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| ABSTRACT

Changes in ocean heat content (OHC), salinity, and stratification provide critical indicators for changes in Earth's
energy and water cycles, These cycles have been profoundly altered due to the emission of greenhouse gasses and other
anthropogenic substances by human activities, driving pervasive changes in Earth’s climate system. In 2022, the world’s
oceans, as given by OHC, were again the hottest in the historical record and exceeded the previous 2021 record maximm.
According to IJAP/CAS data, the 0-2000 m OHC in 2022 exceeded that of 2021 by 10.9 + B.3 ZJ (1 Zetta Joules = 10!
Joules); and according to NCEI/NOAA data, by 9.1 + 8.7 ZJ. Among seven regions, four basins (the North Pacific, North
Atlantic, the Mediterrancan Sea, and southem oceans) recorded their highest OHC since the 1930s. The salinity-contrast
index, a quantification of the “saity gets saltier—fresh gets fresher™ pattern, also reached its highest level on record in 2022,
implying continued amplification of the global hydrological cycle. Regional OHC and salinity changes in 2022 were
dominated by a strong La Nifia event. Global upper-ocean stratification continued its increasing trend and was among the
top seven in 2022,
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Article Highlights:

* In 2022, the global ocean was the hottest ever recorded by humans,
* The upper 2000 m salinity-contrast index, a quantification of the “salty gets saltier—fresh gels fresher” pattern, also

reached its highest level on record in 2022.

* Global upper-ocean stratification continued its increasing trend in 2022 and was among the top seven on record,

1. Introduction

Driven by anthropogenic greenhouse gas emissions,
there is an energy imbalance in the Earth’s climate system
(Trenberth et al., 2009, 2014; Hansen et al, 2011; von
Schuckmanr et al., 2016, 2020; Cheng et al., 2022a). More
than 90% of the excess heat accumulated in the climate system
is deposited in the world’s oceans (Rhein etal., 2013: Johnson
et al,, 2018; Cheng et al.,, 2019). The ocean heat content
(OHC) influences ocean—atmosphere interactions by provid-
ing thermal inertia to sea surface temperatures and thus
exerts considerable conirol over the world’s weather (Cheng
et al., 2022a). Rising ocean temperatures bolster the energy
exchanges from ocean to atmosphere, increase the quantity
of atmospheric moisture, and change the patterns of precipita-
tion and temperature globally (Cheng et al., 2022a). As
OHC is less impacted by internal climate variability [e.g., El
Nifio-Southern Oscillation (ENSQ)), it is a particularly
tobust metric of global climate change (Cheng et al., 2(H7h),

Salinity is another key physical property of seawater
and, together with temperature, it determines the water den-
sity, which is a vital driver of ocean circulation. The
changes in ocean salinity reflect the global exchanges of sur-
face freshwater. Evaporation refers to the transfer of freshwa-
ter from a water body to the atmosphere, leaving behind liquid
waterthat is higherin salinity. On the other hand, precipitation
injects freshwater into otherwise saline water, resulting in
freshening. The salinity anomalies associated with surface
freshwater exchanges are then dispersed in the ocean
through ocean circulation and mixing (Schmitt, 1995;
Dnirack, 2015; Yu et al, 2020). Consequently, salinity
changes inlegrate effects over broad areas and provide an
excellent indicator of water cycle change and variability. To
quantify these changes, the Salinity Contrast (SC) index is
employed, defined as the difference between the salinity aver-
aged over climatologically high-salinity and low-salinity
regions, and provides a simple but powerful means of diagnos-
ing the observed salinity pattern changes (Cheng et al.,
2020).

Temperature and salinity changes alter the ocean density
and lead to changes in vertical stratification. The stratified
configuration of the ocean can act as a barrier to water mix-
ing, which impacts the efficiency of vertical exchanges of
heat, carbon, oxygen, and other constituents (Li et al.,
2020a). Thus, stratification is a central element of Earth’s cli-
mate system, and understanding its changes in conjunction
with global warming has important scientific, societal, and

ecological consequences.

Accordingly, the OHC, salinity, and stratification are
important as metrics for quantifying climate change, as well
as through the influence of the oceans on weather and society
(Abraham et al., 2022). This paper provides an update on
the OHC in 2022 using two different data products—that of
the Institute of Atmospheric Physics (IAP) at the Chinese
Academy of Sciences (CAS) (Cheng et al,, 2017a, 2020; Li
et al., 2020a), and that of the National Centers for Environ-
mental Infermation (NCEI) at the National Oceanic and Atmo-
spheric Administration (NOAA) (Levitus et al,, 2012). The
SC index and stratification were updated using IAP data,
These groups correct systematic errors in data, and both use
mapping methods to relate discrete measurements into a con-
tinuous picture of the world’s oceans,

2. Data and methods

Data are cbtained from in situ measurements made avail-
able through the World Ccean Database. The instruments
used to coilect data include expendable bathythermographs
(XBTs), Argo profiles (Argo, 2022), conductivity/tempera-
ture/depth instruments, mechanical bathythermographs
(MBTS3), bottles, moorings, and gliders (Boyer et al., 2018),
Each of these instruments has an associated accuracy that
may vary over time or with geographical location (Abraham
et al,, 2013; Cowley et al., 2021). Efforts have been made
by the scientific community to improve the accuracy of
these instruments. Although the source data are the same for
the two groups, the gap-filling approach and many other
data processing techniques are different. As an example,
XBT biases have been corrected for IAP by Cheng et al.
(2014) and for NCEI by Levitus et al. (2009). The newly
available corrections for bottle and MBT data (Gouretski
and Cheng, 2020; Gouretski et al., 2022) have not been incor-
porated; instead, MBT biases have been corrected for NCEI
by Levitus et al. (2009) and for IAP by Ishii and Kimoto
(2009). Besides, a reanalysis data is used for the Mediter-
ranean Sea (CMS-MEDREA). The CMS-MEDREA assimi-
lated XBT, CTD, Argo profiles, integrating data from CMS
and SeaDataNet (https://www.seadatanet.org) and, CMS
satellite along track sea level anomaly (Escudier et al.,
2021).

The 0~2000 m SC index is calculated as in Cheng et al.
(2020) for each month (¢) over the 3D (x, y, z) ocean salinity
field:
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where (x, y, z) are the three dimensions of latitude, longi-
tude, and depth; Vy;y, is the salinity averaged over high-salin-
ity regions (Viy,,) where salinity is higher than the elimatologi-
cal global median S;,; and Vi, is the salinity averaged
over low-salinity regions (V3,,,) where salinity is lower than
the climatological global median Sy Sqim, Viign and Vigy
are all determined on the basis of the climatological salinity
field during 1960-2017. All data collected in the World
Ocean Database (Boyer et al., 2018) are used to calculate
the 8C index, including real-time Argo observations,

Ocean stratification is calculated as in Li et al. (2020a),
computed as the squared buoyancy frequency:

e (5. o

where g, o7, and g denote the sea water density, local potential
density anomaly, and gravitational acceleration, respec-

(a) Globat ocean heat content in the upper 2000 m (JAP/CAS)
T T T T T T T [ T

tively; and N, the Brunt—Viisild frequency, represents the
intrinsic frequency of internal waves.

We present the most up-to-date information from both
IAP and NCEI for 2022, incorporating the most recent data
quality processing and mapping techniques. Those improve-
ments resalt in modest changes in previous estimates, and
we also provide recalcnlated 2019-21 OHC values using
the most recent analysis from IAP and NCEL The upper
2000 m ocean volume is analyzed for all these parameters
because of the data availability and the capability of the cur-
rent data processing technigues. For instance, previous stud-
ies suggest a reliable estimate of the upper 2000 m OHC,
SC index, and stratification since the late 1950s (Levitus et
al., 2012; Cheng et al., 2017a, 2020; Li et al., 2020a).

3. Global ocean changes in OHC, salinity,
and stratification

Figure 1 shows the changes to the global upper 2000 m
OHC since 1958. Regardless of the processing techniques,
there is an wnequivocal ocean warming trend in recent
decades. The NCEI three-month QHC estimate has a

50
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Fig, 1. Global upper 2000 m OHC from 1958 through 2022 according to (a) LAP/CAS and (b)
NCEINOAA data. 1 ZJ = 10! Joules. The line shows (a) monthly and (b) seasonal values,
and the histogram presents (a) annual and (b) pentad anomalies relative to a 19812010

baseline.
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slightly stronger trend than the pentad time series from 2005
to 2019, indicating the impact of sampling changes associated
with the mapping approach.

The upper 2000 m of the world’s oceans have warmed
on average by 5.5 £ 0.3 ZT yr! (1 ZT = 10?' Joules) during
1958-2022 (IAP/CAS) and by 5.3 + 0.4 ZJ yr-! during
1958-2020 (NCEI/NOAA pentad estimate). The 95% confi-
dence levels are calculated using the approach of Cheng et
al. (2022h). Regardless of which dataset is used, there has
been a three- to four-fold increase in the rate of increase in
OHC since the late 1980s. For example, according to the
JAP analysis, the OHC trend for 195885 is 2.3 £ 0.5 ZI yr},
and since 1986 the OHC trend is 8.7 £ 0.5 ZJ yr!.

Long-term trends are the best metrics to quantify climate
changes. Short-term (c.g., annual) changes are less important
but still insightful. Tt takes around four years of measurements
for the long-term signal to emerge from short-term noise in
the global ocean (Cheng et al., 2017b). A prime example of
this type of internal variability is the ENSO cycle, which
occurs with certain regularity in the Pacific Ocean (Cheng
et al., 2019). During a prolonged La Niiia event, such as the

one witnessed most recently, the tropics cool overall and
emits less thermal radiation to space, thereby increasing
Earth’s net energy imbalance and OHC {Cheng et al., 2019).
Despite these internal processes, global OHC has increased
steadily, regardless of the status of ENSO, owing to anthro-
pogenic influences. When considersd on an annual basis,
2022 is the hottest year ever recorded in the world’s oceans.
Its OHC exceeds that of 2021 by 10.9 + 8.3 ZJ according to
IAP/CAS data, and by 9.1 + 8.7 ZJ according to NCEI/
NOAA data (for the 0-2000 m water depth) (95% confidence

Table 1. Ranked order of the five hottest years of the world’s
occans since 1955, The OHC values are anomalies for the upper
2000 m in units of ZJ relative to the 1981-2010 average.

Rank Year IAP/CAS NCEI/NOAA
1 2022 245 238
2 2021 234 229
3 2020 21 a1t
4 2019 214 210
5 2017 202 189

0.005
o
2 op
o
il
5
3 -0.005
=
£
g -0.01
85% emor bar
~0.015E 1 ) s L ; .
1960 1870 1980 1980 2000 2010 2020
(b) 8 Global stratification ¢hange in the upper 2000 m (IAP/CAS)
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Fig. 2. Monthly (line) and annual (bars) changes in (a) SC index and (b) stratification in the
upper 2000 m of the global ocean from 1958 to September 2022 [data npdated from Cheng et

al. (2017a)].
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interval is presented).

Slight differences between the JAP/CAS and NCEV/
NOAA estimates reflect differences in the analysis methods
(mapping, quality control, data coverage, etc.), but hoth
show excellent agreement, as indicated by the values of
OHC listed in Table 1. The table lists the five hottest years
ever recorded in the world’s oceans. The progressive warming
of the oceans is particularly notable given the contemporane-
ous occurrence of events thought to be exerting a strong cool-
ing, such as the 2019-20 Australian wildfires (Fasullo et al.,
2021).

Substantial changes are also seen in other oceanic met-
rics. Figure 2 presents the upper 2000 m SC index and stratifi-
cation time series since 1959. There is a progressive
increasein SCindex in the past half century, while the stratifi-
cation index is noisier and shows strong interannual to
decadal varability in addition to an upward trend. The
robust increase in SC index indicates an amplification of the
02000 m salinity pattern (Cheng et al., 2020). Despite the
robust long-term trend, the uncertainty in salinity observa-
tions is substantial because of fewer measurements than tem-
perature and the “salinity drift” bias in Argo data. Indeed,
starting in 2015, an increased number of Sea-Bird conductiv-
ity cells used on Argo floats have salt-drifted (https:/argo.
ucsd.edu/data/data-fag/#sbepsal).

The increase in SC index has been robustly attributed
to human influence, and this anthropogenic signal has
exceeded the natural background variability (Cheng et al.,
2020). While the general behavior of OHC and SC index is
similar, there are some differences. For example, the SC
index shows periods with little change [the 2000s,
roughly—the period of the so-called global warming “hiatus”
(Trenberth and Fasullo, 2013)] within an otherwise unmistak-
able long-term trend. In 2022, the SC index reaches
0.0.0076 + 0.003 g kg-!, which is the highest it has been
since the late 1950s. This ocean-based metric is generally con-
sistent with many atmosphere-based estimates and strength-
ens the evidence that the global water cycle has been intensi-
fied with global warming. For instance, “the fresh gets
fresher and salty pets saltier in much of the ocean” pattem
of change indicates the “wet gets wetter and dry gets drier”
paradigm, which describes the amplification of the water
cycle driven by global warming. On land, it means stronger
and longer dry spells and more heavy rainfall events with
potential for flooding, as has been observed (Fischer et al.,
2021).

There is a punctuated increase in stratification in the
past half century with large interannual variability (Fig. 2b).
This increase suggests the vertical structures of the world's
oceans have become more stably stratified because of
changes in both temperature.and salinity (Li et al., 2020a),
As water layers become more stable, vertical mixing of heat,
carbon, nutrients, and other concentrations is expected to
decrease. Li et al. (2020a} estimated that the stratification of
the ocean’s upper 2000 m has increased by 5.3% since 1960
(the global 02000 m mean stratification, quantified by N2,

is 0.707 x 105 572}, and by as much as 10%-20% in the
upper 150 m. These changes are mostly related to faster warm-
ing of the surface waters compared with deeper layers,
which decreases the surface water density. In 2022, the
upper 2000 m stratification increases to 3.50 4 0.37 x 107 572,
which is amongst the top seven annual values recorded
since the Jate 1950s. The substantial interannnoal fluctuations
in stratification are dominated by ENSO; specifically, thermo-
cline variations and the formation of barrier layers linked
with this phenomencn (Li et al., 2020a). The La Nifia condi-
tion in 2022 is assoctated with a vertical heat redistribution:
more heat in the subsurface {(100-300 m) and less heat in
the near surface (0-100 m), and thus the vertical stratification
is smaller than that during El Nifio events.

4. Regional patterns of ocean warming and
salinity

Spatial maps of the 2022 OHC anomaly relative to the
mean 1981-2010 conditions (Fig. 3a) reveal most of the
ocean areas warming significantly, while some areas (much
of the Atlantic and southern oceans} are heating at a faster
rate than other ocean basins. There is also a notable minimum
in the northern Atlantic Ocean, consistent with the “cold
blob™ near the sea surface (see Rahmstorf et al., 2015). The
drivers of the long-term OHC trend patterns were reviewed
in Cheng et al. (2022a). There are increasing occurrences of
record-shattering heatwaves and droughts in the Northern
Hemisphere (Fischer et al., 2021), consistent with intensive
ocean warming in the midlatitude Pacific and Atlantic
oceans (Fig. 3a).

The OHC difference between 2022 and 2021 is presented
in Fig. 3b and Fig. 3¢ for the IAP/CAS and NCE/NOAA
analyses, respectively, The two estimates show consistent
large-scale patterns but the NCEI/NOAA data are noisier
owing to the adopted mapping approach. In the tropical
Pacific, warming anomalies around the equator and cooling
anomalies on both sides of the equator in 2022 compared to
2021 (Figs. 3b and c) indicate that heat has increased in equa-
torial regions over the past year, partly through advection in
the ocean but also through anomalous surface exchanges. Pre-
vious studies suggest that positive OHC anomalies in the west-
em Pacific Ocean (within 5°8-5°N and 120°E-80°W)are a
precursor of El Nifio (McPhaden, 2012), Thus, such positive
OHC anomalies and héat recharge in the equatorial region
seem o ferebode an El Nifio condition for the following
year.

The 2022 salinity anomalics relative to a 1981-2010
baseline (Fig. 4a) reveal that most of the Pacific and East
Indian oceans, which are already relatively fresh climatologi-
cally, are currently undergoing a freshening, while relatively
saline areas such as the midlatitude Atlantic, the Mediter-
ranean Sea and West Indian oceans are becoming more
saline. A colloquial way of stating this is “fresh areas are
becoming fresher; salty areas are becoming saltier”, driven
by long-term atmospherie water cycle changes related espe-
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(a) 2022 OHC (0-2000m) anomaly refative to 1981-2010 baseline (IAP/CAS)
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Fig. 3. (8) The annual OHC anomaly in 2022 relative to a 1581-2010
baseline for IAP/CAS data. (b) The difference in annual mean OHC in the
upper 2000 m between 2022 and 2021. (c) As in (b) but for the NCE/NOAA
estimate. Unit: 10° ] m~2. [Data updated from Cheng et al, (2017a) in (a, b)

and from Levitus et al. (2012) in (c}).

cially to precipitation anomalies (Rhein et al., 2013; Zika et
al., 2018; Cheng et al., 2020). The reason is that precipitation
pattemns are strongly tied to dynamical structures, such as con-
vergence zones and monsoons, so that rainy areas are not ran-
dom. Qver oceans, where moisture is not limited, wet areas
are getting wetter, and dry areas are becoming drier,

The change in salinity of the tropical Pacific Ocean in
2022 compared with 2021 (Fig. 4b) mainly reveals the
impact of La Niiia, and on its own shounld therefore not be
interpreted as a trend. The upward branch of the Walker circu-
lation over the Maritime Continent is much stronger than aver-
age, resulting in more rainfall and negative salinity anomalies

but less precipitation in the west-central Pacific and south
side of the equatorial Pacific where positive salinity anoma-
lies extend into middle latitudes in the northern and southem
Pacific (Fig. 4b). The latter salinity anomalies are associated
with the shift in the South Pacific Convergence Zone and
associated activity and precipitation.

5. Basin-wide OHC changes and regional
hotspots

With the above spatial maps as a background, it is now
possible to discuss each of the basins in detail {(Fig. 5). Fur-
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(a)2022 salinity anomaly (0-2000m) relative to 1981-2010 baseline (IAP/CAS)
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Fig. 4. (3) The upper 2000 m salinity anomaly in 2022 relative to a
1981-2010 baseline. (b) The difference in salinity in the upper 2000 m
between 2022 and 2021 [data updated from Cheng et al. (2020)].

thermore, the figure includes the temporal evolution of
OHC in each area from 1958 to 2022.

This northwest region of the Pacific Ocean, bounded by
~10°S-30°N and ~110°-170°E, is dominated by substantial
interannual and decadal internal variability, especially from
the Interdecadal Pacific Variability and ENSO. Since 2000,
the upper 2000 m OHC values are collectively higher than
in the perod 1958-2000. In 2022, this Northwest Pacific
OHC reaches its third highest level on record (Fig. 5a; 0.81
GIm=?, where 1 GI=10%]).

The Indian OHC shows a rapid warming trend only
since 2000. In 2022, the QHC in the Indian Ocean is among
the top six years ever recorded (Fig. 5b; 0.63 GJ m~2). The
southeast Indian Ocean stands out, with regionally
enhanced warming around 2000 (Fig. 3a), probably linked
to the increased heat transport from the Pacific, as was the
case for the 2010-2012 multi-year La Nifia (Feng et al,
2015; Li et al, 2017). The warming in this region is
expected to drive extreme heatwave events thatleave devastat-
ing consequences on coral ecosystems (Wemberg et al,
2013). The decrease in QHC from 2020 to 2022 is consistent
with the negative Indian QOHC tendency during La Nifia
(Cheng et al,, 2019), driven mainly by decreasing the heat
transport of the Indonesian Throughflow during the decaying
stage of La Nifia (Li et al., 2020b; Volkov et al., 2020).

The tropical Atlantic Ocean (10°-30°N), a region impor-
tant for hurricane development (Trenberth et al., 2018),
shows a contimual increase in OHC since the late 19505

(Fig. 5c). In 2022, the upper 2000 m OHC ranks second in
this region (0.77 GJ m~2), slightly lower than the 2016 level
(0.78 GI m2) . The North Atlantic Ocean has warmed contin-
uously from the late 1950s until around the year 2000, and
the 2022 OHC reaches a record level (1.06 GI m™2). The
value is almost identical to the 2021 level (Fig. 5¢). Part of
the warming derives from reduced aerosol concentrations
(Murakami, 2022), and the result has been substantial
increases in tropical cyclone and hurricane activity in the
Atlantic (Vecchi et al., 2021; Truchelut et al., 2022).

The Mediterranean Sea OHC in 2022 is identical to the
2021 level (1.35 GJ m2) (Fig. 5d), and these record-high
OHCs are consistent with the widespread and prolonged
marine heat waves recorded in recent years in its central and
western parts. However, an independent ocean reanalysis
data (CMS-MEDREA) updating to November 2022 indicates
a reduced OHC in 2022 than 2021, probably associated with
the different methodology and relative uncertainty in generat-
ing observations-only estimates and reanalyses (Simoncelli
etal,, 2022).

In the North Pacific Ocean (30°-62°N) and South
Pacific (not shown), a large-scale warming condition and per-
sistent marine heat waves [referred to as“The Blob™ (Scannell
et al., 2020)] are evident in recent years (Figs. 3 and 5), in
part consistent with La Nifia teleconnections. In 2022, the
upper 2000 m OHC reaches a record level (0.95 GJ m2) by
a large margin, which supports the extreme events wit-
nessed, such as intensive heat waves and deoxygenation,
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and poses 2 substantial risk to marine life in this region,

The Southemn Ocean has experienced a long-term warm-
ing trend since the 1950s (Fig. 5g) and has been the major
heat and carbon sink for the past century, The OHC level in
2022 for this region (0.82 GI m™2) exceeds last year’s
record (0.81 GJ m2), albeit with uncertainty. The interannual
change in OHC in the scuthern oceans is also linked to
ENSO (e.g., Ding et al, 2011; Wang et al.,, 2022). The
recent La Niiia in the tropical Pacific deepened the Amundsen
Sea Low through a Rossby wave train (e.g., Li et al,, 2021),
which favored an enhanced heat uptake via the upwelled
deep waler and heat convergence on the northern flank of
the Antarctic Circumpolar Current (Armour et al.,, 2016;
Wang et al., 2022).

6. Persistence of decadal OHC patterns

As the global Argo network has now collected data for
an unprecedented period of time (almost two decades), it is

(@) 2003-2012 upper 2000m OHC anomalies

worthwhile exploring the persistence of the decadal OHC pat-
terns. Figure 6 shows the upper 2000 m OHC anomalies for
the periods 2003-12 and 2013-22 relative to the global
mean. In both decades, OHC shows a robust increase in the
Indo-Pacific region, the Kuroshio extension, the West and
South Pacific, and the midlatitude Atlantic, in both hemi-
spheres. Cooling trends persist in the Southwest Indian and
eastern Pacific oceans. The latter highlights the dominance
of La Nifia and negative Pacific Decadal Oscillation/Inter-
decadal Pacific Variability in both periods. Nevertheless,
most of these signals are consistent with the response of
OHC to anthropogenic forcing (Fasullo et al., 2018) and
long-term OHC changes from 1958 to 2020 (Cheng et al.,
20223). The patterns show a strong degree of correlation (r=
0.45), particularly when considered outside of the North
Atlantic Ocean (r = 0.60). Despite being limited in duration
to two decades, the observed anomalies support the idea of
a persistent pattern of change across the Pacific Ocean consis-
tent with astrengthening of the Walker circulation, with impli-
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cations for a range of key topics including the impacts of
sea level rise, climate sensitivity, and the tetrestrial hydrocli-
mate (Fasullo and Nerem, 2018; Nguyen et al., 2021).

7. Concluding remarks

Based on analyses from two inlernational groups (TAP/
CAS and NCEI/NOAA), this paper provides estimates of
the OHC, salinity, and stratification in 2022. While these
groups use different approaches to form a continuous record
of temperature change, the results are consistent and mutually
reinforcing.

First, we find that the oceans are continuing to warm
globally, with yet another new 0-2000 m OHC record
reached in 2022. The inexorable climb in ocean temperatures
is the inevitable outcome of Earth’s energy imbalance, primar-
ily associated with increasing concentrations of greenhouse
gases. The global long-term warming trend is so steady and
robust that annual records continue to be set with each new
year. The warming has accelerated in recent decades, with a
faster rate of warming evident since roughly 1990 (Cheng et
al., 2022a, b). Similarly, the SC index has increased, signify-
ing more extreme salinity anomalies and an imprint of
global water cycle amplification on the upper ocean. We
also show a sustained increase in ccean stratification, with
ocean waters becoming increasingly more stabie over time,
although with more variability than other fields.

Next, regional warming patterns are displayed and local
hot and cold spots identified. All basins have experienced
some warming with intermal variability superposed atop the
long-term trends. In 2022, four out of seven regions reached
record levels of heat content for their upper 2000 m QHC,
and all seven regions were among the top ten warmest
years.

In addition to the ocean metrics presented in this study,
other changes indicating ocean heelth that can be included
in the future include ocean oxygen change and pH. Further-
more, arecent study (Ren et al., 2022) proposed another met-
tic to synthesize changes in ocean lemperature and salinity:
the spatial inhomogeneity. Under greenhouse warming,
oceans are becoming less homogeneous in terms of thermoha-
line properties, with the thermohaline inhomogeneity index
[defined as the spatial standard deviation of seawater in den-
sity-spicity space (Huang et al., 2018)] having increased by
~2.4% compared to the 1960 level.
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