 2017; von Schuckmann et
al., 2020; Gulev et al., 2021). Additionally, the heat stored
in oceans has increased during the last decades at basin and
global scales (Gulev et al., 2021; Abraham et al., 2013).
Therefore, ocean heat content (OHC) is one of the six global
climate indicators recommended by the World Meteorolog-
ical Organization for Sustainable Development Goal 13 im-
plementation (WMO, 2017).

Ideally, the estimations of OHC are integrated over the full
depth of the ocean, but for limitations related to the observing

system, this is typically done from the ocean’s surface down
to a reduced depth (such as 700 or 2000 m). The choice of
these levels is due to the fact before the year 2000, tempera-
ture measurements were most often taken in the upper 700 m
of the water column, but by about 2005 the Argo array had
sufficient space–time sampling to yield an improved mea-
surement of OHC down to a depth of 2000 m (von Schuck-
mann et al., 2016; Abraham et al., 2013; Cheng et al., 2022,
2017).

The Copernicus Marine service provides marine data cov-
ering the global ocean and European seas, splitting them
into six different regions. One of those, the Iberian–Biscay–
Ireland (IBI) region, covers the northeastern Atlantic from
the Canary Islands (26◦ N) up to Ireland (55◦ N), being
limited by the 20◦W meridian and the continental margin.
Among the variety of hydrographic processes taking place
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Table 1. List of Copernicus Marine products used for the computation of ocean heat content (OHC) in the Iberia–Biscay–Ireland region
(IBI).

Product
ref. no.

Product ID/acronym/type Data access Documentation
QUID: Quality Information Document
PUM: Product User Manual

1 IBI_MULTIYEAR_PHY_005_002
(IBI-REA)
Numerical models

EU Copernicus Marine
Service Product (2022a)

QUID: Levier et al. (2022)
PUM: Amo-Baladrón et al. (2022)

2 GLOBAL_MULTIYEAR_PHY_001_030
(GLO-REA)
Numerical models

EU Copernicus Marine
Service Product (2022b)

QUID: Drévillon et al. (2022a)
PUM: Drévillon et al. (2022b)

3 INSITU_GLO_PHY_TS_OA_MY_013_052
(CORA)
In situ observations

EU Copernicus Marine
Service Product (2022c)

QUID: Szekely (2022a)
PUM: Szekely (2022b)

4 MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012
(ARMOR)
In situ observations and Satellite observations

EU Copernicus Marine
Service Product (2021a)

QUID: Greiner et al. (2021)
PUM: Guinehut (2021)

5 GLOBAL_OMI_OHC_trend
(GLO-OMI-trend)
Numerical models, in situ observations, and satellite observations

EU Copernicus Marine
Service Product (2021b)

QUID: von Schuckmann et al. (2021)
PUM: Monier et al. (2021)

in the IBI region we could mention the northern limit of
the Canary Current, the upwelling system that influences the
Iberian Peninsula and African coasts, the spreading Mediter-
ranean waters that influence the intermediate hydrographic
properties and promote the formation of long-lasting ed-
dies, and the influence of the eastern closure of the sub-
tropical gyre that brings warm waters from the Gulf Stream,
influencing the climate of western Europe. In this region,
the literature describes a number of water masses but three
groups of salinity extrema mainly determine the intermedi-
ate hydrographic structure: a subsurface salinity minima con-
nected with Sub-Arctic Intermediate Water (SAIW) at po-
tential density anomalies 27.3<σθ kg m−3, salinity maxima
connected with Mediterranean Outflow Water (MOW) at the
neutral density 27.25<σθ < 27.45 kg m−3, and salinity min-
ima connected with Labrador Sea Water (LSW) underneath
the isopycnal 27.8>σθ kg m−3 (Talley and McCarney, 1982;
Iorga and Lozier, 1999a, b; van Aken, 2000; Prieto et al.,
2013; de Pascual-Collar et al., 2019). The density ranges for
these water masses show considerable overlap, which allows
both diapycnal and isopycnal mixing.

Among the Copernicus Marine Service products are
the Ocean Monitoring Indicators (OMIs), which are free
downloadable trends and datasets covering the past quarter
of a century. These are indicators that allow us to track
the vital health signs of the ocean and changes in line with
climate change. These OMIs are proposed to cover the
blue ocean, e.g. the mean volume transport across sections
from Reanalysis OMI (GLOBAL_OMI_WMHE_voltrp);
the green ocean, e.g. the chlorophyll a time se-
ries and trends from Observations Reprocessing OMI
(OMI_HEALTH_CHL_GLOBAL_OCEANCOLOUR_trend);

and the white ocean, e.g. the sea ice extent OMI (ARC-
TIC_OMI_SI_extent). Among the multiple OMIs provided
by Copernicus Marine, an important family includes the
indicators focused on evaluating OHC trends and variability.
Particularly, the indicator GLOBAL_OMI_OHC_trend (see
Tables 1 and 2 for more details on the product; hereafter this
product will be referred to as GLO-OMI-trend) provides a
global map of trends of OHC integrated in the upper 2000 m.
Attending to the spatial variability of trends in the IBI region,
this global OMI shows spatial variability of trends, ranging
from negative trends of −5 W m−2 northward of the parallel
40◦ N up to positive trends of 2.5 W m−2 observed westward
of the Gulf of Cádiz. However, this global information
should be treated cautiously when looking at regions close
to coastal areas and marked by the combination of on-shelf
and open waters, such as occurs in the IBI domain.

In the last decades, the upper North Atlantic Ocean experi-
enced a reversal of climatic trends for temperature and salin-
ity. While the period 1990–2004 is characterised by decadal-
scale ocean warming, the period 2005–2014 shows a substan-
tial cooling and freshening (González-Pola et al., 2020; Hol-
liday et al., 2020; Somavilla et al., 2009). Such changes are
discussed to be linked to ocean internal dynamics and air–sea
interactions (Fox-Kemper et al., 2021; Collins et al., 2019;
Robson et al., 2016), together with changes linked to the con-
nectivity between the North Atlantic Ocean and the Mediter-
ranean Sea (Masina et al., 2022). Previous works show a con-
sistency of regional OHC with this decadal-scale variabil-
ity in the IBI region (von Schuckmann et al., 2016, 2018);
however, in spite of the year-to-year variability, a long-term
warming trend of 0.9± 0.4 W m−2 in the upper 700 m of the
IBI region is also detected. These studies concluded that the
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Table 2. Spatial and temporal coverage of products.

Product reference Resolution Temporal Vertical coverage
coverage

1. IBI-REA 0.083◦× 0.083◦ 1993–2020 0–5500 m (50 levels)
2. GLO-REA 0.083◦× 0.083◦ 1993–2020 0–5500 m (50 levels)
3. CORA ∼ 0.36◦× 0.5◦ 1993–2021 0–2000 m (152 levels)
4. ARMOR 0.25◦× 0.25◦ 1993–2021 0–5500 m (50 levels)
5. GLO-OMI-trend 0.25◦× 0.25◦ 2005–2009 Integrated 0–2000 (1 level)

Earth’s positive energy imbalance dominates the observed re-
gional changes around Europe, but the year-to-year variabil-
ity in the region potentially masks the long-term warming
trend.

Since the distribution of various water masses is one of the
main sources of variability (spatial and temporal) in the IBI
region, analysis of the heat stored by them can provide infor-
mation on OHC trends at regional and local scales. For exam-
ple, Potter and Lozzier (2004), based on 50 years of hydro-
graphic data, studied the temperature and salinity trends of
the MOW, finding positive trends that lead to a heat content
gain in the MOW reservoir that surpasses the average gain
of the North Atlantic basin. Nonetheless, the literature on
OHC variability of specific water masses in the IBI region is
rather limited. Alternatively, since several studies have con-
centrated efforts on assessing the thermohaline variability of
water masses, they may provide some clues as to what can
be expected with respect to OHC.

Regarding the SAIW, Leadbetter et al. (2007) studied the
temperature variability of the water column in the period
1981–2005 in a section at 36◦ N, concluding that the vari-
ability in the SAIW is consistent with the displacement of
neutral density surfaces driven by changes in surface wind
forcing and linked with North Atlantic Oscillation (NAO).

Several studies have focused on the temporal variability of
MOW. The analysis of hydrographic properties in the MOW
core concluded that changes in MOW properties are not dom-
inated by changes in Mediterranean Sea Water properties
(Lozier and Sindlinger, 2009; Bozec et al., 2011). However,
the variability of MOW is strongly influenced by year-to-
year processes. Some studies described the MOW interan-
nual variability as an oscillation of the water tongue shifting
the dominant spreading pathway and interacting with the un-
derlying water masses such as North Atlantic Deep Water
and LSW (Bozec et al., 2011; de Pascual-Collar et al., 2019);
this variability is also correlated with NAO.

The interannual variability of LSW has been described in
previous works, concluding that some of the variability in
the water mass can be explained by diapycnal mixing with
the overlying MOW (van Aken, 2000) as well as changes in
the source regions over the North Atlantic basin (Leadbetter
et al., 2007). Additionally, Bozec et al. (2011) studied the
distribution of LSW and MOW from 1950 to 2006, observing

a coupling between the spreading areas of both water masses
and the NAO index.

The present work pursues two main objectives: on one
hand, the availability of higher-resolution specific regional
products allows us to refine the study of OHC trends in the
IBI region; thus, this work explores the spatial and temporal
variability of OHC trends in the region as well as explain-
ing its causes in the period 1993–2021, providing a better
understanding of the processes controlling such trends. Addi-
tionally, since OMIs are simplified indicators that statistically
summarise ocean information, a study of the oceanographic
processes behind each indicator is needed to have a proper
understanding of the changes represented by the OMI. Thus,
the work analyses the use and interpretation of OHC OMIs
on regional scales and its sources of variability and uncer-
tainty.

This paper is organised as follows: Sect. 2 presents the
datasets used, as well as the methodology applied, to com-
pute the OHC in the IBI region. In Sect. 3 the time series
of OHC averaged over the whole IBI region are discussed to
provide a general view of the regional trends estimated. Sec-
tion 4 is devoted to showing and discussing maps of trends
computed in the same way as the ones provided in the GLO-
OMI-trend product. Section 5 analyses the vertical profiles
of OHC trends, studying the variability associated with dif-
ferent water masses. Section 6 summarises the availability
of the data used in this article. Finally, main conclusions are
summed up in Sect. 7.

2 Data and methods

Following the same methodology as in previous Copernicus
Marine Ocean State Report contributions (Lima et al., 2020;
Mayer et al., 2021), the estimates of OHC anomalies were
computed in the IBI region according to the follow equation:

OHC=

z2∫
z1

ρ0Cp (Tm− Tclim)dz, (1)

where ρ0 is the density at a reference depth
(ρ0= 1020 kg m−3), Cp is the specific heat capacity
(Cp = 4181.3 J kg−1 ◦C−1), z1 and z2 are the range of
depths to compute the total OHC, Tm is the monthly average
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potential temperature at a specific depth, and Tclim is the
climatological potential temperature of the corresponding
month and depth.

As can be seen in Eq. (1), the OHC anomalies are obtained
from integrated differences between the monthly tempera-
ture and the climatological one along a vertical profile in the
ocean. In the present work the anomalies have been refer-
enced to the monthly climatology computed between 1993
and 2019. Additionally, the OHC is presented for the typical
depths of 700 and 2000 m, but also for the upper 150 m to
analyse the OHC variability in the upper layer.

In order to allow assessing uncertainties of results, differ-
ent Copernicus products were used to provide multi-product
estimations of OHC; therefore, all results were previously
computed for a collection of Copernicus products and com-
bined to give an ensemble mean and the standard deviation
of the ensemble. Since the objective of this work is the anal-
ysis of OHC in the IBI region integrating results from the
surface down to a maximum of 2000 m depth, this study has
included all Copernicus Marine products that deliver gridded
data on potential temperature with vertical coverage from the
surface down to at least 2000 m. As shown in Tables 1 and
2, four different products meet these stated conditions: two
model reanalyses (the global and regional ones: GLO-REA
and IBI-REA, respectively) and two observation-based prod-
ucts (CORA and ARMOR). It is worth mentioning that when
OHC was computed, the GLO-REA product did not cover
the year 2020, so that year was not considered in the men-
tioned product.

Each product used is supplied for specific vertical levels
with specific thickness; all vertical integrations were com-
puted taking into consideration the thickness of each product
level. Similarly, since most of the products used are provided
with regular lat–long grids, the surface of each grid cell de-
pends on the latitude, and the spatial averages (when used in
this study) were computed considering the specific surface of
each product grid cell.

This work shows different results of OHC, mixing differ-
ent products with specific spatial resolutions (see Table 2).
The OHC has been computed for all products using Eq. (1)
on the grid of the distributed products and integrating results
(from the surface down to 150, 700, and 2000 m) using the
product layer thicknesses. The presentation of the results as
time series or as maps implies a difference in the way the re-
sults are averaged to compute the ensemble mean and spread.
Regarding the time series of OHC, anomalies were calcu-
lated referenced to the climatic mean of the period 1993–
2019. Then the vertical integrations and spatial average were
obtained, preserving the service grid of each product. There-
fore, the ensemble time series are averaged from time series
computed over the service grid of each product. However,
to compute ensemble results that comprise spatial informa-
tion (i.e. results presented as maps), each ensemble member
must be interpolated to obtain all estimations on the same
grid. Since IBI-REA and GLO-REA products share the same

grid, it was considered to be the reference grid; thus, CORA
and ARMOR products were spatially interpolated. This in-
terpolation was made over the OHC integrated on the respec-
tive layer before averaging the ensemble. The comparison of
interpolated and non-interpolated results of each ensemble
member did not show relevant changes in the field structure
or mathematical artefacts.

This paper focuses on the analysis of OHC trends in the
IBI regions. For this purpose, OHC trends are analysed on
different time periods within the registry. The selection of
time periods corresponds to different criteria such as the de-
tection of trend changes, comparison of results with other
works, or selection of periods representative of large-scale
patterns. In the case of the analysis of vertical trend profiles
(Sect. 5), the time record 1993–2021 has been divided into
two periods characterised by a differentiated behaviour of
the NAO (NOAA, 2022), considering that (i) the NAO in-
dex in 1994 was moderately positive and (ii) it has a min-
imum in 2010 and (iii) a maximum in 2018; the periods
1993–2010 and 2010–2019 were selected as representative
of NAO changes in phase from positive to negative (period
1993–2010) and vice versa, from negative to positive (period
2010–2019; see Fig. S1 in the Supplement).

3 Analysis of OHC time series

Figure 1 shows combined results of products IBI-REA,
GLO-REA, CORA, and ARMOR (listed in Tables 1 and 2),
with panels displaying the ensemble mean and the ensem-
ble standard deviation of OHC for the period 1993–2021.
Corresponding to the ensemble spread, time series reveal
an increase in uncertainties when deeper layers are included
(0–700 and 0–2000 m); this result can be explained by the
decrease in observational data available in deeper levels. It
is worth noting the decrease in uncertainties observed after
2003 in the time series integrated over the upper 2000 m.
These differences in uncertainties are explained considering
the remarkable improvement in the global ocean observing
system achieved with the implementation of the global Argo
array in 2005 (von Schuckmann et al., 2016; Abraham et
al., 2013; Cheng et al., 2022, 2017). The period 1999–2001
shows larger uncertainties observed in the record. This in-
dicates larger discrepancies between ensemble members in
representing the minimum of OHC observed in this period.
These discrepancies affect both the year when the minimum
is reached (while GLO-PHY-REA estimates the minimum in
2000, the other products reach the minimum in 2001) and the
magnitude of the minimum values (with all products agree-
ing on observed negative anomalies during this year).

Trends of time series obtained in Fig. 1 show a barely sig-
nificant warming of the IBI region in the upper (0–700 m;
0.39± 0.27 W m−2) and intermediate to deep layers (0–
2000 m; 0.40± 0.39 W m−2); conversely, such a trend does
not affect the surface layer, where the trend is not signifi-
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Figure 1. OHC averaged in the IBI domain integrated from the
ocean’s surface down to 150 m (a), 700 m (b), and 2000 m (c). Time
series computed from four Copernicus Marine products (i.e. IBI-
REA, GLO-REA, CORA, and ARMOR), providing a multi-product
approach. The blue line represents the ensemble mean, and shaded
grey areas represent the standard deviation of the ensemble. The
analysis of trends (at 95 % confidence interval) computed in the pe-
riod 1993–2020 is included (bottom right box). Trend lines (dashed
line) are only included in the figures when a significant trend is ob-
tained.

cant. Considering that the trend integrated at 0–2000 m is at
the limit of significance, we can consider this to be a mathe-
matical result; thus, results suggest a dominance of the vari-
ability at intermediate levels over the OHC trend. It is worth
mentioning that, despite the positive trends observed in the
whole period (1993–2020) of time series integrated down to
700 and 2000 m, a change in trends of these time series after
the year 2005 can be appreciated. Table 3 shows the trend
analysis by dividing the time record into two halves: the pe-
riod 1993–2005 and the period 2005–2021. While the results
show a significant warming of integration depths 0–700 and

Table 3. Mean OHC trends (in W m−2) averaged in the IBI do-
main and integrated from the ocean’s surface down to 150, 700, and
2000 m. The confidence interval of trends is computed with 95 %
confidence. In bold are the values for which the absolute trend ex-
ceeds the confidence interval.

Integration OHC trend (W m−2) computed
depth (m) in period

1993–2005 2005–2021 1993–2021

0–150 0.36± 0.46 0.03± 0.25 0.10± 0.12
0–700 1.6 ± 0.57 –0.56 ± 0.35 0.39 ± 0.27
0–2000 1.86 ± 1.09 –1.02 ± 0.48 0.40 ± 0.39

0–2000 in the period 1993–2005, the period 2005–2021 is
characterised by a cooling of both integration layers. This re-
sult is consistent with the decadal-scale warming and fresh-
ening observed in the North Atlantic Ocean in the period
1990–2020 (González-Pola et al., 2020; Holliday et al., 2020;
Somavilla et al., 2009). Additionally, this reversal of the
trend explains the discrepancies observed between the long-
term trends estimated in this work and the ones observed at
0–700 m in von Schuckmann et al. (2016) (0.8± 0.3 W m−2)
and von Schuckmann et al. (2018) (0.9± 0.4 W m−2) for the
periods 1993–2015 and 1993–2016, respectively. The cited
works exclude the last years, which have a large influence on
the overall trend.

4 Analysis of regional trends of OHC

Figure 2 shows trend maps of OHC computed at 0–2000 m
for the IBI region. The figure includes the computation of
trends considering two different periods. The period 2005–
2019 was selected to allow comparison of results obtained
in this work (Fig. 2a) with those obtained with the prod-
uct GLO-OMI-trend (Fig. 2b), computed for the same pe-
riod and cropped in the figure to only show the study region.
On the other hand, the period 1993–2021 was selected to
study the spatial distribution of long-term trends in the IBI
region (Fig. 2c). The comparison of results obtained in this
work with the GLO-OMI-trend (Fig. 2a and b) shows a high
level of agreement, with differences mostly being related to
the different resolution. Thus, both figures estimate a neg-
ative trend that mainly affects the offshore ocean north of
38◦ N and a tongue between 31 and 38◦ N that shows warm-
ing trends.

It worth mentioning that the higher resolutions of the prod-
ucts used in this work allow computing OHC trends along the
northwestern European shelf, showing a significant warming
of the region. This warming may seem low when compared
with the values observed in open ocean, but it should be con-
sidered that this warming is affected by the shallower depths
in the region. For the sake of brevity, Fig. 2 only shows re-
sults for the 0–2000 m layer; however, as occurred in the
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Figure 2. Regional maps of OHC trend computed at 0–2000 m (a) over the periods 2005–2019 and (c) 1993–2021. Trends computed using
the four Copernicus Marine products (IBI-REA, GLO-REA, CORA, and ARMOR), providing a multi-product approach. Shaded colours
represent mean trends (using all products), while shaded grey indicates areas with less robust signatures (where the noise – ensemble standard
deviation of trends – exceeds the signal – ensemble mean). (b) Same as panels (a) and (c) but obtained from the product GLO-OMI-trend
over the period 2005–2019.

time series analysed in the previous section, the observed
trends (positive and negative) are subsurface-intensified, so
the larger the integration depth, the larger the observed trend
(results not shown). Such intensification of trends suggests
that both signals are stronger underneath the upper layer, sug-
gesting that they are more related to the evolution of interme-
diate and deep water masses than to the year-to-year interac-
tion with the atmosphere.

Examining trends computed for the whole time record
(Fig. 2c) we conclude that, as estimated by the averaged time
series in the previous section, the trend calculated for the
whole time record indicates a generalised warming of the IBI
area. However, the significance of such warming is smaller,
existing in regions with no evidence of OHC trend.

As occurred with the analysis of time series, trend maps
show a dependence of the results on the time period selected
for the analysis (comparing Fig. 2a and c). This suggests a
strong influence of interannual processes on the observed
trends. However, it is worth mentioning that the warming
trend of the region around 34◦ N latitude is consistent for
both analyses.

5 Analysis of OHC trends across different water
masses

Since it has been observed in the data that OHC trends are
accentuated in depth, the following section analyses the ver-

tical profile of trends in the region. However, this analysis
cannot be carried out for all products and for all points of
the grid. Therefore, it has been decided to study the trend
profile obtained from the IBI-REA product for two charac-
teristic subregions centred at 35 and 48◦ N (Fig. 3a and b).
Hereafter these subregions will be referred to as 35N and
48N, respectively.

The IBI-REA product was selected for this purpose be-
cause it assimilates observational (in situ and satellite) data
and uses the GLO-REA product as initial and boundary con-
ditions, therefore indirectly incorporating from the parent
products information from the other products. On the other
hand, the subregions chosen were selected to provide a de-
tailed analysis of the main features described in the previous
section. A first analysis has shown that, as seen with verti-
cally integrated data, the resulting trends show a dependency
on the selected period. Hence, as explained in the “Data and
methods” section (Sect. 2), in order to provide information
on the temporal variability of the water bodies in the IBI
area, the trend analysis has been performed by dividing the
time period into two periods representative of the positive
and negative trend of the NAO index: the period 1993–2010
when the NAO evolves from positive to negative and the pe-
riod 2010–2019 representing the NAO transition from nega-
tive to positive.

The analysis of OHC trend maps for these two periods
shows that during the transition to negative NAO phases
(Fig. 3a), the water masses in the region undergo signifi-
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Figure 3. (a, b) Maps of regional trends of OHC (0–2000 m) over the periods 1993–2010 (a) and 2010–2019 (b) derived from the IBI-REA
product. Grey shaded areas represent regions where the trend is not significant (95 % confidence). Dashed rectangles denote the subregions 35
and 48◦ N where θ/S diagrams are averaged in other panels. (c–f) θ/S diagrams averaged in subregions (35 and 48◦ N) and over the periods
1993–2010 and 2010–2019. (c) Region 48◦ N period 1993–2010, (d) region 48◦ N period 2010–2019, (e) region 35◦ N period 1993–2010,
and (f) region 35◦ N period 2010–2019.
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cant warming over almost the entire IBI area. However, this
warming is not significant in part of the southern half of the
domain, in the vicinity of the Gulf of Cádiz and the Seine
and Horseshoe Abyssal Plains. In contrast, the trend map
associated with the NAO transition period towards positive
values (Fig. 3b) reveals a generalised cooling pattern with a
warming trend around the Horseshoe region similar to that
observed in Fig. 2b. Take into account, however, the fact that
Figs. 2b and 3b are not directly comparable, since temporal
coverage differs.

The trends of OHC averaged for the subregions defined
at 35N and 48N have been computed at each level to ob-
tain a vertical profile of trends. These trend profiles are pre-
sented in Fig. 3c, d, e, and f combined with the temperature
and salinity data on a yearly basis. Each profile shown in the
θ/S diagrams corresponds to the annual mean temperature
and salinity observed in the selected period (1993–2010 or
2010–2021) and averaged over the corresponding study re-
gion (35N or 48N). The different markers used correspond
to the different OHC trends observed for each depth. There-
fore, the shown θ/S diagrams allow discussing the trends of
OHC at each layer, linking these results with the different
water masses observed in the region.

The θ/S profiles shown in Fig. 3c, d, e, and f are consis-
tent with the water masses that the literature has described in
the northeastern Atlantic: the SAIW characterised by a salin-
ity minima at potential density σθ = 27.2 kg m−3, the salin-
ity maxima connected with MOW at the neutral density sur-
face σθ = 27.6 kg m−3, and a deeper salinity minima corre-
sponding to LSW underneath the isopycnal σθ = 27.8 kg m−3

(Talley and McCarney, 1982; Iorga and Lozier, 1999a, b;
van Aken, 2000; Prieto et al., 2013; de Pascual-Collar et al.,
2019); however, the core of LSW is only clearly visible in
subregion 48N where this water mass has a greater presence.

Regarding the OHC variability of SAIW, results in Fig. 3
show a similar behaviour of the water mass at 48N and 35N.
Thus, at both latitudes, the SAIW shows a warming (cool-
ing) associated with the negative (positive) NAO transition.
On the contrary, the OHC trends of MOW shows an inverse
behaviour between the subregions 35N and 48N. Thus, while
in subregion 35N, the MOW experiences a cooling (warm-
ing) associated with the negative (positive) NAO transition
(periods 1993–2010 and 2010–2021, respectively), in subre-
gion 48N the opposite occurs, and a warming (cooling) of
the MOW associated with the negative (positive) NAO tran-
sition is observed. These are consistent with the processes
described in the literature. Thus, the SAIW trends are coher-
ent with the changes in wind forcing associated with NAO as
described by Hurrel (1995) and Leadbetter et al. (2007), and
the MOW results are consistent with studies that observed a
significant anticorrelation between the westward and north-
ward transport of MOW (Bozec et al., 2011) as well as works
that describe the east–west shift of water mass boundaries in
the Horseshoe basin (de Pascual-Collar et al., 2019).

Table 4. Mean thermic trends (in W m−2) of SAIW, MOW, and
0–2000 m in the IBI subregions (35N and 48N) computed for the
period 1993–2021 with the product IBI-REA. Significance of trends
computed with 95 % confidence.

Water type Averaged trend (W m−2) in
IBI subregions (1993–2021)

35N 48N

Sub-Arctic Intermediate Water (SAIW) +0.52 (44 %) +0.40 (27 %)
Mediterranean Outflow Water (MOW) +0.52 (44 %) +0.36 (24 %)
Total (0–2000 m) +1.18 +1.46

Apart from the estimation of density levels defining each
water mass (shown in Fig. 3), an estimation of the heat trends
for each water mass was done for the entire study period
of 1993–2021 (see results in Table 4). It is observed that,
in line with the results shown in Fig. 2, the overall OHC
trends in both regions are positive. Considering that each wa-
ter mass has different thickness (SAIW approximately 300 m
and MOW approximately 400–500 m), we must conclude
that although the total trend shown in Table 4 is of the same
magnitude for both water masses, the heat gain per cubic me-
tre is higher for SAIW than for MOW. Additionally, the rel-
ative influence should be noted that both water masses have
on the water column trends down to 2000 m, explaining the
sum of the two water masses (a layer approximately 700–
800 m thick): 88 % (51 %) of the OHC trend in 35N (48N),
respectively.

6 Conclusions

The present work uses several Copernicus Marine products
to generate a multi-product OMI of ocean heat content from
the surface down to a set of depths over the period 1993–
2021. These indicators are able to detect decadal trends of
OHC. Specifically, the IBI region presents a warming of
+0.39 W m−2 in the upper 700 m. However, the study of both
time series trends and spatial distribution of trends shows a
high sensitivity to the time period selected, and therefore the
high inter-decadal variability detected makes these trends not
very significant. On the other hand, the OMIs integrated up
to 150 and 2000 m does not allow detecting clear significant
trends of results, which suggest that OHC variability in the
upper 2000 m may be mainly controlled by intermediate lev-
els.

Although the regional analysis of OHC trends integrated
in different depths may provide some clues about the ori-
gin of such trends, a finer analysis focusing on the differ-
ent water masses involved concludes that the vertically in-
tegrated trend is the result of different trends (positive and
negative) contributing at different layers. The analysis of wa-
ter masses in the region shows the existence of three water
masses (well referenced in the literature): SAIW, MOW, and
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LSW. Since the LSW is found in the depth limit established
here (2000 m), we put the focus on studying the temporal
variability of the heat stored by the other two involved water
masses: the SAIW and MOW. The study states that the IBI-
REA can simulate the OHC behaviour of SAIW and MOW
in a consistent way, with the OHC variability being associ-
ated with the NAO, consistent with the variability described
in the literature.

Despite the results showing a strong relationship between
the variability of the NAO and the OHC of SAIW and MOW,
both water masses show a differentiated behaviour. While
SAIW shows a homogeneous behaviour over the whole IBI
area (OHC trends associated with NAO have the same sign
in subregions 35N and 48N), MOW shows an anticorrelated
behaviour between subregions 35N and 48N (when the trend
is positive in 35N, in 48N it is negative and vice versa).

The work states the key role that subsurface water masses
play in the OHC trends in the IBI region by comput-
ing the OHC trends for SAIW and MOW over the period
1993–2021. The results show that, despite high interannual
variability, both water masses have experienced significant
warming in the study period. Additionally, the relative influ-
ence that these two water masses have on the integrated OHC
trends down to 2000 m is remarkable. Thus, it is found that
the sum of both water masses accounts for up to 88 % of the
integrated OHC variability from the surface down to 2000 m.
However, at more northerly latitudes, this relative influence
decreases to 50 %. The greater presence of LSW in the north-
ern regions of the IBI domain suggests that this water mass
may share relevance with respect to OHC trends with SAIW
and MOW; however, this hypothesis has not been demon-
strated in the present work.
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