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Assessment of the global ocean heat
content and North Atlantic heat transport
over 1993–2020
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Chunlei Liu1,2,3,4 , Liang Jin2, Ning Cao 1,3,4 , Qianye Su1,3,4, Lijing Cheng 5,6, Xiaoqing Liao1,3,4,
Richard P. Allan 7,8, Fangli Qiao 9, Zhenya Song 9, Michael Mayer10,11, Susanna Winkelbauer10,
Jiandong Li6, Hongzhou Xu12, Ke Yang1,3,4, Yuying Pan5,6 & Zhiting Liang1,3,4

Understanding changes in global ocean heat content (OHC) is essential for investigating Earth’s
energy imbalance and climate change. OHC trends are assessed using four state-of-the-art ocean
reanalyses and one objective analysis. The spatial OHC trend patterns captured by reanalyses are
consistentwith eachother, but sensitive to the selected timeperiod. Ahigher proportionof heat uptake
in the 100–2000m sub-surface layer over 2001–2010 than 1994–2000 contributed to the temporary
slowdown in global surface warming. The North Atlantic meridional overturning circulation (MOC) and
heat transport show better agreement with RAPID observations compared with previous studies.
Zonal meanOHC trends in the North Atlantic over 40–60 °N differ for theMOC increasing (2000–2004)
and decreasing periods (2005–2010) and OHC increases are more concentrated between 30 and
40 °N in the later MOC increasing period (2011–2022). These results do not support previous studies
suggesting that MOC changes are reducing Earth’s mean surface warming.

The change in global ocean heat content (OHC) plays a key role in Earth’s
energy budget and climate change. Because of the relatively small heat
capacity of the atmosphere and land surface, the OHC change counts for
about 84%–93% of the energy accumulating in the Earth system1–7. The
accurate measurement of Earth’s energy budget imbalance relies on
observations of the OHC tendency (OHCT)8. The OHC increase can cause
the sea level rise; the heat gain near the ocean surface drives global warming;
the heat entering the subsurface ocean will be transported to other places
and emerge years later, inducing regional and global climate changes9,10. The
heat convergence and divergence in the tropical Pacific is closely associated
with theElNiño–SouthernOscillation (ENSO)11–14 and canbe aproxyof the
ENSO forecasting. The variation of OHC around the thermocline in the
equatorial Pacific can also be a proxy for the forecasting of tropical cyclones
landfalling along the coastal areas of China15,16. The increasing oceanic heat
transport to the polar region affects themelting of sea ice, contributing to an

amplification of acceleration of climate change17. The meridional oceanic
heat transport in the Atlantic also determines the mean location of the
intertropical convergence zone18–20 and can affect the global atmospheric
and oceanic circulation, and hence the global climate. Therefore, under-
standing the spatial distribution and uncertainty of theOHC andOHCT, as
well as the Atlantic heat transport is of fundamental importance to many
aspects of the climate change researches.

Ocean temperature observations are sparse and most of profiles col-
lected by research vessels are above 1000mbeforeARGO floats deployment
around the early 2000s21. Since the start of the ARGO programme, about
3900 autonomous profiling floats have been in operation so far to provide
salinity and temperature profiles every 10 days22. There are a few long term
ARGO-based analyses of ocean temperature23–25 and a few objectively
reconstructed datasets using the spatiotemporal correlations of the ocean
temperature available1,26. With the rapid advances in observations and data
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assimilation technique, several ocean reanalyses from state-of-the-art ocean
models are available now, suchas the four eddy-permitting ocean reanalyses
provided by Copernicus Monitoring Environment Marine Ser-
vice (CMEMS).

Although the quality of observations and models has been improved
greatly, there are still large uncertainties in theOHC,OHCT and ocean heat
transport estimations. After examining monthly OHC anomalies in the
upper 2000m of the ocean from six objectively analyzed ocean state pro-
ducts andoneocean reanalysis over 2005–2014,Trenberth et al.27 found that
there was a large spread in monthly OHCT computed from OHC of six
objective datasets when compared with CERES (Clouds and the Earth’s
Radiant Energy System) measurements at the TOA (top of the
atmosphere)28–30. The OHC month-to-month variability is shown to be
spurious and nonphysical, with standard deviations of global monthly
changes in OHC about 12Wm−2 versus 0.64Wm−2 observed fromCERES.
Meanwhile, the OHC from the ocean reanalysis ORAP5 (Ocean Reanalysis
Pilot v5) from ECMWF (European Centre for Medium-Range Weather
Forecasts)31 and its changes frommonth to month are muchmore realistic.

A comparative study of OHC in the top 2000m during the ARGO-era
has also been conducted by Liao and Hoteit32 using 12 latest and repre-
sentative global oceandatasets. They found the global andbasins-wideOHC
trends were quite consistent among the observation-based datasets but the
differences are remarkable among ocean reanalyses, and some ocean rea-
nalyses exhibit much higher or lower basins-wide warming rates than the
observation-baseddatasets. The large-scalewarmingandcoolingpatterns in
the top 700m fromocean reanalyses are in agreementwith the observation-
based datasets, but they are significantly different below 700m. All datasets
suffered from relatively larger uncertainties in the highly dynamic regions.

The uncertainty of oceanic meridional heat transport in the North
Atlantic was quantitatively investigated recently by Liu et al.9 usingmonthly
data from three ocean reanalyses. Their results showed substantial differ-
ences between reanalysis products. Although the reanalysis products can
capture roughly the mean amplitude and the variability of the OMHT
(ocean meridional heat transport) to some extent, the mean OMHTs from
reanalyses are much lower than that of RAPID (Rapid Climate Change-
Meridional Overturning Circulation) observations33. It is alsomentioned in
their study that variations of the total OMHT are very sensitive to the
changes of the correspondingmeridional overturning circulation (MOC) as
studied previously34,35. Hence, the Atlantic meridional ocean circulation
may serve as an indicator of the OMHT change.

Trenberth et al.27 suggested routine examination of the OHCT using
the latest datasets. This study revisits the estimations of the global OHC,
OHCT and the North Atlantic ocean heat transport using the latest release
of four CMEMS ocean reanalyses and one objective analysis from IAP
(Institute of Atmospheric Physics)1,36. The variability over the globe and
individual basins will be investigated and the ocean heat transport in the
North Atlantic will be compared with the RAPID observations. The rela-
tionship between MOC and OMHT is investigated at different latitudes in
the North Atlantic. The partitioning of the OHC change in different ocean
basins over different time periods is conducted to see where the heat goes.
The latitude-depth pattern of the zonal mean OHC trend in the North
Atlantic is also investigated.

Results
Global mean OHC and OHCT variability
The monthly global area mean time series of OHC and OHCT from five
datasets (ORAS5, GLORYS, FOAM, CGLORS and IAP) are plotted in
Fig. 1. All lines are 12 month running mean. The OHC lines from ORAS5
(Fig. 1a), GLORYS (Fig. 1b), CGLORS (Fig. 1d) and IAP (Fig. 1e) all show
quasi-linear variability over different integration depths. For the FOAM
data, while the OHC variability from 0 to 300m and 0–700m integrations
shows quasi-linear variability, but they are relatively flat before 2005,
inconsistent with other datasets. Also the variability of 0–2000m and full-
depth integrations are at odds with other datasets before 2005, with large
fluctuations in the 0–2000m integration of OHC. Further investigations of

the OHC mean vertical profiles show large discrepancies of FOAM data
from others (Fig. S1), particularly around 1000–2000m. Linear trends of
OHC over different depths and time periods are listed in Table 1 and the
observed mean FT (net radiative flux at TOA) and FS fromDEEPC are also
listed below the table for reference. Trends are significantly positive at the
99% significance level and the trend generally increases with the integration
depth, indicating a whole ocean warming during this period. The con-
tribution from the ocean below 2000m is about 0.02 and 0.04Wm−2 in
ORAS5 over 1993–2017 and 2005–2017, which is smaller than the earlier
estimation of 0.07Wm−2 by Johnson et al.8 over 2005–2015. While the
contributions are greater than 0.1Wm−2 in FOAM and CGLORS over
1993–2017.More observations in the deeper ocean are definitely required to
improve these estimations. The trends over 0–2000m and full-depth are
larger than the mean FT of 0.61Wm−2 and mean FS of 0.58Wm−2 from
DEEPCbetween 1993 and 2017, and the discrepancymaybe fromeitherFT,
FS or the OHC, further work is needed to reduce this large discrepancy.
However, the trend values of ORAS5 (0.88 ± 0.01 and 0.92 ± 0.01Wm−2

over 0–2000m and full-depth, respectively) are closer to the mean FT of
0.79Wm−2 and mean FS of 0.74Wm−2 from DEEPC between 2005 and
2017 than that over 1993–2017. The mean OHC trend averaged from five
datasets over 0–2000m between 2005 and 2017 is 0.69 ± 0.12Wm−2, con-
sistent with the mean FS of 0.74Wm−2 from DEEPC.

The global area mean OHCT time series from five datasets over dif-
ferent depths are shown in the right column of Fig. 1, together with the time
series of the net surface energy flux FS from DEEPC, and the OHCT time
series in Fig. 1g, h are scaled for clarity by a factor displayed at the bottom
right of the panel. The correlation coefficients between the global areamean
OHCT indifferent ocean layers andFS are listed inTable 1. ForORAS5data,
OHCT is significantly correlated with FS: r = 0.28–0.44 for 1993–2017, and
r = 0.46–0.76 over 2005–2017 across all four integrations, so correlation is
higher after 2005 when more observations are available.

For ORAS5 data, the variability of OHCT and FS in the right column of
Fig. 1 are in good agreement, particularly in the upper 300m, except that over
1999–2005 as discovered by Trenberth and Zhang37 and Liu et al.9, when the
observing system is transitioning from mainly XBTs (expendable bath-
ythermographs) to mainly ARGO floats38. However, this large discrepancy
betweenOHCTandFS is not shown inotherdatasets,whichmaybe related to
the bias correction methods implied in different datasets. The OHC trends
over 1993–2017 are 0.39, 0.67, 1.15 and 1.17Wm−2 for 0–300m, 0–700m,
0–2000mand full-depth, respectively.Thevariabilityof theOHCTtimeseries
from GLORYS data (Fig. 1g) has significant positive correlations with FS in
general, but theOHCTtime series hasmuch larger amplitude thanFS, and the
negativeOHCTtrend is opposite to thepositive FS trendafter 2010.TheOHC
variability forFOAMdata isdifferentwhen integrated to700mordeeper.The
overall decreasebefore2002 isnot expectedand thecorrespondingOHCThas
very large inter-annual variability. The OHC variability of CGLORS (Fig. 1d)
and IAP (Fig. 1e) are quite consistent, leading to co-variation of the corre-
sponding OHCT for different depth integrations (Fig. 1i, j). The variability
correlations with FS are all significant over 2005–2017.

Toassess the spatial distributionof theOHCtrendpatterns capturedby
the five datasets, we plot the global patterns of the OHC trends over
0–2000m and 2006–2020 (Fig. 2). Five datasets show basically consistent
overall increasing trend of OHC in the eastern Pacific, North Indian Ocean,
Atlantic subtropical gyre and south Atlantic, and Southern Oceans, and
decreasing trends between about 50–65 °N North Atlantic and tropical
western Pacific. The zonal mean OHC trend is shown in Fig. 2f and there is
overall good variability agreement except that near north and south poles. In
order to compare the spatial patterns with that of Roemmich et al.21, we also
calculate and show theOHC trends distributions between 0 and 2000mand
2006and2013 (Fig. S2).There are distinct differences betweenFigs. 2 andS2,
such as the opposite trend signs over the eastern tropical Pacific and the
Pacific warmpool. This sensitivitymay be related to theOHC redistribution
during the El Niño cycle in 2015. Compare Fig. S2with Fig. 3a of Roemmich
et al.21, it is noticed there is similar spatial pattern distribution of the OHC
trend, such as the negative trend over the eastern tropical Pacific and North
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Fig. 1 | Global area mean time series of OHC and OHCT from five datasets over
1993–2020. a–e On the left column are OHCs and f–j on the right column are
OHCTs. The integration is from the ocean surface to different depths (0–300 m,
0–700 m, 0–2000 m and full depth). The net ocean surface heat flux (FS) from

DEEPC is also plotted in the right column for comparison, and its correlation
coefficients with OHCT are listed in Table 1. All lines are 12-month running mean
and the OHCT time series for GLORYS and FOAM are scaled for clarity by a factor
of 0.25 and 0.125.
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Atlantic, and positive trend over the Southern Ocean and north Indian
Ocean. All three plots (Figs. 2f, S2f and 3b of 21) show similar local maxima
and minima positions in zonal mean variations with latitude, such as the
maxima around 35 °N and 40–45 °S and the minima around 30 °N. How-
ever, the obvious local minima around 20 °N in Roemmich et al.21 is not
shown in both Figs. 2f and S2f.

The above comparison of OHC trends over different periods
shows consistent warming in the south oceans and North Indian
Ocean, however the heat gain in the Pacific shows different patterns,
with strong cooling in the western Pacific and warming in the eastern
Pacific over 2006–2020 (Fig. 2), but the patterns reverse over
2006–2013 (Fig. S2), and this feature is consistent across five datasets.

Table 1 | Trends of global area mean OHC and correlation coefficients (r) between the OHCT and the FT (observation-based
global area mean net radiative fluxes at the top of atmosphere) or FS (the global area mean net ocean surface energy flux)

Depth Datasets OHC trend (Wm−2) r (Fs) r (FT)

1993–2017 2005–2017 1993–2017 2005–2017 1993–2017 2005–2017

0–300m ORAS5 0.38 ± 0.01 0.26 ± 0.01 0.44 0.76 0.49 0.72

GLORYS 0.45 ± 0.01 0.28 ± 0.01 0.25 0.57 0.17 0.40

FOAM 0.39 ± 0.02 0.23 ± 0.02 0.17 0.37 0.13 0.21

CGLORS 0.38 ± 0.01 0.25 ± 0.01 0.15 0.61 0.12 0.46

IAP 0.35 ± 0.01 0.20 ± 0.01 −0.08 0.51 −0.14 0.38

0–700m ORAS5 0.64 ± 0.01 0.45 ± 0.01 0.41 0.71 0.41 0.61

GLORYS 0.77 ± 0.01 0.43 ± 0.02 0.24 0.53 0.14 0.32

FOAM 0.60 ± 0.03 0.36 ± 0.04 0.11 0.26 0.08 0.12

CGLORS 0.57 ± 0.01 0.41 ± 0.01 −0.002 0.45 −0.08 0.27

IAP 0.57 ± 0.01 0.31 ± 0.01 −0.14 0.39 −0.19 0.25

0–2000m ORAS5 1.09 ± 0.01 0.84 ± 0.01 0.28 0.46 0.26 0.31

GLORYS 1.00 ± 0.02 0.52 ± 0.04 0.20 0.42 0.13 0.23

FOAM 0.74 ± 0.08 0.75 ± 0.07 0.07 0.18 0.09 0.05

CGLORS 0.71 ± 0.01 0.71 ± 0.02 0.04 0.37 −0.05 0.25

IAP 0.87 ± 0.01 0.61 ± 0.01 −0.09 0.33 −0.13 0.20

Full Depth ORAS5 1.11 ± 0.01 0.88 ± 0.01 0.30 0.46 0.29 0.32

GLORYS 0.75 ± 0.02 0.27 ± 0.05 0.29 0.40 0.24 0.25

FOAM 0.94 ± 0.08 0.99 ± 0.07 0.06 0.19 0.08 0.07

CGLORS 0.85 ± 0.02 1.11 ± 0.02 0.24 0.30 0.15 0.22

IAP 0.72 ± 0.01 0.69 ± 0.01 0.58 0.34 0.60 0.51

Mean FT 0.61 0.79
Mean FS 0.58 0.74
TheOHCtrend is computedusing thecentral differenceofOHCdivideby theglobal surface area (seedata andmethods section for details). Significant trend is in boldafter applying theMann–Kendall test at
a significance level of 0.01. Significant r is also in boldafter applying the two tailed test usingPearsoncritical valuesat the level of 0.01.Note r is calculated from12month runningmean timeseries.Observed
mean FT and mean FS from DEEPC is listed below the table.

Fig. 2 | Spatial distribution of OHC trend over 0–2000 m and 2006–2020. OHC trends for a ORAS5, b GLORYS, c FOAM, d CGLORS and e IAP, respectively.
The corresponding zonal mean trend is in (f).
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To examine the sensitivity of the OHC trend dependence on the
selected time period, we plot area-averaged OHC andOHCT variations
in the western Pacific Warm Pool (110E-150E, 0-20 N) and the Equa-
torial Eastern Pacific (EEP, 160W-80W, 10S-10N) (Fig. 3). For the
Warm Pool area, all five datasets show the warming trend before 2010
over different depths, then there is a sharp cooling around 2014–2016,
which can explain the western Pacific cooling pattern during
2006–2020 in Fig. 2. In contrast, the tropical eastern Pacific shows a
weak cooling trend before 2012, but a rapid warming after 2012
(Fig. 3e–h). These changes are consistent across datasets and for dif-
ferent ocean layers. This may be a reflection of the relationship between
OHC and El Niño events (such as 2009/2010, 2014–2016 events)
(11,39,40).When the surface layer is anomalously warm (El Niño), OHC in
EEP rapidly increases and the warm pool OHC decreases sharply, and
vice versa for La Nina events. It is noticed that there is a spread of OHC
variation over different layers before 2005, particularly in FOAM data,
which shows large differences between upper (0–700 m) and lower
(>700 m) layers.

OHC and OHCT variability in different ocean basins
In order to investigate contributions to the global mean OHC uncertainties
from different basins, we show time series of area-averaged OHCs over the
North Pacific, South Pacific, North Atlantic, South Atlantic, Indian Ocean,
Southern Ocean (south of 35 °S), tropical (10 °S–10 °N) Pacific and tropical
Atlantic (shorted as NP, SP, NA, SA, IO, SO, TP and TA, respectively
(Fig. S3) and for different depths and datasets (Fig. 4). For the upper 300m
layer (left column of Fig. 4), the OHC in NP shows a steady warming trend
during the study period accompanied by year to year variations relating to
theENSOsignal, especially in the two strongElNiñoyears of 1997/1998 and
2015/2016, indicatingNP as awhole loses heatwhenElNiño occurs. Similar
changes can be seen in SP, where the upper 300m ocean experiences a
warming first and then sharply loses heat during the El Niño event. It is
noteworthy that SP displays a stronger reaction to the 1997/1998 El Niño
andmore weakly to the 2015/2016 event, while NP reactsmore to the 2015/
2016 El Niño and less to the 1997/1998 event. TheNA showswarming with
fluctuations over 1993–2005, a weak decline to 2015, and then warming
again after that, consistentwith thefinding of Liu andXie41. The variation in

Fig. 3 | Area mean OHC variability. The OHC time series over the Warm Pool (110–150E, 0–20N) for a 0–300 m, b 300–700 m, c 700–2000 m and d full depth. The
corresponding OHC time series over the eastern Equatorial Pacific (150W–90W, 10S–10N) is on the right column (e–h).
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SA is very similar to that in NA, but becomes flat after reaching the peak
around 2006. Relatively weak IO warming can be seen during 1993–2006,
but the warming rate accelerates after that and peaks at 2016 with sharp
decline after 2016. The OHCs from ORAS5 and CGLORS show steady
linear increases in SO from 1995 to 2015, while GLORYS and IAP show
large fluctuations before 2005. The FOAM generally follows ORAS5 and
CGLORS except for the large amplitude variation between 2002 and 2008.
For the tropical Pacific, the impact from the 1997/1998 ENSO event on
0–300mOHCismoreprofound than that in2015/2016 as shown in SP, and
the OHC change ismuch larger than that in SP. All datasets show a jump of
OHC around 2002–2003 in TA, and the OHC peaks have opposite phases
between TP and TA after 2008.

Fluctuations in NA, SA, IO indicate that El Niño events will heat the
Atlantic and Indian Ocean, which is opposite to that of NP, SP or TP. This
agrees with Cheng et al.11, which stated that the warming of the tropical
Indian and Atlantic Oceans during the El Niño events largely offsets the
Pacific cooling. The ENSO related signal affects Atlantic and Indian oceans
mainly through the mechanisms of Indian Ocean capacitor42 and Atlantic
ocean capacitor43. By comparing results from different datasets, ORAS5,
GLORYS, CGLORS and IAP agree well with each other in NP, SP, IO, but
discrepancies in SA and SO are relatively large compared to other basins.
FOAMresults agree with other datasets better inNP, SP, NA than in IO. All

datasets agreewith each othermuchbetter after 2006 thanbefore, indicating
thatARGOprofiles have greatly reduced the biases. TheOHCvariations for
other layers (0–700m, 0–2000m and full-depth) are very similar to results
of 0–300m, but the deviations of FOAMOHC fromother datasets are large
before 2006 and the main deviation is between 700–2000m in North and
South Pacific. The correspondingOHCTvariations are plotted in Figure S4.
There is good agreement of OHCT between different datasets in different
basins over 0–300m, again theOHCTmagnitude fromFOAMdata ismuch
larger than that from other datasets.

Although the atmospheric greenhouse gas concentration has con-
tinued to increase44,45 from 1998 to 2012, there is no statistically significant
increase in global surface temperature over this period21.Nieves et al.46 found
that over this period, the surface Pacific Ocean has cooled but the upper
Indian Ocean and Southern Oceans have warmed, and suggested that the
“hiatus” in surface warming appears to be the result of a redistribution of
heat within the ocean, rather than a change in the whole Earth warming
rate47. To investigate the warming rates in different ocean layers, the global
mean and basin-mean OHC trends in eight ocean layers, including
0–100m, 100–300m, 300–500m, 500–700m, 700–1000m, 1000–1500m,
1500–2000m and 2000m-bottom, are calculated (Fig. 5) for three periods
(1993–2020, 2006–2020 and 1998–2012). Trends have been normalised by
100m water depth (e.g., the trend in 300–500m is divided by 2) for

Fig. 4 | Time series of basin-scale mean OHC.Mean OHC time series for NP (the
first row), SP (the second row), NA (the third row), SA (the fourth row), IO (the fifth
row), SO (the sixth row), TP (the seventh row), TA (the eighth row) for layers of

0–300m (the first column), 300–700m (the second column), 700–2000m (the third
column) and full-depth (the fourth column). All lines are 12-month running mean.
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Fig. 5 |OHC trends (Wm−2).LinearOHC trends in different ocean layers (0–100 m,
100–300 m, 300–500 m, 500–700 m, 700–1000 m, 1000–1500 m, 1500–2000 m,
2000–bottom, marked as 1–8 on the x-axis) over three time periods 1993–2020 (left
column), 2006–2020 (middle column) and 1998–2012 (right column). The trends

are displayed for the global (a–c) and eight basins: NP (d–f), SP (g–i), NA (j–l), SA
(m–o), IO (p–r), SO (s–u), TP (v–x) and TA (y, z, zz). Please note the trend is scaled
for 100 m water depth (e.g., the trend in 300–500 m is divided by 2).
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comparison purpose. Comparing the global mean with individual basin
means over 1993–2020 (left column of Fig. 5), it can be seen that the
warming generally peaks at the surface except in TA where it peaks in
the 100–300m layer, and the warming rate decreases with depth. However,
the vertical warming patterns are different between basins over 2006–2020
(themiddle column inFig. 5). There is a distinctwarming surface layer and a
cooling subsurface layer in NP. The warming in the surface layer in NP, SP
and TP is much greater than layers below 100m. The trends from the
surface to about 500m inNAare quite spread between datasets. The surface
layer in SA shows a weak warming, and the warming keeps increasing to

300–500m layer. In the Indian Ocean, a distinct warming mainly occurs in
the surface and subsurface layers between 0–300m, and the warming below
300m is much weak. The 1998–2012 period (the right column of Fig. 5) is
considered as a period of global warming hiatus. The surface layer warming
is very weak compared with the evident subsurface warming in the global
mean and all eight basins.

Following Chen and Tung48, we also partitioned the ocean energy
change into different ocean basins and different time periods, in order to
check the reliability of some existing results (Fig. 6). The left columnof Fig. 6
is the global OHC variability relative to year 2000. The yellow line is the

Fig. 6 | OHC time series and its change. The left column is the global OHC
variation relative to year 2000. The yellow line is the 0–100 mOHC and red line for
0–2000 m. The black line is the SSTA from ERSST v5. All lines are 12-month
running mean. The right column is the 100–2000 m OHC change for different

ocean basins over three time periods 1993–2000, 2001–2010 and 2011–2020. The
datasets displayed are ORAS5 (a, f), GLORYS (b, g), FOAM (c, h), CGLORS (d, i)
and IAP (e, j).
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0–100m OHC and red line 0–2000m. The black line is the SSTA from
ERSST v5. As expected, the variability of the SSTA and 0–100m OHC are
highly correlated due to mixing in the top ocean layer. The correlation
coefficients between them are r = 0.96 for ORAS5, 0.92 for GLORYS, 0.90
for FOAM, 0.94 for CGLORS and 0.96 for IAP. The hiatus period is evident
from2001 to 2007 in all datasets; both the SSTAand 0–100mOHCare very
flat and even the overall 0–2000m OHC is still increasing, implying
increasedheat subduction to the deepocean.The accumulated0–100mand
0–2000m OHCs over 1994–2000, 2001–2010 and 2011–2020 are listed in
Table S2 and the annual mean 0–2000m OHC increases over these three
periods are plotted in Fig. 7. The annual mean OHC increase over
2001–2010 ismore than 1994–2000 inORAS5,GLORYS andCGLORS, but
it is slightly lower in IAP. The result from FOAM is not displayed in Fig. 7
due to its unrealistic OHC changes over 1993–2010 (Fig. 1c), but it is
displayed in Fig. S6 for reference. The largest increase is fromORAS5, but it
is not reliable as discussed earlier; this large change is not seen in other
datasets and it occurred when the observing systemwas transitioning from
mainly XBTs to mainly ARGO floats38. The annual mean OHC increase
over 2011–2020 is less inORAS5,GLORYS (Fig. 7) and FOAM(Fig. S6) but
more in CGLORS and IAP than 2001–2010, consistent with the OHCT
trends in Fig. 1. Because the 0–100m OHC is much less than 0–2000m
OHC, the distribution patterns (not shown) of the 100–2000m OHC
increase over these three periods are similar to that of Fig. 7. Figure 1ofChen
andTung48 is reproduced in Fig. S5 for reference using datasets employed in
this study.

In order to see where the global OHC change is redistributed, the
accumulated 100–2000m OHC changes (in ZJ) over three time periods
(1994–2000, 2001–2010 and 2011–2020) in different ocean basins are com-
puted and listed in Table 2 and displayed in the right column of Fig. 6. The
OHCs in the Atlantic, Pacific and Indian Ocean are only integrated to 35 °S
here for comparison with Chen and Tung48. The OHC distribution patterns
varywith datasets (Fig. 6f–j). Since there are 7 years from1994 to 2000 and10
years over the last two periods, the annualmean 100–2000mOHCover each
period is computed for comparison (Fig. 8). It shows that the annual mean
OHCover 2001–2010 ismuchmore than that over 1994–2000 in theAtlantic
(Fig. 8a) and Indian Ocean (Fig. 8d) across datasets. It is mixed in the
SouthernOceanwhere bothORAS5 andCGLORS showmoreOHC storage
over 2001–2010. In the Pacific, only ORAS5 has more OHC storage over
2001–2010 than the preceding period (1994–2000); other three datasets show
less OHC storage. In the Indian Ocean, all datasets show less OHC storage
over latter period (2011–2020) than the preceding period (2001–2010), but
both CGLORS and IAP have more OHC storage over latter period
(2011–2020) than the preceding period (2001–2010) in Atlantic and Pacific.

Oceanic heat transport in the North Atlantic
TheMOCandoceanheat transport (OMHT) in theNorthAtlantic is amajor
driver of the global redistribution of heat whichmodulates climate variability
overWesternEuropeand thewholeofEurasiaon timescales fromseasonal to

Fig. 7 | Annual mean OHC storage. The annual mean 0–2000 mOHC storage (ZJ)
over 1994–2000, 2001–2010 and 2011–2020 from dataset ORAS5, GLORYS,
CGLORS and IAP.
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multi-decadal49–51. For example, the strengthening of the northern hemi-
sphere summermonsooncirculationandrainfall during theweakeningof the
South Atlantic meridional heat transport at 30 °S52 and the enhancement of
the ocean heat uptake and the southward shift of the intertropical con-
vergence zone during the subpolar North Atlantic MOC slowdown9.
Therefore, quantifying the variability and trends of the MOC and OMHT is
essential to advance our knowledge of their influences on the weather and
climate system50. Figures 9a, b show the time series of OMHT and MOC at
26 °N and all lines are 12 month runningmean. Except for CGLORS having
larger OMHT, other three datasets have good agreement with RAPID
observations in both amplitude and variability. The 2009 low and the upward
trend after that are captured by all datasets. The multiannual mean (April
2004–March 2018)OMHTs are 1.17, 1.24, and 1.21 PW(1PW= 1015W) for
ORAS5, GLORYS and FOAM, respectively, which are close to the RAPID
observation of 1.20 PW. The OMHT of 1.42 PW from CGLORS has larger
bias relative to the observation. These reanalyses show better mean value
agreement with observations than previous versions where all reanalysis

products underestimate the OMHT at 26 °N in the Atlantic compared with
theRAPIDobservations (9). Similar to the results ofKarspecket al.53whoused
six ocean reanalysis products in their study, the MOC variability from rea-
nalyses are self consistent. The correlation coefficients with RAPID obser-
vations (r) are 0.82 (ORAS5), 0.87 (GLORYS), 0.78 (FOAM) and 0.78
(CGLORS), respectively, from themonthly OMHT data, and 0.75 (ORAS5),
0.82 (GLORYS), 0.58 (FOAM) and 0.86 (CGLORS) for twelve month run-
ning means. These correlation coefficients are all significant. The MOC has
similar variability characteristicswith theOMHTand the scatterplotbetween
them are also shown in Fig. 9c. All correlation coefficients are significant and
high (r ≥ 0.88) implying that the variability of the heat transport is dominated
by theMOCvariation.The regression slopes are 0.064, 0.070, 0.075, 0.070 and
0.076 PW/Sv for ORAS5, GLORYS, FOAM, CGLORS and RAPID, respec-
tively, so within 20% of each other.

The correlation coefficients betweenMOCandOMHTover 1993–2020
are also calculated and the variations with latitude are plotted in Fig. 9d. All
products have consistent variability and the correlation coefficients are

Fig. 8 | OHC storage in different ocean basins over
three time periods. The annual mean 100–2000 m
OHC storage over 1994–2000, 2001–2010 and
2011–2020 from different datasets in the a Atlantic,
b Southern Ocean, c Pacific and d Indian Ocean.
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generally greater than 0.8 between 10 and 34 °N. The amplitudes from
GLORYSandFOAMdrop faster than theother twoproducts after 34 °N, and
then they become stable between 44 and 60 °N and the amplitudes oscillate
around r= 0.5. Thedecrease of rwith the increasing latitude is possibly due to
the loss of heat from the ocean surface to the atmosphere54. Since theOMHT
calculation is sensitive to the accuracy of the grid, it is also computed on the
native grid (NEMOgrid) and the results are plotted in Fig. S7. The variations
between the correlation coefficients calculated from the interpolated regular
grid (Fig. 9d) andnativegrid (Fig. S7) are similar; bothplots showthatORAS5
has higher correlation coefficients than the other datasets and the amplitude
drop is primarily around 34 °N, but the correlation coefficients from the
regular grid are slightly higher than that from the native grid.

Considering that both MOC (Fig. 9a) and OMHT (Fig. 9b) have
increasing trends during 2000–2004 and 2011–2020, and a decreasing trend
for 2005–2010, which are consistent between reanalyses and RAPID obser-
vations, the relations between the OHC trend and MOC or OMHT are
investigated for ORAS5 (Fig. 10). This shows the contrast between periods
when MOC is increasing (2000–2004, Fig. 10a) and decreasing (2005–2010,
Fig. 10b) in theNorthAtlantic. TheOHC trend in the upper layer is generally
positive when theMOC is increasing and negative when it is decreasing. The
spatial distribution patterns (latitude-depth section) between 40 and 60 °N
are also different, which is consistent among datasets (Figs. S8–11) and with
the result of Chen and Tung48, even though the two time periods here are
shorter than theirs. However, for theMOC increasing period 2011–2020, the
OHCtrend spatial patternbetween30and60 °Nhas changed comparedwith
the earlier increasing MOC period 2000–2004, with concentrated positive
OHC trends in thewater column between 30 and 40 °N andweak decreasing
trends between 40 and 60 °N.

The ocean energy budget in the North Atlantic (26–65 °N) is quantified
in Fig. 11 for four reanalyses. Theheat transport represented byΔOMHT(the
OMHTat 26Nminus that at 65 °N), togetherwith the surface energy flux FS,
should be balanced ideally by the OHC change rate ΔOHC. Since the four

ocean reanalyses are forced by ERAI (ERA-Interim) surface fluxes and the
DEEPCdata are observation-based, the FS fromboth datasets have been used
here to check the energy balance between 26 and 65 °N in North Atlantic.
Three lines are FS(ERAI)+ΔOMHT (black), FS(DEEPC)+ΔOMHT (red)
and ΔOHC (blue), respectively. They vary in both magnitude and variability
across datasets, and the FS+ΔOMHT is not balanced by the ΔOHC across
datasets. For the variability, the best correlation between FS(DEEPC)+
ΔOMHT and FS(ERAI)+ΔOMHT is r= 0.73, and the best one for ΔOHC
andFS(ERAI)+ΔOMHT is r= 0.41, both fromORAS5. The best correlation
between ΔOHC and FS(DEEPC)+ΔOMHT is r= 0.49 fromCGLORS. The
partition of the ΔOHC change into the heat transport and FS merits further
investigation using themethod of Li et al.55 in a future study, in order to check
the sources for both the ΔOHC change and uncertainty.

Discussion
The globalmeanOHCvariations showa consistent substantial upward trend
during 1993–2020 over different depthswith considerablefluctuationswhich
are reduced after 2005. The trends of ORAS5 (0.84 ± 0.01 and
0.88 ± 0.01Wm−2 over 0–2000m and full-depth, respectively) over
2005–2017 are closer to the mean FT of 0.79Wm−2 and mean FS of
0.74Wm−2 fromDEEPC than that over 1993–2017. The MOC and OMHT
in the North Atlantic display good agreement with RAPID observations in
both amplitude and variability except for CGLORS having larger values than
others. The 2009 low and the upward trend between 2010 and 2017 are
captured by all datasets. The multiannual mean (April 2004–March 2018)
OMHTs from ORAS5, GLORYS and FOAM are close to the RAPID
observation. These reanalyses show better mean value agreement than pre-
vious studieswhere all reanalysisproductsunderestimate theOMHTat26 °N
in the Atlantic basin compared with the RAPID observations (Liu Y et al.56).
The mean regression gradients of 0.070 PW/Sv from four ocean reanalyses
and 0.076 PW/Sv from RAPID are consistent. All these results indicate the
improved estimation of the OHC, OHCT and OMHT from reanalyses.

Fig. 9 | Relationship between OMHT and MOC. Time series of a OMHT and
bMOC at 26°N and all lines are 12-month running mean. c is the scatter plot
between MOC and OMHT and the correlation coefficients between them from

different datasets are also displayed. d Shows the correlation coefficient between
MOC and OMHT over 1993–2020 at different latitudes in North Atlantic.
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The heat storage and its partition into different ocean basins show that
the OHC increase over 2001–2010 is more than during 1994–2000 and a
higher proportion of heating below the uppermixed layer contributed to the
slowdownof globalwarmingover2001–2010.TheOHCtrends in theNorth
Atlantic show distinct differences between the MOC increasing period
(1993–2004) and the decreasing period (2005–2010), and also between two
MOC increasing periods (1993–2004 and 2011–2020), which are consistent
among datasets. These results do not support previous studies suggesting
that the MOC has changed from transporting surface heat northwards,
warming Europe andNorth America, to storing heat in the deeper Atlantic,
buffering surface warming for the planet as a whole48.

Methods
Data
The monthly data from four global state-of-the-art ocean reanalyses
provided by CMEMS, including the ECMWF ORAS557 which is an
upgrade of ORAP531, the Mercator Ocean’s ocean analysis system
GLORYS2V458, UK Met Office GloSea5 (Global Seasonal forecast sys-
tem version 5)59 based on the FOAM (Forecast Ocean Assimilation
Model) Ocean Analysis60 and CMCC (Centro Euro-Mediterraneo sui
Cambiamenti Climatici) C-GLORS (CMCC Global Ocean Reanalysis
System)61, and one objective analysis from IAP are used in this study.
These datasets are shorted as ORAS5, GLORYS, FOAM, CGLORS and
IAP, respectively. The four ocean reanalyses are all based on the NEMO
model on the ORCA025 grid62, with the eddy-permitting horizontal
resolution of 0.25 ° × 0.25 ° and 75 vertical levels. Allmodels are forced at
the surface by ERA-Interim fluxes and all assimilate sea surface tem-
perature (SST), sea level anomalies (SLA), sea ice concentrations (SIC)
and in situ temperature and salinity profiles63. All data are post-
processed to create the new product GREP (Global Reanalysis Ensemble
Product) and the data from 1993 onward are publicly available from the
website. The GREPmembers exhibit larger consistency (smaller spread)
than their predecessors, suggesting the advancement with time of the
reanalysis vintage64,65. The IAP dataset used spatial covariance from
model simulations to help provide spatial interpolation and it has
advantages in both its instrumental error reduction and its gap-filling
method1,66.

OHC, OHCT and OMHT calculations
The ocean heat content in a grid box is calculated from the sea water
potential temperature using the following equation

OHC ¼ A
Z z2

z1

ρCpT
0dz ð1Þ

whereA is the horizontal area of the grid box, ρ the density of sea water, Cp
the specific heat of sea water. T 0 is the sea water potential temperature
anomaly relative to the reference period of 2006–2018. z1 and z2 are the
lower and upper layer boundaries of the integration. Since the changes in
density and specific heat of seawater are small, they are selected as constants
with values of ρ = 1027 kgm−3 and Cp = 3987 J kg−1K−1, respectively. The
OHC integrated in a domain is divided by the domain area to have the unit
of Jm−2.

The oceanic meridional heat transport (OMHT) at a latitude θ can be
written as

OMHT ¼ R cosðθÞ
Z φ2

φ1

Z z2

z1

ρCpTvdzdφ ð2Þ

where R is the radius of the Earth and φ the longitude. v is the northward
component of the current velocity.

The OHC tendency (OHCT) is defined as the first derivative of OHC
and can be calculated by the central difference:

OHCTi ¼
OHCiþ1 � OHCi�1

tiþ1 � ti�1
ð3Þ

where the i denotes a particular month, ti-1 and ti+1 denote the time one
month before and after the month i.

Analysis
The variability of the global areameanOHCTwill be comparedwith the net
surface heat flux (FS) from the observation-based DEEPC (Diagnosing
Earth’s Energy Pathways in the Climate system) product67 to check its
magnitude and variability, since the ocean absorbs over 90% of the energy

Fig. 10 | Linear trend ofOHC.The linear trend of zonalmeanOHC in theAtlantic basin over three time periods a 2000–2004, b 2005–2010 and c 2011–2020. TheMOCand
OMHT have increasing trends over both 2000–2004 and 2011–2020 but have decreasing trends over 2005–2010. The data arefrom ORAS5.
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entering the Earth system. The DEEPC FS is estimated from the residual
method using the TOA radiative fluxes, the mass corrected atmospheric
energy transport of ERA5 (the fifth generation ECMWF ReAnalysis68) and
the atmospheric energy tendency9,69–72. This estimated FS can ensure the
conservation of the energy in the entire atmospheric column and is believed
to bemore accurate than other products54,72,73. TheDEEPCdataset has been
verified54,71,74 and used in various studies11,73,75–80 for comparison with other
datasets, model evaluation and understanding climate change and varia-
bility. Please note the FS used in this study is the energy integration over the
ocean surface and divided by the global surface area for comparison pur-
pose. The MOC (meridional ocean circulation) in the North Atlantic is the
northward flow of water volume integrated from the ocean surface to a
depth where it reaches the maximum and the OMHT is integrated to the
same depth. The OMHT will be compared with RAPID observations. The
SST data used for anomaly (SSTA) calculations are from ERSST (Extended
Reconstructed Sea Surface Temperature, version 5). Unless stated otherwise
all anomalies are calculated relative to the reference period of 2006–2018.
The brief descriptions of each dataset are listed in Table S1. The
Mann–Kendall test is applied to check the significance of the trend at a
significance level of 0.0181 and the significance of the correlation coefficient
(r) is checked by applying the two tailed test using Pearson critical values at
the level of 0.01.

Data availability
The DEEPC data are available at https://doi.org/10.17864/1947.000347, the
RAPID data can be downloaded from https://rapid.ac.uk/rapidmoc/rapid_
data/datadl.php and the four ocean reanalyses can be available from https://
data.marine.copernicus.eu/product/GLOBAL_REANALYSIS_PHY_001_
031/description. The IAP is from http://www.ocean.iap.ac.cn/pages/
dataService/dataService.html?navAnchor=dataService. The ERSST v5 is
from http://www1.ncdc.noaa.gov/pub/data/cmb/ersst/v5/netcdf.
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