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ABSTRACT

The global physical and biogeochemical environment has been substantially altered in response to increased
atmospheric greenhouse gases from human activities. In 2023, the sea surface temperature (SST) and upper 2000 m ocean
heat content (OHC) reached record highs. The 0-2000 m OHC in 2023 exceeded that of 2022 by 15 = 10 ZJ (1 Zetta
Joules = 102! Joules) (updated TAP/CAS data); 9 + 5 ZJ (NCEI/NOAA data). The Tropical Atlantic Ocean, the
Mediterranean Sea, and southern oceans recorded their highest OHC observed since the 1950s. Associated with the onset of
a strong El Niflo, the global SST reached its record high in 2023 with an annual mean of ~0.23°C higher than 2022 and an
astounding > 0.3°C above 2022 values for the second half of 2023. The density stratification and spatial temperature
inhomogeneity indexes reached their highest values in 2023.
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Article Highlights:

* In 2023, the global annual mean SST and upper 2000 m ocean heat content were the highest ever recorded by modern

instruments.

¢ Other oceanic indices, including density stratification and spatial temperature inhomogeneity, attained record highs.
* A strong El Nifio developed during 2023 and influenced warming and salinity anomaly patterns.

1. Introduction

The increase in carbon dioxide (CO,) and other green-
house gases in the atmosphere from human activities has led
to an increase in longwave radiation trapped within the
Earth system, resulting in an increase in the difference
between incoming and outgoing radiation at the top of the
atmosphere and causing an Earth Energy Imbalance (EEI)
(Trenberth et al., 2014; Gulev et al., 2021). With about 90%
of the excess heat accumulated in the Earth system
deposited in the world’s ocean, EEI causes rising ocean tem-
peratures and increasing ocean heat content (OHC) (Rhein
et al., 2013; Johnson et al., 2018; Von Schuckmann et al.,
2020; Loeb et al., 2021; Cheng et al., 2023). Both OHC and
the closely associated sea level rise (SLR) are robust indica-
tors of climate change because they have larger forced
signal-to-noise ratios than surface temperature change
(Cheng etal., 2018). OHC also plays essential roles in
Earth’s energy, water, and carbon cycles (Cheng et al.,
2022a) and significantly affects human society (Abraham
and Cheng, 2022).

Further, ocean freshwater change, reflected in changes
in ocean salinity, aggregates changes in the atmospheric
water cycle and ocean circulation, and these changes, along

with temperature changes, regulate the ocean currents and
impact the vertical stability of the ocean. Ocean salinity
trends are generally characterized by a “fresh gets fresher,
salty gets saltier” change pattern, meaning areas that are cur-
rently fresh are becoming fresher, and areas that are currently
salty are becoming more saline (Durack and Wijffels,
2010). This process can be quantified by a “salinity-contrast”
(SC) index that calculates the salinity difference between
the higher and lower salinity regions compared to a global
average (Cheng et al., 2020).

These ocean temperature and salinity changes are not spa-
tially homogeneous. As the changes are non-uniform, the vari-
ance of the three-dimensional upper 2000 m ocean tempera-
ture fields have increased (Ren et al., 2022). Vertically, the
ocean temperature and density structures are altered, leading
to vertical stratification changes (Li et al., 2020a), which in
turn impact the vertical exchanges of energy, water, carbon,
nutrients, and other substances.

The year 2023 began as the third year of a prolonged
La Niidia that faded by April, as sea surface temperatures
(SSTs) in the tropical central and eastern Pacific rose with
the onset of a new major El Nifio (Fig. 1). By late 2023, the
El Nifio was classed as “strong” (> 1.5°C for Oceanic Nifio
Index), with predicted Nifio3.4 SSTs exceeding 1.8°C in
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Fig. 1. An ENSO index (Oceanic Nifio Index, ONI), calculated based on a 3-month running
mean of Extended Reconstructed Sea Surface Temperature, version 5 (ERSST.v5): SST
anomalies in the Nifio3.4 region (5°N-5°S, 120°-170°W)] (shading) [data updated from
Huang et al. (2017)]. The prediction for the December 2023 ONI is based on the IAP ENSO
ensemble prediction system (Zheng and Zhu, 2016; Li et al., 2023).
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November and December 2023 (Fig. 1). The CO, concentra-
tion in the atmosphere continued to increase in 2023 and is
more than 50% above preindustrial levels. At Mauna Loa,
Hawaii, the November 2023 mean rose to 420.46 parts per
million by volume (ppm), an increase of about 3 ppm com-
pared to November 2022 (https://gml.noaa.gov/ccgg/
trends/). The EEI has remained above 1 W m=2 over recent
years (Loeb etal., 2022). This equals an energy increase
of ~16 ZJ yr~! (1 ZJ = 102! J). If the heating below 2000 m
is about 1 ZJ yr~! (Purkey and Johnson, 2010) and 90% of
the EEI goes into the ocean, then 13.5 ZJ yr~! is expected in
the ocean above 2000 m depth.

Very high SSTs in the extratropics in 2023 were at least
in part a consequence of the prior La Nifia, as cool surface
temperatures reduced tropospheric temperatures and outgo-
ing longwave radiation. In the North Pacific, high ocean tem-
peratures fueled the atmospheric rivers and “rain bombs”
that led to extensive flooding but also relief from long-stand-
ing drought in many parts of western North America.
Severe flooding also occurred in New Zealand, Beijing/
China, Alaska, India, Italy, Slovenia, Japan, Vermont,
Kenya, and East Africa. Record heatwaves occurred in the
southern United States, China, India, southern Europe
(Spain, Portugal, Italy, Greece, France) and elsewhere. Wild-
fires also accompanied several areas that exhibited record
heat and/or drought during 2023. Many nations set all-time
temperature records and record low sea ice was recorded
throughout the southern winter around Antarctica. The
Atlantic hurricane season was vigorous, especially consider-
ing it was an El Nifio year when storm activity would usually
be suppressed. In the East Pacific, hurricane Otis developed
at a record rate to a category 5 storm in less than one day
before making landfall near Acapulco, Mexico, in late Octo-
ber. The results of many of these events have been devastating
in terms of lives lost, disruption, and damage. These climatic
changes have profound societal and ecological consequences
(Abraham et al., 2022).

This paper provides an update on various oceanic
changes in 2023 using two different data products: (1) the
Institute of Atmospheric Physics (IAP) at the Chinese
Academy of Sciences (CAS) (Cheng et al., 2017, 2020; Li
et al., 2020a); (2) National Centers for Environmental Infor-
mation (NCEI) at the National Oceanic and Atmospheric
Administration (NOAA) (Levitus et al., 2012). We include
the OHC, SST, SC index, stratification, and temperature spa-
tial inhomogeneity indexes to describe ocean changes in
2023.

2. Data and methods

The source data are obtained from in situ measurements
made available through the World Ocean Database (WOD)
(Boyer et al., 2018), the primary data source for all data prod-
ucts. The main subsurface observing system since 2005 is
the profiling floats from the Argo program (Argo, 2023),
whereas other data sources, including XBTs from ships of
opportunity, conductivity—temperature—depth (CTD) data

from research ships, instrumented animals, gliders, moored
buoys, and ice-tethered profilers, augment observations glob-
ally and are primary sources in shallow seas/continental
shelves, and high-latitude seasonal ice covered areas. The dif-
ferences between the data products arise from additional in
situ observations owned by the data center, data quality con-
trol (QC), climatology, vertical interpolation, gap-filling,
and other data processing techniques (Abraham et al., 2013;
Boyer et al., 2016; Cheng et al., 2022a). All instrumental
data are used for the IAP/CAS and NCEI/NOAA products.
This paper presents the most up-to-date information from
TIAP/CAS and NCEI/NOAA for 2023, incorporating the latest
data quality processing and mapping techniques. Both the
IAP/CAS and NCEI/NAA datasets are monthly gridded
products, have 1° x 1° horizontal resolution, and cover the
ocean’s upper 2000 m.

IAP introduced a major update in 2023 based on a previ-
ous version in Cheng et al. (2017); the data quality-control
named the CAS-Ocean Data Center (CODC) Quality Control
system—CODC-QC (Tan etal., 2023), where only the
“good” data (flag = 0) are used. XBT biases have been cor-
rected by an updated scheme in Cheng et al. (2014) modified
and extended to 2023. Mechanical Bathythermograph
(MBT) biases have been corrected using a newly available
scheme of Gouretski and Cheng (2020). Correction for a sig-
nificant systematic bias in bottle data was applied using a
newly proposed correction scheme (Gouretski et al., 2022).
Bias corrections for temperature profiles from sensors
attached to marine animals recommended by Gouretski
et al. (2023) were also applied. Together, these changes in
QC procedure and bias corrections resulted in a stronger
long-term upper 2000 m OHC trend for the 1960-2023 and
2005-2023 periods.

For NCEI/NOAA data, an objective analysis approach
from Levitus et al. (2012) is used for spatial interpolation.
The XBT biases are corrected with the Levitus et al. (2009)
approach. The NCEI analysis assumes no temperature
change where there is no data, which will underestimate the
OHC in areas without data. However, due to Argo and other
components of the ocean observing system, the coverage
since 2005 is greater than 80% of the global ocean to 2000
m. Another aspect of the NCEI procedure that can lead to
an underestimation of OHC is the flagging of Argo profiles
in mesoscale eddies and other oceanic features, which in
recent years are more than five standard deviations from the
long-term (1955-2006) mean for the geographic area in
which they are encountered, and thus flagged as outliers and
not incorporated into the global OHC integral calculation
(Tan et al., 2023). While steps are being taken to amend the
QC steps to account for the features of a warming ocean,
the NCEI estimates presented here do not fully represent
these features in the global integral. The consequence is that
the NCEI estimates are thus inherently conservative.

An additional reanalysis dataset (Escudier et al., 2021;
Nigam et al., 2021) (CMS-MEDREA) is used to assess the
Mediterranean changes. CMS-MEDREA assimilated XBT,
CTD, and Argo profiles, integrating data from CMS and Sea-
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DataNet (https://www.seadatanet.org/) and CMS satellite
along-track sea level anomalies (Escudier et al., 2021). This
product is generated by a numerical system composed of a
hydrodynamic model supplied by the Nucleus for European
Modelling of the Ocean and a variational data assimilation
scheme. The model horizontal grid resolution is (1/24°)
(about 4-5 km), with 141 unevenly spaced vertical levels.

The 0-2000 m SC index (Cheng et al., 2020) is calculated
for each month () over the 3D (x, y, z) ocean salinity field
as follows:

My 8 Co2-20AV TS (ryz0dV
MtV My, av

where (x, y, z) are latitude, longitude, and depth; Vhigh is the
salinity averaged where salinity is higher than the climatologi-
cal global median Sg;,; and Vi, is the salinity averaged
where salinity is lower than the climatological global
median Scjim. Sciim» Vhigh and Vo, are determined based on
the climatological salinity field during 1960-2017. The
IAP/CAS data are used to calculate the SC index.

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

!

where p, o, and g denote the sea water density, local potential
density anomaly, and gravitational acceleration, respec-
tively. The quantity N represents the Brunt—Viisild fre-
quency—the intrinsic frequency of internal waves.

The spatial inhomogeneity index defines the spatial
spreads of water mass property A, such as temperature 7
(Ren et al., 2022), calculated as its volume-weighted spatial
standard deviation (SSD) over the global upper 2000 m
ocean as follows:

SC@) =

n — 2
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where (x, y, z, t) represent longitude, latitude, depth, and
time; w is the volume centered at a given grid point (x, y, 2);
n is the number of grid points in the global ocean, and A rep-
resents the volume-weighted spatially averaged value.
SSDy = 0 indicates that property A is spatially uniform.

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

3.1. OHC and surface temperatures

The global upper 2000 m OHC changes since 1958
(Fig. 2) show that, regardless of the processing techniques,
there has been an unequivocal ocean warming trend in

recent decades. The upper 2000 m of the world’s ocean has
warmed on average by 6.6 + 0.3 ZJ yr~! during 1958-2023
(TAP/CAS) and by 5.4 + 0.4 ZJ yr! during 1958-2020
(NCEI/NOAA pentadal estimate). The 95% confidence levels
are calculated using the approach of Cheng et al. (2022b).
However, these trends do not match within the error bars,
probably because of (1) conservative assumptions by
NOAA when there are no data (relax to climatology in data
gaps), especially in the presence of global warming trends;
and (2) the difference in XBT/MBT bias correction and the
new inclusion of the bottle data bias correction (Gouretski
and Cheng, 2020; Gouretski et al., 2022).

Regardless of which estimate is used, there has been a
two- to three- fold increase in the rate of increase in OHC
since the late 1980s. For example, according to the IAP analy-
sis, the OHC trend for 1958-1985 is 3.1 + 0.5 ZJ yr~!, and
since 1986, the OHC trend is 9.2 + 0.5 ZJ yr~! (Fig. 2). The
IAP trend within 1958-1985 of 3.1 + 0.5 ZJ yr~! is higher
than the previous release in Cheng etal. (2023) (2.3 +
0.5 ZJ yr~1), mainly because the new inclusion of the bottle
data bias correction.

After 2007, with better global coverage of ocean subsur-
face data, OHC uncertainty is reduced. There is a significant
warming trend of 10.8 = 1.2 ZJ yr~! and 10.3 + 0.8 ZJ yr~!
from 2007-2023 for IAP/CAS and NCEI/NOAA (seasonal
time series), respectively (Fig. 2). The NCEI three-month
OHC estimate has a slightly stronger trend than the pentadal
time series from 2005 to 2020, indicating the impact of sam-
pling changes associated with the mapping approach.

OHC tends to peak shortly before and then decline during
and after an El Nifio event, associated with ocean heat
release into the atmosphere, mainly through increased evapo-
ration (Cheng et al., 2019). In 2023, OHC was at the highest
level ever recorded in the world’s ocean, and the El Nifio
effects may not yet be fully evident. The 2023 upper 2000
m OHC exceeds that of 2022 by 15 + 10 ZJ according to
IAP/CAS data, and by 9 £ 5 ZJ according to NCEI/NOAA
data (for the 0-2000 m layer; 95% confidence interval is pre-
sented; Table 1). A ranked ordering of the hottest five years
for global OHC is provided in Table 1. The annual OHC val-
ues from 2019 to 2022 updated in this paper (Table 1) are col-
lectively higher (~20 ZJ) than the numbers in the previous
release (Cheng et al., 2023), because of the update of the
TIAP/CAS dataset that led to higher OHC anomalies after
2019 relative to the 1981-2010 baseline. Preliminary analyses
suggest the difference is likely attributed to the replacement
of the WOD-QC system (used in previous IAP analyses) by
the new CODC-QC systems. Tan et al. (2023) indicated that
the WOD-QC system has removed more positive anomalies
than CODC-QC. The bias corrections to data collected by
marine animals play a secondary role. The difference in
2023 OHC values between the two groups is also primarily
attributed to the data QC, which relates to how the outliers
are defined and flagged with a secondary contribution from
the mapping approach. A careful investigation is warranted
to reconcile the two groups’ estimates.
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Fig. 2. Global upper 2000 m OHC from 1958 through 2023 according to (a) IAP/CAS and
(b) NCEI/NOAA (1 ZJ = 102! J). The line shows (a) monthly and (b) seasonal values, and the
histogram presents (a) annual and (b) pentad anomalies relative to a 1981-2010 baseline.

Table 1. Ranked order of the five hottest years of the world’s ocean since 1955. The OHC values are for the upper 2000 m in units of ZJ.
The SST values are in °C. Both OHC and SST anomalies are relative to the 1981-2010 average. Note the IAP/CAS values are
collectively higher (~20 ZJ) than the previous release (Cheng et al., 2023) because of the update of the IAP/CAS dataset that led to higher

OHC anomalies relative to the 1981-2010 baseline.

Rank Year OHC (IAP/CAS) (units: ZJ) OHC (NCEI/NOAA) (units: ZJ) SST anomaly (IAP/CAS) (units: °C)
1 2023 286 247 0.54
2 2022 271 238 0.31
3 2021 254 229 0.28
4 2020 237 211 0.38
5 2019 228 210 0.40

During an El Nifio event, there is a heat redistribution
from the 100-500 m layer into the upper ~100 m layer, yield-
ing higher SST than normal (Cheng et al., 2019). The anoma-
lously high SST leads to a higher global mean surface temper-
ature (GMST) (Trenberth et al. 2002; Li etal., 2024). In
2023, the SST became the highest on record after April, and
the annual mean was 0.23°C higher than in 2022 and an
astounding 0.54°C higher than the 1981-2020 average (Fig.
3). By June 2023, global monthly SSTs were already
~0.2°C above those of any prior year, an exceedingly large
value (Fig. 3) that also meant GMSTs were the highest on

record. The monthly SST anomaly in 2023 relative to
1981-2010 grew from 0.35°C in January to 0.67°C in Septem-
ber, making September 2023 the hottest month on record
for global SSTs. Normally, the hottest month for SST in a par-
ticular year occurs in March, at the end of the southern sum-
mer, because there is a large ocean area in the Southern Hemi-
sphere (Fig. 3 inner box plot). Although SST has increased
dramatically in 2023, the OHC increase has been steady
over time (Fig. 2). Therefore, it is the relatively small year-
to-year natural variability in OHC relative to the warming
trend that makes OHC such a good indicator of climate
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Global mean sea surface temperature (SST) change
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Fig. 3. Global SST changes from 1955 through 2023 according to first level (1 m) data in the
IAP/CAS temperature gridded analysis (°C). The black line is the annual value, and the red is
the monthly value. The anomalies are relative to a 1981-2010 baseline. The within-year

variation of SST is shown in the inner box, with 2023 values shown in black.

change.

3.2. Other oceanic climate indicators

Substantial changes are also seen in other oceanic met-
rics. The upper 2000 m SC index time series since 1958
(Fig. 4) reveal a robust increase in the SC index in the past
half-century, indicating an amplification of the 0-2000 m
salinity pattern (Cheng et al., 2020). The SC index reached
7.2 mg kg~ in 2023, the fourth-highest value since 1958.
However, the difference between the top 5 years 2017,
2022, 2021, 2023, and 2019) is not statistically significant
because of the large inter-annual variability and data uncer-
tainty; for instance, there are more real-time Argo salinity
data recently that have not undergone careful quality-control
and bias adjustment. 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 amplified
with global warming (Cheng et al., 2020). On land, the ampli-
fied water cycle means stronger and longer dry spells and
more heavy rainfall events with the potential for flooding,
as observed (Fischer et al., 2021).

Ocean density stratification has also increased since the
late 1950s (Fig. 4b) because of the change in vertical tempera-
ture and salinity structure (Li et al., 2020a). The stratification
index shows stronger interannual to decadal variability than

the OHC and SC-index because it reveals more upper-ocean
changes, which shows stronger anomalies than the deeper
ocean. In 2023, the upper 2000 m stratification increased to
(6.93 £ 0.39) x 1077 s72, reaching record high values in
2023 mainly because of the development of the strong El
Niflo.

The spatial inhomogeneity index of ocean temperature
has also increased since the 1950s (Fig. 4c), with a trend of
0.020 £ 0.003°C (10 yr)~!. This index reached a record high
of 0.093°C in 2023 relative to a 1981-2010 baseline, indicat-
ing a substantial increase in ocean temperature spatial vari-
ance. The non-uniform upper-ocean warming, which was
more rapid at mid-to-low latitudes, was mainly responsible
for this index increase in 2023 (Ren et al., 2022).

4. Regional patterns of ocean warming and
salinity

Spatial maps of the 2022 OHC anomaly relative to the
mean 1981-2010 conditions (Fig. 5) reveal that most of the
ocean areas are warming significantly, while some areas
(much of the Atlantic, North Pacific, Western Pacific, and
southern oceans) are heating at a faster rate than the global
average (0.8 GJ m=2 yr~!, 1 GJ = 10° J). The drivers of the
long-term OHC trend patterns were discussed by Cheng
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Fig. 4. Monthly (black line) and annual (color bars) changes in (a) SC index, (b) stratifi-
cation, and (c) spatial inhomogeneity index of temperature in the upper 2000 m of the global
ocean from 1958 to 2023 [data updated from Cheng et al. (2017)]. The units for salinity are

g kg! (using absolute salinity).

et al. (Cheng2022a, c).

The OHC annual mean difference between 2023 and
2022 is presented in Fig. 6. In the tropical Pacific, strong
warming anomalies in the eastern Pacific and cooling anoma-

lies in the western Pacific in 2023 (Fig. 6) indicate the shoal-
ing of the equatorial thermocline associated with El Nifio.
The zonal OHC shows strong tropical warming within 8°S-
3°N, which is partly offset by the cooling around 5°N and
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2023 OHC (0-2000m) anomaly relative to 1981-2010 baseline (IAP/CAS)
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Fig. 5. The annual OHC anomaly in 2023 relative to a 1981-2010 baseline for IAP/CAS
data; units: 10° J m~2 [data updated from Cheng et al. (2017)].
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(b) 2023 OHC (0-2000m) anomaly relative to 2022 (NCEI/NOAA)
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Fig. 6. (a) Differences of annual mean upper 2000 m OHC values between 2023 and 2022, based on IAP/CAS
analysis. (b) As in (a) but for the NCEI/NOAA analysis. Units: 10° ] m=2. The zonal OHCs are presented on the right-
hand side of the spatial maps [data updated from Cheng et al. (2017) in (a), and from Levitus et al. (2012) in (b)].

8°S. The two estimates show consistent large-scale patterns,
but the NCEI/NOAA data are noisier, mainly because of the
mapping approach.

The 2023 salinity anomalies relative to a 1981-2010
baseline (Fig. 7a) reveal freshening trends for most of the
Pacific and Indian oceans, with relatively saline areas such

as the midlatitude Atlantic, the Mediterranean Sea, and the
West Indian Ocean becoming more saline. This is a typical
“fresh gets fresher, salty gets saltier” pattern change driven
by atmospheric hydrological cycle amplification. The tropical
salinity changes reveal more of the impact of El Nifio, espe-
cially in the western Pacific and around the Intertropical Con-



CHENG ET AL. 9

(a)2023 salinity anomaly (0-2000m) relative to 1981-2010 baseline (IAP/CAS)
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Fig. 7. (a) The upper 2000 m salinity anomaly in 2023 relative to a 1981-2010 baseline. (b) The difference in salinity in the
upper 2000 m between 2023 and 2022. The zonal mean salinity anomalies are presented on the right-hand side of the spatial

maps [data updated from Cheng et al. (2020)].

vergence Zone (ITCZ) (5°-10°N). During the El Nifio
event, the upward branch of the Walker circulation moves
into the tropical central Pacific Ocean, resulting in less rainfall
in the western Pacific and ITCZ and an increase in ocean
salinity (Fig. 7b).

5. Basin-wide OHC changes and regional
hotspots

The evolution of regional OHC in seven ocean regions
is presented in Fig. 8 for 1958 to 2023. The 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 (OHC is higher during the La
Nifia year). Since 2000, the upper 2000 m OHC values have
collectively been higher than in 1958-2000. In 2023, the
Northwest Pacific OHC is lower than in 2020-22 because
of El Nifio (Fig. 8a; 0.20 GJ m~2 above a 1981-2010 base-
line, ranked 20 since 1958).

The Indian OHC in 2023 is among the top five record
years (Fig. 8b; 0.71 GJ m~2 relative to a 1981-2010 base-
line). The decrease in OHC from 2020 to 2022 is consistent

with the negative Indian OHC tendency during La Nifia
(Cheng et al., 2019), driven mainly by decreasing the heat
transport through the Indonesian Throughflow passages dur-
ing the decaying stage of La Nifia (Trenberth and Zhang,
2019; Li et al., 2020b; Volkov et al., 2020). However, the
Indian OHC has shown a continuous increase since January
2023, associated with the cessation of La Nina and the devel-
opment of El Niflo.

The tropical Atlantic Ocean (10°-30°N), a region impor-
tant for hurricane development (Trenberth etal., 2018),
shows a continual increase in OHC since the late 1950s
(Fig. 8c). The upper 2000 m OHC in 2023 reached the highest
value ever recorded (1.24 GJ m2 in 2023 higher than the
1981-2010 baseline, and it is 0.07 GJ m=2 higher than
2022).

In the North Atlantic Ocean, the upper 2000m OHC
was near its record high in 2023, lower than 2022 by
0.01 GJ m~2 and lower than 2021 by 0.04 GJ m~2. Although
El Nifo years tend to have slightly weaker hurricane sea-
sons, the Atlantic basin saw 20 named storms in 2023 (includ-
ing seven hurricanes), which ranks fourth for the number of
storms in a year since 1950 (https://www.noaa.gov/news-
release/2023-atlantic-hurricane-season-ranks-4th-for-most-
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named-storms-in-year). In 2023, the SST in the North
Atlantic Ocean has been at a record high since March. The
maximum temperature is > 1°C higher than the 1981-2010
average. These warm anomalies are mainly distributed in
the eastern North Atlantic Ocean and are shallow, being con-
fined to the upper 100 m ocean (Fig. 9). The causes of these
anomalies remain a topic of investigation.

In the North Pacific Ocean (30°-62°N), an area of large-
scale warming (> 2°C) and marine heatwaves [named “The
Blob” (Scannell et al., 2020)] persisted in 2023 (Figs. 5, 6
and 8). The upper 2000 m OHC has decreased slightly by
0.03 GJ m~2 compared with 2022. The upper 2000 m OHC
in the Southern Ocean in 2023 exceeded the 2022 value by
0.09 GJ m~2 (Fig. 8g), continuing its long-term increasing
trend since the 1960s.

The Mediterranean Sea OHC in 2023 was higher than
in 2022 by 0.31 GJ m~2 (Fig. 8d) for IAP/CAS data and by
0.23 GJ m~2 for independent ocean reanalysis data (CMS-
MEDREA; Escudier et al.,2021; Nigam et al., 2021), indicat-
ing a record-high OHC in 2023 (Fig. 8d). A marked tempera-
ture increase has been measured in the last few decades in
the Mediterranean Sea, starting from the Eastern Basin
where warmer (and saltier) Intermediate Waters formed and
spread towards the Western Basin on their way back to the
North Atlantic (Pinardi et al., 2015; Von Schuckmann et al.,
2016; Simoncelli et al., 2018). Accurate measurements pro-
vided by a CNR_ISMAR mooring in the Sicily Channel
since 1993 (Schroeder et al., 2017; Ben Ismail et al., 2021;
available at https://doi.org/10.48670/moi-00044) and the tem-
peratures resulting from the monitoring with XBT probes in
the Tyrrhenian and Ligurian Seas since 1999 along the
MX04 Genoa-Palermo line (Reseghetti et al., 2023; Simon-

celli et al., 2023) (Fig. 10a), indicated clear warming in the
150450 m layer that started in spring 2013 (Cheng et al.,
2022c). This warming region subsequently extended deeper
and northward, reaching 700 m in 2016 (Fig. 10b). Data
from MX04 and from the Sicilian Channel mooring indicate
warming in the period 2013-16 above 0.4°C (Fig. 10c) and,
after a slight decrease and a stationary period, a recovery in
growth in 2021, culminating for now in September 2023
when a new maximum temperature record was measured
along the MXO04 line. The linear rate calculated for the
period 2004-23 is 0.025°C yr~! for the MX04 area, while it
is 0.027°C yr~! in the Sicily Channel.

6. Concluding remarks

Based on analyses conducted by several independent
research groups, this paper provides updates of the SST,
OHC, salinity, stratification, and a spatial temperature inho-
mogeneity index for the year 2023. The ocean continued to
warm globally in 2023, not only at the surface but also
across the upper 2000 m. The warming rate has increased in
recent decades, with a faster rate of warming evident since
around 1990 (Cheng et al., 2022a, b). Similarly, the SC
index has increased, signifying more extreme salinity anoma-
lies and an imprint of global water cycle amplification on
the upper ocean. Ocean stratification also was at a record
high in 2023, with upper ocean waters becoming more stable
over time, although with more variability than other climate
characteristics. Regional warming patterns reveal that three
out of seven investigated regions in this study reached
record levels of their upper 2000 m OHC in 2023.

Given the disparities between IAP/CAS and NOAA/

W 40— = | /=200 m
Annual Temperature Anomaly: ~W\ LY
2023 minus 2022 -20\0'/'7\ |/ -300m
/=400 m
~10°
-1°C -0.5°C 0°C  0.5°C  1°C o'w /~500 m

Fig. 9. Three-dimensional fields of oceanic temperature changes in 2023 relative to 2022 in the North Atlantic Ocean. The
NCEI/NOAA data are used, and the illustration is modified with domains and angles from Seidov et al. (2021).
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Fig. 10. Temperature along the MX04 Genova—Palermo transect (western Mediterranean) recorded by XBT probes from
ships of opportunity and monthly mean temperature values at 400 m from the Sicily Channel mooring. (a) XBT tracks in the
Tyrrhenian and Ligurian seas. (b) Hovmoller plot of mean MX04 temperature anomalies in 1999-2023 computed by
subtracting the 1981-2010 baseline of IAP/CAS data. (c) MX04 mean temperature values computed in the layers of 100-700 m,
and monthly mean temperature values at 400 m from the Sicily Channel mooring, between 2004 and 2023, with the error
bars representing the relative standard deviations. The standard deviations associated with the two time-series differ by one
order of magnitude owing to the variability associated with the daily temperature sampled at a single location (400 m deep)
or the daily temperature within a specific layer (100—700 m) sampled along a line, about 430 nautical miles long.

NCEI OHC change estimates between 2023 and 2022 (15
ZJ for IAP/CAS and 9 ZJ for NOAA/NCE]I), a further bulk
check was attempted. The CERES 2023 January—October
mean net EEI anomaly is 1.88 W m~2, although values were
decreasing sharply in late 2023. Assuming zero for November
and December, the CERES 2023 anomaly would be
1.57 W m=2 for the year or 25 ZJ. Further, if 90% of this
went into the ocean, the OHC increase would be 22.5 ZJ.
For global sea level (https://sealevel.colorado.edu/data/
2023rel2), the estimated change between Jan.-Oct. 2023 and
Jan.-Dec. 2022 is 5.58 mm. Converting SLR to the contribu-
tion from OHC depends critically on where the heat is
added. Firstly, SLR is usually dominated by volume and
mass changes from melting land ice, and a reasonable estimate
is that ocean warming contributes 2.5 mm from expansion.
The SL response varies a lot depending on where heat is
deposited (Fasullo et al., 2020); the response is greater for
higher temperatures, and a rough estimate is that the
required heat added is 20-30 ZJ. Hence, even though these
bulk global estimates vary, they show the way forward for
reducing uncertainty, and all indicate substantial warming in
2023.
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