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Abstract.

Ocean heat content (OHC) is a key indicator of Earth’s energy imbalance and long-term climate change.
Within the Marine Environment Reanalyses Evaluation Project (MER-EP), we use recent-generation
ocean reanalysis products (ORAs) to assess long-term global OHC changes, spatial warming patterns,
and inter-product consistency since 1993. We compare the results with those from objective analysis
products (OAs) and earlier-generation ORAs. The results show sustained global ocean warming during
1993-2022, concentrated mainly in the upper 2000 m. The ORA ensemble gives a global 0-2000 m OHC
trend of 0.73 [0.49, 0.97] W m™ (£1.65 std), with trend estimates from the OAs falling within the ORA
uncertainty range. Warming is more pronounced at mid-to-high latitudes and extends to greater depths at
high northern latitudes. Differences among ORAs are largest in the polar oceans, western boundary
current regions, frontal systems, and below 2000 m. Inter-product consistency among ORAs improves
markedly in the Argo era. In the upper 2000 m, the fraction of ocean area where the common ORA signal
exceeds inter-product spread (signal-to-noise ratio > 1) increases by 20.8 percentage points for interannual
variability and 21.3 percentage points for long-term trends after 2005. The largest improvement occurs in
the 700-2000 m layer. Below 2000 m, inter-product consistency among ORAs remains low throughout
the study period. Compared with earlier-generation ORAs, recent-generation ORAs also show a clear
improvement in inter-product consistency for both interannual variability and long-term trends in upper-
ocean OHC. These results increase confidence in using recent-generation ORAs to estimate global OHC
changes and indicate that sustained ocean observations provide an essential foundation for reliably

estimating global OHC changes.
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1 Introduction

The ocean is the dominant heat reservoir in the Earth system because of its large heat capacity, as most
of the excess heat associated with anthropogenic climate change is stored in the ocean (von Schuckmann
et al., 2020). Global ocean heat content (OHC) has increased substantially since the 1960s, with the
warming accelerating in recent decades, as consistently indicated by closely agreeing observation-based
estimates and ocean reanalyses (Cheng et al., 2022; Miniere et al., 2023; Storto and Yang, 2024). Ocean
warming affects the climate system and the marine environment through thermosteric sea-level rise,
marine heatwaves, stronger upper-ocean stratification and polar sea-ice decline (Cheng et al., 2022; Fox-
Kemper et al., 2021; von Schuckmann et al., 2024). Therefore, accurate estimates of global and regional
OHC, together with well-quantified uncertainties, are essential for monitoring the marine environment

and climate system changes (von Schuckmann et al., 2024).

OHC estimates can be derived from several complementary types of data and methods. Objective analyses
(OA) are observation-based but model independent gridded temperature products constructed from in situ
measurements using statistical mapping and bias-correction methods. Examples include EN4, NCEI, Ishii,
and TAP (Cheng et al., 2024; Good et al., 2013; Ishii et al., 2017; Levitus et al., 2012). Indirect and data-
driven approaches, based on satellite/geodetic observations and machine-learning methods, also provide
useful estimates of OHC changes, especially for assessing poorly observed deep-ocean warming and its
uncertainty (Marti et al., 2022; Meyssignac et al., 2019; Storto et al., 2022; Su et al., 2020). Ocean
reanalyses products (ORAs) provide another major source of OHC estimates by combining dynamical
numerical models with observations through data assimilation, which can provide spatially and
temporally continuous ocean states constrained by both observations and model dynamics (Balmaseda et
al., 2013b; Storto et al., 2019; Yang et al., 2025). Different ORAs typically assimilate the same in situ
data, but often amongst many other data sources, including from remote sensing, and add dynamical
constraints provided by theory as encoded in the general circulation model’s equations (Forget, 2010;

Forget et al., 2015a; Forget and Ponte, 2015).

An early multi-product assessment by Xue et al., (2012) compared upper ocean OHC variability across

an ensemble of operational ocean analyses and reanalyses. Since then, ORAs have been increasingly used

3
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to quantify OHC variability and long-term ocean warming (Balmaseda et al., 2013a; Hakuba et al., 2024;
Liu et al., 2024; Storto and Yang, 2024), ocean heat transport and regional heat redistribution (Forget and
Ferreira, 2019; Jiang et al., 2026; Liu et al., 2024; Song and Forget, 2026), Earth’s energy imbalance
(Balmaseda et al., 2013a; Forget, 2026; Hakuba et al., 2024) and to evaluations of sea-level and ocean-
mass budget closure (Bouih et al., 2025; Ludwigsen et al., 2024). However, OHC estimates from ORAs
are affected by model biases, data-assimilation choices, atmospheric forcing uncertainties, as well as the
sparse and time-varying distribution of observations. Different production centres use different ocean
models, forcing fields, assimilation schemes and bias-correction methods (Forget et al., 2015a;
MacLachlan et al., 2015; Menemenlis et al., 2008; Osafune et al., 2015; Storto et al., 2016). As a result,
OHC estimates from ORA may differ across products, especially during periods and in regions where

observational constraints are sparse or ocean dynamics are complex (Palmer et al., 2017).

Since the mid-2000s, the Core Argo array has greatly improved the coverage of upper-2000 m
temperature and salinity observations, providing direct constraints for both OAs and ORAs (Johnson et
al., 2022; Riser et al., 2016; Wong et al., 2020). The Argo system is also complemented by other
instrumental systems such as ship-based hydrological observations, mooring buoys and gliders.
Observing-system experiments with the ECMWF ocean reanalyses ORASS5 (Zuo et al., 2019) show that
Argo observations strongly constrain upper-ocean temperature variability, as their removal increased the
normalized RMSD of upper-700 m temperature interannual anomalies across much of the ocean during
2005-2015. From an observation-based OHC perspective, Zhu et al., (2026) showed that randomly
removing 20 to 80% of GOOS observations increased the relative error in annual ocean heating rates from
33 £ 6% to 97 + 20%, with even larger errors when data loss was spatially uneven. These results show
that the observations are critical for constraining OHC estimates. Earlier studies had already suggested
that the expansion of ocean observations improved agreement among ORAs. Xue et al., (2012) found that
the spread of 0-300 m OHC estimates across operational ocean analyses and reanalyses generally
decreased with time and reached a minimum as Argo observations became available. Palmer et al., (2017)
also showed that agreement among ORAs weakened substantially with depth, with deep-ocean OHC

remaining poorly constrained. However, both assessments were based on earlier-generation systems and
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did not quantify how changes in inter-product agreement across the Argo transition varied among depth
layers and regions. Whether the improvement persists in recent-generation ORAs, particularly below 300

m and outside well-observed regions, therefore remains unclear.

Over the past decade, the role of ocean reanalyses in major climate assessments has evolved. They were
not used for evaluation in [IPCC ARS because many reanalyses properties depend on the underlying model
system (Flato et al., 2013), whereas in AR6, improvements in ocean reanalyses were recognized. These
improvements included advances in model physics, model resolution, data assimilation, and atmospheric
forcing (Heimbach et al., 2019; Lellouche et al., 2018, 2021; Storto et al., 2019; Zuo et al., 2017).
Nevertheless, reanalyses-based OHC estimates were not the primary products used to show OHC changes
in AR6 (Fox-Kemper et al., 2021). Since then, ORAs have been increasingly used in global and regional
OHC studies and operational marine climate monitoring, including Copernicus Marine indicators and the
Copernicus Ocean State Report (Balmaseda et al., 2013a; Copernicus Marine Service, 2025; Forget, 2026;
Hakuba et al., 2024; Jackson et al., 2019; Jiang et al., 2026; Liu et al., 2024; von Schuckmann et al., 2024;
Song and Forget, 2026). Many current ORAs now extend more than a decade beyond the period covered
by ORA-IP, providing longer common records and a potentially more robust basis for assessing long-
term OHC changes and inter-product consistency. These methodological advances, broader applications,

and longer time series motivate a reassessment of recent-generation ORAs for OHC monitoring.

This study, within the Marine Environment Reanalyses Evaluation Project (MER-EP; Yang et al., 2026,
submitted), uses 13 recent-generation ORAs with 4 OAs for comparison, to examine whether ORA-based
OHC estimates of trends and variability have become more consistent across the Argo deployment
transition. We aim to address four questions: first, do ORAs and OAs show consistent large-scale OHC
changes? Second, how does inter-ORA agreement change across the transition to the Argo era? Third,
where do substantial ORA uncertainties remain as a function of depth and region? Fourth, has the
consistency of the new-generation reanalyses data improved in comparison to the previous-generation

reanalyses datasets, such as those included in ORA-IP?
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2 Data and Methods
2.1 Datasets

The 13 ORAs and 4 OAs used in this study are listed in Table 1. This study also uses two observation-
based time series for comparison: the Global Estimates of Ocean Heat Content (GOHC) ensemble mean
(Miniére et al., 2026) and the Global Climate Observing System (GCOS) OHC (von Schuckmann et al.,
2023). The comparison between ORAs and OAs is used to assess product consistency, not to estimate the
true state of the ocean, because the OAs are also affected by observational sampling, XBT/MBT bias
correction, reference climatology, and mapping methods (Boyer et al., 2016; Cheng et al., 2024; Liang et
al., 2021; Yuan et al., 2026).

In this study, we focus on four fixed depth ranges: 0—700 m, 700-2000 m, 0—2000 m, and 2000-5000 m.
The trend analysis is based on the 30-year period 1993-2022, and the diagnostic regions include both the
global ocean and the latitude range of 60°S—60°N. Of the 13 ORAs, eight products are used consistently
to calculate the ORA ensemble mean (ORA EM), ensemble spread and signal-to-noise ratio (S/N) analysis.
BRAN2020, ESTOC, and GODAS are excluded from these ensemble-based diagnostics because they do
not cover the full global ocean, while GloSia9-1 is excluded because it ends in 2020 and therefore does
not cover the full 1993-2022 analysis period. In addition, although GLORYSI12v1l meets both the
temporal and spatial requirements, compared to all ORAs and OAs used in this study, this dataset shows
a marked rapid increase in OHC after approximately 2019 and include it in the ensemble mean would
also result in a significant increase in uncertainty after about 2019 (Fig. S1). Therefore, we consider it an
outlier dataset. The new generation GLORYS12v2 is under production and will be evaluated when it is
available. These five products are still retained as individual products and are compared with the

individual OAs and ORAs.

For the spatial comparisons of OHC trends, we compare the ORA EM separately with each of the four
OAs over their available depth ranges, rather than with the OA EM. IAPv4 provides OHC fields from the
surface to 6000 m on 119 vertical levels and uses an updated objective-analysis framework (Cheng et al.,

2024). EN4 is the only other OA used here that extends beyond 5000 m (Good et al., 2013). Ishii and
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NCEI cover only the upper 3000m and 2000 m, respectively (Ishii et al., 2017; Levitus et al., 2012). An
OA EM would therefore include four products in the upper 2000 m but only IAPv4 and EN4 in the 2000
5000 m layer. Its composition would change with depth, making comparisons across layers harder to
interpret. With only two to four OAs available, their average could be sensitive to an individual product

and obscure differences between the ORA EM and each OA product.

To assess whether the ORAs used in MER-EP show improved OHC consistency relative to earlier-
generation ORAs, we also used the Ocean Reanalyses Intercomparison Project (ORA-IP) data analysed
by Palmer et al., (2017) and compared them with the eight-member ORA ensemble used in MER-EP. The
comparison was restricted to 1993-2010, because most ORA-IP ORAs end in or near 2010, and 12 ORA-
IP ORAs provide global coverage over this period, namely CFSR, C-GLORS, ECCOJPL, ECDA,
GECCO2, GloSea5, GODAS, K7, MOVEC, MOVEG2, SODA and UoR (more detail shown in Palmer
et al., 2017 Tablel). The comparison with ORA-IP focuses on the 0—-1500 m layer, as ORA-IP does not
provide 0-2000 m OHC fields.
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2.2 Ocean heat content calculation

Because the products differ in temporal, horizontal, and vertical resolution (Table 1), all monthly
temperature and salinity fields were linearly interpolated onto the native IAPv4 grid, with 1° x 1°
horizontal resolution and 119 vertical levels, before OHC was calculated. This grid is used because I[APv4
provides full-depth fields and is one of the main OAs used for the spatial and vertical comparisons in this
study, as mentioned in Section 2.1. To evaluate the sensitivity of global OHC estimates to spatial
interpolation, we compared OHC calculated on the native grids of C-GLORSv8, GLORYS12vl, and
ESTOC with the corresponding estimates after interpolation to the IAP grid. These products represent
three distinct native-grid configurations: a curvilinear grid, a high-resolution regular grid, and a lower-
resolution regular grid, respectively. The comparison results indicate that the impact of interpolation on

global OHC is minimal (Fig. S2).

OHC contained in a given depth layer was calculated by vertically integrating conservative temperature

from z; to z> (Cheng et al., 2024; Pan et al., 2023):
OHC = fZZf pC,Tdz (1)

where Z; and Z, are the upper and lower boundaries of the layer, respectively. The ¢, is a constant of ~
3991.9 J (kg K)! used in TEOS-10 to define Conservative Temperature. p and T are the in-situ density
(kg m) and Conservative Temperature (°C), respectively. Both are calculated from absolute salinity, in-
situ temperature, and sea pressure using International Thermodynamic Equation of Seawater—2010

(TEOS-10; Intergovernmental Oceanographic Commission et al., 2010).

Differences in product mean states and in the ocean volume represented by each product can affect
absolute OHC values. Therefore, OHC anomalies are used for the time-series analyses and related
statistics. For each product, the anomaly is calculated by subtracting that product’s own annual mean
OHC over the common 2005-2022 reference period (GCOS and GloSia9-1 are only available up to 2020,
their reference period is 2005-2020).
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In this study, the uncertainty in OHC estimates is represented using a 90% confidence interval (CI), or an
approximate 90% CI. IAPv4 uncertainty is estimated from a 918-member observational ensemble that
accounts for major sources of uncertainty, including data quality control, bias corrections, climatology,
vertical interpolation, and sampling and mapping errors (Yuan et al., 2026) and its 90% ClI is defined by
the 5th and 95th percentiles of the ensemble distribution. For the GCOS, GOHC and eight-member ORA
ensemble used in this study, an approximate 90% CI is calculated as the ensemble mean + 1.65 times the
sample standard deviation across ensemble members, assuming an approximately normal distribution.

For EN4, Ishii, NCEI and individual ORA, no uncertainty range is shown.

2.3 Interannual-variability and trend signal-to-noise ratios

We calculated two complementary signal-to-noise ratios (S/N) to quantify cross-product consistency in
OHC: one for detrended interannual variability and one for linear trends. Both diagnostics were calculated
separately for the OAs and ORAs at each grid point and depth range. The primary analysis compared
1993-2004 (12 years) with 2005-2022 (18 years). To assess the robustness of this comparison using
equal-length periods, both ORA diagnostics were additionally calculated for seven 12-year windows from
20052016 to 2011-2022. Each window was compared with 1993-2004. The OA S/N diagnostics
included IAPv4, EN4, and Ishii. NCEI was excluded because of no annual gridded fields before 2005.
The ORA calculation used the fixed eight-product ensemble mentioned in Section 2.1. Only the ORA
results for 1993—-2004 and 2005-2022 are presented in the main text; the OA results and the ORA sliding-

window results are provided in the Supplementary Information.

For interannual variability, following Palmer et al. (2017), the signal was defined as the temporal sample
standard deviation of the ensemble-mean detrended annual OHC time series. The noise was defined as
the time average of the annual sample standard deviations across products. The interannual-variability

S/N at each grid point and for each depth range was calculated as:

— 2
%Z?ﬂ(H{_Hﬁ’)

S/N =
S S I TR

2)

10
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Here, T is the number of years in the analysis period, and M is the number of products included in the

ensemble. The Hy, . is the detrended value for product m in year t. The ensemble mean in year t is H; =

1 oM ’ . . 1T 1o
Mzmﬂ Hp,+, and its temporal mean is pgr = ;Ztﬂ Hi.

For trends, S/N was calculated as the absolute value of the ensemble-mean trend divided by the sample

standard deviation of the trends across products:

S/N = B (3)
(s Eh(BmB)

where 3, is the slope obtained by fitting an ordinary least-squares regression to the annual OHC time

. . . 5 1 .
series for product m over the analysis period, and § = o M_ By, is the ensemble-mean trend.

Both S/N ratios are dimensionless. For interannual variability, an S/N value greater than one indicates
that the temporal standard deviation of the ensemble mean exceeds the time-averaged inter-product spread.
For trends, values greater than one indicate that the magnitude of the ensemble-mean trend exceeds the
inter-product trend standard deviation. These diagnostics quantify the ensemble signal relative to inter-

product spread.

3 Results
3.1 OHC time series and trend

The ORA EM and the OAs show broadly consistent large-scale OHC changes over the global ocean (Fig.
1). In the upper 700 and 2000 m, the ORA EM is generally lower than the OAs (Fig. 1). The increasing
availability of Argo observations improved the constraint on OHC estimates in both the OAs and ORAs,
thereby reducing the differences between the two kinds of datasets. After 2005, the ORA EM and OAs
show closer agreement in the upper 2000 m, and the OAs analyzed here lie within the ORA inter-product
spread. For the deep ocean 2000-5000 m layer, the ORA EM and IAPv4 agree well, although there is a
large spread within the ORA ensemble. EN4 shows a slower deep warming trend than IAPv4 and ORA
EM (Fig. 1d).

11
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Here we use the ensemble spread of 8 ORAs (Fig. 1 light grey shaded area) as the uncertainty information
because different reanalyses systems use different ocean models (e.g. model physics and schemes), data
assimilation schemes, observations assimilated (beyond Argo that virtually all ORAs and OAs use) and
atmospheric forcing, which could contribute the uncertainty coming from different components of the
reanalyses (Yang et al., 2019). In terms of the OAs, we show the uncertainty information for the IAPv4
ensemble, GCOS and GOHC (von Schuckmann et al., 2023; Miniére et al., 2026; Yuan et al., 2026). In
general, ensemble spread in the upper 2000 m decreased substantially for both OAs and ORAs after 2005
as the Argo observing network expanded (Fig. 1¢). Below 2000 m, both OAs and ORAs still exhibit large
uncertainties relative to the small magnitude of warming, with greater uncertainties in ORAs (Fig. 1d).
These happen because we have more observations in the upper ocean which constrain the ocean state but
sparse observations in the deep layer. In the top 700 m, atmospheric forcing-driven ocean dynamics
provides strong constraints to all ORAs which have a small spread relative to the other layers. In principle,
we have more confidence for the upper ocean for example between 0-2000 m in particular post-Argo
period, because of the strong atmospheric forcing and observational constraints but less confidence for
the deep layer (below 2000m) where data are sparse and reanalyses are susceptible to model bias. In spite
of the spread, there is consistency in the estimates of global and semi-global OHC between the ensemble

mean of ORA and the OA at all depth levels.

Figure 2 compares the OHC trends of OAs and ORAs in 1993-2022. Most OAs and ORAs show positive
OHC trends, with only a few exceptions in specific depth layers, indicating that sustained ocean warming
since 1993 is a robust large-scale signal across OA and ORA product families. The ORA EM estimates
an OHC trend of 0.73 [0.49, 0.97] W m? in the upper 2000 m over 1993-2022. The central estimates
from IAPv4, EN4, Ishii, and GOHC are generally lower, at 0.65 [0.56, 0.70], 0.73, 0.61, and 0.55 [0.47,
0.64] W m, respectively, but all fall within the ORA EM uncertainty range (Fig. 2¢). The GOHC covers
only 60°S—60°N (Miniere et al., 2026), resulting in lower OHC trend estimates than those from the other
global datasets. The globally integrated OHC trend is larger than the 60°S—60°N integrated trend,

indicating a positive contribution from polar regions.

12
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In the 2000-5000 m layer, the ORA spread is substantially larger (Fig. 2d), since there are some outliers
among the ORA members. For instance, GLORYS2v4 shows a decreasing OHC trend (Fig. 2d),
consistent with the Copernicus Marine Service product quality document, which reports persistent cooling
in the deep temperature and heat content time series of GLORYS2v4 (Drévillon et al., 2023). However,
the updated version, GLORYS4v2, has improved the representation of the OHC (Fig. 2d). GODAS shows
an even stronger cooling trend below 2000 m, several times larger than that of GLORYS2v4 (Fig. 2d).
However, aside from these outliers, the vast majority of ORAs show small rates of warming for this layer
—rates as small as in the OAs. The global 2000-5000 m OHC trends are 0.095 W m for IAPv4 and 0.067
W m for ORA EM over 1993-2022 (Fig. 2d). For comparison, Johnson and Purkey (2024) estimated a
global warming rate of 0.068 +0.016 W m below 2000 m from 1987 to 2015.
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285 Figure 1. Global OHC anomalies from 1993 to 2024 for (a) 0—700 m, (b) 700-2000 m, (c) 0-2000 m, and (d) 2000-5000

m. Anomalies are referenced to 2005-2022. Colored shading indicates the 90% confidence interval (CI), as described

in Section 2.2. OHC is expressed in zettajoules (ZJ, 1 ZJ = 10! J).
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Figure 2. Global and 60°S—-60°N OHC trends for (a) 0—700 m, (b) 700-2000 m, (c) 0-2000 m, and (d) 2000-5000 m.
Trends are calculated over 1993-2022 for all products except GCOS and GloSia9-1, for which 1993-2020 are used
because their data end in 2020. The Bran2020 and GODAS values in panel d represent trends of 2000-4509 m and 2000-
4478 m, respectively, due to their limitation on maximum depth. Open symbols show OHC trends for 60°S—60°N, and
filled symbols show global OHC trends. Error bars indicate the 90% CI.
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3.2 Variability of Upper-2000 m OHC Tendencies and TOA Net Radiation

Satellite radiative flux measurements indicate an increase in Earth's energy imbalance (EEI) over the past
two decades (Loeb et al., 2021). Following Trenberth et al. (2016), we compare monthly global upper-
2000 m OHC tendencies from the ORA EM and three OA products with net top-of-atmosphere (TOA)
radiation anomalies from CERES (Fig. 3). At the monthly scale, all OHC products exhibit substantially
larger fluctuations than CERES (Fig. 3a). The standard deviations are 3.63 and 3.41 W m™ for the ORA
EM and IAPv4, respectively, much smaller than those of EN4 and Ishii, but still considerably larger than
CERES (0.70 W m™). Following Trenberth et al. (2016), we apply a 1-2—1 smoothing filter, which uses
weights of 0.25, 0.50, and 0.25 for three consecutive months, to reduce high-frequency fluctuations (Fig.
3b). We also calculate 12-month running means directly from the original monthly series (Fig. 3c). Both
smoothing methods substantially reduce the fluctuations. After 12-month smoothing, the standard
deviations decrease to 0.54 W m? for the ORA EM and 0.66 W m2 for IAPv4, closer to CERES (0.41 W
m2), while EN4 and Ishii retain considerably larger variability (Table 2). The temporal differencing
amplifies high-frequency noise, which can contribute to the large month-to-month fluctuations in OHC

tendencies (Trenberth et al., 2016).

The linear trends in the 12-month running mean OHC tendencies over January 2005—June 2023 are 0.29
[-0.21, 0.80] W m™ decade™! for the ORA EM and 0.27 [0.10, 0.37] W m™ decade™! for IAPv4, while
EN4 and Ishii show smaller trends (Table 2). All four OHC products show smaller trends than CERES
(0.54 W m decade™!). The inter-product uncertainty interval for the ORA EM spans zero, indicating that
the magnitude and robustness of the increase in ocean heating rates remain strongly product-dependent.
Nevertheless, the ORA EM provides the closest central trend estimate to CERES among the OHC
products. In comparison, the IAPv4 ensemble shows a more robust positive trend, with its uncertainty
range entirely above zero. Together with the variability analysis, these results suggest that the ORA EM
and IAPv4 provide more consistent estimates of upper-ocean heating-rate variability with the CERES
energy-budget constraint than EN4 and Ishii, although substantial uncertainties remain in the long-term

trends.
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Figure 3. Monthly variability in upper-2000 m OHC tendencies and CERES net top-of-atmosphere (TOA) radiation
from 2005 to 2023. OHC tendencies are calculated from differences between consecutive monthly OHC anomalies and
expressed per unit Earth area (W m?). CERES shows anomalies of global net TOA radiation. The OHC products are
IAPv4, EN4, Ishii, and the eight-reanalysis ensemble mean (ORA EM). (a) Monthly series; (b) the same series after 1—
325 2-1 smoothing; (c) centered 12-month running means calculated directly from the series in panel (a). Each product’s
2005-2022 monthly climatology was removed. Red shading shows the 5th—95th percentile range of 918 IAPv4 members;
gray shading shows ORA EM =£1.65 times the standard deviation across its eight members. Complete smoothing

windows end in November 2023 in (b) and June 2023 in panel (c).
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Table 2. For each of the given global OHC products and CERES, included are the following: autocorrelation (AC) at
lag-1 month of OHC (or CERES equivalent); the monthly standard deviation (std dev) of the monthly rates of change
of OHC (W m2); the corresponding standard deviation if smoothed with a 0.25 (1-2—1) smoother; standard deviation
of the 12-month running mean; and the linear trend of the 12-month running mean (W m decade™). Brackets

indicate the 90% uncertainty ranges for ORA EM and IAPv4. All values are for 2005-2023 and 0-2000 m depth.

Product Lag-1 AC Std dev Std dev (1-2-1) Std dev (12 month) Trend (W m? decade™)
ORA EM 0.997 3.629 2.177 0.542 0.293 [-0.212, 0.799]
IAPv4 0.997 3412 2282 0.662 0.256 [0.100, 0.370]
EN4 0.983 8.969 4.687 1.006 0.171

Ishii 0.988 7.182 3.769 1.078 0.183

CERES 0.999 0.703 0.563 0.407 0.542

3.3 Spatial trend patterns and regional product dependence

Both OAs and the ORA EM show widespread warming in 0—2000 m OHC during 1993-2022, and their
large-scale spatial patterns are broadly consistent (Fig. 4 and Fig. 5). These products show a strong
warming trend in the Atlantic basin, with the exception of the cooling trend in the Subpolar gyre (i.e.
"North Atlantic Warming Hole"). The products show a pronounced and robust warming in the North
Pacific, consistent with the northward displacement of the Kuroshio. There is also substantial warming in
the Indian Ocean and Western Pacific, and most of the Southern Ocean. The only areas where both OAs
and ORAs show a cooling trend are in the above mentioned North Atlantic Warming Hole, the Eastern
Equatorial Pacific and the Southern Ocean by the equatorward edges of the sub-Antarctic Front and Polar

Front.

However, the difference between the OAs and ORA EM shows regional structure. For example, large
differences between OAs (IAPv4 and EN4) and ORA EM occur mainly in regions with strong meso-scale
dynamics and large-scale gradients, including the North Atlantic western boundary current (WBC) and
its extension, the Kuroshio Extension, the Antarctic Circumpolar Current (ACC) and its frontal systems
and the Agulhas Return Current region (Fig. 4b and c¢). A notable large-scale difference between the ORA
EM and the individual OAs (Fig. 4b and c; Fig. S3) is evident in the tropical Pacific, characterized by a
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dipole pattern: the ORA EM shows a stronger warming trend in the western Pacific and a weaker warming
trend in the eastern Pacific (Fig. 4b and c). Overall, the global mean absolute difference (MAD) of I[APv4
and the ORA EM in OHC trend is slightly lower than that of EN4 (Fig. 4b and c). EN4-derived trends
355 should be interpreted with caution in areas with low observation weights, where the analyses are more

strongly influenced by background fields (Killick, 2021).

Significant differences among ORAs are also found in regions with strong meso-scale activity (Fig. 4d),
where OHC changes are highly sensitive to the position of current axes, frontal slopes, and eddy activity.
This means that a small displacement relative to the grid scale can produce large OHC differences among
360 products. The similar features are also present among the OAs, but with a smaller magnitude (Fig. 4e).
Inter-product differences among ORAs are smaller in the subtropical gyres, the tropical Indian Ocean,

and parts of the tropical Pacific (Fig. 4d).
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Figure 4. Spatial patterns of 0—2000 m OHC trends and product spread during 1993-2022. Panel (a) shows the eight-
365 product ORA EM trend. Panels (b, ¢c) show ORA EM minus IAPv4 and EN4, respectively. Panels (d, e) show the
standard deviation of OHC trends across eight ORAs and four OAs, respectively. Hatching in panel (a) marks grid
cells where the linear trend is not statistically significant at the 90% confidence level. Boxed mean absolute difference
(MAD) values are global ocean area-weighted mean absolute differences. Boxed Mean values are area-weighted means

of the displayed standard-deviation fields. All mapped quantities and boxed statistics are expressed in W m?2,

370 Figure 5 shows the 0-2000 m OHC trends in individual OAs and ORAs. The four OAs exhibit broadly
similar and relatively smooth large-scale patterns (Fig. 5a-d), likely reflecting their reliance on largely the

same in situ data, statistical mapping, objective analysis, and spatial smoothing. Compared with the other
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OAs, EN4 shows stronger OHC trends in western boundary currents and the ACC regions (Fig. 5a-d).
Consistent with the spatial pattern of the warming trend in OAs, most ORAs show warming in the Atlantic
Ocean, many high-latitude regions of the Northern Hemisphere, and parts of the Southern Ocean.
However, substantial differences remain in WBC, ACC and high-latitude regions. For example, most
products show Arctic warming, whereas GLORYS2v4 and GLORYS12v1 show cooling in parts of the
Arctic Ocean (Fig. 51 and m). Among all the ORAs, BRAN2020 shows a cooling trend in the North WBC
region and also broad cooling in the Pacific and Indian Oceans, which may be caused by its relatively
high early-period OHC anomalies shown in Fig. S1. These individual-product maps show that the regional
trend structure can differ substantially even when the basin-scale warming signal is broadly consistent

across products. Most products show a relatively small trend below 2000 m (Fig. S4).

These ORAs span a wide range of horizontal resolutions, from coarse non-eddy-resolving grids (1°) to
eddy-permitting (1/4°) and nominally eddy-resolving (1/12°) configurations (Table 1). In dynamically
active regions, coarse-resolution models cannot explicitly resolve mesoscale eddies. They therefore rely
more strongly on eddy parameterizations and are also subject to stronger numerical smoothing, which
tends to smooth sharp local warming or cooling signals. This is evident, for example, in ESTOC, CIGAR1
and GODAS, which show relatively smooth OHC changes in western boundary current regions (Fig. 5h,
p and q). In contrast, GLORYS and C-GLORS products for example, with horizontal resolution higher
than 1°, can retain sharper local frontal gradients in dynamically active regions, even after remapping to
the common 1° grid (e.g. Fig. S5m). This difference between resolving and parameterizing mesoscale
processes can lead to substantial product-dependent differences in the horizontal and vertical

redistribution of heat in these regions (Chassignet and Xu, 2017).
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(p) ESTOC (q) GODAS
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Figure 5. Individual OA and ORA trends in 0-2000 m OHC. Panels (a—d) show the four OAs, and panels (e—q) show
the individual ORAs. Trends are calculated over 1993-2022, except for GloSia9-1, for which 1993-2020 is used because

its data end in 2020. Hatching marks grid cells where the linear trend is not statistically significant at the 90%

confidence level.
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3.4 Latitude-depth structure of OHC trends

The latitude-depth diagnostics show where, and at which depths, the seawater temperature trend is
consistently represented among products and where it remains most product dependent (Fig. 6 and 7).
During 1993-2022, both the OAs and the ORA EM are dominated by positive temperature trends,
particularly in the upper 2000 m (Fig. 6 and 7). Both the OAs and the ORA EM show the strongest upper-
2000-m warming in the mid-latitudes, followed by the high latitudes of the Northern Hemisphere, where
the warming extends to greater depths than the Southern Hemisphere (Fig. 6a and 7a—d).

The differences between the ORA EM and individual OAs vary among datasets (Fig 6b and c¢). Compared
with IAPv4, the ORA EM shows stronger warming between the equator and 45°S, but weaker warming
near the surface of the Southern Ocean (Fig. 6b). Compared with EN4, the ORA EM shows weaker upper-
ocean warming across most of the Southern Hemisphere, whereas stronger warming occurs at some
latitudes and depths in the Northern Hemisphere (Fig. 6¢). Pronounced differences between the OAs and
the ORA EM are also found in the 2000-5000 m layer of the Southern Hemisphere middle-to-high
latitudes and in the deep Arctic Ocean (Fig. 6b and c¢). The latitude—depth difference patterns between the
ORA EM and Ishii or NCEI in the upper 2000 m are broadly similar to those between the ORA EM and
[IAPv4 (Fig. S5).

The Arctic shows the largest ORA spread, especially in the deep ocean north of 80°N (Fig. 6d). This may
mainly be caused by the fact that Arctic observations are much sparser than North Atlantic observations
and that reanalyses products differ in their representation of deep-water formation and ocean heat
transport from Atlantic warm water. In this region, seawater temperature estimates are sensitive to sea
ice—ocean coupling, open-water fraction, stratification, vertical mixing, and the representation of Atlantic
inflow. The near-Antarctic Southern Ocean also shows large ORA spread from the upper ocean to about
2000 m (Fig. 6d). In the Southern Ocean, surface heat uptake can be redistributed away from the Antarctic
margin and into the ocean interior by the overturning circulation, including circumpolar upwelling and
northward transport (Armour et al., 2016). As a result, seawater temperature trends near the Antarctic are
spatially heterogeneous and can be represented differently among ORAs. However, there is a subtle but

consistent warming of bottom waters in the deep Southern Ocean around 4000 m near 60°S (Fig. 6a).
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Figure 7 shows the latitude-depth structure of seawater temperature trends in individual OAs and ORAs.
Most products show positive trends in the upper ocean, and the OAs exhibit broadly similar large-scale
patterns within their common depth ranges. In contrast, the ORAs show substantial differences. These
differences are especially pronounced below 2000 m. Most ORAs show weak deep-ocean warming,
whereas some products show strong deep cooling or localized deep warming. For example, BRAN2020
and GODAS show large cooling below 2000 m in the low- and mid-latitude oceans (Fig. 70 and q);
SODA3 and GODAS show large deep warming in the Southern Ocean, with the signal extending toward
lower latitudes in the deep ocean (Fig. 71 and q). Between these end members, clear differences also occur
among products from the same family or similar systems. GLORYS2v4, GLORYS4v2 and
GLORYS12v1 exhibit marked differences in the deep layer (Fig. 7i, j and m); and CIGAR1 and
CIGARO25 differ substantially at high latitudes and in the deep ocean (Fig. 7g and h). These results
indicate that the vertical structure of OHC trends can be sensitive to model physics, resolution,
assimilation methods, and the types of observational variables assimilated, particularly in data-sparse
regions. Therefore, products from the same centre or product family should not be treated as equivalent

when evaluating regional or depth-dependent seawater temperature changes.
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Figure 6. Latitude—depth structure of zonal-mean temperature trends during 1993-2022. Panel (a) shows the eight-
product ORA EM trend. Panels (b, ¢) show ORA EM minus IAPv4 and EN4, respectively. Panels (d, e) show the
standard deviation of temperature trends across eight ORAs and four OAs, respectively. Hatching in panel (a) marks
locations where the linear trend is not statistically significant at the 90% confidence level. The grey contour in panel
(a) marks +0.02 °C decade’’, and blue and red contours in panels (b, ¢) mark —0.01 and +0.01 °C decade™, respectively.

Panel (e) is blank below 2000 m because Ishii and NCEI are unavailable below 2000 m.
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3.5 Seasonal amplitude

The annual cycle of OHC describes the strength of regular heat storage and heat release by the ocean
within a year (Forget, 2010; Palmer et al., 2017). Unlike the long-term OHC increase, which mainly
reflects net ocean heat uptake, the seasonal-cycle amplitude is more directly affected by seasonal
radiation, air—sea heat fluxes, mixed-layer depth, wind-driven transport, and local circulation (Johnson et
al., 2024; Pan et al., 2023). It therefore provides an additional diagnostic for assessing whether ORA and
OAs show consistent seasonal heat-storage structures. In this study, the seasonal amplitude at each grid
point is defined as the difference between the maximum and minimum values of the 12-month

climatology (1993-2022) after removing the long-term trend.

In the 0-2000 m layer, individual OAs and ORAs show similar high-amplitude bands (Fig. S6). The ORA
EM shows a clear narrow east-west band that appears in the equatorial Pacific. Strong seasonal
amplitudes are also found in the Kuroshio Extension in the North Pacific, the Gulf Stream and its
extension in the North Atlantic, the southern Indian Ocean—Agulhas system, the Southern Ocean frontal
zone, and several WBC and basin-boundary regions (Fig. 8a). Pan et al., (2023) showed that eddy-induced
advection can make an important contribution to the annual cycle of OHC in regions with high eddy
kinetic energy, such as WBC and ACC. Compared with IAPv4 and EN4, ORA EM exhibits stronger
seasonal amplitude in the WBC and ACC regions, while it is weaker in polar regions (Fig. 8b and c¢). The
global MAD of IAPv4 and the ORA EM in seasonal amplitude are lower than that of EN4 (Fig. 8b and
c). The inter-product spread in seasonal amplitude is larger among the OAs than among the ORAs (Fig.
8d and e), mainly because Ishii shows a substantially larger seasonal amplitude than IAPv4 and EN4 (Fig.
S6).
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475 Figure 8. Seasonal-cycle amplitude of 0—2000 m OHC. Seasonal amplitude is defined as the maximum-minus-minimum
range of the detrended 12-month climatology (1993-2022). Panel (a) shows the eight-product ORA EM. Panels (b, c)
show ORA EM minus IAPv4 and EN4, respectively. Panels (d, e) show the standard deviation across eight ORA and
three OAs, respectively. Boxed MAD values in panels (b, c) are global ocean area-weighted mean absolute differences.
Boxed Mean values in panels (d, e) are area-weighted means of the displayed standard-deviation fields. The OA spread

480 includes IAPv4, EN4 and Ishii; NCEI is excluded because no monthly field is available before 2005.
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3.6 Inter-product agreement in OHC interannual variability and trend

The S/N directly indicates whether the common interannual variability or trend in OHC represented by
the ORA EM is stronger than the spread among individual products. For interannual variability, regions
with S/N > 1 before 2005 were mainly located in the upper ocean of the low- to mid-latitude Pacific and
parts of the Indian Ocean (Fig. 9a, b). These regions largely coincide with areas strongly influenced by
major modes of interannual climate variability, including the El Nifio—Southern Oscillation and the Indian
Ocean Dipole. For the OHC trend, regions with S/N > 1 before 2005 were mainly located in the western
Pacific, North Pacific, and subpolar North Atlantic (Fig. 10a, b).

After 2005, the area with S/N > 1 expanded substantially in the upper 2000 m for both interannual
variability and trends. For interannual variability, the fraction of the ocean area with S/N > 1 increased
from 52.9% during 1993-2004 to 73.7% during 2005-2022 (Fig. 9¢g, h), with much of the increase
occurring in the Southern Ocean, northern Indian Ocean, and Atlantic Ocean. Both the 0—700 m and 700—
2000 m layers contributed to this increase (Fig. 9c, f), with the largest increase occurring at 7002000 m.
In contrast, the fraction of the ocean area with S/N > 1 at 2000-5000 m showed little change between the
two periods (Fig. 9j-1). For the OHC trend, the fraction of the ocean area with S/N > 1 in the upper 2000
m increased from 44.2% during 1993-2004 to 65.5% during 2005-2022 (Fig. 10g, h). The increase was
widespread across the Atlantic Ocean, the mid-latitude Pacific, and the Indian Ocean. However, in some
regions of the low-latitude Pacific and southern Indian Ocean, S/N decreased from values above 1 to
below 1 (Fig. 101). Similar to the results for interannual variability, the largest increase occurred in the
700-2000 m layer (Fig. 10f). These improvements for the inter-product agreement are consistent with the

strengthened observational constraints in the upper 2000 m during the Argo era.

To assess whether the different lengths of the two comparison periods affected these results, we
additionally calculated both S/N metrics for seven 12-year moving windows from 2005-2016 through
2011-2022 and compared each of them with the 1993-2004 period (Fig. S7 and S8). The main results
remained consistent across these equal-length comparisons, indicating that the difference in window
length does not materially affect our main conclusions. The OAs also show a clear increase after 2005 in

the area with S/N > 1 for both interannual variability and OHC trend, although the increase is smaller
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than that for the ORA (Fig. S9 and S10). This smaller increase reflects the already extensive areas with
S/N > 1 in the OAs before 2005. During 2005-2022, the fractions of the ocean area with S/N > 1 reached
95.5% for interannual variability and 84.6% for trends (Fig. SOh and S10h, respectively).

Taylor diagrams provide a complementary view of product agreement by evaluating whether different
products reproduce similar OHC anomaly structures (Fig. 11). In the 0—700 m layer, product points are
closely clustered. Most products show high correlations with the ORA EM, and their normalized standard
deviations are close to 1 (Fig. 11a). This indicates that upper-ocean OHC anomalies contain a clear
common spatiotemporal signal across products. Agreement weakens with depth. In the 700-2000 m layer,
the distances between individual products and the ORA EM become larger (Fig. 11b). The largest product
differences occur in the 2000-5000 m layer, where many products have lower correlations and normalized
standard deviations that strongly deviate from 1 (Fig. 11d). Some ORAs show deep-ocean anomaly
amplitudes several times larger than those of the ORA EM. Taylor diagrams for 60°S—-60°N show

conclusions that are generally consistent with the global results (Fig. S11).
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Changes in ORA OHC Interannual Variability S/N
Threshold crossing

1993-2004 S/N 2005-2022 S/N across S/IN =1
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2000-5000 m
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Figure 9. Changes in the ORA OHC interannual signal-to-noise ratio (S/N) across the Argo transition. Rows show 0-
700 m, 700-2000 m, 0-2000 m, and 2000-5000 m, respectively. The first two columns show S/N for 1993-2004 and
2005-2022, respectively, and the third column shows crossings of the S/N = 1 threshold. Black contours mark S/N = 1.
525 Percentage labels in the first two columns indicate the valid ocean area with S/N > 1. In the third column, percentage

labels indicate changes in the ocean-area fraction with S/N > 1 in percentage points (pp).
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Changes in ORA OHC Trend S/N
Threshold crossing
across S/N =1
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Figure 10. Same as Figure 9, but for ORA OHC trend S/N.
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530 Figure 11. Taylor-diagram comparison of global OHC anomalies against the ORA EM. Panels (a—d) show 0-700 m,
700-2000 m, 0-2000 m, and 2000-5000 m, respectively. Metrics are calculated from annual OHC anomalies over 1993—
2023 relative to each product’s 2005-2022 mean. Angular position indicates the correlation with the ORA EM, radial
distance indicates the standard deviation normalized by that of the ORA EM, and grey dashed arcs indicate the
normalized centered root-mean-square difference. The red star marks the ORA EM, blue diamonds denote OAs, and

535 circles denote individual ORAs.
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3.7 Comparison with ORA-IP reanalyses

This section compares the consistency of OHC estimates from the ORA ensemble used in MER-EP with
those from ORA-IP (Palmer et al., 2017). The comparison focuses on the spatial distribution of S/N and
the ensemble spread of the corresponding OHC time series. To avoid the influence of different ensemble
sizes on the S/N calculation, we calculated the S/N and ensemble spread for all 495 possible 8-member

combinations drawn from the 12 ORA-IP products.

For both OHC interannual variability and trend, the ORA ensemble used in MER-EP shows higher
internal consistency than all ORA-IP combinations. In the upper 1500 m, the fraction of ocean area with
S/N > 1 for interannual variability is 59.87% for the MER-EP ORA ensemble, compared with a mean of
48.61% and a maximum of 57.91% across the ORA-IP combinations (Fig. 12¢). For the OHC trend, the
corresponding fraction is 54.93% for the MER-EP ORA ensemble, whereas the mean and maximum
values across the ORA-IP combinations are only 31.24% and 39.66%, respectively (Fig. 12f). Thus, none
of the ORA-IP combinations reaches the level of internal consistency found in the MER-EP ORA
ensemble. The improvement is particularly pronounced for OHC trends, indicating substantially greater
agreement among the newer-generation reanalyses in their representation of OHC trends. This result
provides further evidence of improvements in the newer-generation reanalyses systems and increases

confidence in the use of ORAs for assessing OHC changes.

We further compared the OHC time series and ensemble spread between the ORA ensemble used in this
study and the ORA-IP combinations (Fig. 13). In the upper 1500 m during 1993-2010, the mean ensemble
spread is 40.3 ZJ for the MER-EP ORA ensemble, compared with a median of 60.6 ZJ across the ORA-
IP combinations. Even the ORA-IP combination with the smallest spread has a value of 41.9 ZJ, which
remains larger than that of the MER-EP ORA ensemble (Fig. 13). Figure 13 also shows a more
pronounced adjustment in the MER-EP ORA ensemble during the transition to the Argo era. Overall,
these comparisons indicate that the ORA ensemble used in MER-EP exhibits greater consistency in upper-

ocean OHC than the ORA-IP combinations, while also showing a stronger common adjustment around

2005.

34



https://doi.org/10.5194/egusphere-2026-6613
Preprint. Discussion started: 3 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Detrended interannual-variability S/N 1993-2010 Trend S/N

ORA-IP 8-member mean ORA-IP 8mmer mean

ST L

2.0
1.5
.0
10 E
<
%)
-0.5
0.0
2
80+ 80 -
-% (e) 90% range (f) 90% range
£ 60- 59.87% 60 - 54.93%
= 48.61% 31.24%
8 40+ 57.91% 40- 39.66%
© : !
& 201 1 20 :
_(E] I 1
>3 0 T T T ] T 1 0 T T T II T T T 1
Z 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60
Ocean-area fraction with S/N > 1 (%) Ocean-area fraction with S/N > 1 (%)

565 Figure 12. Comparison of 0-1500 m OHC S/N between ORA-IP and MER-EP (the eight ORAs used in this study)
during 1993-2010. Panels (a, ¢ and e) show results for detrended interannual variability, and panels (b, d and f) show
results for linear trends. Panels (a, b) show the mean S/N across all 495 eight-member combinations drawn from the
12 ORA-IP products, and panels (¢, d) show the fixed eight-member MER-EP ensemble. Black contours mark S/N =1,
and percentage labels indicate the valid ocean area with S/N > 1. Panels (e, f) show the distributions of the ocean-area

570 fraction with S/N > 1 across the 495 ORA-IP combinations. Grey shading indicates the central 90% range, while the
solid green, dashed blue, and solid dark-grey lines indicate the ORA-IP combination mean, ORA-IP maximum, and

MER-EP value, respectively.
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Comparison of global 0-1500 m OHC between MER-EP and ORA-IP
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Figure 13. Global 0—-1500 m OHC anomalies and inter-product spread in MER-EP and ORA-IP during 1993-2010.

Annual anomalies are referenced to each member’s 2005-2010 mean. The grey line shows the MER-EP ensemble mean,
and the blue and green lines show the ORA-IP combinations with the minimum and median 1993-2010 mean spread,
respectively. Shading indicates 90% CI. The inset histogram shows the distribution of the 1993-2010 mean spread
across all 495 eight-member ORA-IP combinations. Grey, blue, and green vertical lines indicate the MER-EP ensemble,

minimum-spread ORA-IP combination, and median-spread ORA-IP combination, respectively.

4 Discussion

The multi-product comparison shows that recent-generation ORAs and observation-based OAs provide a
broadly consistent representation of large-scale OHC changes since 1993, including the long-term
increase in OHC and its major spatial and vertical structures. More importantly, the recent-generation
ORAs show substantially improved inter-product consistency, both across the transition into the Argo era
and relative to the earlier-generation ORA-IP products, which strengthens confidence in the use of multi-
reanalysis estimates for assessing large-scale OHC variability and trends. Large uncertainties remain in

poorly observed regions and in the deep ocean, both in the ORAs and OAs.

In recent years, progress has been made in improving model resolution, surface forcing, bias correction,
sea ice—ocean coupling, and data assimilation methods (e.g., Chamberlain et al., 2021; Forget et al., 2015;
Lellouche et al., 2021; Zuo et al., 2019). Advances in ocean reanalyses assimilation methods may also

contribute to the improved consistency among products. These developments can help observations
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constrain model states in a more physically consistent way. However, the improvement is strongly depth
dependent: agreement increases mainly in the upper 2000 m, while no comparable improvement is found
in the 2000-5000 m layer. This contrast suggests that methodological and ocean model advances alone
cannot explain the post-2005 increase in agreement, and that the enhanced observational constraint

provided by the Argo observing system is likely a more important factor.

Some observations have detected deep-ocean warming, particularly in the Southern Ocean and along the
Antarctic Bottom Water circulation pathway (Desbruyeres et al., 2016; Johnson and Purkey, 2024; Purkey
and Johnson, 2010). However, they do not yet provide the sustained, near-global sampling needed to
tightly constrain ORA-based OHC changes below 2000 m. In regions where observational data are
available, these data can be used to assess whether ORAs reproduce observed deep-ocean water mass
characteristics and temperature changes. In regions lacking sufficient observational constraints,
reanalyses-based estimates of OHC in the 2000-5000 m layer should be interpreted with caution, as
should the OAs.

Agreement among ORAs and OAss still remains weak in some regions in the upper 2000 m. These regions
are mainly located in the Arctic Ocean, the middle and high latitudes of the Southern Ocean, and
dynamically active current systems and frontal zones. In polar oceans, sparse observations are an
important source of uncertainty, but they are not the only source. Reanalyses results in these regions also
depend strongly on the model parameterizations, atmospheric forcing, and data assimilation schemes.
This is because high-latitude OHC is controlled by tightly coupled ocean and sea ice processes, heat
transport through strait gateways, complex vertical mixing, as well as ocean circulation (Eisner et al.,
2025, 2026a, b; Josey et al., 2024; Muilwijk et al., 2024; Nie et al., 2023; Zhang et al., 2023, 2025).
Additional observations are needed to further constrain the range of acceptable solutions. These processes
are difficult to represent consistently across different ocean models (Allende et al., 2024; Uotila et al.,
2019). The seasonal-amplitude analysis further shows that ORA uncertainty in most regions is not limited
to long-term trends, but also affects the representation of seasonal heat storage and redistribution.

Therefore, seasonal-to-interannual OHC studies should include multi-product uncertainty assessment.
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These regional uncertainties have direct implications for climate studies that use ORAs and OAs. For
example, in the Arctic Ocean, upper-ocean heat anomalies influence sea ice growth, melt, and variability.
Weak constraints on Arctic upper-ocean OHC may therefore affect estimates of the oceanic contribution
to sea ice variability and ice loss. The Southern Ocean is a major region of global ocean heat uptake and
interior heat storage (Armour et al., 2016; Huguenin et al., 2022). Uncertainty in this region can influence
estimates of global ocean heat uptake efficiency, interior heat storage, and thermosteric sea-level change
(Palmer et al., 2017). Therefore, relying on a single ORA or OA product in these regions that lack
observations can lead to product-dependent interpretations of the sea-ice-OHC relationship, Southern
Ocean heat-uptake efficiency, and the thermosteric sea-level contribution. The ensemble mean of ocean
reanalyses could be a better choice for these climate studies. A parallel study of the polar region within
MER-EP is ongoing, as well which will provide more details about the performances of ocean reanalyses

in polar regions.

Maintaining and strengthening the global ocean observing system is essential for improving OHC
estimates. The post-2005 improvement found here is consistent with observing-system degradation
experiments by Zhu et al., (2026), which show that a reduction in observations would weaken the
monitoring of OHC. Our study did not conduct comparable observation-denial experiments for individual
reanalyses systems, and therefore cannot isolate the causal contribution of observations to each ORA
product. Nevertheless, the depth-dependent improvement supports the need for sustained, stable, and
high-quality ocean observations. Future studies should use observing system experiments to quantify the
impacts of Argo, Deep Argo, satellite altimetry, and polar observations on different reanalyses systems.
Such experiments would help identify the most important observational gaps and guide future sampling

priorities.

The comparison between the outcome of this activity (MER-EP) and the last intercomparison effort
(ORA-IP) shows clear evidence that the latest generation of ocean reanalyses products are improved.
These improvements likely reflect a combination of model resolution, advances in model physics, and
improved data assimilation methods. However, further improvement is also needed in reanalyses systems

themselves, especially in the treatment of systematic model bias, model drift, and analysis adjustments
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associated with changes in the assimilated observing network. Optimizing model parameterizations can
notably provide a path to reducing model drifts, but this requires an adjoint to propagate data constraints

over multidecadal time scales (Forget et al., 2015a, b).

Model drift can be particularly important for the pre-Argo period, when subsurface temperature and
salinity profiles were sparse and unevenly distributed, making OHC estimates more dependent on the
model background, surface forcing, initialization, and bias correction. For example, ORAS4 used an
Argo-period estimate of model bias and applied it retrospectively, and its sensitivity experiment without
bias correction showed that bias correction affects the magnitude and timing of OHC changes, especially
in the 700-2000 m layer (Balmaseda et al., 2013a). ORASS further estimated the a priori bias from Argo-
era ensemble assimilation runs to reduce spurious climate signals associated with the evolving observing
network (Zuo et al., 2019). Assimilation experiments also show that sparse pre-Argo profile data can
produce analysis shocks, whereas these shocks are greatly reduced when near-global Argo profiles are
assimilated (Sivareddy et al., 2017). Bias and drift correction strategies that are constrained using the
better-observed Argo period and applied to earlier decades may therefore improve the consistency of pre-

Argo estimates and help limit the magnitude of analysis shocks when Argo observations are introduced.

The regions with weak agreement identified in this study also indicate where model development is most
needed. WBC and frontal zones require higher resolution and better representation of mesoscale and
submesoscale variability. Polar oceans require improved sea ice—ocean coupling, regional circulation, and
vertical mixing. For the 2000-5000 m layer, controlling model drift remains essential. The requirements
for next-generation ocean reanalyses summarized by Yang et al., (2025) also emphasize higher spatial
resolution, transparent uncertainty assessment, unified evaluation metrics, and application-oriented
diagnostic variables. For OHC studies, this means that future ORAs should provide not only temperature
and salinity fields, but also heat budget terms (Forget et al., 2015a; Forget and Ferreira, 2019; Jiang et al.,

2026; Song and Forget, 2026), assimilation increments, and uncertainty quantification.
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5 Concluding remarks

Within the MER-EP framework, this study evaluates the ability of 13 new-generation ocean reanalyses
products to represent changes in OHC since 1993. The assessment focuses on large-scale OHC trends,
changes in inter-product consistency before and after the implementation of the Argo observing system,
the depth and regional dependence of reanalyses uncertainty, and whether the new-generation products
show improved consistency in representing OHC compared with earlier-generation reanalyses. This study

mainly reached the following conclusions:

1) Most ORAs and OAs consistently show sustained ocean warming during 1993-2022, particularly in
the upper 2000 m. The ORA EM gives a global 0-2000 m OHC trend of 0.73 [0.49, 0.97] W m?
(£1.65 std), with trend estimates from the OAs falling within the ORA uncertainty range. Over 2005—
2023, the estimated upper-2000 m ocean heating rate trends were 0.29 [-0.21, 0.80] W m decade’!
for ORA EM and 0.26 [0.10, 0.37] W m™ decade™! for IAPv4; both central estimates were lower than
the corresponding CERES net TOA radiation trend of 0.54 W m? decade™!.

2) Ocean warming since 1993 shows a clear large-scale spatial and vertical pattern. Horizontally,
pronounced warming occurs in the Atlantic, North Pacific, Indian Ocean, western Pacific, and most of
the Southern Ocean, while cooling is mainly found in the subpolar North Atlantic, eastern equatorial
Pacific, and parts of the Southern Ocean near the Subantarctic and Polar Fronts. In the latitude—depth
structure, warming is concentrated mainly within the upper 2000 m and is strongest at mid-latitudes,
with warming extending to greater depths at high northern latitudes than in the Southern Hemisphere;

below about 2000 m, temperature trends are generally much weaker at global scale.

3) Agreement among ORAs improves markedly after the transition to the Argo era. For interannual
variability, the fraction of ocean area with S/N > 1 in the 0-2000 m layer increases from 52.9% during
1993-2004 to 73.7% during 2005-2022; for OHC trends, it increases from 44.2% to 65.5%. The largest
improvement occurs in the 7002000 m layer, whereas little improvement is found below 2000 m.
This result highlights the importance of sustained development and long-term maintenance of the

global ocean observing system for constraining OHC estimates.
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4) The recent-generation ORAs used in MER-EP show greater internal consistency than the earlier ORA-
IP products over their common 1993-2010 period. In the upper 1500 m, the MER-EP ORA ensemble
has S/N > 1 over 59.9% of the ocean for interannual variability, compared with the ORA-IP mean of

48.6%. For trends, the corresponding values are 54.9% for MER-EP versus the ORA-IP mean of 31.2%.

5) Large uncertainties remain in the deep ocean and in dynamically complex or poorly observed regions
(low confidence). OHC estimates are strongly product dependent in the 2000-5000 m layer, polar
oceans, WBC and ACC/frontal systems. Analyses in these regions therefore require explicit multi-

product uncertainty assessment rather than reliance on a single ORA.

Code and data availability

[APv4 OHC data were obtained from the Institute of Atmospheric Physics, Chinese Academy of Sciences,
at https://doi.org/10.12157/I0CAS.20240117.001. EN4 temperature and salinity data were obtained from
the Met Office Hadley Centre at https://www.metoffice.gov.uk/hadobs/en4/download.html. Ishii
temperature and OHC data were obtained from the Japan Meteorological Agency at
https://www.data.jma.go.jp/kaiyou/english/ohc/ohc_data _en.html. NCEI OHC data were obtained from
NOAA National Centers for Environmental Information at https://www.ncei.noaa.gov/access/global-
ocean-heat-content/. = GOHC  data  were  obtained from the data  archive at
https://doi.org/10.5281/zenodo.18485246. GCOS OHC data were obtained from the World Data Center
for Climate at https://doi.org/10.26050/WDCC/GCOS_EHI_1960-2020_OHC_v2. ORASS data were

obtained from the Copernicus Climate Data Store at https://cds.climate.copernicus.eu/datasets/reanalysis-
orasS. BRAN2020 data were obtained from the Australian National Computational Infrastructure at
https://doi.org/10.25914/6009627c7af03. SODA3 data were obtained from the University of Maryland
SODA project at https://www.soda.umd.edu/soda3/. ESTOC data were obtained from JAMSTEC at
https://www .jamstec.go.jp/estoc/e/index.html. GODAS data were obtained from NOAA Physical
Sciences Laboratory at https://psl.noaa.gov/data/gridded/data.godas.html. C-GLORSv7, GLORYS2v4
and GLORYSI12vl data were obtained from
https://data.marine.copernicus.eu/product/GLOBAL MULTIYEAR PHY ENS 001 031/description.
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CERES EBAF data were obtained from the NASA CERES data archive at
https://ceres.larc.nasa.gov/data/. The processed data from C-GLORSv8, CIGARO025, CIGARI,
GLORYS4v2, and GloSia9-1 used to generate the figures in this study will be made publicly available

upon publication.
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