
 
 

Ocean Heat Content Sets Another Record in 2025※

Yuying PAN1, Lijing CHENG*1, John ABRAHAM2, Kevin E. TRENBERTH3,4, James REAGAN5,
Juan DU6, Zhankun WANG5, Andrea STORTO7, Karina VON SCHUCKMANN8, Yujing ZHU1,

Michael E. MANN9, Jiang ZHU1, Fan WANG10, Fujiang YU11, Ricardo LOCARNINI5, John FASULLO3,
Boyin HUANG6, Garrett GRAHAM12, Xungang YIN6, Viktor GOURETSKI1, Fei ZHENG1, Yuanlong LI10,

Bin ZHANG10,13, Liying WAN11, Xingrong CHEN11, Dakui WANG11, Licheng FENG11, Xiangzhou SONG14,
Yulong LIU15, Franco RESEGHETTI16, Simona SIMONCELLI16, Gengxin CHEN17, Rongwang ZHANG17,

Alexey MISHONOV5,18, Wangxu WEI1, Zhetao TAN19, Guancheng LI20, Lijuan CAO21, Lifan CHEN21,
Huifeng YUAN22, Kewei LYU23, Albertus SULAIMAN24, Michael MAYER25,26, Huizan WANG27,

Zhanhong MA27, Senliang BAO27, Hengqian YAN27, Zenghong LIU28, Chunxue YANG7,
Xu LIU11, Zeke HAUSFATHER29, Flora GUES30, Xinyi SONG1,

Miao ZHANG31,32, and Lin CHEN31,32

1State Key Laboratory of Earth System Numerical Modeling and Application, Institute of Atmospheric Physics,

Chinese Academy of Sciences, Beijing 100029, China
2University of St. Thomas, School of Engineering, Minnesota 55105, USA

3NSF National Center for Atmospheric Research, Boulder, Colorado 80307, USA
4University of Auckland, Auckland, New Zealand

5National Oceanic and Atmospheric Administration, National Centers for Environmental Information,

Silver Spring, Maryland 20910, USA
6International Center for Climate and Environment Sciences, Institute of Atmospheric Physics,

Chinese Academy of Sciences, Beijing 100029, China
7National Research Council (CNR) Institute of Marine Sciences (ISMAR), Rome, Italy

8Mercator Ocean International, Toulouse, France
9Department of Earth and Environmental Science, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA

10Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China
11National Marine Environmental Forecasting Center, Ministry of Natural Resources of China, Beijing 100081, China

12North Carolina Institute for Climate Studies (NCICS), North Carolina State University, Asheville, NC 28804, USA
13Oceanographic Data Center, Chinese Academy of Sciences, Qingdao 266071, China

14College of Oceanography, Hohai University, Nanjing 210098, China
15National Marine Data and Information Service, Tianjin 300171, China

16Istituto Nazionale di Geofisica e Vulcanologia, Sede di Bologna, Bologna 40128, Italy
17South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou 510301, China

18ESSIC/CISESS-MD, University of Maryland, College Park, MD 20740, USA
19Laboratoire de Météorologie Dynamique, Institut Pierre Simon Laplace, École Normale Supérieure – Université PSL,

Paris 75005, France
20Eco-Environmental Monitoring and Research Center, Pearl River Valley and South China Sea Ecology and Environment

Administration, Ministry of Ecology and Environment, PRC, Guangzhou 510611, China
21National Meteorological Information Center, China Meteorological Administration, Beijing 100081, China

22Computer Network Information Center, Chinese Academy of Sciences, Beijing 100083, China
23State Key Laboratory of Marine Environmental Science, Center for Marine Meteorology and Climate Change,

College of Ocean and Earth Sciences, Xiamen University, Xiamen 361005, China
24Research Center for Climate and Atmosphere, National Research and Innovation Agency (BRIN), Indonesia

25Research Department, European Centre for Medium-Range Weather Forecasts, Reading RG2 9AX, UK 

  
※ This paper is a contribution to the special topic on Ocean Heat Content Changes.
* Corresponding author: Lijing CHENG

Email: chenglij@mail.iap.ac.cn 

 

ADVANCES IN ATMOSPHERIC SCIENCES, 2026
 
• Original Paper •

 

©  The Author(s) 2026. This article is published with open access at link.springer.com.
  

https://link.springer.com./


26Department of Meteorology and Geophysics, University of Vienna, Vienna 1090, Austria
27College of Meteorology and Oceanography, National University of Defense Technology, Changsha, 410073, China

28State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography,

Ministry of Natural Resources, Hangzhou 310012, China
29Stripe, Inc., South San Francisco, CA 94080, USA

30CELAD, Balma, France
31Key Laboratory of Radiometric Calibration and Validation for Environmental Satellites, National Satellite

Meteorological Center, China Meteorological Administration, Beijing 100081, China
32Innovation Center for FengYun Meteorological Satellite (FYSIC), Beijing 100081, China

(Received 16 December 2025; revised 7 January 2026; accepted 8 January 2026)

ABSTRACT

Global ocean warming continued unabated in 2025 in response to increased greenhouse gas concentrations and recent
reductions  in  sulfate  aerosols,  reflecting  the  long-term  accumulation  of  heat  within  the  climate  system,  with  conditions
evolving toward La Niña during the year. In 2025, global upper 2000 m ocean heat content (OHC) increased by ~23 ± 8 ZJ
relative to 2024 according to IAP/CAS estimates.  CIGAR-RT, and Copernicus Marine data confirm the continued ocean
heat  gain.  Regionally,  about  33%  of  the  global  ocean  area  ranked  among  its  historical  (1958-2025)  top  three  warmest
conditions, while about 57% fell within the top five, including the tropical and South Atlantic Ocean, Mediterranean Sea,
North  Indian  Ocean,  and  Southern  Oceans,  underscoring  the  broad  ocean  warming  across  basins.  Multiple  datasets
consistently indicate ocean warming, as measured by 0–2000 m OHC, increased from 0.14 ± 0.03 W m−2 (10 yr)−1 during
1960–2025  to  0.32  ±  0.14  W m−2 (10  yr)−1 during  2005–2025  (IAP/CAS),  the  latter  being  consistent  with  EEI  (Earth’s
Energy  Imbalance)  estimates  within  uncertainties.  In  contrast,  the  global  annual  mean  sea  surface  temperature  (SST)  in
2025 was 0.49°C above the 1981–2010 baseline and 0.12 ± 0.03°C lower than in 2024 (IAP/CAS; similar in CMA-SST,
FY3 MWRI SST, ERSSTv5 and Copernicus Marine data), consistent with the development of La Niña conditions, but still
ranking as the third-warmest year on record.
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Article Highlights:
•  In 2025, the global upper 2000 m OHC was the highest recorded by modern instruments, ~23 ZJ higher than the 2024
value.

•   The  2025  annual  mean  global  SST  was  0.12°C  lower  than  in  2024,  but  ranked  as  third  warmest  in  the  instrumental
record.

•   Record-high  OHC  in  2025  arose  in  the  tropical  and  South  Atlantic,  Mediterranean  Sea,  North  Indian,  and  Southern
Oceans.

 

  

 1.    Introduction

The  year  2025  represents  another  step  in  an  ongoing
sequence of remarkable changes observed in Earth’s climate
system. In this paper we focus on the 2025 ocean tempera-
tures,  especially  the  ocean  heat  content  (OHC),  which  has
repeatedly reached record-high levels in recent years.

Although global  mean surface temperature (GMST) in
2025  was  slightly  lower  than  in  2024  and,  for  several
months,  also  lower  than  during  the  strong  El  Niño–driven
warmth of late 2023, it nevertheless remained exceptionally
high by historical standards. Based on an assessment of Jan-
uary–November data from Berkeley Earth (Rohde and Hausfa-
ther, 2020), NASA GISTEMP (Lenssen et al., 2019), NOAA-
GlobalTemp  v6  (Yin  et  al.,  2024),  HadCRUT5  (Morice  et
al.,  2021),  and  ERA5  (Hersbach  et  al.,  2023),  GMST  in

2025 is expected to approximately tie with 2023 as the sec-
ond-warmest  year  since  records  began  in  1850,  continuing
the extraordinary string of record-warm years that has charac-
terized  the  past  decade.  With  2025  extending  the  warmest
11-year period on record (2015–2025), this marks an unparal-
leled sequence of record and near-record global surface tem-
peratures in the observational era.

This  persistent,  though  slightly  moderated,  warmth  in
GMST  occurred  alongside  continued  changes  across  other
components  of  the  climate  system  (Hansen  et al.,  2011;
IPCC, 2021). Greenhouse gas concentrations reached record
levels in 2025 (Judd et al., 2024; Blunden et al., 2025), and
real-time observations indicate that this upward trend contin-
ued through 2025, reinforcing the long-term warming trajec-
tory. Large-scale climate drivers also evolved: the strong El
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Niño of late 2023 fully dissipated by early 2025, giving way
to  weak La Niña conditions,  yet  many regions  still  experi-
enced elevated temperatures relative to the pre-2023 climate
due  to  the  accumulated  energy  in  the  Earth  system.
Cryospheric  indicators  reflected  this  sustained  warming  as
well, with Arctic and Antarctic sea-ice extents in 2025 remain-
ing  well  below  the  1981–2010  climatology;  the  Arctic
reached the  lowest  annual  maximum extent  and Antarctica
recorded  the  third-lowest  annual  minimum  and  maximum
extents  in  the  satellite  era.  Year-to-date  observations  also
show  that  both  the  Greenland  and  Antarctic  ice  sheets
reached  record-low  mass  levels,  and  new  studies  suggest
that portions of these ice sheets may already have crossed crit-
ical  climate  tipping  points  (Stokes  et  al.,  2025).  These
record-low mass levels imply continued long-term contribu-
tions  to  global  sea-level  rise,  although  La  Niña-related
increases  in  land  water  storage  temporarily  moderate  the
rate  of  sea-level  rise.  Together,  these  factors  helped  shape
the  patterns  of  regional  climate  anomalies  and  contributed
to the occurrence and severity of extreme events across the
globe during the year.

During  2025  extreme  climate-related  events  caused
widespread societal and ecological impacts across the globe
(Brett et al., 2025; Cologna et al., 2025). In South and South-
east Asia, exceptionally intense monsoon rains triggered catas-
trophic flooding, with some regions receiving up to 800 mm
of rainfall over a five-day period in July. Floods killed more
than 1350 people in Indonesia, Sri Lanka, Thailand and Viet-
nam in November. Hundreds more were missing and millions
have been displaced. Central China also experienced severe
mountain  floods  and  landslides  in  July,  forcing  large-scale
evacuations  and  causing  substantial  infrastructure  damage.
In  the  United  States,  a  catastrophic  flash  flood  in  Central
Texas over the 4 July weekend, triggered by record-breaking
rainfall,  resulted  in  at  least  138  fatalities,  highlighting  the
escalating risks associated with rapidly intensifying storm sys-
tems in a warming climate. Elsewhere, Nigeria and neighbor-
ing  West  African  regions  suffered  damaging  flash  floods
that displaced thousands of people. In western and southern
Europe, a persistent summer heat dome drove surface air tem-
peratures over land above 48°C and fueled extensive wild-
fires.  In  North  America,  a  series  of  powerful  convective
storms produced more than 150 tornadoes, while prolonged
drought and early-season heat contributed to over 1200 wild-
fires that burned more than five million hectares in Canada
(Copernicus  Climate  Change  Service,  2025; Ripple  et  al.,
2025).

The widespread extreme events of 2025 arose within a
climate system increasingly shaped by long-term heat accumu-
lation, with natural variability amplified by a much warmer
atmosphere  holding  more  water  vapor  (Trenberth  et al.,
2003, 2011). Central to this long-term warming is the persis-
tent Earth’s Energy Imbalance (EEI), which reflects the net
surplus of incoming over outgoing energy at the top of the
atmosphere  and  has  remained  strongly  positive  in  recent
decades (Loeb et al., 2021, 2022; Hakuba et al., 2024).

With atmospheric greenhouse gases at record levels and

the  oceans  absorbing  more  than  90%  of  the  excess  heat
trapped by these gases (Trenberth et al., 2014; von Schuck-
mann  et al.,  2020, 2023; Cheng  et al.,  2022a),  the  thermal
state  of  the  ocean  plays  an  important  role  in  modulating
global  and  regional  climate  impacts,  primarily  through
increased atmospheric moisture and enhanced energy avail-
ability (Trenberth et al., 2025). Changes in OHC reflect the
integrated storage of this excess energy and are governed by
the  energy  exchange  across  the  air–sea  interface  (Yu  and
Weller, 2007). Although direct surface flux estimates are sub-
ject to considerable uncertainties (Zhang et al., 2018, 2023),
recent energy-budget-based approaches that combine top-of-
atmosphere (TOA) radiation observations with atmospheric
energy  divergence  provide  more  robust  constraints  on  the
net  surface  heat  flux  and  its  role  in  OHC  variability  and
long-term warming (Mayer  et  al.  2022, 2024; Trenberth  et
al., 2025).

Because  OHC  changes  are  far  less  sensitive  to  short-
term atmospheric variability and ENSO-related fluctuations
than GMST, they provide one of the most robust indicators
of  long-term  climate  change  (Li  et al.,  2006; Cheng  et al.,
2017b, 2025; Hakuba et al., 2024). Observational records fur-
ther show that OHC has increased robustly over the full obser-
vational  period (Cheng et  al.,  2017a, 2019; Li  et  al.,  2023;
Minière et al., 2023), underscoring the persistent buildup of
excess heat within the Earth system. The elevated OHC influ-
ences the frequency and intensity of marine heatwaves (Capo-
tondi  et  al.,  2024; Dong et  al.,  2025; Marcos  et  al.,  2025),
alters  atmospheric circulation (Li  et  al.,  2012; Thomas and
Liu,  2025),  increases  evaporation  and  moisture  availability
(Ma  et  al.,  2020; Allan,  2023),  and  contributes  to  both
stronger  precipitation  extremes  and  more  favorable  condi-
tions for rapid tropical cyclone intensification (Trenberth et
al.,  2018; Li  et  al.,  2020).  The  persistence  of  anomalously
warm subsurface  and  basin-wide  ocean  conditions  in  2025
has also played a critical role in shaping hydrological and ther-
modynamic extremes across the globe.

To deliver an up-to-date assessment of ocean warming
and  inform  climate-related  applications,  this  study  synthe-
sizes multiple datasets from leading international data centers
to examine global and regional variations in OHC and SST
through  2025.  The  datasets  and  methods  are  described  in
detail  in  section  2.  Section  3  provides  an  analysis  of  the
changes and increasing rates of global OHC and SST. Sec-
tions 4 and 5 examine the spatial patterns of OHC and SST
anomalies, respectively. Regional OHC anomalies and associ-
ated hotspot regions are discussed in section 6, and section
7 summarizes the main findings and broader implications of
the observed changes in 2025.

 2.    Advances in data and processing

 2.1.    OHC data

The global OHC estimates used in this study are based
on three gridded observational products and an ocean reanaly-
sis product. The observational products are: (1) the Institute

PAN ET AL. 3

 

  



of Atmospheric Physics (IAP) at the Chinese Academy of Sci-
ences  (CAS)  (Cheng  et al.,  2017a, 2024a; Zhang  et al.,
2024a; Tan  et  al.,  2025a);  (2)  Copernicus  Marine  (von
Schuckmann and Le Traon, 2011); and (3) National Centers
for  Environmental  Information  (NCEI)  at  the  National
Oceanic and Atmospheric Administration (NOAA) (Levitus
et al., 2012). The ocean reanalysis product is CIGAR [CNR
ISMAR  Global  historical  Reanalysis  (Storto  and  Yang,
2024)].

The IAP/CAS OHC analysis is mainly based on in situ
subsurface  temperature  profiles  from  the  World  Ocean
Database (WOD; Boyer et al., 2018; Mishonov et al., 2024)
and  from  post-quality-controlled  Argo  measurements  dis-
tributed  through  China  Argo  Real-time  Data  Center  (Liu
et al., 2021). In addition, the IAP/CAS analysis incorporates
107  623  non-WOD profiles.  These  additional  observations
are mainly distributed in the Northwest Pacific, the Indone-
sian  Throughflow  (ITF)  region,  the  marginal  seas  around
China, and parts of the Arctic during 1980–2020, providing
enhanced  coverage  in  historically  under-sampled  regions.
The product provides monthly 1° × 1° gridded fields for the
global ocean from the surface to 6000 m deep.

For this year’s release, the IAP/CAS product retains the
same  core  data  sources,  mapping  scheme,  and  processing
framework  as  previous  versions  (Cheng  et al.,  2025),  with
only  small  refinements  to  the  quality-control  (QC)  system
(Tan  et al.,  2023).  These  refinements  include  a  modest
improvement  to  the  instrument  maximum depth  check  and
an  additional,  more  precise  iterative  gradient–spike  check
until  no  further  threshold-exceeding  vertical  gradients  or
spikes are detected in the QC’d profile (see details in Tan et
al.,  2025a).  Because  these  updates  target  only  specific  QC
modules, the resulting changes to global OHC and SST values
relative to the 2024 release are very small, and the two ver-
sions show a high degree of continuity (Cheng et al., 2025).

The Copernicus Marine OHC product for 2005–2025 is
derived  using  the  same  methodology  and  data  sources  as
last  year’s  release  (Cheng et al.,  2025),  relying  exclusively
on Argo temperature profiles from the CORA in situ dataset
(Szekely  et  al.,  2024)  and  a  weighted  box-averaging
approach (von Schuckmann and Le Traon, 2011; EU Coperni-
cus Marine Service Product, 2023a).

The CIGAR OHC reanalysis product used this year fol-
lows the ensemble framework described by Storto and Yang
(2024), with several upgrades relative to last year’s release
(Cheng  et  al.,  2025).  Specifically,  the  real-time  extension
(CIGAR–RT) has been expanded from four to eight ensemble
members updated in real time, out of the total of 42 ensemble
members of CIGAR. For the final month of 2025, Argo obser-
vations  are  ingested  directly  from  the  Coriolis/Ifremer
Global  Data  Assembly  Centers  (GDAC)  and  replace  the
EN4 dataset. Additionally, the ensemble design incorporates
alternative SST products for surface relaxation, with individ-
ual  ensemble  members  using  either  COBEv2 SST (Ishii  et
al., 2005) or UKMO HadISST (Rayner et al., 2003) statisti-
cally  interpolated  SST  fields,  together  with  a  deep-ocean,

large-scale  model  bias  correction  scheme  (Storto  et  al.,
2016). The ensemble spread thus explicitly accounts for differ-
ences  in  the  ingested  SST dataset,  further  to  the  stochastic
modulation of model parameters and observations.

The NOAA/NCEI global OHC product is based on the
WOD, which integrates a wide range of in situ temperature
profile  observations,  including  ship-based  measurements,
XBTs (expendable bathythermographs), MBTs (mechanical
bathythermographs),  and  Argo  floats.  Standard  QC  proce-
dures and established bias-correction schemes are applied to
address  instrument-related  systematic  errors,  particularly
those associated with XBT and MBT measurements (Levitus
et al., 2012; Boyer et al., 2018). Methodological differences
between  the  NOAA/NCEI  and  IAP/CAS  OHC  products
have  been  documented  and  compared  in  Cheng  et al.
(2024b).

To  evaluate  Mediterranean  OHC  changes,  we  also
employ  the  regional  reanalysis  dataset  CMS-MEDREA
(Escudier  et al.,  2021; Nigam  et al.,  2021).  The  CMS-
MEDREA regional reanalysis integrates a range of in situ tem-
perature profile observations, including XBT, CTD (conduc-
tivity, temperature, and depth), and Argo measurements, com-
plemented by satellite along-track sea-level anomaly informa-
tion.  These  observational  datasets  are  drawn  from  CMS
(Copernicus  Marine  Service)  and  the  SeaDataNet  archive
(https://www.seadatanet.org/)  and  are  assimilated  within  a
numerical ocean modeling system based on NEMO coupled
with  a  variational  data  assimilation  framework  (Escudier
et al.,  2020, 2021).  The  resulting  product  is  provided  on  a
high-resolution  grid  with  a  horizontal  spacing  of  1/24°
(approximately 4–5 km) and 141 unevenly distributed vertical
levels.

 2.2.    SST data

SST  estimates  in  this  analysis  are  obtained  from  five
products: (1) the first layer (1 m) of the IAP/CAS ocean tem-
perature  gridded  product;  (2)  the  China’s  FengYun-3
Microwave  Radiation  Imager  Sea  Surface  Temperature
(FY3 MWRI SST) product from 2011 to the present; (3) the
China Meteorological Administration Sea Surface Tempera-
ture  (CMA-SST)  dataset,  which  is  global  monthly  SST
dataset on a 2° × 2° grid from January 1850 to the present
(Chen et al.,  2021, 2025a); (4) the Extended Reconstructed
Sea  Surface  Temperature  (ERSST)  dataset,  which  is  a
global monthly SST dataset on a 2° × 2° grid from January
1854 to the present (Huang et al.,  2017, 2020); and (5) the
Copernicus Marine (OSTIA, Good et al., 2020; EU Coperni-
cus Marine Service Product, 2023b, 2023c) global SST repro-
cessed product from 1982 to present.

The Microwave Radiation Imager (MWRI) is the first-
generation  microwave  imager  onboard  China’s  FengYun-3
(FY-3)  meteorological  satellites  (Chen  et  al.,  2025b).  FY3
MWRI  SST  products  are  derived  from  an  empirical  algo-
rithm,  where  brightness  temperature  (BT)  products  and  in
situ SST data are used to train the retrieval model. Based on
reprocessed  BT  products  and  an  improved  retrieval  algo-
rithm,  the  FY3  MWRI  SST data  from the  FY-3B,  FY-3C,
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and FY-3D satellites have been generated with quality flags
(Zhang et al.,  2024b).  Over ice-covered regions,  a freezing
point–based  proxy  algorithm  is  employed  for  ice-SST
retrieval (Huang et al., 2021). To avoid the impact of diurnal
variations, the reprocessed nighttime monthly SST products
with a spatial resolution of 25 km are utilized in this study.

The CMA-SST dataset provides a global monthly SST
dataset on a 2° × 2° grid from January 1850 to the present.
It  is  compiled  from  ship  and  buoy  SST  observations  of  a
newly developed integrated dataset, with denser in situ obser-
vations  than  ICOADS3.0.  For  ship  SST  records  before
2010, a large-scale statistical technique is performed via com-
parison with the nighttime marine air temperature (NMAT)
dataset,  followed  by  readjustment  using  the  1990–2010
global mean offset between NMAT- and buoy-derived bias
estimates. For ship SST data from 2010 onward, adjustment
is conducted against the global mean of ship-buoy SST dis-
crepancies.  Thereafter,  CMA-SST is  generated  by  separate
reconstruction and combination of the SST field’s low- and
high-frequency  components:  the  low-frequency  component
is obtained via spatiotemporal running averaging to capture
large-scale  SST characteristics;  the  high-frequency compo-
nent  is  calculated  as  the  residual  of  original  observations
minus the low-frequency component, then fitted using EOT
(empirical orthogonal teleconnection) modes to obtain a full-
coverage reconstruction (Chen et al., 2021, 2025a).

ERSST.v5 (version 5 of ERSST) and OSTIA (Coperni-
cus Marine OSTIA) SST products  (EU Copernicus Marine
Service Product, 2023b, 2023c) used in this study follow the
same data sources and methodological frameworks as in last
year’s assessment (Cheng et al.,  2025), with their temporal
coverage extended to the present.

 2.3.    EEI data

The  EEI  data  used  in  this  study  are  from  the  Clouds
and the Earth’s Radiant Energy System (CERES) Energy Bal-
anced and Filled (EBAF) Ed4.2 product (Loeb et al., 2018),
which  provides  globally  consistent  TOA  radiative  fluxes.
CERES  instruments  have  provided  continuous  broadband
radiation  measurements  since  March  2000.  The  CERES
EBAF Ed4.2 record delivers consistent monthly mean short-
wave, longwave, and net radiative fluxes at the TOA, and is
widely used as a reference dataset for studies of Earth’s radia-
tion budget. In this study, owing to the data availability, we
use the period from March 2000 to September 2025.

 2.4.    Trend and uncertainty calculation

Trends  in  OHC  are  estimated  using  the  locally
weighted scatterplot smoothing (LOWESS) approach follow-
ing Cheng et al. (2022b), which reduces the effects of high-
frequency  climate  variability  such  as  ENSO.  First,  each
annual  OHC  time  series  is  smoothed  using  a  25-year
LOWESS  filter,  corresponding  to  an  effective  smoothing
scale of approximately 15 years. The long-term trend is then
quantified as the difference between the smoothed values at
the start and end years, divided by the length of the period: 

OHC Trend =
˜OHC (t2)− ˜OHC (t1)

t2− t1
, (1)

ÕHCwhere  is the LOWESS-smoothed annual OHC, t1 and
t2 are  the  beginning  and  end  of  the  analysis  period.  This
method is much more robust and reproducible than fitting lin-
ear or quadratic trends.

Uncertainty in the trend estimates reflects multiple fac-
tors, including mapping methods and data sampling, instru-
mental  errors  and  bias  corrections,  climatological  choices,
QC  procedures,  and  the  trend-calculation  method  itself.
Because  these  processing  elements  differ  across  datasets
and time periods,  the  internal  uncertainty  is  assessed  sepa-
rately using the Monte Carlo surrogate approach following
Cheng et  al. (2022b).  For  each  time series,  1000 surrogate
realizations are generated by perturbing annual values with
Gaussian  noise  derived  from  the  observational  error  esti-
mates.  LOWESS  smoothing  is  then  applied  to  each  surro-
gate, and a corresponding trend estimate, OHC Trend, is cal-
culated. The internal uncertainty is taken as the 95% confi-
dence interval, computed as ± 2 times the standard deviation
of these 1000 trend estimates, and represents the uncertainty
of each individual dataset.

 2.5.    Fifteen-year  ocean  warming  rate  and  uncertainty
calculation

The  15-year  heating  rates  are  calculated  with  a  linear
least-squares regression over a moving 15-year window fol-
lowing Cheng  et al. (2024c).  The  associated  uncertainties
are derived from the spread of 15-year heating rates across
ensembles  for  each  product.  For  IAP/CAS,  we  use  a  918-
member  large  ensemble,  constructed  from  eight  groups  of
error  sources,  including  alternative  QC  procedures,  XBT
bias-correction  schemes,  bottle  bias  corrections,  APB
(Autonomous Pinniped Bathythermograph) bias corrections,
MBT bias corrections, choices of climatology, vertical inter-
polation  methods,  and  mapping  plus  instrumental  errors.
For CIGAR-RT and Copernicus Marine, we generate 1000-
member  synthetic  ensembles  using  Monte  Carlo  perturba-
tions based on their annual OHC uncertainties, thereby sam-
pling  the  plausible  realizations  of  each  product  consistent
with its error estimates. For IAP/CAS, CIGAR-RT and Coper-
nicus Marine, the uncertainty in each 15-year window is quan-
tified as ± 2 standard deviations of the ensemble-derived heat-
ing rates, as described above.

 2.6.    Change in rate and uncertainty calculation

The  change  in  OHC  rate  is  calculated  via  a  quadratic
regression  on  OHC annual  time  series  by  taking  twice  the
quadratic term. Specifically, for each product and period of
interest, we model the annual OHC anomalies as 

yi = β0+β1 t̃i+β2 t̃2
i , (2)

t̃i = ti− t

t

where yi denotes the annual mean OHC anomaly at time ti,
β0 is the intercept, β1is the coefficient of the linear term, and
β2 is the quadratic coefficient. The time variable  is
time measured relative to the midpoint  of the fitting inter-
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val. The change in OHC rate a is then defined as 

a = 2β2 . (3)

[
1, t̃i, t̃

2
i

]

The uncertainty of the change in OHC rate is following
the  error–covariance  propagation  approach  consistent  with
Ablain et al. (2019) and Minière et al. (2023). Let X denote
the N × 3 design matrix with columns , in which N
is the length of the annual OHC time series used in the regres-
sion.  The  central  estimate  of  the  regression  coefficients  is
obtained from the ordinary least-squares (OLS) solution: 

β̂ = (XT
X)
−1

X
Ty . (4)

The  regression  coefficients  are  estimated  using  OLS,
while the effect of temporally correlated errors is accounted
for  through  the  error–covariance  propagation.  Because  the
OHC ensemble for each product is available in section 2.5,
we  first  estimate  the N  ×  N error  variance–covariance
matrix Σ of annual OHC anomalies from the corresponding
ensemble. Σ captures  both  the  error  variance  of  individual
years and the temporal correlation of the errors. The covari-
ance matrix of the regression coefficients is then given by 

Cov
(
β̂
)
=

(
X

T
X

)
−1 (

X
TΣX

) (
X

T
X

)
−1
, (5)

and the variance of the change in OHC rate, σ2, can be calcu-
lated as 

σ2
= 4×

[
Cov
(
β̂
)]

33
, (6)

[
Cov
(
β̂
)]

33
where  denotes the (3,3) element of the covariance
matrix  of  the  regression  coefficients,  corresponding  to  the
variance of  the  quadratic  regression coefficient β2.  Finally,
the uncertainty of  the change in OHC rate can be obtained
as 2σ.

 3.    The global ocean state in 2025

 3.1.    OHC

Long-term observational records reveal a clear and sus-
tained  increase  in  global  upper  OHC  since  the  late  1950s
(Fig.  1).  Despite  differences  in  input  data  and  processing
approaches,  all  three  datasets  consistently  show  marked
ocean warming throughout the upper 2000 m. According to
the  IAP/CAS analysis,  the  global  ocean  has  gained  heat  at
an average rate of 6.6 ± 0.3 ZJ yr−1 (1 ZJ yr−1 ≈ 0.06 W m−2)
over  the  full  period  1958–2025.  The  pace  of  warming  has
strengthened  substantially  over  time.  During  1958–1985,
the  IAP  record  indicates  a  trend  of  2.9  ±  0.5  ZJ  yr−1,
whereas  after  1986  the  rate  increases  to  roughly  9.2  ±
0.4 ZJ yr−1, representing over a threefold increase. The most
recent  period  shows  even  faster  warming.  Since  2007,  the
improved global coverage of subsurface ocean observations
allowed  more  accurate  estimates  of  OHC  changes.  During
the  period  2007–2025,  upper  2000  m  OHC  has  increased

by11.4  ±  1.0  ZJ  yr−1 in  the  IAP/CAS  dataset,  11.3  ±  1.3  ZJ
yr−1in  Copernicus  Marine,  12.9  ±  0.8  ZJ  yr−1 in
NCEI/NOAA  (updated  to  June  2025),  and  12.2  ±  1.8  ZJ
yr−1 in  CIGAR-RT,  highlighting  a  pronounced  multi-
decadal acceleration of ocean warming (Cheng et al., 2019,
2024c; Loeb  et  al.,  2022; Minière  et  al.,  2023; Storto  and
Yang, 2024). The strong agreement among datasets over the
past two decades reflects improvements inobserving system
coverage and quality (green bars in Fig. 1),largely driven by
the deployment of the Argo program, and thereby results in
enhanced confidence in recent OHC trends.

The 2025 upper  2000 m OHC exceeds the 2024 value
by 23 ± 8 ZJ (IAP/CAS), 20 ± 3 ZJ (CIGAR-RT), 13 ± 5 ZJ
(NCEI/NOAA, updated to June 2025) and 70 ± 39 ZJ (Coper-
nicus Marine, which indicates a larger increase but with sub-
stantial uncertainty due to the use of near-real time data), mak-
ing  2025  the  hottest  year  on  record  for  OHC  (Figs.  1, 2,
Table  1).  OHC  increased  sharply  from  late  2024  (around
October)  through  September  2025,  and  notable  differences
among products  indicate  differences  in  the  data  processing
procedure.  We  suggest  a  careful  investigation  into  ocean
data processing techniques (e.g.,  QC, bias correction, map-
ping)  to  identify  best  practices  and  reconcile  these  esti-
mates. Besides anthropogenic drivers of ocean heat accumula-
tion, the development of La Niña also partly contributes to
this heat accumulation from 2024 to 2025, because the anoma-
lous  cold  near-surface  condition  in  the  tropical  eastern
Pacific  leads  to  more  heat  input  into  the  ocean  compared
with normal conditions (Cheng et al., 2022c). Furthermore,
according  to  both  the  IAP/CAS  and  CIGAR-RT  datasets,
OHC has  reached  a  new record  for  nine  consecutive  years
(2017–25), representing the longest sequence of consecutive
annual OHC records in the observational era.

The  record-high  OHC  in  2025  signals  robust  climate
warming.  Different  data  products  provide  evidence  for  a
long-term increase in ocean heat uptake, with the ocean warm-
ing  rate  rising  over  time  (Fig.  3).  Over  1960–2025,  the
IAP/CAS  dataset  shows  a  global  value  of  0.14  ±  0.03  W
m−2 (10 yr)−1 (averaged over the global surface area), while
the  CIGAR-RT  yields  a  comparable  estimate  of  0.16  ±
0.02 W m−2 (10 yr)−1. The estimates in the recent observing
era  (~2005)  are  considered  more  reliable,  owing  to  the
widespread  availability  of  Argo  observations.  During
2005–2025,  IAP/CAS  indicates  a  value  of  0.32  ±
0.14  W  m−2 (10  yr)−1,  broadly  consistent  with  the  rate  of
0.32  ±  0.10  W  m−2 (10  yr)−1 in  CIGAR-RT,  and  0.46  ±
0.26 W m−2 (10 yr)−1 in Copernicus Marine, with agreement
among  the  datasets  within  their  respective  uncertainty
ranges (Fig. 3, Table 2).

As ocean warming provides direct evidence that the cli-
mate system is out of thermal equilibrium and accumulating
heat,  the  EEI  offers  an  additional  supporting  indicator.
Based on CERES observations and assuming that more than
90% of the excess energy is absorbed by the ocean, the EEI-
implied  ocean  heat  uptake  exhibits  an  increase  of  0.37  ±
0.20 W m−2 (10 yr)−1 over the period 2005 through September
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2025 (Fig. 3, Table 2). Collectively, these results demonstrate

a coherent picture of an intensifying ocean warming, consis-

tent  with  previous  assessments  (Cheng et  al.,  2019, 2024a,

2024c; Loeb et al., 2021).

 

Annual mean 

Global ocean heat content in the upper 2000 m (IAP/CAS)
(a)

-200

-150

-100

-50

0

50

100

150

O
H

C
 a

n
o

m
a

ly
 (

Z
J
)

200

300

250

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Monthly mean

Annual mean

Annual mean

(b)

1 Zetta Joules (ZJ) = 10   Joules

Baseline 1981-2010

Annual mean

Monthly mean

Global ocean heat content in the upper 2000 m (CIGAR-RT reanalysis)

Annual mean

-200

-150

-100

-50

100

150

200

300

250

350

O
H

C
 a

n
o

m
a

ly
 (

Z
J
)

0

50

95% error bar

21

1 Zetta Joules (ZJ) = 10   Joules

Baseline 1981-2010
21

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

(c)

1960 1965

-150

-100

-50

0

50

100

150

O
H

C
 a

n
o

m
a

ly
 (

Z
J
)

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

200

2020

2 Sigma error range

250

2025

Baseline 2005

1 Zetta Joules (ZJ) = 10   Joules
21

Global ocean heat content in the upper 2000 m (Copernicus Marine)

 

Fig.  1. Global upper 2000 m OHC from 1958 through 2025 according to (a)  IAP/CAS, (b)
CIGAR-RT (from 1961 through 2025), and (c) Copernicus Marine (from 2005 through 2025)
(1 ZJ = 1021 J).  In panels (a) and (b), the black curves represent monthly time series, while
the  histograms  show  annual  anomalies.  In  panel  (c),  2025  data  are  preliminary  (near  real-
time), plotted separately (light pink), and might be not fully representative. All time series are
referenced to the 1981–2010 climatology for the IAP/CAS and CIGAR-RT products, and to a
2005 reference level for the Copernicus Marine product. For reference, the 2005 OHC values
relative  to  the  1981–2010  baseline  are  78  ZJ  for  IAP/CAS  and  104  ZJ  for  CIGAR-RT.
Uncertainty estimates from the different datasets are illustrated by the green bars.  Note that
the y-axis scales differ among panels.
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 3.2.    SST

Global mean SST has risen markedly since at least the
mid-20th century (Fig.  4).  Over  the period 1958–2025,  the
mean  SST  trend  is  0.12  ±  0.01°C  (10  yr)−1 for  IAP/CAS,
0.13 ± 0.01°C (10 yr)−1 for  CMA-SST,  and 0.12 ± 0.02°C
(10 yr)−1 for ERSST data. Satellite-based estimates from the
Copernicus Marine OSTIA product also indicate a warming
rate of 0.15 ± 0.02°C (10 yr)−1 since 1982, in close agreement
with  IAP/CAS,  CMA-SST  and  ERSST  results  over  the
same period. Compared with OHC changes, SST variations
exhibit substantially larger interannual variability, reflecting

the strong influence of atmospheric forcing and internal cli-
mate variability (Fig. 4 versus Figs. 1, 2).

Global  mean  SST declined  through  the  second  half  of
2024,  and  2025  maintained  this  relatively  low  state  rather
than  returning  to  the  exceptional  warmth  of  2023–24  (Fig.
4, IAP/CAS). The continued cooling toward the end of 2025
partly  reflects  the  development  of  La  Niña  conditions,
which favor enhanced equatorial upwelling and reduced sur-
face  temperatures  across  the  tropical  Pacific.  In  line  with
these  changes,  the  global  annual  mean  SST  in  2025  was
0.12°C ± 0.03°C lower than in 2024 based on IAP/CAS esti-

 

Table 1. Ranked order of the five hottest years of the world’s oceans since 1955. The OHC values are for the upper 2000 m in units of
ZJ, relative to the 1981–2010 average. ΔOHC denotes the year-to-year change in OHC relative to the previous year in units of ZJ. Note
that the IAP/CAS values from 2021–2024 differ from the previous release by 1–2 ZJ [Table 1 in Cheng et al. (2025)]. The incorporation
of newly available WOD temperature profiles from September 2024 through July 2025 increases the difference between the 2024 and
2023 OHC estimates, while the modest updates to the QC procedures introduce minor adjustments to the IAP/CAS 1981–2010 baseline.
CIGAR data slightly differ from previous release estimates as well [Table 1 in Cheng et al. (2025)], owing to an ensemble extension of
the real-time reanalysis system. For NCEI/NOAA, the current data extend through June 2025.

Rank Year

IAP/CAS CIGAR-RT NCEI/NOAA

OHC (units: ZJ) ∆OHC (units: ZJ) OHC (units: ZJ) ∆OHC (units: ZJ) OHC (units: ZJ) ∆OHC (units: ZJ)

1 2025 317 23 346 20 306 13
2 2024 294 13 326 17 293 11
3 2023 281 15 309 5 282 19
4 2022 266 19 304 21 263 14
5 2021 247 15 283 18 249 18
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Fig.  2. Global  upper  2000 m OHC changes  from 1955 through 2025 (units:  ZJ).  The thick
lines denote the annual values,  while the thin lines represent the monthly values.  The OHC
anomalies  are  relative  to  the  1981–2010  baseline.  The  inner  box  shows  the  intra-annual
variation of OHC, with 2025 values highlighted in red.
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mates,  to  be compared with decreases of  0.08°C (ERSST),
0.09°C (Copernicus Marine), 0.08°C (FY3 MWRI SST) and
0.08°C (CMA-SST) (Fig. 4). Despite this decline, the 2025
global  annual  mean  SST  remained  0.49°C  ±  0.02°C
(IAP/CAS)  above  the  1981–2010  climatological  baseline
(0.50°C for ERSST, 0.49°C for Copernicus Marine, 0.50°C
for  CMA-SST),  ranking  as  the  third  highest  on  record
across all four datasets, and remained far above the pre-indus-
trial  baseline  (Table  3).  Low  SST  can  also  contribute  to
ocean  heat  uptake  as  it  lowers  tropospheric  temperatures
and thus outgoing longwave radiation.

 4.    Spatial patterns of OHC changes in 2025

The 2025 upper 2000 m OHC anomaly pattern relative
to  the  1981–2010  climatology  (Fig.  5a)  reflects  the  well-
established structure of long-term ocean warming driven by

anthropogenic  forcing  and  large-scale  circulation  (Cheng
et al.,  2022a; Latif  et al.,  2023; Trenberth  et al.,  2025).
Strong  positive  anomalies  persist  in  the  Atlantic,  North
Pacific, the Indo-Pacific warm pool, and along the northern
flank of the Antarctic Circumpolar Current (ACC), consistent
with  previously  documented  regions  of  enhanced  heat
uptake and redistribution (Cheng et al.,  2024b, 2025; Tren-
berth  et al.,  2025).  A detailed  synthesis  of  the  mechanisms
governing these long-term OHC warming structures is pro-
vided in Cheng et al. (2022a).

Superimposed on this long-term pattern, a weak cooling
signal of up to −1 GJ m−2 (1 GJ = 109 J) emerges in the central
equatorial Pacific, consistent with thermocline shoaling and
cold  subsurface  water  upwelling  under  the  developing  La
Niña conditions in 2025 (Figs. 5a, b).  This cooling reflects
the basin-scale adjustment of the tropical  Pacific following
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Fig. 3. Running 15-year ocean heating rates and uncertainties for the IAP/CAS, CIGAR-RT,
Copernicus  Marine,  and  CERES  satellite  observations  of  the  net  TOA  radiation  (units:  W
m−2).  For  the  observational  datasets  and  reanalysis  data,  uncertainties  are  represented  by
twice  the  standard  deviation  of  ensemble  warming rates  for  each product.  All  heating  rates
are expressed per unit area of Earth’s surface (5.1 × 1014 m2). The inset displays the annual
OHC time series (colored solid lines) and the quadratic fits to the OHC (colored solid lines
with circle markers) over 2005–2025, relative to the 2005–2009 baseline (units: ZJ).

 

Table 2. The change of upper 2000 m OHC rate [quadratic fit; units: W m−2 (10 yr)−1] from 1960 to 2025 and from 2005 to 2025.

Dataset Period 1960–2025 [units: W m−2 (10 yr)−1] Period 2005–2025 [units: W m−2 (10 yr)−1]

IAP/CAS 0.14 ± 0.03 0.32 ± 0.14
CIGAR-RT 0.16 ± 0.02 0.32 ± 0.10

Copernicus Marine \ 0.46 ± 0.26
CERES \ 0.37 ± 0.20 (up to September 2025)
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the  strong  ENSO  fluctuations  of  previous  years  (Cheng  et
al., 2024c, 2025; Pan et al., 2025), as the system re-establishes

the west–east thermocline gradient typical of La Niña condi-
tions.
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Fig. 4. Global SST changes from 1955 through 2025 (units:  °C). (a) The thick lines denote
the  annual  values,  and  the  thin  lines  represent  the  monthly  values.  The  SST  anomalies  are
relative  to  the  1981–2010 baseline.  The inset  illustrates  the  intra-annual  variability  of  SST,
with  2025  values  highlighted  in  red.  (b)  Global  annual  mean  SST  changes  from  five  data
products (ERSST, Copernicus Marine, FY3 MWRI SST, CMA-SST and IAP/CAS). The time
series are relative to the 1981–2010 baseline for IAP/CAS, ERSST, Copernicus Marine, and
CMA-SST  data,  whereas  FY3  MWRI  SST  anomalies  are  relative  to  the  2011–2025  mean
because  of  the  shorter  microwave  record.  To  ensure  consistency  among  datasets,  the  FY3
MWRI SST anomalies are adjusted by subtracting the mean difference between FY3 MWRI
SST and IAP/CAS anomalies over their overlapping period (2011–2025).
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Table 3. Ranked order of the five hottest years of the global mean SST anomaly since 1955 (since 1981 for Copernicus Marine data and
since 2011 for MWRI), relative to the 1981–2010 baseline. For FY3 MWRI SST, the SST anomalies are referenced to the IAP baseline
because of the shorter record.

Rank Year

SST anomaly
(IAP/CAS)
(units: °C)

SST anomaly
(ERSST5)
(units: °C)

SST anomaly
(Copernicus Marine)

(units: °C)

SST anomaly
(MWRI)

(units: °C)

SST anomaly
(CMA)

(units: °C)

1 2024 0.61 0.58 0.58 0.59 0.58
2 2023 0.54 0.53 0.52 0.55 0.54
3 2025 0.49 0.50 0.49 0.51 0.50
4 2019 0.39 0.37 0.40 0.42 0.36
5 2016 0.39 0.40 0.36 0.40 0.41
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Fig.  5. (a)  Annual  upper  2000  m  OHC  anomaly  for  the  global  ocean  (units:  109 J  m−2)  and  (b)  zonal-mean
temperature anomalies for four major basins (units: °C) in 2025 relative to a 1981–2010 baseline for the IAP/CAS
data [data updated from Cheng et al. (2024a)].
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Furthermore, the vertical structure of ocean temperature
anomalies in 2025 relative to the 1981–2010 climatology is
illustrated in Fig. 5b. In all four major basins, positive temper-
ature  anomalies  are  strongest  in  the  upper  ~500  m.  In  the
Atlantic Ocean and the Southern Ocean, positive temperature
anomalies extend from the surface to at least 2000 m across
most latitudes. In the Pacific Ocean, localized subsurface cool-
ing anomalies are pronounced, with the strongest cold signals
located  near  500  m  around  30°N  (minimum  <−0.3°C)  and
near 400 m around 25°S (minimum < −0.2°C). In the Indian
Ocean,  subsurface cooling near the equator extends locally
southward and downward,  reaching approximately  1000 m
south of 30°S, and its underlying processes are discussed in
detail later in this section. Together, these basin-scale vertical
temperature  structures,  when  integrated  over  depth,  give
rise to the observed upper 2000 m OHC anomaly patterns in
2025 (Fig. 5a).

Beyond the anomaly patterns, the spatial distribution of
the  2025  upper  2000  m  OHC  ranking  relative  to  all  years
since  1958  further  reveals  how  long-term  ocean  warming
and climate variability manifest differently across the global
ocean (Fig. 6). Approximately 14% of the global ocean area
reached its warmest state on record in 2025, and about 33%
fell within its historical top three (57% fell within top five),
underscoring the pervasive and accumulated nature of ocean
heat gain. The regions with the highest rankings are concen-
trated  in  the  Southern  Ocean,  tropical  and  South  Atlantic
Ocean, Mediterranean Sea and North Indian Ocean, reflecting
their  pronounced  multi-decadal  warming  and  sustained
upper-ocean heat  accumulation.  It  is  important  to  note  that
because the OHC ranking reflects each region’s position rela-
tive to its own historical record, high-ranked areas do not nec-
essarily coincide with the strongest 2025 anomalies relative
to the 1981–2010 baseline (Fig. 6). Instead, the ranking pat-
tern  integrates  both  long-term heat  accumulation  and year-
to-year  variability,  revealing  where  sustained  warming  has

pushed regional conditions to their historical maxima.
Large  portions  of  the  subtropical  South  Indian  Ocean

and the central equatorial Pacific exhibit notably low rankings
in 2025, with their OHC falling within the colder half of the
historical  record,  consistent  with Tan  et al. (2025b)  in  that
the  long-term  warming  signal  in  these  two  regions  is  still
not significantly exceeding the short-term (internal) variabil-
ity over the past 60 years. The depressed OHC in the subtropi-
cal  South  Indian  Ocean  is  consistent  with  enhanced  wind-
driven ocean circulation and Ekman divergence, which pro-
mote  the  upwelling  of  cooler  subsurface  waters,  a  multi-
decadal pattern tied to stronger subtropical gyre circulation
(Duan et al., 2023) and intensified Southern Hemisphere west-
erlies  (Qu  et al.,  2019; Hu  et al.,  2020; Trenberth  et al.,
2025). This cooling is also reinforced by the concurrent devel-
opment of La Niña conditions and a negative Indian Ocean
Dipole  (IOD),  which  strengthened  the  southeasterly  trade
winds and modified the cross-equatorial circulation, thereby
enhancing upwelling in the southwestern Indian Ocean (Xie
et al., 2002). In the central equatorial Pacific, the low OHC
is  associated  with  the  developing  La  Niña  conditions  dis-
cussed  above.  These  low-ranking  regions  illustrate  how
regional  circulation  dynamics  can  maintain  anomalously
low  heat  content  even  as  the  global  ocean  continues  to
warm overall.

In  the  Pacific  and  Indian  Ocean,  the  upper  2000  m
OHC in 2025 compared with 2024 exhibits a basin-scale pat-
tern of a La Niña-like redistribution of heat (Fig. 7). The west-
ern tropical Pacific shows pronounced warming, with maxi-
mum anomalies exceeding 1.7 GJ m−2, and this warm signal
spreads meridionally across roughly 25°S–25°N (Fig. 7). In
contrast, the central–eastern Pacific off the equator features
broad but weaker cooling, reflecting an enhanced west–east
OHC  gradient.  This  spatial  pattern  is  consistent  with  the
2024 post-El Niño adjustment toward weak La Niña condi-
tions of 2025, during which the Indo-Pacific warm pool gradu-
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Fig. 6. Global ranking of upper 2000 m OHC in 2025 since 1958 for the IAP/CAS data [data
updated from Cheng et al. (2024a)]. The ranking is calculated by sorting the annual 0–2000
m OHC at each grid point from 1958 to 2025, and a rank of 1 indicates the warmest year on
record at that location. The black contour lines denote the 5th-warmest year (rank = 5).
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ally  recharges.  The  increase  of  OHC  in  the  Indo-Pacific
warm  pool  region  is  linked  to  the  accumulation  of  warm
water, arising from heat convergence driven by wind stress
curl and from the subsurface heat buildup associated with a
deepening of the thermocline (England et al., 2014; Latif et
al., 2023). At the same time, shoaling of the thermocline in
the eastern tropical Pacific enhances the increasing influence
of cooler subsurface waters, producing the localized cooling
anomalies that accompany the basin’s transition toward a re-
established west–east thermocline gradient.

The Indian Ocean exhibits a negative IOD pattern, charac-
terized by pronounced cooling in the western basin and warm-
ing  in  the  east  (Fig.  7).  The  strong  cooling  (minimum  <
−2.8  GJ  m−2)  in  the  southwestern  Indian  Ocean  relative  to
2024 is consistent with the strengthened southeasterly trade
winds  and  an  intensified  subtropical  gyre,  which  increase
the Ekman divergence and wind-driven upwelling, resulting
in  the  cooling  of  the  upper  ocean  in  this  region  (Li  et  al.,
2020). In contrast, the eastern Indian Ocean warms in 2025
relative to 2024, consistent with weakened upwelling along

the  equatorial  and  Indonesian  sectors  and  reduced  entrain-
ment of cooler subsurface waters. Notably, the La Niña-like
condition  in  2025  also  causes  warming  of  the  southeast
Indian Ocean, with enhanced signatures near the west coast
of Australia—a typical response to inter-basin wave propaga-
tion (Feng et al., 2013; Li et al., 2017). At the same time, a
possibly  enhanced  inflow  of  warm  western  Pacific  waters
into the Indian Ocean basin, consistent with a strengthened
ITF under  the  prevailing  weak  La  Niña  conditions  (Mayer
et  al.,  2014)  may  contribute  to  the  warming  of  the  eastern
Indian Ocean. These processes cause a west–east contrast in
the southern Indian Ocean OHC change.

 5.    Spatial patterns of SST changes in 2025

Relative  to  the  1981–2010  baseline,  the  2025  global
SST  pattern  reflects  the  combined  influence  of  long-term
anthropogenic  warming  and  the  transition  from  the  strong
2023–2024  El  Niño  toward  ENSO-neutral  and  developing
La  Niña  conditions  (Fig.  8).  The  most  pronounced  warm
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Fig. 7. Differences of annual mean upper 2000 m OHC values between 2025 and 2024, based
on (a) IAP/CAS analysis and (b) CIGAR-RT [units: 109 J m−2; data updated from Cheng et
al. (2024a)].
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anomalies  occur  in  the  northwestern  Pacific  around  40°N,
where SST anomalies exceed 3.0°C, reflecting the enhanced
extratropical ocean heat uptake and wind-driven heat conver-
gence that preferentially amplify warming in this latitudinal
band (Trenberth et al., 2025). Additional large warm anoma-
lies are found across the broader western North Atlantic and
the  Mediterranean  Sea  (maximum  >  +1.5°C).  Widespread
warming  is  also  evident  throughout  much  of  the  Atlantic
and  Indian  Oceans.  In  contrast,  prominent  cold  anomalies
appear in the central and eastern equatorial Pacific, consistent
with the basin’s transition toward La Niña conditions. Addi-
tional weak-to-moderate cooling is observed in sectors adja-
cent to the Antarctic continent, where freshwater input from
ice melt and sea-ice redistribution help maintain suppressed
SSTs (Simpkins, 2024).

Compared  with  2024,  the  global  SST  pattern  in  2025
exhibits a widespread and pronounced cooling, particularly
across the tropical oceans and the midlatitudes of the ocean
in the Northern Hemisphere (Fig. 9). In the Pacific Ocean, a
broad cold anomaly emerges across the central  and eastern
tropical basin, with maximum cooling exceeding 1.2°C and

extending  meridionally  to  roughly  20°S–20°N.  Substantial
cooling is also evident in the Northwest Pacific Ocean, includ-
ing the region east of China, the Kuroshio and its extension,
where  SST decreases  exceed  2.5°C.  This  cooling  indicates
that  the  warm  anomalies  that  dominated  the  Northwest
Pacific  during  2023  and  2024  have  begun  to  diminish
(Cheng et al., 2024b, 2025).

The tropical and subtropical Pacific cooling reflects the
ongoing transition of the tropical Pacific toward La Niña con-
ditions  in  2025.  During  this  transition,  the  thermocline
shoals back toward its climatological depth and the easterly
trade  winds  strengthen,  enhancing  equatorial  upwelling.
These processes promote the entrainment of cooler subsurface
water into the surface layer, contributing to the widespread
cooling across the central and eastern tropical Pacific. In con-
trast,  a  pronounced  warm  anomaly  band  appears  between
20°S  and  40°S  in  the  South  Pacific  Ocean,  with  warming
reaching approximately 1.0°C (Fig. 9). This regional warming
is  likely  associated  with  an  enhanced  Hadley  circulation,
whose  strengthened  subtropical  descent  reduces  cloud
cover, increases shortwave radiation, and suppresses evapora-
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Fig. 8. The annual SST anomaly in 2025 relative to a 1981–2010 baseline for (a) ERSST and
(b) IAP/CAS data, separately. Units: °C.
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tive cooling (Oort and Yienger, 1996; Cheng et al., 2019).
The  Indian  Ocean  also  shows  a  cooling  from  2024  to

2025  (Fig.  9).  North  of  20°S,  widespread  cooling  of  up  to
~0.7°C is evident, while the southern Indian Ocean between
20°S and 40°S exhibits moderate warming of up to ~0.5°C.
These  patterns  are  consistent  with  adjustments  in  the
Hadley and Walker circulations relative to a transition from
El Nino to La Niña condition (Cheng et al., 2019; Cai et al.,
2021).

In  the  Atlantic  Ocean,  a  pronounced  cooling  pattern
extends  from ~30°S to  55°N,  with  the  strongest  anomalies
exceeding −1.9°C  in  the  north  tropical  and  subtropical
North Atlantic (Fig. 9). In contrast, positive SST anomalies
are evident in the eastern midlatitude Atlantic and in the far
northern basin north of 55°N, where warming reaches up to
+1.3°C.

The Southern Ocean is likewise characterized by a hetero-
geneous  pattern,  with  widespread  warming  particularly
along the  continental  margins,  where  SST anomalies  reach
as high as +0.9°C (Fig. 9). However, notable cold anomalies
appear in several sectors, including regions south of Africa,
southwest of Australia, and portions of the South Pacific sec-

tor of the Southern Ocean, with minimum values approaching
−1.3°C.

 6.    Regional OHC changes in 2025

Regional variations of upper 2000 m OHC highlight the
combined  impacts  of  both  anthropogenic-forced  long-term
changes  and  prominent  interannual-to-decadal  variability
(Fig. 10). Three out of the eight ocean regions investigated
in Fig.  10,  including  the  Southern  Oceans,  North  Atlantic
and  Mediterranean  Sea,  show  record-high  OHC  values  in
2025.

The  Southern  Ocean  continues  its  long-term  warming
since 1958 and exhibits the second strongest OHC increase
among all  eight  regions in  2025 (Fig.  10g).  Upper  2000 m
OHC  increased  by  0.11  GJ  m−2 (10  ZJ)  relative  to  2024,
more than four times the mean heating rate of the past two
decades (0.04 GJ m−2 yr−1 during 2004–2024).  Nearly half
of the Southern Ocean area reached its historical maximum
in  2025  (Fig.  6).  This  pronounced  warming  reflects  the
Southern  Ocean’s  unique  role  as  a  major  sink  of  anthro-
pogenic heat, facilitated by strong westerly winds, vigorous
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Ekman transport, and deep-reaching overturning circulation
that  efficiently  subduct  and  store  heat  below  the  surface
(Armour et al., 2016). Once subducted, the warming signal
propagates  northward  along  isopycnal  surfaces,  affecting
the warming in the intermediate and deep water in the South-
ern Hemisphere (Li et al., 2023; Johnson and Purkey, 2024).

The North Atlantic also warmed notably, with its upper
2000 m OHC in 2025 exceeding that of 2024 by 0.09 GJ m−2

(2.7  ZJ),  which  is  slightly  larger  than  its  long-term  trends
(0.04  GJ  m−2 yr−1)  during  2004–2024  (Fig.  10e).  These
above-trend increments are likely linked to enhanced upper-
ocean  stratification,  which  reduces  winter  mixing  and  pro-
motes  the  accumulation  of  heat  within  the  upper  layers
(Cheng et al., 2025).

The Mediterranean Sea warms by 0.11 GJ m−2 (0.28 ZJ)
in 2025 relative to 2024, and this increase also exceeds the
long-term  trend  of  0.07  GJ  m−2 yr−1 observed  during
2004–2024 (Fig. 10d). Consistent with this rise, updated mea-
surements  along the  MX04 Genoa–Palermo transect  of  the
SOOP network (Simoncelli et al., 2024, 2025) indicate contin-
ued warming of the intermediate waters (Fig. 11a, b). Interme-
diate  waters  form  in  the  eastern  Mediterranean  and  spread
towards  the  western  Mediterranean  passing  through  the
Sicily Channel (depth: 500 m) where they are monitored by
the  CNR-ISMAR  mooring  (red  triangle  in Fig.  11a)  at
400 m deep (Schroeder et al., 2017; Ben Ismail et al., 2021;
Cheng  et  al.,  2024b)  and  flow towards  the  Tyrrhenian  Sea

(Pinardi et al., 2015; Von Schuckmann et al., 2016; Simon-
celli et al., 2018). Figure 11c shows the monthly temperature
obtained  from  the  Sicily  Channel  mooring  measurements
(not available after October 2022) at 400 m, the XBT mea-
surements in the layer 200–500 m, and the CMS-MEDREA
data along the transect between Tunisia and Sicily averaged
below the depth of 200 m (blue line in Fig.  11c).  Both the
XBT observations and CMS-MEDREA data show sustained
temperature  increases  through  2025,  with  values  reaching
the highest levels on record. The coherent warming of these
intermediate layers highlights the ongoing heat accumulation
within the western Mediterranean.

The  OHC  in  the  ITF  region  ranks  as  the  second
warmest  in  its  observational  record.  Its  area-mean  OHC
rises  by  0.58  GJ  m−2 (7.5  ZJ)  relative  to  2024,  with  the
largest  year-to-year  increase  among  all  eight  regions  (Fig.
10h). Downwelling Rossby waves generated by the La Niña
wind  anomalies  can  penetrate  from  the  western  Pacific  to
the Maritime Continent, enhancing the OHC rise of the ITF
region (Jin et al., 2024). The Northwest Pacific experiences
a similar OHC subsurface enhancement, with its upper 2000
m OHC increasing by 0.29 GJ m−2 (1.8 ZJ) and reaching the
fourth-highest value since 1958 (Fig. 10a). In both regions,
OHC increases are dominated by subsurface warming while
SSTs decline in 2025 (Fig. 9), indicating a redistribution of
heat within the upper ocean likely linked to strengthened east-
erly winds, a deepened thermocline, and continued heat accu-

 

 

Fig.  11. (a)  XBT  tracks  (black  dotted  lines)  along  the  MX04  Genova–Palermo  transect  in  the  Tyrrhenian  and
Ligurian seas: the Sicily Channel mooring location (red triangle) and the transect (blue line) used to obtain the CMS-
MEDREA  (Escudier  et al.,  2020, 2021)  monthly  values  in  (c).  (b)  Hovmöller  plot  of  mean  MX04  temperature
anomalies  in  1999–2025,  computed  relative  to  the  1981–2010  IAP/CAS  baseline.  (c)  MX04  mean  temperature
values in the 200–500 m layer, monthly mean temperature values at 400 m from the Sicily Channel mooring between
2004  and  2022,  and  CMS-MEDREA  estimates  below  200  m.  The  blue  shading  represents  the  uncertainty  of  the
CMS-MEDREA reanalysis below 200m. The black error bars represent the standard deviation of temperature values
between 200 and 500 m derived from all XBT profiles collected during each cruise, while the red error bars indicate
the standard deviation of temperature values recorded at a single location and fixed depth.
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mulation in the Indo-Pacific warm pool.
For the North Pacific, the annual OHC in 2025 remains

nearly unchanged relative to 2024, ranking as the second high-
est  since  1958  (Fig.  10f).  However,  the  tropical  Atlantic
exhibits a modest decrease, with a basin-mean reduction of
approximately −0.10 GJ m−2 (−1.9 ZJ), still placing 2025 as
its fourth warmest year on record (Fig. 10c). In contrast, the
Indian Ocean experiences the strongest cooling among eight
regions, with its upper 2000 m OHC decreasing by 0.22 GJ
m-2 (6.5 ZJ) relative to 2024, largely driven by the pronounced
cold anomalies in the west Indian Ocean (Fig. 7, 10b). Never-
theless,  the  annual  basin’s  OHC  in  2025  still  ranks  as  the
third highest in the historical record, reflecting the dominant
role of long-term anthropogenic warming that persists even
during years of regional cooling.

 7.    Concluding remarks

This study provides updated assessments of global SST
and upper OHC for the year 2025 based on multiple observa-
tional  and  reanalysis  datasets  produced  by  independent
research groups. The results show that the global ocean con-
tinued to warm in 2025, with the upper 2000 m OHC reaching
the  highest  value  ever  observed,  despite  a  prevailing  weak
La  Niña  state  throughout  the  year.  According  to  IAP/CAS
estimates,  the  global  ocean  gained  approximately  23  ZJ  of
heat  relative  to  2024,  with  about  33%  of  the  global  ocean
area reaching the top three warmest values in their historical
records.  Three  additional  products,  CIGAR-RT,
NCEI/NOAA  and  Copernicus  Marine,  independently  con-
firm substantial OHC increases, highlighting the robustness
of the 2025 warming signal.

In addition to setting a new record in 2025,  the global
ocean continues to show sustained and intensified warming.
All  four  OHC  products  reveal  a  persistent  increase  in  the
ocean heating rate, especially evident in recent decades, and
further supported by CERES EEI. Such ocean warming can
amplify  climate  impacts,  contributing  to  faster  sea-level
rise,  a  stronger  hydrological  cycle,  and  more  frequent  and
intense marine heatwaves.

Further,  spatial  and  regional  differences  are  evident  in
the upper OHC distribution. Strong warming occurred in the
Southern  Ocean,  North  Atlantic,  Mediterranean  Sea,  and
warm  pool  of  the  Indo-Pacific,  while  cooling  emerged  in
the equatorial Pacific, the western Indian Ocean, and the tropi-
cal  Atlantic,  partly  reflecting basin-scale dynamical  adjust-
ments associated largely with a transition to La Niña condi-
tions.  The  North  Atlantic  and  the  Mediterranean  Sea  are
also the climate hotspots of salinization, deoxygenation, and
acidification, and therefore the concurrent change (e.g., dou-
ble  and  triple  changes)  of  the  above  four  climatic  impact
drivers (temperature, salinity, dissolved oxygen, and pH) indi-
cates  a  deep-reaching  compound ocean  state  change  in  the
North  Atlantic  and  the  Mediterranean  Sea,  making  the
ocean  ecosystems  and  the  life  they  support  more  fragile
(Tan et al., 2025b).

In  contrast  to  the OHC increase,  the  global  mean SST
cooled  slightly  by  about  0.08~0.12°C  relative  to  2024,
though  it  still  ranked  as  the  third-warmest  year  on  record
and remained far above the 1981–2010 climatological base-
line. This surface cooling is consistent with the ocean state
transition from the strong 2023–24 El Niño to La Niña condi-
tions,  accompanied  by  widespread  cooling  in  the  tropical
oceans and midlatitude Northern Hemisphere.

Ocean warming continues to exert profound impacts on
the Earth system. Rising OHC remains the fundamental con-
tributor to global sea-level rise via thermal expansion, rein-
forces  marine  heatwaves,  and  intensifies  extreme  weather
events  by increasing heat  and moisture exchanges with the
atmosphere.  In  the  long  term,  consistent  with  projections
from  state-of-the-art  climate  models,  global  OHC  is
expected to continue breaking records until net-zero green-
house gas emissions are achieved, given the persistence of a
positive  EEI.  Sustained  and  accurate  monitoring  of  both
EEI and OHC is essential for detecting changes in the pace
of  climate  warming  and  for  constraining  the  global  energy
budget,  with  recent  studies  also  exploring  emerging  physi-
cally  informed  data-driven  approaches  as  complementary
tools for short-term prediction and gap-filling of ocean envi-
ronmental variables (e.g., Cheng et al., 2022a, c; Liu et al.,
2025). At the same time, the continuity of space-based obser-
vations remains fragile, underscoring the risk of losing critical
information on the  planet’s  energy flows (Mauritsen et  al.,
2025). Strengthening the ocean observing system and advanc-
ing  mechanistic  understanding  of  ocean  heat  redistribution
are therefore essential for improving climate assessments, sup-
porting adaptation planning,  and informing sustainable and
climate-resilient development pathways.
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