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3. GLOBAL OCEANS

D. L. Volkov and R. C. Perez, Eds.

a. Overview

—D. L. Volkov and R. C. Perez

This chapter synthesizes changes in the ocean’s physical state and key biogeochemical
indicators during 2025, highlighting the persistence of exceptional warmth following the
record-breaking years of 2023 and 2024 and the continued influence of large-scale climate
variability, particularly the El Nifo—Southern Oscillation (ENSO). The strong El Nifio that
developed in 2023 and weakened through the spring of 2024, transitioned towards La Nifia
conditions by the second half of 2024 (see section 4b). Weak La Nifia was prevalent for most
of 2025 except later spring/summer when neutral conditions dominated. This transition influ-
enced ocean—atmosphere exchanges, the redistribution of heat, freshwater, and momentum
across ocean basins while the long-term warming trend continued.

Air-sea fluxes in 2025 reflected ongoing ocean heat uptake and ENSO-related variability.
Compared to 2024, heat gain increased notably in the tropics and subtropics. Freshwater flux
patterns were shaped by the developing La Nifia conditions, with increased precipitation and
freshening near the Maritime Continent and western tropical Pacific and enhanced freshwater
loss and salinification across the central and eastern equatorial Pacific. These changes were
driven mainly by precipitation anomalies rather than evaporation. Wind stress anomalies were
generally weak in the tropics but showed strengthened westerlies in the Southern Ocean and
North Atlantic and weaker winds over parts of the North Pacific, influencing regional circulation
and wind-driven vertical velocity.

Global sea surface temperatures (SSTs) remained exceptionally high in 2025, marking the
third consecutive year of extreme ocean warmth. Long-term warming has accelerated, increasing
from approximately 0.12°C per decade over 1950-2025 to about 0.21°C per decade since 2000.
Although the shift toward neutral and weak La Nifia conditions produced some cooling in the
tropical Pacific compared to the peak warmth of 2023/24, global SSTs remained elevated due to
the continued accumulation of heat in the climate system. Marine heatwaves remained wide-
spread, affecting about 87% of the ocean surface. While heatwave occurrence declined slightly
relative to 2024, 2025 remained among the highest occurrence years on record. In contrast,
marine cold spells became even less frequent, reaching their lowest occurrence in the observa-
tional record and highlighting the continued shift toward warmer ocean conditions.

Ocean heat content also remained at record highs, with continued warming in the upper
2000 m and detectable warming extending into deeper layers. The transition from El Nifio to
weak La Nina conditions redistributed heat within the tropical Pacific, reducing heat content in
the eastern equatorial Pacific and increasing it in the western and central equatorial Pacific, but
did not offset the long-term warming trend. Most ocean basins remained warmer than average.
The Atlantic Ocean continued to exhibit widespread warm anomalies, though slightly cooler
than the extreme conditions of 2024. The Indian Ocean remained warmer than the climatolog-
ical average despite localized cooling in the southwestern Indian Ocean compared to 2024. The
sustained heat uptake by the oceans contributes to accelerated sea level rise, enhanced tropical
cyclone activity, amplified stratification, and increased marine heatwaves.

Ocean salinity patterns reflected both interannual variability and long-term hydrological
changes. The equatorial Pacific generally became saltier under La Nifia-related precipitation
shifts, while high-latitude regions of the Atlantic experienced freshening that may influence
deep water formation and overturning circulation. The Indian Ocean exhibited mixed salinity
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changes, with both freshening and salinification depending on location, and shifted from anom-
alously fresh to slightly salty relative to climatology. Subsurface salinity changes were most
pronounced in the upper few hundred meters and varied by basin. Despite these interannual
fluctuations, long-term trends remain consistent with an intensifying global hydrological cycle,
in which salty regions become saltier and fresh regions fresher.

Global mean sea level reached a new record high in 2025, rising to 111.2 mm above the
1993 baseline and continuing a long-term increase of about 3.5 mm per year, with clear acceler-
ation over recent decades. Although ocean warming drove a substantial thermosteric increase,
the total annual rise from 2024 to 2025 was relatively modest, likely due to La Nifia-related
redistribution of water between the ocean and land. Regional patterns reflected ENSO-driven
circulation changes, with lower sea levels in the central and eastern tropical Pacific and higher
levels in the Indo—western Pacific. Long-term sea level rise continues to increase the frequency
and severity of coastal flooding and extreme sea level events.

Ocean circulation patterns in 2025 showed strong regional variability linked to ENSO and
atmospheric forcing. Surface currents in the equatorial Pacific exhibited enhanced westward
flow associated with developing La Nifia conditions, while the Kuroshio Extension remained dis-
placed northward of its long-term mean position. Seasonal monsoon forcing drove pronounced
circulation changes in the Indian Ocean, and variability in the Atlantic reflected regional climate
modes. The Atlantic meridional overturning circulation continued to exhibit strong interannual
variability, with some evidence of localized weakening in the subtropical North Atlantic and
strengthening in the subtropical South Atlantic, but limited evidence of a long-term basin-wide
decline.

The global ocean continues to play a major role in the global carbon cycle by absorbing
approximately 29% of anthropogenic carbon dioxide emissions and helping slow its atmospheric
accumulation, while contributing to ocean acidification. The oceanic uptake of carbon dioxide
in 2025 increased compared to the prior decade. Despite regional variability and observational
uncertainties, the ocean carbon sink remains strong and continues to increase. Satellite obser-
vations showed that global phytoplankton biomass and distribution in 2025 remained largely
within historical ranges, with modest productivity increases in the tropical Pacific associated
with weak La Nifia conditions.

This year’s report features a new section on dissolved oxygen, which is an essential climate
variable, especially for marine ecosystems and biogeochemical cycling. In 2025, global ocean
dissolved oxygen continued to decline, with inventories decreasing by about 0.45% per decade
since 1965 due to warming, reduced ventilation, ocean circulation changes, and enhanced
biological respiration. An ensemble of statistical and machine-learning analyses confirms
widespread deoxygenation, especially in the North Pacific and Southern Oceans, with broadly
negative oxygen anomalies in 2025 consistent with elevated ocean heat content and ENSO-driven
variability.

Overall, the ocean in 2025 remained in a state of persistent change. Record-high global sea
level, high SSTs and heat content, widespread marine heatwaves, and continued carbon uptake
and deoxygenation highlight the ocean’s central role in regulating Earth’s climate.
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b. Sea surface temperature

—X.Yin, R. W. Schlegel, B. Huang, D. Chan, G. Graham, and Z.-Z. Hu

1. INTRODUCTION

The state of sea surface temperatures (SSTs) in global oceans and seas in 2025 was analyzed
using four gridded SST datasets: Daily Optimum Interpolation SST version 2.1 (DOISSTv2.1; Huang
et al. 2021), Extended Reconstructed SST version 5 (ERSSTv5; Huang et al. 2017), Hadley Centre
SST version 4 (HadSST.4.2.0.0; Kennedy et al. 2019), and Dynamically Consistent ENsemble of
Temperature version 1.1.0.0 (DCENT-Iv1.1.0.0; Chan et al. 2026). DOISSTv2.1 is a blended product
from in situ observations and satellite measurements, covering the period since late 1981, when
satellite-retrieved SSTs became available. It provides daily mean SSTs and is analyzed on 0.25°
latitude—longitude grids. The latter three datasets are in situ observation-based products, pro-
viding the longest available global SST records with monthly mean values extending back to
preindustrial times, beginning in 1854 for ERSSTv5, 1850 for HadSST.4.2.0.0 and DCENT-1v1.1.0.0,
to present, when shipborne instrumental measurements of water temperature were deemed suf-
ficiently extensive and reliable to support global SST analyses. The horizontal resolution is 2° for
ERSSTv5 and 5° for HadSST.4.2.0.0 and DCENT-1v1.1.0.0.

Marine heatwaves (MHWs) are defined as periods of five or more consecutive days with
SSTs above the 90th percentile daily climatological values (Hobday et al. 2016). A MHW is cat-
egorized as Moderate (Category 1) when the greatest SST anomaly (SSTA) during the event is
between one and two times the difference between the 90th percentile and the seasonal cli-
matology. When this value is more than two, three, or four times of the difference, the MHW is
categorized as Strong (Category 2), Severe (Category 3), or Extreme (Category 4), respectively
(Hobday et al. 2018). The direct inverse of MHWs (i.e., days below the 10th percentile) is used
to define and categorize marine cold spells (MCSs), with an additional ‘ice’ category for days
when the daily climatology is below -1.7°C (Schlegel et al. 2021). An interactive visualization
of global MHW and MCS coverage from 1982 to the present with DOISSTv2.1 is available at
https://www.marineheatwaves.org/tracker.html.

In this report, the higher-resolution dataset DOISSTv2.1 is primarily used to examine daily
SST variations and evaluate MHW/MCS occurrences, while the coarser-resolution but long-term
datasets ERSSTv5, HadSST.4.0.1.0, and DCENT-Iv1.1.0.0 are used for large-scale SST pattern
analysis and decadal-to-centennial SST trend assessment. The base period for computing SSTAs
and analyzing MHWs/MCSs is 1991-2020, the current standard reference period for SST climate
normals (Yin et al. 2024).

2. SEA SURFACE TEMPERATURES IN
2025

For the global ocean, recent strong warming
manifested as historically high SSTs that
began in March 2023 have persisted, making
2025 the third consecutive exceptionally warm
year. Figure 3.1 shows the daily global-mean
SST for each year since 1981 in DOISSTv2.1.
The 1991-2020 normal SSTs and the corre- - :
sponding +1.96-standard deviation (std. dev.) ' . . . L L 2 - L %

Daily Global Mean Temperature (°C)

envelope (Yln et al- 2024) are also ShOWl’l fOf JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
[ . B ]
reference. The envelope represents the 95% 1981 1991 2001 2011 2021

Confld.ence interval of.the. pormal SSTs, corre- Fig. 3.1. Daily global-mean sea surface temperatures (SST)
sponding to a 5% significance level when gince 1981. Individual years are shown in different colors,
assessing departures of observed SSTs from as indicated by the color bar, plotted over a common
normal conditions. 366-day Julian calendar year. The current year and the
. ) . recent record-setting years (2016, 2023, and 2024) are
Altl}ough the daily global'mean SST.‘ n highlighted with thicker lines and labeled. The solid and
2025 did not.set I’IEV\'I records as in the prev19us dashed black lines denote the 1991-2020 normal SST and
two years, it remained remarkable, ranking the +1.96-std. dev. envelope (95% confidence interval),
as the second or third highest during most respectively. (Source: Daily OISST [DOISSTv2.1].)
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of the year. Consistent with the climatological seasonal cycle, daily global-mean SST reached
maxima in early March and late August and minima in early June and mid-November. From
January through late March, the 2025 global-mean SST was second only to the 2024 mean and
remained substantially higher than in all other previous years, including the record-breaking
years of 2016 and 2023. Between April and May, global-mean SSTs in 2025 and 2023 were com-
parable, alternating between the second- and third-highest positions for that time of year. Since
early June, global-mean SSTs in 2025 were lower than in the previous two years for nearly the
remainder of the year. During most of November and December, 2025 SSTs fell outside the top
three highest for the time of year.

In 2025, the highest daily global-mean SST was 18.87°C, recorded on 26 August, ranking as
the second highest for that time of year after 2024. The lowest daily global-mean SST, 18.30°C,
was observed on 17 November, ranking as the fourth highest for that time of year, following 2023,
2024, and 2016. Figure 3.1 also shows that SSTs during the last three years were distinct from those
in earlier years. With the exception of a few intermittent periods in November and December, the
2025 global-mean SST lay outside the +1.96-std. dev. envelope of the 1991-2020 normal. Indeed,
global-mean SST remained continuously more than 1.96 std. devs. above the 1991-2020 normal
from mid-March 2023 through early November 2025, indicating an unusually warm global ocean
for three consecutive years.

In the centennial record of ERSSTv5, the annual-average global-mean SST for 2025 was
18.68°C, which was 0.87°C higher than the 1854-1900 pre-industrial level and 0.38°C above the
19912020 reference level. Within the 172-year SST record beginning 1854, 2025 ranked as the
third warmest year, 0.03°C cooler than 2023 and 0.09°C cooler than 2024, but 0.10°C warmer than
2016, the fourth warmest year. Moreover, the most recent decade (2016-25) was the warmest on
record, with an average SST of 18.57°C, 0.77°C above the pre-industrial level and 0.27°C above
the 1991-2020 reference level.

Changes of global SST in 2025 relative to the 1991-2020 reference period are shown in Fig. 3.2.
On the annual mean (Fig. 3.2a), 2025 SSTs were characterized by ENSO-related patterns in the
tropics, enhanced SST contrasts in the Northern Hemisphere, and comparatively lower vari-
ability in the Southern Hemisphere. In the equatorial Pacific, SSTs were lower than the reference
period by less than 0.5°C between 170°E and 90°W and slightly higher than the reference period
off the western coast of the Americas, consistent with the evolution from ENSO-neutral to
La Nifia-like conditions during 2025 (see section 4b; Tan et al. 2025). Across the remaining ocean
basins, warm anomalies predominated, with scattered pockets of cold anomalies. Particularly
large positive SSTAs (>+1.0°C) occurred in the midlatitude eastern and central North Pacific,
the western Mediterranean Sea, the central Maritime Continent, the North Sea, and the Barents
Sea. The seasonal evolution of global SST patterns is further illustrated using seasonal-mean
SSTs (Figs. 3.2b—e). Here, the four seasons are defined as boreal winter (January—March), spring
(April-June), summer (July—September), and autumn (October—December), corresponding to
austral summer, autumn, winter, and spring, respectively.

As shown in Fig. 3.2, cooling in the central equatorial Pacific was most pronounced in boreal
winter and autumn, with large areas exhibiting SSTs more than 0.5°C below the 1991-2020 average,
suggesting that La Nifia conditions briefly developed during these two seasons (see section 4b;
Tan et al. 2025). Cooling in the Arabian Sea was observed in all seasons and was strongest in
autumn, when negative SSTAs extended across nearly the entire basin. The Arctic Ocean exhib-
ited relatively minor variability in winter and spring because of extensive ice coverage. However,
SSTAs in the Barents Sea remained above normal throughout the year, while cooling occurred
across much of the Beaufort Sea in summer and subsequently extended into the East Siberian
Sea in autumn. Globally, ocean warming peaked in the Northern Hemisphere during summer
(Fig. 3.2d). In contrast, the Southern Hemisphere exhibited comparatively weaker seasonal vari-
ability, with stronger warming during austral summer (Fig. 3.2b). Meanwhile, persistent positive
SSTAs in the midlatitude North Pacific indicated that the Pacific Decadal Oscillation (PDO)
maintained a five-year negative phase since 2020 (NOAA National Centers for Environmental
Information 2026). In addition, the seasonal SSTA pattern in the Indian Ocean suggests that the
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Indian Ocean dipole (IOD) was in a negative phase during boreal summer and autumn of 2025
(see section 4f for details; NOAA Climate Prediction Center 2026). For most of the year, the equa-
torial Atlantic was warm, with weak cooling associated with a short-lived Atlantic Nifia event
from June to August 2025.
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Fig. 3.2. Annual and seasonal mean sea surface temperature anomalies (SSTAs; °C) for 2025 relative to the 1991-2020 refer-
ence period. (a) Annual; (b) boreal winter (Jan-Mar); (c) spring (Apr-Jun); (d) summer (Jul-Sep); and (e) autumn (Oct-Dec).
(Source: ERSSTvV5.)

3. MARINE HEATWAVES AND COLD SPELLS

The 2025 analysis of DOISSTv2.1 indicates that 87% of the ocean surface experienced at least
one marine heatwave (MHW; Hobday et al. 2016; Figs. 3.3a,b), while 26% experienced at least
one marine cold spell (MCS; Figs. 3.3c,d). The most common MHW category in 2025 was Category
1 (Moderate), accounting for 40% of the total coverage, followed by Category 2 (Strong) events
at 39%, with Category 3 (Severe) and Category 4 (Extreme) MHWSs accounting for 6% and 2% of
the total coverage, respectively. Category 1 (Moderate) MCSs remained the most prevalent cool
events (17% in 2025), as has been the case since 2001. Globally, the ocean experienced an average
of 73 MHW days and 5 MCS days in 2025. Although this is below the record high 100 MHW days
observed in 2024 (and the MCS record high of 57 days in 1985; Figs. 3.3a,c), 2025 conditions
correspond to a daily mean MHW coverage of 20% of the ocean surface, compared to about 1%
for MCSs (Figs. 3.3a,c), making 2025 the new record-low year for MCSs.
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With the transition from El Nifio conditions
in 2023/24 to La Nifia conditions in 2024/25
(see section 4b; Tan et al. 2025), all MHW
occurrences declined from 2024 to 2025.
Nevertheless, 2025 still experienced more
MHW activity than the previous record-setting
year of 2016, ranking as the third highest year
for daily MHW coverage after 2023 and 2024
(Fig. 3.3a).

While much of the Arctic experienced
Category 4 MHW conditions during the first
two months of the year, the absolute SST
anomaly relative to the historical record was
about +0.5°C. A recurring pattern of large
MHWSs with central cores reaching Category
4 affected the southwest coast of New Zealand
from mid-February to mid-March. The north-
eastern region of the archipelago experienced
another extensive MHW in November, again
featuring a Category 4 core. As in 2024, waters
surrounding Ireland and the United Kingdom
were affected by Category 1 and 2 MHWSs for
much of the year.

The spatial extent of this event affected
much of the Atlantic coastline of Spain and
France. Although short-lived, this otherwise
mild MHW intensified in mid-May, with unin-
terrupted Category 3 conditions extending
from the north of Iceland to the southern tip
of Ireland. In 2025, the western Mediterranean
experienced record-breaking warming during

(@ ~ ®
100 128 =
9 3
" ||-24 g =
[ o (0]
g 2 3 8
= SO
£ 60 L16 = 3
s Il o I °
2 40 12 = z
5 =
z i i 8 S §
2011 A 5 3
'._F___;____ sl W W 4 g =
(TATAT I 2
1983 1993 2003 2013 2023 1983 1993 2003 2013 2023
Category: | Moderate [l Il Strong [l 1l Severe [l IV Extreme
MHW Category
c
(c) 162 (d)
© 50{a’ 148
& 1 £ g
@ 40 | 2e 3
[%) |
o | k L1108 & 60
= ih:[ o 2
o 30 B 18 O 8
] i | = P
& ol 6 > <4
22 ol | i =
< [ l4 © E
0 g Y e S
AN S
1 2
<

1983 1993 2003 2013 2023 1983 1993 2003 2013 2023
Category: IModerate  []1I Strong [l Severe IV Extreme | Ice
MCS Category

Fig. 3.3. Annual global occurrence (a),(b) of marine heat-
waves (MHW) and (c),(d) marine cold spells (MCS) relative
to the 1991-2020 base period. (a) Average count of MHW
days experienced over the surface of the ocean each year
(left y-axis), also expressed as the percent of the surface
of the ocean experiencing a MHW on any given day (right
y-axis) of that year; (b) total percent of the surface area of
the ocean that experienced a MHW at some point during
the year; (c) same as (a) but for MCS; and (d) same as (b) but
for MCS. Values shown are for the highest category of
MHW/MCS experienced at any point. (Source: Daily OISST

the first half of boreal summer (surpassing the [DOISSTv2.1].)

previous record set in 2022). In contrast, the eastern Mediterranean was less warm in summer
2025 than in previous summers, although Category 3 MHW conditions occurred during the first
two months of the year. Waters east and west of the Japanese archipelago reached Category
3 intensity beginning in July, persisting mainly as Category 2 and 3 events through October. This
feature would occasionally connect across the Pacific to the ‘blob-like’ MHW that occurred along
the west coast of North America (a now semi-permanent feature), whose most intense point was
reached in mid-September with a near-basin scale core of Category 3 MHW coverage. In late July,
the majority of the waters from Norway to the Arctic ice edge experienced a Category 2 MHW
lasting one month. Meanwhile, the recurring summer Category 4 MHW across the Barents and
Kara Seas reached its highest intensity since its annual reappearance began in 2015.

Although many other MHWs in 2025 would have been considered noteworthy a decade ago,
none were as pronounced as those highlighted here. While the ocean experienced less extreme
heat events in 2025 than in 2024, it did not experience correspondingly more extreme cold spells.
All occurrences of MCSs declined relative to the previous year, indicating an upward shift in
the overall SST envelope of the global ocean. No notable MCSs occurred in 2025; all Category
3 or 4 events were associated with cyclonic or anticyclonic eddy activity in western boundary
currents or potential ice-edge-related artefacts.

4. SEA SURFACE TEMPERATURE TRENDS

Time series of global- and regional-mean annual SSTAs for the periods 1880-2025 and
19502025 are shown in Fig. 3.4. Uncertainty estimates derived from the ERSSTv5 ensemble
analysis (Huang et al. 2015, 2020) are included for reference. Across all domains, the four SST
datasets exhibit similar temporal variability and comparable trends; however, both variability
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and trends differ substantially among regions. Notably, North Atlantic SSTAs display pronounced
interdecadal variability over the full record since 1880 (Fig. 3.4f), largely associated with the
Atlantic Multidecadal Variability (Schlesinger and Ramankutty 1994).

Uncertainties are largest during the early part of the record, with substantial spreads among
datasets, as illustrated for the global ocean (Fig. 3.4b) and the North Atlantic (Fig. 3.4f). This is
because in situ observations were scarce in the early years, and different data reconstruction
algorithms based on limited observations led to higher uncertainties in each SST reconstruction.
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Fig. 3.4. Regional mean annual average sea surface temperature anomalies (SSTAs; °C) of ERSSTV5 (solid white), Hadley
Centre Sea Surface Temperature dataset (HadSST.4.2.0.0; solid red), Daily OISST (DOISSTv2.1; solid green), and Dynamically
Consistent ENsemble of Temperature (DCENT-Iv1.1.0.0; solid blue) for the period 1950-2025 except for (b) and (f). (a) Global
Ocean; (b) Global Ocean for 1880-2025; (c) Tropical Pacific; (d) North Pacific; (e) Tropical Indian; (f) North Atlantic for
1880-2025; (g) Tropical Atlantic; and (h) Southern Oceans. Shadings provide the 2-std. dev. envelope derived from a
500-member ensemble analysis based on ERSSTv5 and centered on the SSTAs of ERSSTv5. The starting years of the two

periods for trend assessment, 1950 and 2000, are indicated by vertical dotted black lines.
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The gradual improvement of the observing network since World War II, and especially the wide-
spread use of buoy data since the 1980s, greatly reduced SST uncertainties and narrowed the
differences among datasets.

Trends in global-mean SST were evaluated for a longer period (1950-2025) and a shorter
period (2000-25) using the four datasets (Table 3.1). For both periods, the estimated trends are
consistent across datasets. During 1950-2025 (excluding DOISSTv2.1, which began in 1981),
global trends range from 0.11°C to 0.13°C decade™, with small uncertainties between 0.01°C and
0.02°C decade™. During 2000-25, trends increased to 0.19°C—0.22°C decade in all four products,
with larger uncertainties of 0.05°C-0.06°C decade™. Accounting for uncertainties, all datasets
show statistically the same trends for the two periods, with average trends of 0.12°C decade™ in
1950-2025 and 0.21°C decade™ for 2000-25.

Regional trends were also assessed for the six domains shown in Fig. 3.4 using ERSSTv5 (Table
3.1). For 1950-2025, trends are broadly similar across regions, ranging from 0.10°C to 0.14°C
decade™, consistent with the global trends in the four datasets (0.11°C-0.13°C decade™) over the
same period. In contrast, trends for 200025 show pronounced regional differences, spanning
from 0.15°C decade™ in the tropical Pacific and 0.16°C decade™ in the Southern Ocean to 0.46°C
decade™ in the North Pacific, consistent with accelerated warming in that basin since 2013
(Hu et al. 2024). Trends in the tropical Indian Ocean (0.20°C decade™), North Atlantic (0.24°C
decade™), and tropical Atlantic (0.21°C decade™) are close to the global trends (0.19°C-0.22°C
decade™). Although all regional trends are statistically significant, their relative uncertainties
are generally larger than those of global trends. Notably, the tropical Pacific exhibits both the
weakest trend (0.15°C decade™) among all regions but the highest uncertainty (0.12°C decade™),
reflecting comparatively weak warming and higher variability in the region, which is associ-
ated with the weak La Nifia conditions that appeared at the beginning and end of the year (see
section 4b).

Table 3.1. Linear trends (°C decade™") of global and regional mean annual sea surface temperature anomalies (SSTAs; °C)
from ERSSTv5, the Hadley Centre Sea Surface Temperature Dataset version 4 (HadSST.4.2.0.0), the Dynamically Consistent
ENsemble of Temperature (DCENT-Iv1.1.0.0), and the Daily OISST (DOISSTv2.1). The uncertainties at a 95% confidence level,
expressed as * values, are estimated by accounting for the effective sampling number quantified by lag-1 autocorrelation
on the degrees of freedom of annual mean SSTAs.

Product Region 1950-2025

DCENT-Iv1.1.0.0 Global 0.13+0.01 0.20+0.06
HadSST.4.2.0.0 Global 0.13+0.02 0.21+0.06
DOISSTv2.1 Global N/A 0.22+0.05
ERSSTV5 Global 0.11+0.01 0.19+0.06
ERSSTV5 Tropical Pacific (30°5-30°N) 0.10+0.02 0.15+0.12
ERSSTV5 North Pacific (30°N-60°N) 0.12+0.05 0.46+0.11
ERSSTV5 Tropical Indian (30°S-30°N) 0.14+0.02 0.20+0.07
ERSSTV5 North Atlantic (30°N-60°N) 0.13+0.05 0.24+0.10
ERSSTV5 Tropical Atlantic (30°5—30°N) 0.12+0.02 0.21+0.09
ERSSTV5 Southern oceans (30°5—-60°S) 0.10+0.01 0.16+0.05
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¢. Ocean temperature and heat content

—G. C. Johnson, J. M. Lyman, C. P. Atkinson, L. Cheng, C. M. Domingues, R. E. Killick, R. Locarnini,

A. Mishonov, D. P. Monselesan, M. Miyamoto, J. Reagan, A. Savita, and S. E. Wijffels

The oceans transport substantial amounts of heat within Earth’s climate system (e.g., Donohoe
et al. 2024) and act as the dominant heat sink, absorbing ~89% of the excess energy associated
with Earth’s top-of-atmosphere energy imbalance from 1971 to 2020 (e.g., von Schuckmann
et al. 2023). This imbalance, driven by increasing greenhouse gas concentrations and the large
thermal inertia of the oceans, substantially delays global warming (e.g., Forster et al. 2025).
Surface-intensified ocean warming has increased the strength and duration of marine heatwaves
(MHWs; e.g., Oliver et al. 2021) and enhanced upper ocean stratification (e.g., Li et al. 2020). This
substantial upper ocean warming provides additional energy to fuel stronger tropical cyclones
(e.g., Walsh et al. 2016), accelerates ice loss where the cryosphere interacts with the ocean (von
Schuckmann et al. 2023), and exacerbates coral bleaching (e.g., Hughes et al. 2017). Subsurface
ocean warming also contributes to sea level rise (section 3f).

Here, we discuss ocean temperature and heat content anomalies in 2025 relative to both
2024 and a 30-year climatology (1993-2022). We focus primarily on the upper 2 km of the ocean,
but also update an estimate of decadal temperature trends for the deep (2 km-4 km) and abyssal
(4km-6km)layers, where warmingis also detected. To do this, we generated weekly maps of ocean
heatcontentanomaly (OHCA)relative toa1993-2022baseline mean as wellas temperature fieldson
58 pressure layers from O dbar to 2000 dbar using Random Forest regression following Lyman and
Johnson (2023), with V2.2 methodological improvements (https://www.pmel.noaa.gov/rfrom/).
In situ ocean temperature profiles, including Argo data downloaded from an Argo Global Data
Assembly Centre in January 2026 (http://doi.org/10.17882/42182#125185), were used for training
data for these maps, and prediction variables included satellite sea surface height and SST,
location, and time. Multidecadal time series of annual global estimates of OHCA using primarily
in situ data for two depth layers (0 m—700 m and 700 m—2000 m) from multiple research groups
are also discussed. Finally, a deep subset of these same Argo data is used along with shipboard
conductivity, temperature, and depth (CTD) data downloaded from the World Ocean Database
(Mishonov et al. 2024; https://www.ncei.noaa.gov/products/world-ocean-database) in January
2026 to update a 2000 dbar-6000 dbar multidecadal estimate of deep and abyssal ocean tem-
perature trends following Johnson and Purkey (2024).

The boreal winter of 2023/24 marked an El Nifio year, but the winters of 2024/25 and marginally
2025/26 both exhibited weak La Nifia conditions (see section 4b). Consistent with this history,
the 2025-minus-2024 difference of 0-m-2000-m OHCA (Fig. 3.5b) generally shows a decrease in
the eastern tropical Pacific and an increase in the west, with ocean heat content anomalies for
2025 (Fig. 3.5a) being above the 30-year climatological conditions in the western tropical Pacific
and below that climatology in much of the eastern tropical Pacific. As in 2020 through 2024,
the centers of the North and South Pacific continued to be anomalously warm in 2025, with less
warm conditions around the edges, consistent with a continued negative Interdecadal Pacific
Oscillation index (Henley et al. 2015). As in 2022 through 2024, cold anomalies just south of
the Kuroshio Extension and warm anomalies within that current in 2025 are associated with
a long-lasting northward shift of that current (see section 3g). Pacific marginal seas remained
warmer than climatological means in 2025, as they were in 2024.

In the Indian Ocean, the 2025-minus-2024 difference of OHCA (Fig. 3.5b) shows a strong
decrease from about 15°S to about 5°S in the western two-thirds of the basin, with a smaller
magnitude increase almost everywhere else. The 2025 OHCA anomalies (Fig. 3.5a) were mostly
positive, except around some of the outer edges of the aforementioned strong decrease.

The 2025-minus-2024 difference of OHCA (Fig. 3.5b) in the Atlantic Ocean was heterogeneous,
with broad regions of relatively weak cooling and warming in the interior, and smaller scale but
stronger eddy signatures of warming and cooling in western boundary current extensions and
the Antarctic Circumpolar Current (ACC). Much of the Atlantic Ocean exhibited OHCA well above
the 1993-2022 average (Fig. 3.5a), with anomalies in the Gulf of America/Gulf of Mexico being
especially high. The north side of the Gulf Stream extension remained cool as it was in 2024, sug-
gesting a continued southward shift in the axis of that current. The cooler-than-average conditions
southeast of Greenland that have persisted for several years were less apparent in 2025.
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As expected, the large-scale statistically significant regional patterns in the 1993-2025 local
linear trends of 0-m-2000-m OHCA (Fig. 3.5c) are similar to those from 1993-2024
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Fig. 3.5. (a) Random Forest Regression Ocean Maps
(RFROM) v2 estimate of 0-m-2000-m ocean heat content
anomaly (OHCA; x 10° J m2) for 2025 analyzed following
Lyman and Johnson (2023) with v2.2 improvements
as in https://www.pmel.noaa.gov/rfrom/. Values are
displayed relative to a 1993-2022 baseline. (b) 2025-minus-
2024 of 0-m-2000-m OHCA expressed as a local surface
heat flux equivalent (W m-2). For (a) and (b) compari-
sons, note that 95 W m-2 applied over one-year results
in a 3 x 10° J m~2 change of OHCA. (c) Linear trend for
1993-2025 0-m-2000-m annual OHCA (W m™). Areas with
statistically insignificant trends at 5%-95% confidence
(taking into account the decorrelation time scale of the
residuals when estimating effective degrees of freedom)
are stippled.
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(Johnson et al. 2025), and earlier reports for
0-m-700-m OHCA.

Near-global average seasonal temperature
anomalies in the upper 2000 dbar of the ocean
since 1993 (Fig. 3.6) show signatures of past
strong El Nifio events: Subsurface cold anom-
alies with maximum amplitude around
140 dbar-150 dbar and warm near-surface
anomalies with maximum amplitude around
40 dbar-50 dbar peak in boreal winters of
El Nifo years. The opposite pattern is observed
during La Nifia years (Fig. 3.6a). Boreal winter
2023/24 shows a typical El Nifio signature,
with a near-surface warm anomaly and a rela-
tively cool (compared to surrounding years)
subsurface anomaly centered at about
160 dbar. The record-warm near-surface
anomalies reached during winter 2023/24 have
slowly diminished over the past two years,
with two subsequent winters that have exhib-
ited weak La Nina conditions. However, the
ocean below 100 dbar has exhibited an overall
warming trend over this period. The 33-year
record length warming trend (Fig. 3.6b) is
strongest near the surface (0.19°C decade™ at
30 dbar), diminishing steadily with increasing
pressure to reach 0.04°C decade by 420 dbar,
and then diminishing more gradually with
increasing pressure to about 0.01°C
decade® around 2000 dbar.
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Fig. 3.6. (a) Near-global (66.5°S-81.5°N, but excluding
seasonally ice-covered regions within that latitude range)
average monthly ocean temperature anomalies (°C; from
Random Forest Regression Ocean Maps [RFROM] v2.2,
Lyman andJohnson[2023]) relative toa1993-2022 seasonal
cycle and mean, smoothed with a five-month Hanning
filter and contoured at 0.05°C intervals (see color bar) vs.
pressure and time. (b) Linear trend of temperature anoma-
lies over the period 1993-2025 in (a) plotted vs. pressure in
°C decade™ (blue line) with 5%-95% confidence intervals
(blue shading).
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Nearly global integrated annually averaged
OHCA estimates from O m-700 m and
700 m—2000 m from six and five research
groups, respectively, are presented (Fig. 3.7).
As noted in previous reports, year-round,
near-global sampling in both of those layers
commenced around 2005 from Argo, making
estimates relatively certain after that date.
Deep expendable bathythermographs
sampling to 700 m were deployed extensively
over much of the globe (with the exception of
the high southern latitudes) starting in the
early 1990s (Lyman and Johnson 2014), hence
the upper layer results may be fairly robust
back to 1993. Results for the 700-m-2000-m
layer, which is quite sparsely sampled prior to
about 2005, should be interpreted with caution
in earlier years.

The various estimates of annual globally
integrated 0-m-700-m OHCA (Fig. 3.7a) con-
sistently show large increases since 1993, with
all six analyses reporting 2025 as a record
high. The 700-m-2000-m OHCA annual
analyses (Fig. 3.7b) show a smaller, but still
distinct, long-term warming trend, and again
all five analyses report 2025 as a record high
in that deeper layer. The water column from
0 m to 700 m gained 135 ZJ and from 700 m to
2000 m gained 8.0+1.1 Z] (means and standard
deviations given) from 2024 to 2025. Causes of
differences among estimates are discussed in
Johnson et al. (2014, 2015).

The estimated linear rates of heat gain
for each of the six global integral estimates
of 0-m-700-m OHCA that extended from
1993 through 2025 (Fig. 3.7a) range from 0.39
(+0.05) W m?2 to 0.48 (+0.07) W m= These
estimates are applied over the surface area
of Earth (Table 3.2) rather than the surface
area of the ocean, to relate directly to the
top-of-atmosphere energy imbalance (e.g.,
Loeb et al. 2021; see section 2f for details).
Linear trends for the 700-m-2000-m layer
from five groups over the same time period
range from 0.18 (+0.03) W m~ to 0.24 (+0.03)
W m=. Trends from all groups agree within
5%-95% uncertainties in both layers. Using
shipboard and Deep Argo CTD data collected
from 1968 through 2025 to update the OHCA
estimates of Johnson and Purkey (2024) for
the 2000-dbar-6000-dbar layer, the linear
trend is 0.07 (x0.02) W m= from February
1988 to June 2015. These dates are the global
volume-average times of the first and last
sampling used in the local trend calculations.
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Fig.3.7.(a) Annually averaged global integrals of in situ esti-
mates of upper (0 m-700 m) ocean heat content anomaly
(OHCA; ZJ; 1 Z) = 10*" J) for the period 1993-2025 with
standard errors of the mean. The Meteorological Research
Institute (MRI)/Japan Meteorological Agency (JMA
estimate is an update of Ishii et al. (2017). The Pacific
Marine Environmental Laboratory (PMEL)/Jet Propulsion
Laboratory (JPL)/Cooperative Institute for Marine and
Atmospheric Research (CIMAR) estimate is from Random
Forest Regression Ocean Maps (RFROM) v2.2 after Lyman
and Johnson (2023). The Met Office Hadley Centre estimate
is computed from gridded monthly temperature anoma-
lies following Palmer et al. (2007) and Good et al. (2013).
Both the PMEL and Met Office estimates use Cheng et al.
(2014) eXpendable BathyThermograph (XBT) corrections
and Gouretski and Cheng (2020) mechanical bathyther-
mograph corrections (MBT) corrections. The NCEI estimate
follows Levitus et al. (2012). The Institute of Atmospheric
Physics (IAP)/Chinese Academy of Sciences (CAS)
estimate was reported in Pan et al. (2026). The National
Oceanography Centre (NOC)/Commonwealth Scientific
and Industrial Research Organisation (CSIRO)/Woods
Hole Oceanographic Institution (WHOI)/Indian Institutes
of Technology (IIT) estimate is an update of Domingues
et al. (2008). See Johnson et al. (2015, 2024) for details
on uncertainties, methods, and datasets. For comparison,
all estimates have been individually offset (vertically
on the plot), first to their individual 2005-25 means (the
best sampled time period) and then to their collective
1993 mean. (b) Annual average global integrals of in
situ estimates of intermediate (700 m-2000 m) OHCA
for 1993-2025 (ZJ) with standard errors of the mean and
a long-term trend with one standard error uncertainty
shown from February 1988 to June 2015 for deep and
abyssal (2000 dbar-6000 dbar) OHCA following Johnson
and Purkey (2024) but updated as detailed in the text.
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This result is consistent with previously reported decadal deep and abyssal warming trends
(e.g., Purkey and Johnson 2010), though it features smaller uncertainties than earlier estimates
due to inclusion of more recent and historical data. Summing the three layers (despite their dif-
ferent time periods as given above), the full-depth ocean heat gain rate applied to Earth’s entire
surface ranges from 0.65 W m~ to 0.74 W m=. While in situ observations of long-term rates of
heat uptake by the ocean and other components of Earth’s climate system are used to calibrate
top-of-atmosphere satellite measurements of Earth’s energy imbalance (e.g., Loeb et al. 2024),
the precision and stability of those satellite measurements allows closer tracking of year-to-year
variations in that quantity (see section 2f).

Table 3.2. Trends of ocean heat content increase (in W m-2 applied over the 5.1 x 10 m? surface area of Earth) from seven
different research groups over three depth ranges (see Fig. 3.7 for details). For the upper (0-m-700-m) and intermediate
(700-m-2000-m) depth ranges, estimates cover 1993-2025, with 5%-95% uncertainties based on the residuals taking their
temporal correlation into account when estimating degrees of freedom (Von Storch and Zwiers 1999). The 2000-dbar-
6000-dbar depth range estimate, an update of Johnson and Purkey (2024), uses data from 1970 to 2025, having a global
average start and end date of February 1988 to June 2015, again with 5%-95% uncertainty.

0 m-700 m 700 m-2000 m 2000 dbar-6000 dbar
Research group Global ocean heat content trends Global ocean heat content trends Global ocean heat content trends
(Wm) (Wm) (Wm=)

MRI/JMA 0.40+0.06 0.24+0.03 =
PMEL/JPL/CIMAR 0.42+0.08 0.20+0.03 —

NCEI 0.39+0.05 0.19+0.02 =

Met Office Hadley Centre 0.43+0.08 0.18+0.03 —

IAP/CAS 0.47+0.07 0.21+0.02 =
NOC/CSIRO/WHOI/NT 0.48+0.07 — —

Johnson and Purkey — — 0.07+0.02
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d. Salinity

—J. Reagan, J. M. Lyman, and R. Locarnini

1. INTRODUCTION

Ocean salinity is the concentration of dissolved salts in seawater. Surface freshwater fluxes
such as precipitation and evaporation, river run-off, ice melt, and ice freezing can alter local
salinity, with advection and mixing redistributing these anomalies at both the surface and sub-
surface (Ren et al. 2011; Yu 2011). Salinity is a conservative tracer and as it is subducted into the
subsurface, it retains its surface footprint (in the absence of mixing), allowing water masses to
be tracked over large distances. Ocean salinity also plays a major role in ocean stratification
and ultimately deep-ocean circulation by stabilizing (destabilizing) the water column leading
to reduced (enhanced) mixing. Additionally, changes in ocean salinity can act as a proxy for
estimating the strength of the global hydrological cycle (Schmitt 1995; Durack et al. 2012; Skliris
et al. 2014), while the integration of salinity anomalies provides estimates of freshwater content.
Finally, ocean salinity anomalies have been shown to improve subseasonal to seasonal precipi-
tation forecasts (Li et al. 2016; Arcodia et al. 2025).

The sea surface salinity (SSS) analysis relies on Argo data downloaded in January 2026,
with annual anomaly maps relative to a seasonal climatology generated following Johnson and
Lyman (2012) updated using World Ocean Atlas 2023 (Reagan et al. 2024) as well as monthly
maps of bulk (as opposed to skin) SSS data from the Blended Analysis of Surface Salinity (BASS;
Xie et al. 2014). BASS blends in situ SSS data with data from the Aquarius (Le Vine et al. 2014;
mission ended in June 2015), Soil Moisture and Ocean Salinity (SMOS; Font et al. 2013), and
the Soil Moisture Active Passive (SMAP; Fore et al. 2016) satellite missions. Despite the larger
uncertainties of satellite data relative to Argo data, their higher spatial and temporal sampling
allows higher spatial and temporal resolution maps than are possible using in situ data alone at
present. To investigate interannual changes of subsurface salinity, all available salinity profile
data within the World Ocean Database (Mishonov et al. 2024; WOD Team 2025) are quality con-
trolled following Garcia et al. (2024b) and then used to derive 1° monthly mean gridded salinity
anomalies relative to a long-term monthly mean for the years 19552022 from World Ocean Atlas
2023 at standard depths from the surface to 2000 m. Note that all salinity values used in this
section are reported on the dimensionless Practical Salinity Scale-78 (PSS-78; Fofonoff and
Lewis 1979).

Since ~2005, profiling floats of the Argo program (Riser et al. 2016) have dominated the ocean
salinity observing system and have provided unprecedented spatial and temporal coverage of
salinity. These data are a mix of real-time (preliminary) and delayed-mode (scientific quality
controlled) observations. Hence, the estimates presented here may be subject to instrument
biases such as the positive salinity drift identified in a subset of Argo floats (Wong et al. 2023),
and will be refined after all data are subjected to scientific quality control.

2. SEA SURFACE SALINITY

Sea surface salinity anomalies, unlike SST anomalies, are generally quite persistent since
salinity has no direct feedback to the atmosphere. Regions dominated by evaporation, such as
the subtropics, tend to exhibit higher salinity values, while areas where precipitation prevails,
like the Intertropical Convergence Zone (ITCZ) and high latitudes, usually have fresher water
(e.g., Wiist 1936; Schmitt 1995).

The equatorial Pacific generally became saltier from 2024 to 2025 (Fig. 3.8b). This includes both
the western equatorial Pacific fresh pool and the ITCZ. However, the South Pacific Convergence
Zone (SPCZ) freshened and shifted south after moving north in 2024 (see section 3e). Also, a
strong patch of anomalously fresh water just east of the Galapagos Islands became even fresher.
The Philippine Sea, which had become saltier in 2024, became anomalously fresh (Fig. 3.8a).

The North Atlantic experienced regions of SSS freshening in the Davis Strait, the Greenland
Sea, and the Labrador Sea (Fig. 3.8b). This sea surface freshening at high latitudes is potentially
important in that it could affect thermohaline circulation by making surface waters less dense
(Gordon 1986; Broecker 1991). A fresh region off Venezuela also developed in 2025, presumably
from an increase in river runoff from the Orinoco and possibly the Amazon Rivers (see section
2d). The ITCZ in the Atlantic remained anomalously fresh in 2025 (Fig. 3.8a).
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The equatorial Indian Ocean, which had
become relatively fresh in 2024, became saltier
in 2025, shifting from anomalously fresh to
slightly salty (Figs. 3.8a,b). While the region
west of Australia became anomalously fresh,
reversing the pattern of SSS change that was
observed last year. As would be expected in
the weak La Nifia conditions, a freshening
occurred over the maritime continent as
precipitation increased over this region (see
section 3e).

Sea surface salinity trends from 2005 to
2025 are essentially unchanged compared to
those previously reported in Johnson and
Lyman (2025). While most regions have statis-
tically insignificant trends, there has been,
and continues to be, statistically significant
freshening in some climatologically fresh
areas such as parts of the Pacific ITCZ, the Gulf
of Alaska, the northeastern portions of the
North Atlantic Ocean, the Greenland-Iceland-
Norwegian Seas, the western Bay of Bengal,
and the Gulf of Guinea (Fig. 3.8c). Likewise,
climatologically salty regions have become
increasingly salty, as evidenced by portions of
the subtropics across all ocean basins. This
overall “salty gets saltier and fresh gets
fresher” trend, which has been evident to
varying degrees and discussed in State of the
Climate reports since 2006, is expected on a
warming Earth. As the atmosphere warmes, it
can hold more moisture, enabling an increased
hydrological cycle over the ocean (Held and
Soden 2006; Durack and Wijffels 2010; Durack
et al. 2012, SKkliris et al. 2014).

The seasonal progression in the surface
salinity features shown in Argo data can be
traced in BASS SSS anomalies, which have
higher spatial and temporal resolution but less
accuracy (Fig.3.9). In the equatorial Pacific, the
freshening east of the Galapagos Islands is rel-
atively episodic, occurring primarily during the
March—May season, when precipitation is gen-
erally high. The Amazon/Orinoco River plume
region is salty during December—February
when river runoff is low, and becomes fresher
in the subsequent seasons as flow increases.
In the Indian Ocean, the region of anomalous
freshwater west of Australia starts off fresh
in December-February, and becomes pro-
gressively fresher each season, reaching its
freshest in September—November.
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(a) 2025
90°N
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Fig. 3.8. (a) Map of the 2025 annual surface salinity
anomaly (colors, Practical Salinity Scale-78 [PSS-78]) with
respect to monthly climatological 1955-2022 salinity
fields from World Ocean Atlas 2023 (yearly average; gray
contours at 0.5 intervals, PSS-78). (b) Difference of 2025 and
2024 surface salinity maps (colors, PSS-78 yr'). White ocean
areas are too data-poor (retaining <80% of a large-scale
signal) to map. (c¢) Map of local linear trends estimated
from annual surface salinity anomalies for 2005-25 (colors,
PSS-78 yr'). Areas with statistically insignificant trends at
5%-95% confidence (taking into account the decorrela-
tion time scale of the residuals when estimating effective
degrees of freedom) are stippled. All maps are made using
Argo data.
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(a) DJF 2024/25 (b) MAM 2025
90°N

(c) JJA 2025
90°N
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ﬁ . L —
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Surface salinity anomaly (PSS-78)

Fig. 3.9. Seasonal maps of surface salinity anomalies (colors) from monthly blended maps of satellite and in situ salinity
data (Blended Analysis of Surface Salinity [BASS]; Xie et al. 2014) relative to monthly climatological 1955-2022 salinity
fields from World Ocean Atlas 2023 for (a) Dec 2024-Feb 2025, (b) Mar-May 2025, (c) Jun-Aug 2025, and (d) Sep-Nov
2025.

3. SUBSURFACE SALINITY

Subduction (downward movement along isopycnals) and convection (vertical mixing) are the
two primary pathways for surface water to reach the ocean interior. The propagation of surface
salinity anomalies into the ocean’s interior enables water masses to be tracked, changes in fresh-
water content to be estimated, and potential impacts on ocean dynamics to be assessed.

The 2025 Atlantic basin-averaged salinity anomalies continued the multiyear pattern that has
been evident since ~2020, with nearly the entire 0-m-1000-m layer saltier than the long-term
mean, and the greatest anomalies (>0.06) observed in the upper 100 m, decreasing with depth
(Fig. 3.10a). Unlike the strong (>0.02) near-surface increase in the Atlantic basin-averaged
salinity from 2023 to 2024 (Reagan et al. 2025), the 2024 to 2025 changes are within +0.01 in the
upper 1000 m (Fig. 3.10b). The weak salinity changes in the Atlantic between 2024 and 2025 are
reflected in the interannual change in zonally averaged salinity, where significant changes are
mostly localized and shallow (Fig. 3.10c).

The basin-averaged Pacific salinity anomalies, unlike the Atlantic, have exhibited vertical
decoupling over the past decade with recent near-surface salinification deepening in 2025
(Fig.3.10d). The deepening of the near-surface salinification is more evident in the basin-averaged
salinity difference between 2024 and 2025 where there is slight (~—0.008) freshening in the
upper 30 m and salinification extending from ~30 m to 600 m with a peak (~0.012) at 100 m
(Fig. 3.10e). The slight freshening at the surface is influenced by shallow freshening between
10°S and 20°S (Figs. 3.10e,f.), which may be due to enhanced precipitation in the SPCZ (Section
3e). The maximum salinification at 100 m is a reflection of the positive changes in both the
northern and southern Pacific subduction zones (20°S-30°S and 20°N-30°N) and large changes
(>0.03) near 50°N.

Similar to the Pacific, the Indian Ocean basin-averaged salinity anomalies have exhibited
vertical decoupling since mid-2019 with fresh anomalies (<-0.01) in the upper 100 m and weak
(0.01) salty anomalies in a 100-m-200-m thick layer beneath (Fig. 3.10g). From 2024 to 2025, the
fresh anomalies near the surface deepened with the —0.02 contour moving from 50 m to 100 m.
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Fig. 3.10. Average monthly salinity anomalies (Practical Salinity Scale-78 [PSS-78]) vs. depth for the (a) Atlantic, (d) Pacific,
and (g) Indian basins from 2016 through 2025. Change in salinity from 2024 to 2025 vs. depth for the (b) Atlantic,
(e) Pacific, and (h) Indian basins. Change in the 0-m-1000-m zonal-average salinity from 2024 to 2025 vs. latitude and
depth in the (c) Atlantic, (f) Pacific, and (i) Indian Ocean. Areas of statistically insignificant change, defined as <*1 std.
dev. and calculated from all year-to-year changes between 2005 and 2024, are stippled in gray. Data are smoothed using
a three-month running mean. Anomalies are relative to the long-term (1955-2022) World Ocean Atlas 2023 monthly

salinity climatology (Reagan et al. 2024).

This freshening is even more evident in the basin-averaged change where there was peak fresh-
ening at 75 m (~-0.015), with very weak salinification below (<0.005) (Fig. 3.10h). The most
significant changes between 2024 and 2025 occurred within the tropics and in the upper 200 m,
which is consistent with freshwater fluxes playing a large role in this interannual change
(Fig. 3.10i).

Surface salinity anomalies reflect changes in freshwater fluxes and are redistributed both hor-
izontally and vertically through ocean circulation. The 2005-25 zonally averaged salinity trends
highlight common large-scale changes, but also reveal basin-specific contrasts (Fig. 3.11). As
documented in prior State of the Climate reports (e.g., Reagan et al. 2025), the large-scale trends,
particularly near the surface (Fig. 3.8c), reflect the “wet gets wetter, dry gets drier” paradigm
(Held and Soden 2006) that has been recognized in multiple studies (e.g., Durack and Wijffels
2010; Durack et al. 2012; Skliris et al. 2014).

The 2005-25 Atlantic zonally averaged salinity trends (Fig. 3.11a) remain largely unchanged
from prior State of the Climate reports, as there were few significant changes between 2024 and
2025 (Fig. 3.10c). Unlike the Atlantic, the 2005-25 Pacific salinity trends do not exhibit coherent
significant trends from the upper ocean to deeper depths outside of the 55°S—65°S salinification
band that extends from the surface to >900 m (Fig. 3.11b). While there were some significant
changes in the upper 200 m in the Pacific between 2024 and 2025 (Figs. 3.10e,f), these changes
do not substantially alter the significant 2005-25 trends. The 200525 zonally averaged Indian
Ocean basin trends are dominated by significant subsurface changes, with much of the surface
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e. Global ocean heat, freshwater, and momentum fluxes

—L. Yu, P.W. Stackhouse, and R. A. Weller

The ocean and the atmosphere interact through the exchange of heat, freshwater, and
momentum across their interface. These air—sea fluxes are key to maintaining the global climate
system’s equilibrium in response to incoming solar radiation. The ocean absorbs the majority of
shortwave radiation reaching the Earth’s surface and returns energy to the atmosphere through
longwave radiation, evaporation (latent heat flux), and conduction (sensible heat flux). Any
remaining heat is stored in the ocean and redistributed by currents, driven largely by wind stress.
Evaporation not only mediates heat but also moisture transfer, the latter of which, together with
precipitation, determines the surface freshwater flux across the open ocean. Variations in these
air—sea fluxes are key drivers of changes in ocean circulation, influencing the global distribution
of heat and salt from the tropics to the poles.

Here, we present surface heat flux, freshwater flux, and wind stress for 2025, along with their
changes relative to 2024. The net surface heat flux (Q,.) comprises four components: shortwave
(SW), longwave (LW), latent heat (LH), and sensible heat (SH). We calculate the net surface fresh-
water flux into the ocean, excluding inputs from rivers and glaciers, as the difference between
precipitation (P) and evaporation (E), referred to as the P—E flux. Data from multiple research
groups are synthesized to produce global maps of Q,.;, P-E, and wind stress (Figs. 3.12-3.14) and
provide a long-term view over time (Fig. 3.15). SW and LW in 2024 were sourced from the Fast
Longwave And Shortwave Radiative Fluxes (FLASHFlux) version 4A product (Stackhouse et al.
2006), which have been radiometrically scaled to the SW and LW products from the Clouds and
the Earth’s Radiant Energy Systems (CERES) Surface Energy Balanced and Filled (EBAF) Edition
4.2 (Loeb et al. 2018; Kato et al. 2018). SW and LW in 2024 and 2025 were also sourced from the
ERA5 reanalysis (Hersbach et al. 2020), which provides comparable surface radiation fields. P
was derived from the Global Precipitation Climatology Project (GPCP) version 2.3 products (Adler
et al. 2018). Estimates for LH, SH, E, and wind stress were produced by the second generation of
the Objectively Analyzed Air—Sea Heat Fluxes (OAFlux2; Yu and Weller 2007; Yu 2019), computed
from satellite retrievals and the bulk parameterization COARE version 3.6 (Fairall et al. 2003).
The Q.. time series begins in 2001, aligning with the availability of CERES EBAF 4.2.1 products,
while the P-F and wind stress time series extend back 38 years, starting in 1988.

1. SURFACE HEAT FLUXES

The 2025 Q,. anomalies relative to 2001-15 (Fig. 3.12a) are predominantly positive, indi-
cating enhanced ocean heat gain over much of the global ocean. The largest positive anomalies
(~10 W m2-20 W m™) occur in the tropical Indian Ocean, tropical Atlantic, and across much
of the tropical and subtropical Pacific. Negative anomalies, indicating enhanced ocean heat
loss, are concentrated in the central North Pacific (30°N-50°N), parts of the subtropical North
Atlantic, the South Indian Ocean, and portions of the Southern Ocean. The central North Pacific
heat-loss feature is consistent with the Pacific Decadal Oscillation (PDO)-like pattern evident
in recent years, although it is weaker than in 2024. The 2025 Q,. anomalies are consistent with
corresponding sea surface temperature anomalies (see Fig. 3.2a).

The 2025-2024 Q, differences (Fig. 3.12b) are positive across broad regions, implying greater
ocean heat gain in 2025 than in 2024. The largest increases (~10 W m2-20 W m™) occur in the
North Atlantic (20°N-40°N and the subpolar gyre poleward of 55°N), the midlatitude North
Pacific, and the subtropical South Pacific and South Atlantic. Notably, the Kuroshio Extension
region exhibits positive differences of ~10 W m2-15 W m~, reversing the pronounced negative
Q. anomalies (~20 W m™) observed in 2024. The North Atlantic (20°N-40°N) also shows wide-
spread positive differences of ~15 W m~2-20 W m™. In contrast, the South Indian Ocean displays
a more heterogeneous pattern, with alternating bands of positive and negative Q,. differences.

These year-to-year Q,. changes are driven primarily by differences in turbulent heat fluxes
(LH+SH; Fig. 3.12d), with a smaller contribution from net surface radiation (SW-LW; Fig. 3.12c).
Radiative differences are generally weak over most basins, with modest positive anomalies
(~5 W m?) in many midlatitude regions. The clearest radiative feature is a dipole over the far
western Pacific/Maritime Continent, with negative anomalies to the west and positive anomalies
to the east, consistent with a shift in convection under weak La Nina conditions.
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For Fig. 3.12d, red (negative) LH+SH differences indicate reduced turbulent heat loss from
the ocean (therefore greater ocean heat gain in 2025), whereas blue (positive) differences
indicate enhanced turbulent heat loss. The LH+SH differences show widespread negative (red)
anomalies (~10 W m2-20 W m™) over the North Atlantic (20°N-40°N and the subpolar gyre),
the midlatitude North Pacific, and the subtropical South Pacific and South Atlantic, consistent
with reduced turbulent cooling in 2025. Positive (blue) differences (locally ~15 W m2-25 W m™)
indicate enhanced turbulent heat loss over parts of the tropical Indian Ocean (15°S-30°S),
with weaker positive anomalies in portions of the subtropical North Atlantic and North Pacific
(10°S-25°N).

(a) 2025 (b) 2025 minus 2024
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Fig. 3.12. (a) Surface heat flux (Q,.;) anomalies (W m-2) for 2025 relative to the 2001-15 climatology. Positive (negative)
values denote ocean heat gain (loss). (b) 2025-minus-2024 difference for (b) Q... (c) net surface radiation (shortwave
[SW] - longwave [LW]), and (d) turbulent heat fluxes (latent heat [LH] + sensible heat [SH]), respectively. Positive tenden-
cies denote more ocean heat gain in 2025 than in 2024. LH+SH are from Woods Hole Oceanographic Institution (WHOI)
OAFlux2, and SW-LW from ERA5. Net radiative fluxes defined as the difference between the incoming and outgoing
radiation (positive indicates radiative flux into the ocean).

2. SURFACE FRESHWATER FLUXES

The 2025 P-E anomalies relative to the 2001-15 climatological mean (Fig. 3.13a) show wide-
spread positive P—E (green colors), indicating anomalous net freshwater gain and a freshening
tendency over much of the tropical ocean. The strongest freshening anomalies occur over the
western tropical Pacific/Maritime Continent, with weaker positive anomalies (~10 cm yr?) in
parts of the tropical Indian and tropical Atlantic Oceans. In contrast, negative P—F anomalies
(brown colors) across the central equatorial Pacific indicate anomalous net freshwater loss and
a salinification tendency (see Fig. 3.8a), locally exceeding ~60 cm yr'. Additional salinification
anomalies appear in patches of the midlatitude North Pacific and in parts of the Southern Ocean
(south of 40°S). Freshwater loss anomalies remained notable in the central North Pacific (~20 cm
yr), consistent with the continued negative PDO-like background state.

The 2025-2024 P—E differences (Fig. 3.13b) are dominated by tropical Pacific changes consis-
tent with the shift from ENSO-neutral conditions in 2024 to weak La Nifia in 2025. Relative to
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2024, P-E decreased sharply across the central/eastern equatorial Pacific, indicating enhanced
freshwater loss and a stronger salinification tendency (locally >60 cm yr), while P-E increased
over the far western Pacific/Maritime Continent and parts of the southwest Pacific/South Pacific
Convergence Zone (SPCZ), indicating enhanced freshwater gain and a stronger freshening
tendency in 2025. In contrast, the western tropical Indian Ocean and portions of the subtropical
North and South Atlantic Ocean show reduced P-E in 2025, implying a shift toward greater
freshwater loss (salinification) relative to 2024. These year-to-year P-E changes are driven pri-
marily by precipitation (Fig. 3.13d), with rainfall decreasing over the central/eastern equatorial
Pacific and increasing over the far western Pacific/Maritime Continent and parts of the SPCZ.
Evaporation differences (Fig. 3.13c) are comparatively weak, including a modest decrease over
the eastern equatorial Pacific cold tongue consistent with cooler SSTs during weak La Nifia con-
ditions, confirming that precipitation dominates the 2025-2024 P—E changes.
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Fig. 3.13. (a) Surface freshwater precipitation (P)-evaporation (E) flux anomalies (cm yr') for 2025 relative to the
2001-15 climatology. Positive values denote ocean freshwater gain. 2025-minus-2024 differences for (b) P-E,
(c) evaporation (E), and (d) precipitation (P). Positive (negative) values denote ocean freshwater gain (loss). P is the GPCP
version 2.3 product, and E is from Woods Hole Oceanographic Institution (WHOI) OAFlux2.

3. WIND STRESS

In 2025, wind stress magnitude anomalies were generally weak and negative across much of
the tropics (Fig. 3.14a), indicating slightly weaker near-surface winds overall, with the clearest
negative anomalies over the tropical Pacific and eastern tropical Indian Ocean. Vector anoma-
lies nevertheless indicate a modest enhancement of the easterly (trade-wind) component in the
western/central equatorial Pacific, consistent with weak La Nifia conditions, while winds weaken
in parts of the eastern tropical Indian Ocean. The tropical Atlantic exhibits a mixed pattern, with
localized strengthening in the tropical North Atlantic. In the extratropics, anomalies are larger
and more coherent. Over the Antarctic Circumpolar Current (ACC) belt (~40°S—60°S), wind stress
exhibits mixed signs, with locally positive anomalies exceeding ~0.02 N m~ (Fig. 3.14a). The
North Atlantic also shows strengthened mid- to high-latitude wind stress, whereas the central
North Pacific is characterized by negative anomalies (~0.02 N m~), indicating weaker westerlies
there.
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The 2025-2024 differences (Fig. 3.14b) underscore these changes, with marked strengthening
of westerlies across the Southern Ocean and the North Atlantic, contrasted by weaker wind stress
over the central North Pacific midlatitudes. The strengthening of westerlies in the North Atlantic
likely contributed to the reduction of meridional overturning circulation at 41°N (see section 3h).
In the tropics, the most prominent features are enhanced easterly wind anomalies in the western
equatorial Pacific and the tropical North Atlantic.

Wind stress curl drives divergence/convergence of Ekman transport and the associated Ekman
pumping velocity, W, at the base of the Ekman layer. Here Wy is computed as W = 1/pVx(t/f),
where p is seawater density, T is wind stress, and f the Coriolis parameter. The +2° band is not
calculated to avoid the Coriolis singularity (f=0). The 2025 W, anomalies (Fig. 3.14c) are predom-
inantly negative (downwelling) over much of the tropical/subtropical ocean, with the strongest
signal expressed as a narrow, intense negative band along the equatorial Pacific. Positive
(upwelling) anomalies are more spatially confined, occurring in localized equatorial and coastal
bands. The 2025-2024 W differences (Fig. 3.14d) show enhanced downwelling over the equato-
rial Pacific and broad subtropical regions, while upwelling differences appear in patches of the
Southern Ocean and the subpolar North Atlantic, consistent with the regional wind-stress
changes in Fig. 3.14b.
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Fig. 3.14. (a) Wind stress magnitude (shaded) and vector anomalies (N m-2) for 2025 relative to a 2001-15 climatology.
(b) 2025-minus-2024 differences in wind stress. (c) Ekman vertical velocity (Wg; cm day~') anomalies for 2025 relative to
a 2001-15 climatology. Positive (negative) values denote upwelling (downwelling). (d) 2025-minus-2024 differences of
Wek. Wind stress and W fields are from Woods Hole Oceanographic Institution (WHOI) OAFlux2.

4. LONG-TERM PERSPECTIVE

A long-term perspective on ocean surface forcing in 2025 is shown using annual-mean
time series of Q,., P-E, and wind stress anomalies averaged over the global ice-free ocean
(Figs. 3.15a—c). All variables are referenced to the 2001-15 climatological mean. Positive (negative)
Q.. anomalies indicate increased (reduced) net downward heat flux into the ocean, positive
(negative) P-E anomalies indicate increased (reduced) freshwater input, and positive (negative)
wind stress anomalies indicate stronger (weaker) surface momentum forcing. Error bars denote
one standard deviation of interannual variability.
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Annual-mean Q,. was relatively stable in
the early 2000s, and then rose by
~3+1 W m~? from the 2011 La Nifia to a peak
greater than 2 W m? during the strong
2016 El Nifo (Fig. 3.15a). Q, declined there-
after during the 2017/18 La Nifia and remained
reduced through the 2020/23 triple-dip
La Nina. By 2025, Q,. had recovered and
remained slightly negative (~ -0.1 W m?)
relative to the 2001-15 mean state. The P-E
record exhibits pronounced decadal and inter-
annual variability (Fig. 3.15b). After peaking in
2015/16, P-E reached a minimum around
2021 of approximately —4+2 cm yr?. In 2025,
P-E remained slightly negative (= -1 cm yr to
-2 cm yr?), indicating a weak residual salinifi-
cation tendency relative to the climatological
mean. The wind stress time series shows a
regime shift in the late 1990s followed by rela-
tively stable behavior since 2000 (Fig. 3.15c).
After modest strengthening around 2020/21,
wind stress weakened again. In 2025, wind
stress anomalies were negative, remaining
below the climatological mean and consistent
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Fig. 3.15. Annual mean time series of global ocean surface
(a) net surface heat flux anomalies (Qn.; W m=2) from a
combination of Clouds and the Earth’s Radiant Energy
System (CERES) EBAF4.2 short wave (SW) + long wave (LW)
and the Woods Hole Oceanographic Institution (WHOI)
OAFlux2 latent heat (LH) + sensitive heat (SH). (b) Net
freshwater flux anomaly (precipitation [P]-evaporation
[E] cm yr") from a combination of GPCP P and OAFlux2 E.
(c) Wind stress magnitude anomalies (N m-2) from OAFlux2.
Error bars denote one std. dev. of annual-mean variability.

with relatively weak global-mean surface momentum forcing. Together, changes in Q,., P-E,
and wind stress represent variability in air—sea exchanges that both force the ocean and influ-
ence the atmosphere through two-way ocean—atmosphere coupling.
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f. Sea level variability and change

—P. R. Thompson, M. J. Widlansky, B. Beckley,

B. D. Hamlington, S. Jevrejeva, F. W. Landerer,

E. Leuliette, G. T. Mitchum, R.S. Nerem,

J. M. Steinberg, and W. Sweet

Annual average global mean sea level
(GMSL) from satellite altimetry (1993—present;
Willis et al. 2025) reached a new high in 2025,
rising to 111.2 mm above the 1993 mean
(Fig. 3.16a). This marks the 14th consecutive
year (and 30th out of the last 32) that GMSL
increased relative to the previous vyear,
reflecting the combined effects of the ongoing
trend and acceleration in GMSL. The average
linear trend over the entire altimetry era is
3.5+0.4 mm yr (Fig. 3.16a) when corrected for
glacialisostaticadjustment (GIA; -0.25+0.1mm
yr; Tamisea and Mitrovica 2011; Caron and
Ivins 2020), with positive local trends from
altimetry over 99% of the ice-free ocean
(Fig. 3.16b). However, the global mean rate has
increased during this time, and acceleration in
GMSL, 0.071+0.06 mm yr?, has doubled the
decadal rate of GMSL rise since 1993
(Hamlington et al. 2024). A quadratic fit with
corrections for the eruption of Mt. Pinatubo
(Fasullo et al. 2016) yields a climate-driven
linear trend of 3.1+0.4 mm yr? and an accelera-
tion of 0.092+0.025 mm yr? (updated from
Nerem et al. 2018).

The thermosteric (i.e., ocean-warming)
contribution to GMSL change over =65°
latitude was 1.6+0.3 mm yr* during 2005-25
(Fig. 3.16a), which primarily reflects warming
of the upper 2000 m of the ocean based on
Argo observations (Roemmich and Gilson
2009). The ocean below 2000 m contributes
less than 10% of the thermosteric trend based
on measurements made by deep Argo floats
and ship-based observations (Johnson and
Purkey 2024; section 3c). Mass concentration
anomalies spanning :65° latitude from the
Gravity Recovery and Climate Experiment
(GRACE) and GRACE Follow-On (GRACE-FO)
missions (Wiese et al. 2022) show the average
mass contribution to GMSL rise during the
2005-25 period was 2.0+0.4 mm yr! when
corrected for GIA (-1.0+0.3 mm yr?; Caron
and Ivins 2020; Fig. 3.16a). The trend in the
sum of thermosteric and mass contributions,
3.6+0.5 mm yr?, agrees within uncertainty with
the GMSL trend of 3.9+0.2 mm yr! measured
by altimetry since 2005 (Leuliette and Willis
2011; Chambers et al. 2017), with the ther-
mosteric component contributing to positive
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Fig.3.16.(a) Monthly global meansealevel (GMSL) estimates
from satellite altimetry (1993-2025) produced by NASA Jet
Propulsion Laboratory (JPL) with support from the NASA
Sea Level Change and Ocean Surface Topography Science
Teams (black). Monthly global ocean mass (2005-25) from
GRACE and GRACE Follow-On (GRACE-FO) calculated from
mass concentrations produced by NASA JPL (blue). GRACE
and GRACE-FO data within 300 km of land were excluded.
Monthly global mean thermosteric sea level (2005-25)
from Scripps Institute of Oceanography (SIO) for depths
above 2000 m and from Johnson and Purkey (2024; JP24)
for depths below 2000 m (red). Shading around the GMSL,
mass, and thermosteric series represents a 95% confidence
range for annual and longer variations, including glacial
isostatic adjustment (GIA) uncertainty for the GMSL and
mass time series. The confidence ranges for mass and ther-
mosteric are used to produce a 95% confidence range for
the sum of the contributions to GMSL (purple). (b) Total
local sea level change during 1993-2025 as measured by
satellite altimetry (contours) and tide gauges (circles).
Hatching indicates local changes that differ from the
change in GMSL by more than one standard deviation.
The sea level change map was generated using gridded
delayed-mode and near-real-time altimetry data produced
by the Copernicus Climate Change Service and obtained
from the Copernicus Marine Service. Tide-gauge obser-
vations were obtained from the University of Hawaii Sea
Level Center Fast Delivery database.

Umuthcmicutét %ggégﬂgﬁ&%’//% 10:4519115TC



acceleration during this time. Halosteric (salinity-related) contributions are small and typically
excluded (Roemmich et al. 2019).

Annually averaged GMSL from altimetry, adjusted for GIA, rose just 1.0+0.5 mm from 2024 to
2025, which is well below the long-term rate of sea level rise (Figs. 3.17a,b). La Nifia conditions
during early 2025 likely suppressed global sea levels by redistributing fresh water from ocean to
land (Figs. 3.13a,b; see Fig. 2.43; e.g., Fasullo et al. 2013), consistent with the modest 0.1:0.6 mm
annual increase in global ocean mass from GRACE-FO, which also fell short of the long-term
trend. By contrast, global mean thermosteric sea level from Argo rose 3.9+0.8 mm, well above the
long-term trend and consistent with the unprecedented increase in ocean temperatures observed
during 2025 (Pan et al. 2026).

Reconciling these annual increases in the context of the global sea level budget proves difficult,
asthethermostericincrease, third largestin the Argorecord, far outpaces the lower-than-expected
increases in ocean mass and GMSL. One factor that may reduce the discrepancy is the halosteric
contribution, as mentioned earlier. Nevertheless, Argo salinity data show a 1 mm—-2 mm decrease
in global mean halosteric sea level from 2024 to 2025, which would substantially narrow the
gap. The decrease in halosteric sea level aligns with the salinification of the Pacific from 2024 to
2025 (see Fig. 3.10e), assuming it dominates the global average. Differences in spatial sampling
may also contribute. For example, Argo undersamples continental shelves and shallow seas,
including the southeast Asian seas around the Maritime Continent.

Local sea level anomalies averaged during 2025 were positive over most of the global ocean
relative to the 1993-2022 baseline (Fig. 3.17a), consistent with the continuing rise in mean sea
level onto which regional variability is superimposed. The anomaly pattern in altimetry obser-
vations exhibits pronounced spatial structure across the tropics and midlatitudes, with broad
areas of above-normal sea level spanning much of the Indo-western Pacific and additional
positive anomalies in almost all parts of the North Pacific and North Atlantic midlatitudes
(Fig. 3.17a). In contrast, slightly below-normal sea level is evident across portions of the southern
Indian Ocean and equatorial central-to-eastern Pacific, yielding a strong zonal contrast across
the tropical Pacific that is more apparent in the seasonal averages when the long-term trend
is removed (Figs. 3.17c,d). Tide gauges provide coastal examples of the elevated background
sea levels relative to 1993-2022, while generally agreeing with the regional patterns evident in

(a) 2025 (b) 2025 minus 2024
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Fig.3.17. (a) Annual average sea level anomaly during 2025 relative to average sea level at each location during 1993-2022.
(b) Average 2025-minus-2024 sea level anomaly. (c) Average sea level anomaly during Dec-Feb (DJF) 2024/25 relative
to the 1993-2022 DJF average. (d) Same as (c), but for Sep—Nov (SON). Units are given in cm. Global mean sea level was
subtracted from panels (c),(d) to emphasize regional, non-secular change. These maps were generated using gridded
delayed-mode and near-real-time altimetry data produced by the Copernicus Climate Change Service and obtained from
the Copernicus Marine Service.
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the altimetry data (e.g., Woodworth et al. 2019). Tide gauge data (Caldwell et al. 2015) confirm
elevated sea levels globally, with especially large positive anomalies in parts of the western
Pacific (Fig. 3.17a).

Year-over-year differences (2025 minus 2024) indicate that 2025 featured a substantial reor-
ganization of sea level across the tropical Pacific, with lower sea level in 2025 in much of the
tropical central/eastern Pacific and compensating increases elsewhere in the Indo-western
Pacific (Fig. 3.17b). The December—February (DJF) and September—November (SON) seasonal
maps emphasize a coherent band of negative sea level anomalies along the equator in the
central-to-eastern Pacific, together with relatively higher sea level in the off-equatorial western
tropical Pacific (Figs. 3.17c,d), consistent with wind-driven changes (Fig. 3.14) that redistribute
upper-ocean heat and mass, deepen the thermocline, and alter the zonal sea level slope across the
basin (e.g., Widlansky et al. 2014). The El Nifio—Southern Oscillation (ENSO) conditions during
2025, as characterized by NOAA’s Climate Prediction Center Relative Oceanic Nifio Index (RONI),
were consistent with two short-lived periods of La Nifia conditions (e.g., DJF values near -1.1°C,
near-neutral May-July means, and SON values near —0.9°C), supporting the observed tropical
Pacific sea level zonal seesaw pattern (Fig. 3.17; Widlansky et al. 2015). Consistent with these
basin-scale changes, tide gauges show regionally differing interannual tendencies: 2025 mean
sea level (updated through November at the time of writing) increased since 2024 by about 6 cm
and 10 cm at Guam and Yap, respectively, while Honolulu and neighboring stations in Hawaii
decreased by about -2 cm over the same period. These changes illustrate how ENSO-related
dynamic adjustment can produce opposing changes across the basin depending on location and
time (e.g., Long et al. 2020).

Outside the Pacific, the 2025 sea level variability also reflects the influence of other climate
modes and regional wind stress forcing, particularly in the Indian Ocean and the extratropical
basins. The annual anomaly field shows above-normal sea levels in the northern and eastern
Indian Ocean, whereas most of the southern Indian Ocean was well below normal (Figs. 3.17a,b).
Consistent with this, the Indian Ocean dipole (IOD) index was negative on average in 2025 (see
section 4f), a state often associated with wind and thermocline adjustments that can favor
relatively higher sea level in the eastern Indian Ocean/Maritime Continent region relative to
the western basin. More locally, interannual variability in the tropical Indian Ocean sea level
includes contributions from wind forcing (e.g., Ekman suction in the southwestern tropics asso-
ciated with wind stress curl that shoals the thermocline and reduces sea levels; Fig. 3.14) and
covarying climate modes (e.g., IOD and ENSO interactions; Kumar et al. 2020). Along the U.S.
West and East Coasts, tide gauges illustrate regionally differing year-over-year changes super-
imposed on a positive background relative to 1993-2022: year-to-date 2025 mean sea level at San
Diego (West Coast) was approximately unchanged relative to 2024 (0 cm) while Charleston (East
Coast) was lower by about 5 cm, even though both sites were elevated by about +3 cm to +6 cm
relative to the 1993-2022 climatology (through 30 November 2025; Caldwell et al. 2015).

Ongoing trends, interannual variability, and seasonal changes in sea level increase the mag-
nitude and frequency of extreme sea level events, contributing to coastal flooding and erosion
(e.g., Wahl et al. 2014; Kendon et al. 2024; Li et al. 2022). Minor impacts occur when water levels
exceed the 99th percentile of daily maxima (Sweet et al. 2014). Using 1993-2022 as the baseline,
such extreme events have become more frequent in recent years (Sweet et al. 2024). Tide-gauge
records with at least 80% completeness during 1993-2025 and in both 2024 and 2025 show that
the median number of extreme events per year increased from one during 1993-97 to five during
2021-25, while the 90th percentile rose from six to 18 events per year.

Thirty-six of the 116 locations experienced more than 10 extreme sea level events during 2025
(Fig. 3.18a). These locations were distributed around the global ocean and were concentrated in
areas where sea level trends and/or annual sea level anomalies were largest (Figs. 3.16a, 3.17b).
The greatest number of extreme events occurred in the western Pacific, especially Guam and
Yap, where annual 2025 sea level anomalies were especially high due to La Nifa conditions.
Relative to 2024, more locations experienced large decreases in the number of extremes during
2025 compared to large increases (Figs. 3.16b, 3.17d). The lone exception was the western Pacific,
where the large number of extremes during 2025 in Guam and Yap represented substantial
increases over the previous year (Fig. 3.18c).
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(a) Extreme sea level events during 2025 (b) Relationship to SLA
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Fig. 3.18. (a) Number of extreme sea level (SL) events from tide gauges during 2025. (b) Counts in (a) as a function of
annual sea level anomaly (SLA) during 2025. Square markers in (a) and (b) highlight locations with more than 10 extreme
events. (c) Change in number of extreme sea level events from 2024 to 2025. (d) Counts in (c) as a function of the change
in annual sea level from 2024 to 2025. Square markers in (c) and (d) highlight locations where the magnitudes of changes
in counts of extreme events were greater than 10. Counts of extreme sea level events were calculated from hourly tide
gauge observations obtained from the University of Hawai’i Sea Level Center Fast Delivery database.
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g. Surface currents

—M. Le Hénaff, R. C. Perez, and F. P. Tuchen

This section describes variations of ocean surface currents, transports, and associated
features, such as rings. Here, geostrophic surface current estimates are obtained from in situ
and satellite observations. See Lumpkin et al. (2012) for details of these calculations. Zonal
geostrophic current anomalies are calculated with respect to a 1993-2020 climatology and are
discussed below for individual ocean basins.

Near-surface in situ measurements (12-m depth or shallower) are available from seven
mooring sites in the tropical Atlantic, three sites along the equator in the tropical Pacific, and
six sites along 65°E Indian Ocean, as part of the Global Tropical Moored Buoy Array (GTMBA;
e.g., McPhaden et al. 2023). In August—September 2025, as part of the National Data Buoy Center
(NBDC) recapitalization of the Tropical Atmosphere Ocean (TAO) array and a NBDC, Pacific
Marine Environmental Laboratory (PMEL), and Atlantic Oceanographic and Meteorological
Laboratory (AOML) collaboration, 17 acoustic current meters and six acoustic doppler current
profilers (ADCPs) were deployed at TAO mooring locations between 165°E and 155°W and 2°S to
2°N as part of a Tropical Pacific Observing System (TPOS) field experiment to resolve the upper

ocean jets in the western equatorial Pacific. 05
a

1. PACIFIC OCEAN N

In 2025, zonal geostrophic currents in the gy e
equatorial Pacific (Fig. 3.19a) exhibited annual 3
mean westward (negative) current anomalies L i B
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between 155°E and 170°E, with the strongest  3°S
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whole basin (Lumpkin et al. 2025), the ¥V
2025-minus-2024 difference map (Fig. 3.19b) gy £
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La Nina Con(.htlori)s (I)b?\(/e[rveﬁ ?/t[ the end Odf tology for (a) 2025 and (b) 2025 minus 2024. Values are only
2024 (Se_e section 4b). In March-May, eastwar shown where they are significantly different from zero.
anomalies of 10 cm s7-20 cm s developed

in the central and eastern parts of the basin, between 160°W and 90°W, and between 1°S and
3°N, associated with more neutral ENSO conditions. The equatorial anomalies reversed again to
westward anomalies in June—August in the central to eastern part of the basin, between 150°W
and 105°W, and between the equator and 3°N, exceeding —-10 cm s, as weak La Nifia conditions
began to develop again. North of this pattern, eastward anomalies exceeding 20 cm s between
140°W and 120°W were associated with an accelerated North Equatorial Countercurrent. The
westward anomalies intensified in September—November, covering most of the equatorial band
between 2°S and 4°N and exceeding —20 cm s between 160°E and 180°E near the equator, and
are associated with the development of more marked La Nifia conditions.

90°S
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In 2020-25, the annual-average latitude of the Kuroshio Extension in the region 141°E-153°E,
32°N-38°N was shifted north of its long-term (1993-2025) location of 35.5°N, to a maximum
of 36.8°N in 2021 and to 36.5°N in 2025 (Fig. 3.21c). This can be seen as alternating eastward/
westward current anomalies in Fig. 3.19a that persisted through the year (Fig. 3.20). This
2020-25 northward shift of the Kuroshio Extension corresponded with a multiyear increase in

averaged eddy kinetic energy (EKE;

Fig. 3.21d), associated with a large meander of the Kuroshio

Current off the southern coast of Japan (Qiu et al. 2020). Initiated since 2017 (Qiu and Chen 2021),
this large meander ended in 2025, as seen in the altimetry data (Fig. 3.21b).

(a) Dec-Feb 2024/25

(b) Mar-May 2025

90°N
60°N ¥
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(c) Jun-Aug 2025
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Fig. 3.20. Seasonally-averaged zonal geostrophic anomalies (cm s™') with respect to 1993-2020 seasonal climatology for
(a) Dec-Feb 2024/25, (b) Mar-May 2025, (c) Jun-Aug 2025, and (d) Sep-Nov 2025. Values are only shown where they are

significantly different from zero.
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current speed (cm s™') from Mulet et al. (2021) and (b) 2025 mean geo-

strophic currents from MDT13 Mean Dynamic Topography (Rio et al. 2014) and Copernicus near-real-time altimetry in
the Kuroshio Current region (box) and surrounding regions. (c) Latitude of maximum zonal currents averaged in the

Kuroshio Current region. (d) Mean eddy kinetic
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2. INDIAN OCEAN

Annually averaged geostrophic zonal current anomalies in the Indian Ocean (Fig. 3.19a)
exhibited eastward anomalies exceeding 10 cm s between 6°S and the equator and between
55°E and 75°E, reaching 20 cm s'-25 cm s locally. Because the equatorial currents presented
eastward anomalies centered on the equator with westward anomalies south of that pattern,
the 2025-minus-2024 difference map (Fig. 3.19b) shows a dipole pattern of negative anomalies
between 1°S and 2°N, and positive anomalies south of it. During December 2024-February
2025 (Fig. 3.20a), eastward anomalies exceeding 25 cm s7’-30 cm s were present across the
equatorial band. These were replaced by westward anomalies of up to 25 cm s in March—May
2025 (Fig. 3.20b) near the equator, which disappeared in June—-August (Fig. 3.20c). Eastward
anomalies of 20 cm s7'-30 cm s developed in the central basin at 55°E-85°E, 3.5°S—0.5°N in
September—November (Fig. 3.20d), with peak values of 35 cm s at 80°E, 1°S reflecting an accel-
eration of the seasonal Southwest Monsoon Current.

3. ATLANTIC OCEAN

Annual mean geostrophic zonal current anomalies in the tropical Atlantic Ocean in 2025 did
not exceed +5 cm s (Fig. 3.19a). Because a similar situation was observed in 2024, the 2025-minus-
2024 difference map (Fig. 3.19b) is not remarkable. Westward —(5-10) cm s anomalies were
present between 1°S and 3°N in the central part of the basin in December 2024-February
2025 (Fig. 3.20a) and in March—May 2025 (Fig. 3.20b), before disappearing in June—November
(Figs. 3.20c,d). During June—August 2025, the tropical Atlantic (20°W-0°, 3°S-3°N) exhibited an
Atlantic Nifa event with sea surface temperature anomalies below —0.5°C persisting for three
consecutive months (Tuchen 2025). Such cold events are commonly associated with a seasonal
intensification of easterly trade winds and westward surface currents. Accordingly, anomalous
westward surface currents emerged during the onset phase of the cold sea surface tempera-
ture anomalies, resembling the evolution of the weaker but more rapidly developing cold event
observed in 2024 (Tuchen et al. 2025).

In the subtropical North Atlantic, comparable to 2024, a band of strong positive and negative
anomalies of magnitude 15 cm s'-20 cm s east of Cape Hatteras (Fig. 3.19a) indicated that the Gulf
Stream extension east of Cape Hatteras was shifted anomalously northward in 2025 compared to
the long-term mean. This anomalous banding persisted throughout the year (Fig. 3.20b).

4. METHODOLOGICAL ADVANCES

In terms of ocean surface current retrieval methodologies, several approaches, all based on
machine learning (ML), were developed in 2025. Sun et al. (2025), Shao et al. (2025), and Bai et al.
(2025) applied various ML techniques to retrieve ocean current information from Sentinel-1 syn-
thetic aperture radar (SAR) data, which has been a significant challenge since the inception
of SAR imagery. Blending standard satellite altimetry, satellite wind estimates, and surface
drifter data, Ge et al. (2025) implemented a deep learning approach to reconstruct near-surface
currents. Also using deep learning, Garcia et al. (2025) used standard and Surface Water and
Ocean Topography (SWOT) altimetry, together with surface drifters, to estimate geostrophic
surface currents and forecast them over seven days. Finally, Ciani et al. (2025) developed a deep
learning method to estimate surface currents from standard altimetry and high-resolution sea
surface temperature images. These efforts illustrate how machine learning allows the retrieval
of surface currents estimates from a wide range of platforms.
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h. Atlantic meridional overturning circulation and heat transport

—D. L. Volkov, S. Dong, T. Petit, J. K. Willis, W. Hobbs, Y. Fu, R. C. Perez, B. Moat, D. Smeed, S. Elipot, and

M. S. Lozier.

The upper limb of the meridional overturning circulation (MOC) transports large quantities of
heat and seawater properties across the South and North Atlantic toward the North Pole and
plays a key role in shaping regional and global climate, weather, and ocean variability patterns.
The MOC volume transport and associated meridional heat transport (MHT) have been observed
using moored arrays and synthetic estimates combining satellite altimetry and in situ data at
selected latitudes (Fig. 3.22). Here, we present, from north to south, updated time series of the
MOC and MHT from the Overturning in the Subpolar North Atlantic Program (OSNAP),
RAPID-Meridional Overturning Circulation and Heat-flux Array-Western Boundary Time Series
(RAPID-MOCHA-WBTS; hereafter, RAPID), and synthetic estimates at 41°N, 20°S, 25°S, 30°S, and
34.5°S. Updates from the Meridional Overturning Variability Experiment (MOVE), Tropical
Atlantic Circulation and Overturning at 11°S (TRACOS), and South Atlantic Meridional over-
turning Basin-wide Array (SAMBA) moored arrays (black lines in Fig. 3.22) are pending. Due to
logistical constraints, only the synthetic MOC and MHT estimates extend through 2025.

The recently extended OSNAP MOC and MHT time series spans August 2014 to July 2022
(Fig. 3.23a). Over this period, the time-mean MOC across the full OSNAP array, comprising
OSNAP West between Labrador and West Greenland and OSNAP East between East Greenland
and Scotland (Lozier et al. 2017), is 16.5+3.3 Sverdrup (Sv; meansstandard deviation). Mean
overturning is 16.4+2.9 across OSNAP East and 2.7+1.3 Sv across OSNAP West, with OSNAP East
dominating both the mean and variability, consistent with previous studies (e.g., Lozier et al.
2019). The full-array OSNAP MOC is defined as the maximum of the combined streamfunction,
so it does not equal the sum of the individual East and West maxima, which occur at different
density levels. The annual mean MOC in
2021 was near the record mean, while the
January-July 2022 average was ~1 Sv lower but
remained within uncertainty bounds. Using
the extended record, Fu et al. (2025) showed
that surface buoyancy-driven water-mass
transformation explains up to 30% of interan-
nual MOC variability in both subpolar basins.
No statistically significant MOC and MHT
trends are evident over the eight-year period.

Overturning at OSNAP East and OSNAP
West is anti-correlated on interannual
timescales, with a maximum correlation
of -0.64 when OSNAP East leads by a few
months (Fu et al. 2025), indicating partial com-
pensation between the eastern and western
segments. The time-mean MHT across the
full OSNAP array is 0.51:0.06 PW, dominated
by OSNAP East (0.42+0.06 PW) with a smaller
fraction from OSNAP West (0.08+0.02 PW).
The MOC-MHT correlation is 0.7, indicating

that overturning variability largely controls
heat transport, with important contributions
from gyre circulation and temperature struc-
ture. Petit et al. (2025a) showed that variability
in MOC strength measured at OSNAP does
not directly reflect changes at midlatitudes;
instead, the density at which maximum over-
turning occurs in the subpolar North Atlantic
acts as a key precursor to midlatitude MOC
variability. This underscores that OSNAP and
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Fig. 3.22. The Atlantic meridional overturning circula-
tion (MOC)/meridional heat transport (MHT) observing
network: moored arrays (solid red and black lines) and
sections across which the MOC/MHT is estimated by
synthesizing in situ measurements (Argo, eXpendable
BathyThermograph [XBT]) with satellite altimetry data
(dashed red lines). The red lines show the sections that have
updates covered in this report, while the black lines show
the sections for which updates are pending. The updated
record mean MOC/MHT values are shown in parentheses.
Red arrows show flows associated with the upper limb of
the MOC and blue arrows show deeper limb of the MOC.
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subtropical and tropical observing systems farther south capture different aspects of MOC vari-
ability, and that OSNAP density structure may help interpret meridional MOC coherence in the
North Atlantic.

The MOC estimates at 41°N (Fig. 3.23b), derived from satellite altimetry sea surface height
(SSH) and Argo observations, are reproduced from Willis (2010) and Hobbs and Willis (2012) and
extended from January 2002 through December 2025 (Willis and Hobbs 2026). Each estimate
represents a three-month moving average, with uncertainties of 2.3 Sv for the MOC and 0.23 PW
for the MHT. The time-mean MOC and MHT are 12.1 Sv and 0.47 PW, respectively. The smaller
MOC at 41°N compared to OSNAP can reflect both methodological differences and a real north-
ward increase in overturning due to subpolar water-mass transformation. The annual-mean
MOC was 14.7 Sv in 2023, increased to 16.0 Sv in 2024, and declined to 13.0 Sv in 2025. Both MOC
and MHT weakened in 2025, returning within the uncertainty range of the long-term mean; only
the 2023 and 2024 values remain statistically distinct. The 2025 weakening was likely contrib-
uted to by the observed strengthening of the anticyclonic wind circulation in the subtropical
North Atlantic (see Figs. 3.14a,b) through enhanced southward Ekman transport at 41°N and the
corresponding geostrophic adjustment. A strong MOC-MHT correlation (0.9) indicates that
large-scale overturning variability is the primary driver of meridional heat transport at this
latitude. On interannual to decadal time scales, the 24-year record shows extended periods of
positive (2004-08 and 2022-25) and negative (2009-21) anomalies. As quality control of Argo
and altimeter data is continuously updated, refinements to the estimates are expected. Updates
since the State of the Climate report in 2024 () osnap

(Volkov et al. 2025a), including improved Argo

quality control and higher-resolution altim- 6
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the western boundary are essential, deep Fig. 3.23. Monthly (gray lines) and annual (bars) estimates
eastern boundary and Mid-Atlantic Ridge of meridional overturning circulation (MOC) anomalies
moorings can be replaced by repeat hydro- (Sverdrup [Sv]) in the North Atlantic: (a) Overturning in the

graphic sections with only a small additional

Subpolar North Atlantic Program (OSNAP) array, (b) 41°N
section, and (c) RAPID array. Error bars indicate uncertain-

error (~0.3 Sv). ties of annual mean values. Trends are shown by red lines.
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The mean MOC at the RAPID array in 2023—the most recent full year in the currently avail-
able record—was ~1 Sv below the long-term mean of 16.9 Sv, but remained within uncertainty
bounds (Fig. 3.23c), following statistically significant reductions in 2021 and 2022. In contrast to
the positive anomalies observed at 41°N during 2022/23, this pattern indicates divergence within
the subtropical gyre. Following a reassessment of Florida Current transport that reduced the pre-
viously inferred long-term MOC decline by ~40% (Volkov et al. 2024), a modest weakening trend
of -1.0+0.7 Sv decade™ remains. This rate is broadly consistent with climate model projections
(Weijer et al. 2020) but inconsistent with collapse scenarios suggested by some statistical models
(McCarthy et al. 2025). At 26.5°N, MOC and MHT are strongly correlated (r = 0.97), indicating that
most poleward heat transport is carried by the overturning circulation (Johns et al. 2023). While
the 2004-23 MOC trend is marginally significant, the corresponding MHT trend (-0.03+0.07 PW
decade™) is not statistically significant. A recent study combining RAPID observations with
repeated Florida Straits sections and Argo data estimated the overturning streamfunction at
26.5°N in density coordinates (Smeed et al. 2026). The density-based MOC in Smeed et al. (2026)
was slightly stronger than the depth-based estimate and more clearly captured subtropical gyre
overturning, although variability remained closely aligned with the depth-based MOC.

In the South Atlantic, synthetic estimates of the MOC and MHT at 20°S, 25°S, 30°S, and 34.5°S
—reproduced from Dong et al. (2015, 2021)—have been extended through December 2025 (only
MOC is shown in Fig. 3.24). The updated estimates incorporate a reprocessed relationship
between satellite altimeter SSH anomalies and vertical temperature structure, based on more
than a decade of additional hydrographic observations, and a higher-resolution (0.125°) SSH
product for deriving temperature profiles. As in

the North Atlantic, the MOC and MHT time @30
series at these latitudes are strongly correlated 2t
(r = 0.84-0.97). In 2025, statistically significant &
positive MOC and MHT anomalies occurred §°
only at 25°S and 30°S. On interannual time =-
ol Mean: 15.3 Sv

scales, variability is coherent between 25°S and TrERHE0 1 E1021Sy decade
35°S, with significant increasing trends. ' ' ' ' ' ' '
Detrended annual MOC and MHT estimates at
20°S, 25°S, and 30°S are significantly correlated
with one another at near-zero lag (r = 0.6-0.8),
whereas correlations with 34.5°S are weaker,
with statistically significant relationships only
between 30°S and 34.5°S. The reduced coher-
ence of MOC and MHT at 34.5°S relative to
latitudes farther north likely reflects regional
dynamics associated with Agulhas leakage and
the Brazil-Malvinas Confluence. Regarding the
robustness of the estimates, it should be noted
that the standard deviation of the monthly syn-
thetic MOC at 34.5°S (2.7 Sv) is substantially
smaller than that derived from the SAMBA
moored array (7.6 Sv; Volkov et al. 2025a),
although their monthly anomalies are moder-
ately correlated (r = 0.65). Ongoing community
efforts are investigating discrepancies between
synthetic and mooring-based estimates, poten-
tially  arising  from differences in
instrumentation, sampling, and methodology.

Together, these observations highlight
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Fig. 3.24. Annual estimates of meridional overturning

the ‘Emportz;nce hOf fstusj[glnedAﬂbats.ln-vl\chc)lé circulation (MOC) anomalies (Sverdrup [Sv]) and their
monitoring Ior characterizing antic associated standard errors (error bars) in the South

variability and change. Variability across lat-  Atlantic, at (a) 20°S, (b) 25°S, (c) 30°S, and (d) 34.5°S.
itudes is dominated by short- to interannual Trends are shown by red lines.
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time scales, with no statistically robust evidence of a persistent basin-wide weakening, despite
a modest trend at 26.5°N, while positive trends persist in the subtropical South Atlantic. It is
acknowledged that the observational time series may still be too short to detect a centennial
MOC decline that is projected by climate models and proxy-based reconstructions (e.g., Weijer
et al. 2020; Rahmstorf et al. 2015). There is, however, new observational evidence of a coherent
multidecadal decline in the Deep Western Boundary Current transport across the tropical/
subtropical North Atlantic, indicating a weakening of the lower limb of the Atlantic MOC (Xing
et al. 2026). Meridional coherence of the MOC varies, with stronger coherence evident among
subtropical latitudes in the South Atlantic and weaker or no coherence in regions influenced
by distinct regional dynamics. The complementary use of moored arrays and the synthetic esti-
mates based on satellite and in situ data provides a resilient observing system for detecting
change and refining MOC assessments, which remains essential for advancing understanding of
the Atlantic’s role in the climate system.
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i. Global ocean phytoplankton

—B. A. Franz, I. Cetini¢, M. Gao, and T. K. Westberry

Marine phytoplankton are microscopic algae that perform a vital function in global ecosys-
tems, generating approximately 50% of Earth’s oxygen and newly synthesized organic matter
through photosynthesis. In addition to supporting the oceanic food web as primary producers,
phytoplankton are a crucial component of the biological pump, capturing carbon dioxide from
the atmosphere and transporting it to the deep ocean for long-term storage (Field et al. 1998;
Siegel et al. 2023). Phytoplankton distribution and abundance are shaped by multiple inter-
acting factors. Biological factors such as predation by zooplankton and infection by viruses
control population size, while environmental factors including nutrient concentrations, light
availability, water temperature, ocean stratification, and circulation patterns determine rate of
growth (Behrenfeld et al. 2006). Satellite-based ocean color sensors provide a global perspective
on phytoplankton dynamics by measuring two key indicators in surface waters: chlorophyll-a
(Chl a; mg m~) and phytoplankton carbon (C,,;; mg m=). Chlorophyll-a is the primary photosyn-
thetic pigment and reflects both the abundance of phytoplankton present and their physiological
condition. In contrast, phytoplankton carbon provides a direct measurement of biomass, inde-
pendent of physiological changes. While Chl a and C,,, often covary, discrepancies between
these two measurements provide valuable insights into phytoplankton community dynamics,
such as shifting physiological or compositional makeup of phytoplankton communities (Geider
et al. 1997; Cetinic et al. 2012; Siegel et al. 2013; Westberry et al. 2016, Stoer and Fennel 2024).

This report evaluates the global distribution of phytoplankton from October 2024 through
September 2025. The assessment uses remotely-sensed Chl a and C,,, measurements from a con-
tinuous 28-year record (October 1997-September 2025) that combines observations from three
satellite sensors: SeaWiFS (October 1997-September 2003), MODIS on Aqua (MODIS-A, October
2002-September 2018), and VIIRS on NOAA20 (VIIRS-N20, October 2018-September 2025). To
provide context on the physical state of the oceans, daytime sea surface temperature (SST) from
MODIS-A is also assessed over a common time period. The Chl a product was derived using the
Ocean Color Index algorithm originally developed by Hu et al. (2012), but with updated algorithm
coefficients (Hu et al. 2019; O’Reilly and Werdell 2019). The C,;,, product was derived in two steps:
first, calculating the particle backscattering coefficient (by,) at 443 nm using the Generalized
Inherent Optical Properties algorithm (Werdell et al. 2013; McKinna et al. 2016), then applying a
linear relationship between by, and Cy,, (Graff et al. 2015).

Creating a seamless multisensor time series requires careful bias correction between the
different instruments. To merge SeaWiFS and MODIS-A observations, differences between the
sensors were assessed during their overlapping period from 2003 through 2008. A mean bias
correction of —0.0021 mg m~ for Chl @ and -6.7 x 10~ m for by, (equivalent to —0.78 mg m= of
C,ny) Was derived and applied to the SeaWiFS time series. Similarly, the overlap period from
2018 to 2020 was used to assess differences between MODIS-A and VIIRS-N20, resulting in a bias
correction of —0.0021 mg m for Chl a and -3.1 x 10 m™ for b, (equivalent to -3.6 mg m= of C,y,)
that was applied to the VIIRS-N20 time series. It is important to note that the bias corrections
between VIIRS-N20 and MODIS-A by, retrievals are relatively large, primarily due to residual
sensor radiometric calibration errors and the sensitivity of by, retrievals to spectral sampling
differences between the sensors (Werdell and McKinna 2019). While NASA efforts are underway
to reduce this retrieval bias, some additional caution is warranted when interpreting C,,, anom-
alies from VIIRS-N20 relative to the climatological record, which is dominated by MODIS-A
observations. Nevertheless, the VIIRS-N20 instrument demonstrates very good temporal sta-
bility (Twedt et al. 2022) and, therefore, provides the primary reference for assessing changes
during the current analysis year.

Changes in the global distribution of phytoplankton were assessed by comparing current
observationstohistorical baselines. For each month during the 2025 analysis year, VIIRS-N20 mea-
surements of Chl a and C,;,, were compared against VIIRS-N20 monthly means spanning October
2019 through September 2024. These monthly anomalies were then averaged to produce global
annual mean anomaly maps for both Chl a and C,, (Figs. 3.25a,b). The same approach and
reference period was applied to MODIS-A SST data to generate an equivalent SST annual mean
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anomaly map (Fig. 3.25c). The analyses pre-
sented in Figs. 3.25 and 3.26 utilize the full
28-year bias-corrected multisensor record,
but focus specifically on the permanently
stratified ocean (PSO), a region that encom-
passes the tropical and subtropical oceans.
The PSO is defined by two key characteris-
tics: annual average SST exceeding 15°C and
surface mixed layers that are typically shallow
and nutrient-depleted, remaining above the
nutricline (the depth below which nutrient
concentrations increase). This region extends
roughly between 40°S and 40°N latitude,
as indicated by the black lines in Figure 3.25
(Behrenfeld et al. 2006).

For the 2025 analysis year, the distribution
of SST anomalies (Fig. 3.25¢) is consistent with
La Nifia conditions over much of the analysis
year, including a pronounced tongue of anom-
alously cool waters extending across the
equatorial Pacific. Negative SST anomalies
within the PSO are typically associated with a
deeper surface mixed layer (Deser et al. 2010),
which reduces phytoplankton light exposure
rates leading to higher cellular Chl a and a
decoupling between Chl a and C,,, variability
(Behrenfeld et al. 2016; Graff et al. 2016; Stoer
and Fennel 2024). Consistent with that expec-
tation, Chl a anomalies were elevated for this
analysis year (>30%) within the cooler water of
the equatorial Pacific and depressed (<20%) in
the anomalously warm waters of the subtrop-
ical and subpolar Pacific and the Indian Ocean
(Fig. 3.25a). While C,,, and Chl a anomalies
largely covary within the PSO, C,, is elevated
where Chl a is depressed in the subtropical
western North Pacific, with the opposite rela-
tionship to the east. Patches of elevated and
depressed Chl a are visible throughout the
subpolar and polar regions above and below
the PSO (Fig. 3.25a), and the C,, anomalies
show higher spatial variability and dynamic
range (Fig. 3.25b). Observed heterogeneity in
biomass indicators outside of the PSO are a
result of the ephemeral nature of phyto-
plankton blooms in these waters, as well as
poor spatial and temporal sampling due to
clouds and low-light conditions and the con-
founding influence of wind-driven whitecaps
(Randolf et al. 2014) that limit our ability to
interpret interannual variability in higher
latitude regions.

Chl a anomaly (%)
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Fig. 3.25. Spatial distribution of average
monthly (a) VIIRS-N20 Chl a anomalies (%),
(b) VIIRS-N20 C,,, anomalies (%), and (c) Moderate
Resolution Imaging Spectroradiometer on Aqua (MODIS-A)
sea surface temperature (SST) anomalies (°C) for Oct
2024-Sep 2025, where monthly differences were derived
relative to the VIIRS-N20 mission period (Oct 2019-Sep
2024). Chl a and C,;,, are stated as % difference from clima-
tology, while SST is shown as an absolute difference. Also
shown in each panel is the location of the mean 15°C SST
isotherm (black lines) delineating the permanently strat-
ified ocean (PSO). Differences in the SST anomalies here
vs. in Fig. 3.2a are owing to differences in climatological
periods, smoothing, and data sources.

Annual variability of Chl a and C,,, within the permanently stratified ocean typically exhibits
two distinct peaks (Figs. 3.26a,b), corresponding to springtime increases in phytoplankton
biomass in the Northern Hemisphere (Figs. 3.26¢,d) and Southern Hemisphere (Figs. 3.26g,h).
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Notably, the timing of C,,, peaks lags two to three months behind those of Chl a. This lag reflects
two important biological processes: the tight coupling between phytoplankton and its losses
(mostly through zooplankton grazing) keep biomass in check long after nutrient-driven increases
in growth give rise to corresponding increases in cellular Chl a, and subsequently the phyto-
plankton chlorophyll-to-carbon ratios decline as the seasonal bloom progresses (Westberry et al.
2016). The timing of seasonal peaks and troughs observed during the 2025 analysis year is con-
sistent with the climatological record (averaged over the period of October 1997 to September
2024). In the equatorial region, Chl a was slightly elevated in February and again in July-August
of 2025, consistent with weak La Nifia conditions, but otherwise remained close to climatolog-
ical monthly means (Figs. 3.26e,f). In the Northern Hemisphere, for both Chl a and C,
(Figs. 3.26c,d), the magnitude of the spring peak was slightly depressed, while in the Southern
Hemisphere the peak was elevated for C,,, but remained close to the historical mean for Chl a
(Figs. 3.26g,h).

Over the 28-year time series of spatially averaged monthly mean Chl a within the PSO, con-
centrations vary by 5.7% (0.008 mg m>, standard deviation) around an average of 0.136 mg m™
(Fig. 3.27a). C,y Over the same 28-year period varies by 3.1% (0.68 mg m~) around an average of
21.8 mg m> (Fig. 3.27c). Chl a monthly anomalies within the PSO (Fig. 3.27b) vary by 4.5%
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Fig. 3.26. Distribution of Oct 2024-Sep 2025 monthly means (red circles) for (a) VIIRS on NOAA-20 (VIIRS-N20) chlorophyll-a
(Chl a) and (b) VIIRS-N20 phytoplankton carbon (C,,) for the permanently stratified ocean (PSO) region (see Fig. 3.27),
superimposed on the climatological values as derived from the combined time series of Sea-Viewing Wide Field-of-View
Sensor (SeaWiFS), Moderate Resolution Imaging Spectroradiometer on Aqua (MODIS-A), and Visible Infrared Imaging
Radiometer Suite on NOAA-20 (VIIRS-N20) over the period of Oct 1997-Sep 2024. Gray boxes show the interquartile
range of the climatology, with a black line for the median value and whiskers extending to minimum and maximum
values. Subsequent panels show latitudinally segregated subsets of the PSO for (c),(d) the Northern Hemisphere (above
tropics)NH, (e),(f) tropical +23.5° latitude subregion EQ, and (g),(h) Southern Hemipshere (below tropics). SH Units for (a),
(c). (e), and (g) are Chl a (mg m=) and (b), (d), (f), and (h) are C;,, (Mg m=).
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(0.006 mg m>) over the multimission time
series, with the largest interannual deviations
generally associated with ENSO events (r =
-0.38), as demonstrated by the correspon-
dence of Chl a anomaly variations with the
Multivariate ENSO Index (MEI; Wolter and
Timlin 1998; presented in the inverse to illus-
trate the covariation). C,, anomalies
(Fig. 3.27d), which vary by 1.9% (0.42 mg m™),
are less correlated with the MEI (r = -0.27) due
to the inherent lag between environmental
change, phytoplankton growth, and biomass
accumulation. The monthly mean anomalies
in 2025 for Chl a and C,, within the PSO
indicate modestly elevated concentrations in
the early part of the analysis year and again in
boreal summer, consistent with La Nifia condi-

tions that enhanced  phytoplankton
production.
Continuous ocean color monitoring

enables us to track changes in the global
distribution of marine phytoplankton, which
play a critical role in driving biogeochemical
processes, regulating the ocean’s contribution
to the global carbon cycle, and controlling
marine ecosystems, food webs, and fisheries.
By analyzing subtle variations in Chl a and
C,ny distributions and seasonal cycles, we can
distinguish between climate-driven changes
in both phytoplankton biomass and shifts
in their physiological state or community
composition. The timing and distribution of
phytoplankton biomass indicators for 2025 is
consistent with the climatological record and
the weak La Nina conditions that prevailed
over much of the analysis year.
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Fig. 3.27. Twenty-eight-year, multimission record of

chlorophyll-a (Chl a; mg m=) and phytoplankton carbon
(Cony; mg m~3) averaged over the permanently stratified
ocean (PSO; Oct 1997 to Sep 2025). (a) Monthly Chl a,
with the horizontal line indicating the multimission mean
Chl a concentration for the entire PSO region. (b) Monthly
Chl a anomalies after subtraction of the multimission
climatological mean (Fig. 3.26a). (c) Monthly C,.,, with
the horizontal line indicating the multimission mean C,,
concentration for the entire PSO region. (d) Monthly C,,
anomalies after subtraction of the multimission climato-
logical mean (Fig. 3.26b). Shaded blue and red colors show
the Multivariate El Nifio-Southern Oscillation (ENSO)
Index, inverted and scaled to match the range of the Chl a
and C,,, anomalies, where blue indicates La Nifa and red
indicate El Nifio conditions.
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j. Global ocean carbon cycle

—A. Jersild, R. Wanninkhof, J. A. Trifianes, P.Landschiitzer, R. A. Feely, and B. R. Carter

1. INTRODUCTION

The oceans play a major role in the global carbon cycle by taking up a substantial fraction
of the excess carbon dioxide (CO,) that humans release into the atmosphere. As a consequence
of these anthropogenic CO, (C,,,) emissions, the atmospheric CO, concentration has risen from
pre-industrial levels of about 278 ppm (parts per million) to 425.7 ppm. Over the last decade the
global ocean has continued to take up C,, and is a major mediator of atmospheric CO, levels. Of
the 11.2+0.9 Pg C yr C,, released during the period 2015-24, 3.2+0.4 Pg C yr (29%) accumulated
in the ocean, 2.4+0.8 Pg C yr* (21%) accumulated on land, and 5.6+0.02 Pg C yr* (50%) remained
in the atmosphere (see Table 7 in Friedlingstein et al. 2026). This decadal C,, uptake estimate
by the ocean is a consensus view from a combination of measured ocean decadal CO, inven-
tory changes, global ocean biogeochemical models, and global air-sea CO, flux estimates using
data-based and machine learning systems, based on surface ocean fugacity of CO, (fCO,,)"
measurements.

The ocean interior is more challenging to observe than the surface, leading to reduced
temporal and spatial coverage than for surface ocean fCO,. Machine-learning gap filling tech-
niques are now being employed to provide increased resolution of interior C,, estimates, with a
2025 mean inventory uptake of 3.7 Pg C yr (Carter et al. 2025).

2. AIR-SEA CARBON DIOXIDE FLUXES

Ocean uptake of CO, is estimated from the net air-sea CO, flux derived from a bulk flux
formula determined from the product of the difference of air and surface-seawater fCO, (AfCO,)
and gas transfer coefficients. Gas transfer is parameterized with wind, described in Wanninkhof
(2014). This provides a net flux estimate. A river adjustment of 0.65 Pg C yr is applied to uptake
(Regnier et al. 2022), as recommended in the Global Carbon Budget (GCB) 2025. The data sources
for fCO,, are annual updates of observations from the Surface Ocean CO, Atlas (SOCAT) composed
of moorings, autonomous surface vehicles, and ship-based observations (Bakker et al. 2016).
The increased observations and improved mapping techniques, including machine learning
methods summarized in Rédenbeck et al. (2015), provide global fCO.,, fields on a 1° x 1° grid at
monthly time scales. For this report, we use a self-organizing maps feed-forward neural network
(SOM-FNN) approach of Landschiitzer et al. (2013, 2014) and an extremely randomized trees
(ET) machine learning technique (AOML-ET)
described in Wanninkhof et al. (2025), both
using SOCATv2025 for training. Predictor vari-
ables include: sea surface temperature (SST;
Rayner et al. 2003); chlorophyll-a (Globcolour;
Maritorena et al. 2010); mixed-layer depth
(de Boyer Montégut et al. 2004 merged with
Schmidtko et al. 2013), and salinity (Good
et al. 2013). For atmospheric CO,, the zonally
resolved NOAA marine boundary layer atmo- nt
spheric CO, product is used (Lan et al. 2023). 198 1990  19% 2000 2005 2010 2015 2020 2025
Gas transfer coefficients are determined using — Monthly VLIZ SOM-FFN === SOM-FFN: Cant [-0.65 Pg C]
European Centre for Medium-Range Weather —— Annual VLIZ SOM-FFN AOML-ET: Can [-0.65 Pg Clt
Forecasts Reanalysis version 5 (ERA5) winds — Annual AOML-ET 201524 Aerage-Gea
(Hersbach et al. 2018). The air—sea CO, flux for Fig. 3.28. Global annual (thick lines) and monthly (thin blue

. . line) net air-sea carbon dioxide (CO,) fluxes (Pg C yr) for
2025 extrapolates the pr.edlctor V::lrlables for the period 1982-2025 using the Flanders Marine Institute
that year rather than having a year’s latency.

(VLIZ) self-organizing maps feed-forward neural network
The SOM-FNN and AOML-ET results (solid

(SOM-FFN) and the extremely randomized trees (ET)
lines in Fig. 3.28) show a steady ocean CO,sink  machine learning technique (AOML-ET) output. The
(Socean) from 1982 to the early 1990s, followed
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Air—sea CO, flux (Pg C yr")

annual anthropogenic CO,; (C,:) air-sea flux (dashed lines)
includes the riverine adjustment of —0.65 Pg C. Negative
values indicate CO, uptake by the ocean. The black line is

! The fugacity is the partial pressure of CO, (pCO.) corrected for

non-ideality. They are numerically similar for surface waters
with fC0,=0.994 pCO..
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by a period of decreasing uptake to 2002. There is a strong increase in the ocean sink from
2002 onward that continues through 2016, after which the global uptake decreases until 2022.
The 2025 S,can Of 3.4 Pg C yr (SOM-FFN) and 3.6 Pg C yr' (AOML-ET; dashed lines in Fig. 3.28)
shows a =0.2 Pg C-0.4 Pg C increase in uptake above the 201524 GCB average of 3.2:t0.4 Pg C
yr when the riverine adjustment is included. The amplitude of seasonal variability is =1.6 Pg C
with a minimum uptake in June-September.

The annual average flux map for 2025 (Fig. 3.29a) shows the characteristic pattern of high
effluxes (ocean-to-air CO, fluxes) in equatorial-tropical, coastal upwelling, and open-ocean
upwelling regions. Coastal upwelling regions include those in the Arabian Sea and off the west
coasts of North America, South America, and () Air—sea co, flux (2025)

West Africa. The western Bering Sea continues 60°E 120°E 180° 120°0 60°W 0°
to be a strong CO, source, a juxtaposition to  80°N
the strong sink in surrounding regions. This 6N {
regional source is hypothesized to result from 40N
alocal outcropping of shallow isopycnals with ~ 20°N £
high CO, values, but this has not been inde- 0°
pendently verified. Cumulatively, the regions 20 £°¢
of effluxes are substantial CO, sources to the  4o°s ; .
atmosphere (=1 Pg C). The primary CO, uptake ~ 60°s ——————— - =~ =
regions are in the subtropical and subpolar  srs | e
regions. The largest sinks are poleward of the
sub-tropical fronts. Generally, SST influences
solubility (positive SST anomalies decrease
solubility, increasing fCO,,). However, in
regions with high fCO,, due to upwelling,
warmer SST stemming from decreased
upwelling of the cold CO,-rich water leads to
lower fCO,,.

In the Northern Hemisphere, the North
Atlantic is a large sink, while the North Pacific
is punctuated by a substantial source of
CO, in the western subpolar Pacific and the
central Bering Sea (Fig. 3.29a). The Northern () ai—sea co, flux anomalies
Hemisphere sinks are, in part, due to the 60°E 120°E 180° 120°W 60°W 0°
position of the western boundary currents 8N == -
whose cooling waters, transported poleward, — 60°N F&=
increase solubility and contribute to 40N £
CO, uptake at high latitudes. The Gulf Stream/ 20N £
North Atlantic Drift in the Atlantic extends 0 g
farther north than the Kuroshio in the Pacific,  2°s £
extending the region of a strong sink in the  4o°s
North Atlantic. 60°S

The ocean carbon uptake anoma-  8°s
lies (Fig. 3.29c) in 2025 relative to the
1990-2020 average, adjusted for the 30-year
trend, demonstrate the return to neutral

El Nifio—Southern Oscillation (ENSO) condi- {é% )3#9- Glf()bazlogga?b;)f (:)_“et ai(':’asefal‘ carbon °:i°Xifde
. . 2 uxes ror y net alr-sea > TIUX anomalies 1or
tlo.ns over much of the Summ.ef, with So,me 2025 minus 2024, and (c) net air-sea CO, flux anomalies
‘?Vldence of the weak La Nifa returning for 2025 relative to 1990-2020 average values, adjusted
in autumn 2025. The Southern Ocean for the 30-year trend using the Flanders Marine Institute
(=45°S-60°S) continues to show reduced (VLIZ) self-organizing maps feed-forward neural network
uptake when compared to the 30-year trend, (CS(;)M'F:\'? approach. U“';? are all b“|“°| csz yfr-1. Ocean
although it should be noted the regional 2 Uptake regions are shown In biue. Tor reference, a
. . . . global ocean CO, uptake of 2.8 Pg C yr' equals a flux
average is still overall an ocean sink. This density of —0.65 mol C m? yr-".
reduction of uptake of nearly 50% smaller

(b) Air—Sea CO, flux anomalies (2025 minus 2024)
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than previous estimates is likely due to a combination of temporal variation, methodological
improvements, and estimate uncertainty stemming from data sparsity in the region (Hauck et al.
2023).

The spatial differences in CO, fluxes between 2025 and 2024 (Fig. 3.29b) shows an increased
influx (blue shading) in the Atlantic and polar regions, potentially a recovery of the anomalous
reduced uptake observed in 2023/24 (Miiller et al. 2025). In the Southern Ocean, we observe
an increased efflux. This difference can mainly be attributed to shifting levels of observations
in the Southern Ocean in the SOCAT dataset (Fay et al. 2025). The machine-learning methods
and use of predictor values to complete the time series can be sensitive to data availability,
and low-sampled regions can be highly responsive to individual observations (Jersild and
Landschiitzer 2024; Hauck et al. 2023).

3. OCEAN INTERIOR INVENTORY ESTIMATES

The ocean inventory of dissolved inorganic carbon (DIC) varies over time due to surface
CO, fluxes, interior ocean cycling of organic matter, riverine inputs, and sedimentary exchanges.
Interior ocean observations are more expensive and challenging to obtain than surface observa-
tions, so their coverage tends to be more limited across time and space. For this reason, interior
ocean DIC observations are primarily used in decadal retrospective analyses that quantify the
accumulation of C,, throughout the ocean.

As with fCO,,, machine learning gap-filling techniques are now being used to map the avail-
able measurements onto data products that have better spatial and temporal resolution (e.g.,
Keppler et al. 2023). For example, Fig. 3.30 reflects machine learning estimates of DIC (Carter
et al. 2021, centered on the year 2002) and C,, (Carter et al. 2025) derived from the temperature
and salinity climatology of Roemmich and Gilson (2009). These estimates collectively allow the
total ocean inventory (Ciyenory) €stimates and their increases (Fig. 3.30, attributable primarily to
Socean) t0 be separated into natural variations (AC,,) and anthropogenic accumulation (AC,,,).

Meaningful interannual variability can be
seen in the annually averaged rate of Ciyentory 5 — ; ; . ; ; : : ; ;
accumulation (Fig. 3.30). This variability is
also attributable primarily to C,, variability.
The C,,. changes are mostly steady from year
to year, and the variations generally oppose
the much larger variations in the C,. This
anticorrelation can result when increases in
ocean overturning generate anomalous loss of
deep carbon accumulated from organic matter
respiration and anomalous uptake of C,,, with
ventilation of older waters (DeVries et al.
2017). Surface ocean heat content variations
also play a role; anomalously warm waters

Annual inventory change (Gt C yr')

hold less DIC and more C,,; than anomalously | ==C, ==C, w—C_ .
cool waters when in air-sea gas exchange 4l . . L ' . . . . '
equilibrium Wlth the atmosphere. 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024

The mean inventory increase rate over the Fig. 3.30. Annual average accumulation rates (Gt C yr™) for
2015-24 period of 3.4 Pg C yr is comparable the ocean inventories of total dissolved inorganic carbon

o . . (Cinventorys black), the portion attributable to anthropogenic
to the 3.2:04 Pg C yr estimate from air-sea carbon emissions (C,.; red), and the portion attributable

fluxes. Both ways of estimating Socan iMPly  to natural processes (C..; green), which is estimated by
larger increases in 2025: 3.7 Pg C yr* for the residual.

inventory estimate and 3.4 Pg C-3.6 Pg C yr for

the air-sea CO, flux estimate. Two differences in the estimates, that are well within their uncer-
tainties, can be attributed to the fact that the interannual variations in the inventory estimates
are greater and the inventory estimates do not show the recent (post 2016) relaxation of ocean
CO, uptake.
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Ocean interior inventory mapping can take advantage of regular updates to the underlying
climatologies to provide timely and detailed information about ocean carbon inventory varia-
tions. However, as of yet, these estimates solely provide projections of expected patterns based
on DIC measurements that predate 2024, and rely on the Argo-array-dominated temperature
and salinity patterns from ~2004 onward to generate the estimates for the most recent years.
Furthermore, the methodological uncertainties for this approach have yet to be quantified.
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k. Global ocean dissolved oxygen

—J. D. Sharp, Z.Wang, T. Ito, S. Minobe, L. Cheng, J. Du, H. Garcia, C.J. Roach, B. Ly, Y. Xin, M. Han, Y. Zhou,

and G. G. Navarra

Dissolved oxygen (0O,) is vital for aerobic marine organisms and plays a major role in shaping
species distributions (Deutsch et al. 2024; Stramma et al. 2012), modulating elemental cycles
(Gruber 2008), and regulating the production of natural greenhouse gases such as nitrous oxide
and methane (Bianchi et al. 2012). A major consequence of climate warming is the widespread
loss of dissolved O, from seawater (Gruber 2011; Keeling et al. 2010; Levin 2018; Long et al. 2016;
Oschlies et al. 2017). Unlike the well-mixed atmosphere, oxygen is unevenly distributed in the
ocean, and some regions contain levels too low to support most marine organisms (Breitburg
et al. 2018). This variability arises because 1) oxygen supply from photosynthesis and air-sea
exchange is limited to surface waters, 2) biological respiration, whereby heterotrophic organisms
use oxygen to extract energy from organic carbon (OC), depletes oxygen in a spatiotemporally
uneven way depending on the rate of OC supply, heterotrophic community composition, and
additional environmental factors, and 3) ocean circulation and mixing redistribute oxygen
throughout the ocean interior. Dissolved oxygen in seawater is declining; estimates have sug-
gested the global ocean lost 0.5%-3.3% of its O, inventory (surface to 1000-m depth) from 1970 to
2010 (Bindoff et al. 2019; Helm et al. 2011; Ito et al. 2017; Schmidtko et al. 2017).

The ocean’s oxygen inventory, the total amount of oxygen in the ocean, is difficult to track,
as observations are scattered and the quality of O, observations is generally lower than that of
temperature and salinity. Further, there has been an evolution over time in the data sources that
contribute to the observational record for dissolved oxygen in the open ocean, with Winkler
titrations from bottle samples being most prevalent from the 1960s through the 1980s, electro-
chemical sensors on shipboard CTDs contributing heavily to the record from the 1990s through
the 2010s, and optical sensors on profiling floats becoming the dominant data source in the
2010s through the present (Fig. 3.31). This diversity of data sources means that discrepancies
among measurement types and their spatial distribution must be carefully considered, espe-
cially when trying to extract a trend from the observational record using aggregated data from
several sources. We analyze time-varying, three-dimensional, mapped fields of ocean oxygen
from nine different approaches to evaluate the changing ocean oxygen inventory over the last
60 years and anomalies in 2025 relative to a 19902020 baseline.

The O, fields considered in this analysis include results from five statistical interpolation (SI)
methods—objective analysis using weighted-averaging interpolation (NCEI; Garcia et al. 2024a),
ensemble optimal interpolation (IAP; Cheng et al. 2020; Cheng ad Zhu 2016; Gouretski et al.
2024), Gaussian optimal interpolation (GT-OI; Ito 2022), data-interpolating variational analysis
(UTAS; Roach and Bindof 2023), and geostatistical regression (SJTU-GR; Zhou et al. 2022)—and
four machine-learning (ML) methods—Gaussian mixture models and shallow neural networks
(GOBAI; Sharp et al. 2023), neural networks and random forest regressions (GT-ML; Ito et al.
2024), hybrid graph learning (Jingwei; Lu et al. 2024), and Bayesian ensemble machine learning
(SJTU-HZ; Han et al. 2025).

The maps considered here may not correspond directly with the data products described
in the references listed but are built using the methods described in those references. Eight
are constructed using data extracted from the World Ocean Database 2023 (WOD23) updated
through 2025 (Garcia et al. 2024a; Mishonov et al. 2024), and one (IAP) uses data from the IAP
database (Gouretski et al. 2024). Because eight out of nine results use WOD23 with the same
quality control, comparisons among the ensemble differ primarily in mapping methodology,
not in their primary data sources and quality-control methods. However, previous work has
demonstrated that mapping methods have a greater effect on variability among mapped clima-
tological (annual mean) products than the small variations in the primary data sources and the
quality-control methods (Ito et al. 2025), so we believe our results represent a robust ensemble.
The SI maps use data binned into 1° x 1° annual bins and the ML maps use individual profile data
to train models that are applied to temperature and salinity data mapped onto 1° x 1° monthly
bins. Three of the ML maps (GOBAI, GT-ML, and Jingwei) use temperature and salinity data from
the EN4.2.2 dataset (Good et al. 2013) and SJTU-HZ uses the ORAS5 dataset (Copernicus Climate
Change Service 2021).
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Fig. 3.31. (a) Spatial distribution and (b) annual number of profiles containing dissolved oxygen (O,) observations con-
tributed by different platforms to the dataset used to create the dissolved oxygen maps. Measurements were extracted
from the World Ocean Database 2023, updated through 2025. Data from bottle measurements at ocean stations (OSD),
conductivity-temperature-depth profiles (CTD), and profiling floats (PFL) are included, as they are the three most preva-
lent oxygen data sources. In (b), profiling float data are separated into data with real-time adjustments (PFL[A]) and data
with delayed-mode quality-control (PFL[D]).

The ensemble long-term mean oxygen inventories show the effects of high O, solubility in cold,
high-latitude waters compared to low O, solubility in warm, tropical waters in the 0-m-50-m
depth layer (Fig. 3.32a). From 50 m to 1000 m, accumulated respiration and weak ventilation
result in extremely low oxygen inventories in the subarctic North Pacific, eastern tropical Pacific,
North Indian, and eastern tropical Atlantic (Fig. 3.32b). Conversely, strong ventilation forms
highly oxygenated mode and intermediate waters in the North Atlantic and Southern Oceans,
which extend equatorward.

Dissolved oxygen content in the ocean has generally decreased over at least the last 60 years
(Fig. 3.32e). Negative trends in the 0-m—-50-m depth layer (Fig. 3.32c) reveal the widespread influ-
ence of rising sea surface temperature (section 3b), which decreases O, solubility and increases
upper ocean stratification (Oschlies et al. 2018). Negative trends from 50 m to 1000 m (Fig. 3.32d)
reflect deoxygenation driven by additional factors, including reduced ventilation, changes in
interior ocean circulation, and enhanced biological respiration. Bindoff et al. (2019) indicated
that the North Pacific and Southern Oceans have seen the largest changes in oxygen inventory
over the past few decades, which is supported by our results (Fig. 3.32d). Long et al. (2016) high-
light the impact of reduced ventilation driving strong deoxygenation trends in the North Pacific,
agreeing with our results as well as an analysis of oxygen trends at Ocean Station Papa (Cummins
and Ross 2020) and recent global-scale work by Ito et al. (2026). The small area exhibiting an
0, increase in the North Atlantic (Fig. 3.32d) is likely related to variability in the ventilation of
Labrador Sea Water (Rhein et al. 2017) and in the Atlantic meridional overturning circulation
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(section 3h). A weak O, increase in the western subtropical South Pacific (Fig. 3.32d) aligns with
a feature pointed out by Ito et al. (2026) and corresponds with a cooling signal pointed out by
Garcia-Soto et al. (2021).

Volume-integrated O, inventories from 0 m-1800 m (Fig. 3.32e) show an average trend from
1965 to 2025 of —0.45+0.10% decade™ (meanzsample standard deviation across nine maps)
relative to a climatological mean inventory (1965-2025) of 91.2+0.2 Pmol O, (in a volume equal to
565.96 x 10° km?®). All the maps show relatively weak trends until about the mid-1980s, after which
stronger O, loss continues through 2025. This behavior was first reported by Garcia et al. (2005),
who noted an O, increase from the 1950s to mid-1980s, followed by O, loss in the upper 100 m.
This pattern has since been confirmed by more recent studies that include deeper levels (e.g.,
Ito et al. 2017). The ML maps tend to display greater interannual variability (IAV = 0.28+0.12%)
and stronger trends (—0.52+0.08% decade™) compared to the SI maps (IAV = 0.24+0.07%; trend =
-0.39+0.08 % decade™). IAV is calculated as the standard deviation of de-trended annual mean
inventory values for each product, with the trend removed using a linear least-squares fit. For
both IAV and trends, the mean (u) and sample standard deviation (+o) are reported across the SI
maps (n = 5) and the ML maps (n = 4).

The differences in multidecadal trends and interannual variability between the two subsets
of O, maps (SI and ML) could be partially explained by fundamental differences between the

(a) Oxygen inventory: 0 m to 50 m (b) Oxygen inventory: 50 to 1000 m
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Fig.3.32.(a),(b) Ensemble mean dissolved oxygen (O,) inventories (mol m2) and(c),(d) trends (1965-2025; mol m—2decade™")
from (a),(c) 0 m to 50 m and (b),(d) 50 m to 1000 m across all nine mapping approaches. (e) Global O, inventory anomalies
(Pmol; 1990-2020 baseline) integrated from 0 m to 1800 m for each individual approach. Areas in (c),(d) where fewer
than seven out of the nine products agree on the sign of the trend are cross-hatched.
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approaches. SI methods tend to relax toward the long-term mean in the absence of data, poten-
tially contributing to weaker trends near the beginning of the time series (Fig. 3.32e) where the
dominant bottle data are less widespread (Fig. 3.31b). ML approaches are inextricably tied to
their predictors (e.g., gridded temperature and salinity) and have more variation in how they
are implemented, potentially contributing to greater disagreement among these approaches
(Fig. 3.32e). Another important consideration is the shift in observational sources toward pro-
filing floats over time (Fig. 3.31b) and the correction applied to compensate for an apparent,
global-mean negative bias (about -1.69 pmol kg™) in the profiling float dataset relative to colo-
cated bottle and CTD measurements (Gouretski et al. 2024; Wang et al. 2025). Although the
negative bias is adjusted for in the O, dataset, steep declines in some of the SI maps in recent
years when float data are particularly dominant suggest that the +1.69 pumol kg adjustment to
the float dataset may be insufficient, or that the spatial variation in the float O, bias requires a
more complex adjustment (Bittig and Kortzinger 2017; Maurer et al. 2021).

0, anomalies in 2025 (relative to 1990-2020) were broadly negative (Figs. 3.33a,b), consistent
with the long-term deoxygenation trend (Figs. 3.33e,f). Strong negative anomalies from 0 m—-50 m
in the midlatitude western Pacific corresponded with strong positive SST, heat content, and sea
level anomalies in the same region (sections 3b,c,f, respectively). Similarly, negative near-surface

(a) 2025 Oxygen inventory anomaly: 0 m to 50 m
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(b) 2025 Oxygen inventory anomaly: 50 m to 1000 m
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Fig.3.33.Ensemble mean dissolved oxygen (O,) inventory anomalies (mol m~2) in 2025 compared to the 1990-2020 baseline
from (a) 0 m to 50 m and (b) 50 m to 1000 m; the difference between the ensemble mean inventory in 2025 versus in 2024
(mol m~2) from (c) 0 m to 50 m and (d) 50 m to 1000 m; (e) the global ensemble mean [0,] anomaly as a function of depth
over time (pmol kg™) ; and (f) the ensemble average profile of [0,; pmol kg™; red] and decadal [O,; pmol kg~ decade™;
black] trends (units for the x-axes are listed in the labels within the plot area). Each ensemble average map (a)-(d) is
computed across eight of the nine mapping approaches (SJTU-GR excluded). Areas in the maps where fewer than six out
of the eight products agree on the sign of the anomalies are cross-hatched.
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anomalies are observed in the Southern Ocean from 45°S to 55°S as well as the Weddell and Ross
Seas. On the contrary, near-zero O, anomalies from 0 m—50 m in much of the equatorial Pacific
were associated with negative SST, heat content, and sea level anomalies, consistent with a
weak intermittent La Nifia in 2025 (see section 4b for details). From 50 m—1000 m, strong negative
0, anomalies occurred in the North Pacific and North Atlantic, consistent with positive heat
content anomalies in these regions (Fig. 3.4). Apparent positive O, anomalies in the subpolar
North Pacific (Fig. 3.33b) surrounded by negative anomalies in both subtropical waters to the
south and polar waters to the north is consistent with recent findings of a decadal northward
displacement of the subtropical and subpolar gyre boundaries caused by the northward contrac-
tion of the Aleutian Low (e.g., Minobe 2025), which can be driven by the superposition of internal
variability and anthropogenic trends (Abe and Minobe 2023; Long et al. 2016). A moderate
positive anomaly is also observed in the western subtropical South Pacific.

Differences between the 2025 and 2024 anomalies were mostly small (Figs. 3.33¢c,d). The oxygen
levels in the eastern equatorial Pacific are known to covary with the thermocline shoaling in
the region with implications to the regional ecosystem and air—sea oxygen exchange (Eddebbar
et al. 2017; Leung et al. 2019; Parouffe et al. 2025). The tropical Pacific Ocean is influenced by
the interannual climate variability associated with ENSO, and the lower O, in the near-surface
eastern equatorial Pacific in 2025 (Fig. 3.33c) may have been connected to the superposition of
weak La Nina conditions with the long-term trends.
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Appendix 1: Acronyms

ACC Antarctic Circumpolar Current

ADCPs acoustic doppler current profilers

AOML Atlantic Oceanographic and Meteorological Laboratory
BASS Blended Analysis of Surface Salinity

by, particle backscattering coefficient

Cant anthropogenic CO,

CAS Chinese Academy of Sciences

(DS Climate Data Store

Chla chlorophyll-a

CIMAR Cooperative Institute for Marine and Atmospheric Research
Cinventory changes in the total ocean inventory

o, carbon dioxide

Cony phytoplankton carbon

CSIRO Commonwealth Scientific and Industrial Research Organisation
(1D conductivity temperature and depth

DCENT Dynamically Consistent ENsemble of Temperature
DIC dissolved inorganic carbon

DOISST Daily OISST

EBAF Energy Balanced and Filled

ENSO El Nifio—Southern Oscillation

fCO,, surface ocean fugacity of CO,

FLASHFlux Fast Longwave And Shortwave Radiative Fluxes
GCB Global Carbon Budget

GIA glacial isostatic adjustment

GMSL global mean sea level

GPCP Global Precipitation Climatology Project

GRACE Gravity Recovery and Climate Experiment
GRACE-FO GRACE Follow-On

HadSST Hadley Centre Sea Surface Temperature

IAP Institute of Atmospheric Physics

T Indian Institutes of Technology

0D Indian Ocean dipole

ITCZ Intertropical Convergence Zone

JPL Jet Propulsion Laboratory

LH latent heat flux

Lw longwave radiation

MBT mechanical bathythermograph

MCS marine cold spell

MHT meridional heat transport

MHW marine heatwave

ML machine learning

MOC meridional overturning circulation

MODIS-A Moderate Resolution Imaging Spectroradiometer on Aqua
MOVE Meridional Overturning Variability Experiment
MRI Meteorological Research Institute

NDBC National Data Buoy Center

NH Northern Hemisphere

NOC National Oceanography Centre

oc organic carbon
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OHCA ocean heat content anomaly

ORAS5 Ocean ReAnalysis System 5

OSNAP Overturning in the Subpolar North Atlantic Program
pCO, partial pressure of CO,

PDO Pacific Decadal Oscillation

PMEL Pacific Marine Environmental Laboratory
PSO permanently stratified ocean

PSS-78 Practical Salinity Scale-78

Qret net surface heat flux

RAPID Rapid Climate Change

RFROM Random Forest Regression Ocean Maps
SAMBA South Atlantic MOC Basin-wide Array
SAR synthetic aperture radar

SH Southern Hemisphere

S| statistical interpolation

SI0 Scripps Institution of Oceanography
SMAP Soil Moisture Active Passive

SMOS Soil Moisture and Ocean Salinity
SOCAT Surface Ocean CO, Atlas

Socean steady ocean CO, sink

SOM-FNN self-organizing maps feed-forward neural network
SPCZ South Pacific Convergence Zone

SSH sea surface height

SSS sea surface salinity

SST sea surface temperature

SSTA sea surface temperature anomaly
SSTAs sea surface temperature anomalies
SSTs sea surface temperatures

Sw shortwave radiation

Swot Surface Water and Ocean Topography
TAO Tropical Atmosphere Ocean

TOA Top-Of-Atmosphere

TPOS Tropical Pacific Observing System
VIIRS-N20 Visible Infrared Imaging Radiometer Suite on NOAA20
VLIiZ Flanders Marine Institute

Wi Ekman vertical velocity

WHOI Woods Hole Oceanographic Institution
XBT Expendable Bathythermograph

AC, anthropogenic accumulation

A, natural variations
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Appendix 2: Dataset Tables

Section 3b Sea surface temperature

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Dynamically Consistent
3b Sea Surface Temperature ENsemble of Temperature https://doi.org/10.7910/DVN/ROG38Q
(DCENT) Version 1.1

3b Sea Surface Temperature ERSSTV5 https://doi.org/10.7289/V5T72FNM

Hadley Centre Sea Surface
3b Sea Surface Temperature Temperature Dataset https://www.metoffice.gov.uk/hadobs/hadsst4/
(HadSST) Version 4

NOAA Daily Optimum
3b Sea Surface Temperature Interpolated Temperature https://doi.org/10.25921/RE9P-PT57
(DOISST) Version 2.1

Section 3c Ocean temperature and heat content

SUI.)' el fhlihl2o; Specific Dataset or Variable Source
section Phenomenon
3c Ocean Heat Content Argo http://doi.org/10.17882/42182#125185
3c Ocean Heat Content Argo Monthly Climatology https://sio-argo.ucsd.edu/RG_Climatology.html
CLIVAR and Carbon .
3c Ocean Heat Content Hydrographic Data Office https://cchdo.ucsd.edu/

Institute of Atmospheric
3c Ocean Heat Content Physics (IAP)/Chinese http://www.ocean.iap.ac.cn/pages/dataService/dataService.html
Academy of Sciences (CAS)

Meteorological Research
Institute (MRI)/Japan
Meteorological Agency
(JMA)

3c Ocean Heat Content https://www.data.jma.go.jp/kaiyou/english/ohc/ohc_global_en.html

3c Ocean Heat Content NCEI https://www.ncei.noaa.gov/access/global-ocean-heat-content/

Pacific Marine
Environmental Laboratory
(PMEL)/Jet Propulsion
3c Ocean Heat Content Laboratory (JPL)/ https://www.pmel.noaa.gov/rfrom/
Cooperative Institute for
Marine and Atmospheric
Research (CIMAR)

Random Forest Regression
3c Ocean Heat Content Ocean Maps (RFROM) https://www.pmel.noaa.gov/rfrom/
Version 2.2

3c Ocean Heat Content UK Met Office EN4.2.2 https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-2.html
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https://doi.org/10.7910/DVN/ROG38Q
https://doi.org/10.7289/V5T72FNM
https://www.metoffice.gov.uk/hadobs/hadsst4/
https://doi.org/10.25921/RE9P-PT57
http://doi.org/10.17882/42182#125185
https://sio-argo.ucsd.edu/RG_Climatology.html
https://cchdo.ucsd.edu/
http://www.ocean.iap.ac.cn/pages/dataService/dataService.html
https://www.data.jma.go.jp/kaiyou/english/ohc/ohc_global_en.html
https://www.ncei.noaa.gov/access/global-ocean-heat-content/
https://www.pmel.noaa.gov/rfrom/
https://www.pmel.noaa.gov/rfrom/
https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-2.html

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

University of Colorado/

3c Ocean Heat Content Carnegie Mellon University https://doi.org/10.5281/zenodo.18187866
(cu/emu)
3c Ocean Temperature World Ocean Database https://www.ncei.noaa.gov/products/world-ocean-database

Section 3d Salinity

SUI.)' Herzelfrihlzo; Specific Dataset or Variable Source
section Phenomenon
3d2 Ocean Salinity Aquarius Version 3.0 http://podaac.jpl.nasa.gov/aquarius
3d2 Ocean Salinity Argo https://doi.org/10.17882/42182
. Blended Analysis for . .
3d2 Ocean Salinity Surface Salinity ftp://ftp.cpc.ncep.noaa.gov/precip/BASS
3d Ocean Salinity NCEI Salinity Anomaly https://www.ncei.noaa.gov/access/global-ocean-heat-content/
3d2 Ocean Salinity Soil Moisture Active https://podaac.jpl.nasa.gov/SMAP

Passive (SMAP)

Soil Moisture Ocean

3d2 Ocean Salinity Salinity (SMOS) https://earth.esa.int/eogateway/missions/smos
3d Ocean Salinity World Ocean Atlas 2023 https://www.ncei.noaa.gov/products/world-ocean-atlas
3d Ocean Salinity World Ocean Database https://www.ncei.noaa.gov/products/world-ocean-database

Section 3e Global ocean heat, freshwater, and momentum flux

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Air-Sea Fluxes
3e1l (Shortwave/Longwave CERES FlashFlux https://asdc.larc.nasa.gov/project/ CERES/FLASH_SSF_NOAA20-FM6-VIIRS_Version1B
Radiation)

Clouds and the Earth's

Air-Sea Fluxes Radiant Energy System
3el (Shortwave/Longwave (CERES) Energy Balanced https://asdc.larc.nasa.gov/project/CERES/CERES_EBAF_Edition4.2
Radiation) and Filled (EBAF)
Version 4.2

Air-Sea Fluxes

3el (Shortwave/Longwave ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Radiation)

3e2 Precipitation GPCPv2.3 https://psl.noaa.gov/data/gridded/data.gpcp.html

3e2 Evaporation OAFLux2 https://oaflux.whoi.edu/
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https://doi.org/10.5281/zenodo.18187866
https://www.ncei.noaa.gov/products/world-ocean-database
http://podaac.jpl.nasa.gov/aquarius
https://doi.org/10.17882/42182
ftp://ftp.cpc.ncep.noaa.gov/precip/BASS
https://www.ncei.noaa.gov/access/global-ocean-heat-content/
https://podaac.jpl.nasa.gov/SMAP
https://earth.esa.int/eogateway/missions/smos
https://www.ncei.noaa.gov/products/world-ocean-atlas
https://www.ncei.noaa.gov/products/world-ocean-database
https://asdc.larc.nasa.gov/project/CERES/FLASH_SSF_NOAA20-FM6-VIIRS_Version1B
https://asdc.larc.nasa.gov/project/CERES/CERES_EBAF_Edition4.2
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://psl.noaa.gov/data/gridded/data.gpcp.html
https://oaflux.whoi.edu/

Sub- General Variable or

. Specific Dataset or Variable Source
section Phenomenon
3e3 Wind Stress OAFlux2 https://oaflux.whoi.edu/
301 Air-Sea Fluxes (Latent Objectively Analyzed Air— https://oaflux.whoi.edu/

Heat/Sensible Heat) Sea Heat Fluxes (OAFlux2)

Section 3f Sea Level variability and change

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

3f ilz?g;etvel / Sea surface Argo https://sio-argo.ucsd.edu/RG_Climatology.html

3f Ocean Heat Content Argo Monthly Climatology https://sio-argo.ucsd.edu/RG_Climatology.html

Delayed mode: https://data.marine.copernicus.eu/product/SEALEVEL _

Copernicus Climate GLO_PHY L4 MY _008_047:

Sea Level / Sea Surface

3 Height f\?t?;%i SeDr\;cc: (G39) Near real time: https://data.marine.copernicus.eu/product/SEALEVEL _
v GLO_PHY_L4_NRT_008_046
Gravity Recovery and
Climate Experiment . .
3f Ocean Mass (GRACE)/Grace Follow-On https://grace.jpl.nasa.gov/data/get-data
(GRACE-FO)
NASA Making Earth
3f Sea Level / Sea Surface Science Data Records https://podaac.jpl.nasa.gov/dataset/SEA_SURFACE_HEIGHT_ALT_
Height for Use in Research GRIDS_L4_2SATS_5DAY_6THDEG_V_JPL2205
Environments (MEaSURES)
3f o el S Tide Gauge http://uhslc.soest.Hawai‘i.edu/

Height

Section 3g Surface currents

SUI.)' EIEINENELS] Specific Dataset or Variable Source
section Phenomenon
1993-2024: https://www.aoml.noaa.gov/ftp/pub/phod/lumpkin/
3 Surface Velocit Drifter/Altimetry/Wind decomp/;
9 y Synthesis Product 2025: https://www.aoml.noaa.gov/ftp/pub/phod/matthieu.lehenaff/
decomp/
Global Tropical Moored .
3g Ocean Currents Buoy Array (GTMBA) https://www.pmel.noaa.gov/gtmba/
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https://oaflux.whoi.edu/
https://oaflux.whoi.edu/
https://sio-argo.ucsd.edu/RG_Climatology.html
https://sio-argo.ucsd.edu/RG_Climatology.html
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_NRT_008_046
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_NRT_008_046
https://grace.jpl.nasa.gov/data/get-data
https://podaac.jpl.nasa.gov/dataset/SEA_SURFACE_HEIGHT_ALT_GRIDS_L4_2SATS_5DAY_6THDEG_V_JPL2205
https://podaac.jpl.nasa.gov/dataset/SEA_SURFACE_HEIGHT_ALT_GRIDS_L4_2SATS_5DAY_6THDEG_V_JPL2205
http://uhslc.soest.hawaii.edu/
https://www.aoml.noaa.gov/ftp/pub/phod/lumpkin/decomp/
https://www.aoml.noaa.gov/ftp/pub/phod/lumpkin/decomp/
https://www.aoml.noaa.gov/ftp/pub/phod/matthieu.lehenaff/decomp/
https://www.aoml.noaa.gov/ftp/pub/phod/matthieu.lehenaff/decomp/
https://www.pmel.noaa.gov/gtmba/

Section 3h Meridional overturning circulation and heat transport

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

3h

3h

3h

3h

3h

3h

3h

3h

3h

3h

3h

3h

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Ocean Currents

Atlantic Ship of
Opportunity Expendable
Bathythermograph (XBT)

Argo

ERAS

Florida Current Transport

Global Temperature and
Salinity Profile Program
(GTSPP)

Meridional
Overturning Variability
Experiment (MOVE) array

Overturning in the
Subpolar North Atlantic
Program (OSNAP)

RAPID-Meridional
Overturning Circulation
and Heat-flux Array—
Western Boundary Time
Series (RAPID)

Sea Level Anomalies

Sea Surface Height
(Delayed-mode)

Sea Surface Height (Near-
real time)

South Atlantic MOC
Basin-wide Array (SAMBA)

https://www.aoml.noaa.gov/phod/goos/xbt_network/;
https://www.aoml.noaa.gov/phod/hdenxbt/index.php

https://doi.org/10.17882/42182#116315;
https://www.aoml.noaa.gov/argo/#argodata

https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-
levels-monthly-means?tab=overview

https://www.aoml.noaa.gov/phod/floridacurrent/data_access.php

https://www.ncei.noaa.gov/products/global-temperature-and-salinity-
profile-programme

https://mooring.ucsd.edu/move/

https://www.0-snap.org/

https://rapid.ac.uk/rapidmoc/

https://doi.org/10.48670/moi-00149;
https://doi.org/10.48670/moi-00148

https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4 _
MY_008_047/services

https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4
NRT_008_046/services

https://www.aoml.noaa.gov/sam/

AUGUST 2026 | State of the Climate in 2025

BAMS

U1umthc1nimtf?)d ﬁgggﬁ&%gﬁ%\ﬁ’//% 1():453215‘TC


https://www.aoml.noaa.gov/phod/goos/xbt_network/
https://www.aoml.noaa.gov/phod/hdenxbt/index.php
https://doi.org/10.17882/42182#116315
https://www.aoml.noaa.gov/argo/#argodata
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=overview
https://www.aoml.noaa.gov/phod/floridacurrent/data_access.php
https://www.ncei.noaa.gov/products/global-temperature-and-salinity-profile-programme
https://www.ncei.noaa.gov/products/global-temperature-and-salinity-profile-programme
https://mooring.ucsd.edu/move/
https://www.o-snap.org/
https://rapid.ac.uk/rapidmoc/
https://doi.org/10.48670/moi-00149
https://doi.org/10.48670/moi-00148
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047/services
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047/services
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_NRT_008_046/services
https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_NRT_008_046/services
https://www.aoml.noaa.gov/sam/

Section 3i Global ocean phytoplankton

Sub- General Variable or

. Specific Dataset or Variable Source
section Phenomenon
Moderate
. Resolution Imaging
3i 'I?eari,]n?;tsuer: Surface Spectroradiometer https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2022/aqua/
P on Aqua (MODIS-A)
Version R2022.0
Phytoplankton Chlorophyll
3i Particle Backscattering MODIS-A https://modis.gsfc.nasa.gov/data/dataprod/chlor_a.php
Coefficient
Phytoplankton Chlorophyll Sea-viewing Wide Field-
3i Particle Backscattering of-view Sensor (SeaWiFS) https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2022/seawifs/
Coefficient Version R2022.0
. Phyt.oplankton Chlo.r iy V|5|t.)le Infrareq Imaging https://data.nasa.gov/dataset/noaa-20-viirs-global-mapped-
3i Particle Backscattering Radiometer Suite (VIIRS)- chlorophvll-chl-nrt-data-version-r2022-0
Coefficient NOAA20 Version R2022.0 phy
Section 3j Global ocean carbon cycle

Sub- General Variable or

. Specific Dataset or Variable Source
section Phenomenon
3j3 Ocean Salinity Argo Monthly Climatology https://sio-argo.ucsd.edu/RG_Climatology.html
3j3 Ocean Temperature Argo Monthly Climatology https://sio-argo.ucsd.edu/RG_Climatology.html
de Boyer Montegut (2004;
. . 2023 update);.Montth https://www.seanoe.org/data/00806/91774/;
3j2 Mixed Layer Depth Isopycnal & Mixed-layer : ;
. https://www.pmel.noaa.gov/mimoc/
Ocean Climatology
(MMOCQ)
3j2 Winds [Near] Surface ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
3j2 Chlorophyll GlobColour https://hermes.acri.fr/index.php
3j2 Ocean Salinity Hadley Center EN4 https://www.metoffice.gov.uk/hadobs/en4/
Atmospheric Carbon NOAA Greenhouse Gas
3j2 {mosp Marine Boundary Layer https://gml.noaa.gov/ccgg/mbl/mbl.html
Dioxide
Reference
3j2 Sea Surface Temperature NOAA OISST Version 2.1 https://www.ncei.noaa.gov/products/optimum-interpolation-sst
. Surface Ocean (O, Atlas . s .
3j2 Ocean Carbon (SOCAT) Version 2024 https://socat.info/index.php/version-2025/
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https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2022/aqua/
https://modis.gsfc.nasa.gov/data/dataprod/chlor_a.php
https://oceancolor.gsfc.nasa.gov/data/reprocessing/r2022/seawifs/
https://data.nasa.gov/dataset/noaa-20-viirs-global-mapped-chlorophyll-chl-nrt-data-version-r2022-0
https://data.nasa.gov/dataset/noaa-20-viirs-global-mapped-chlorophyll-chl-nrt-data-version-r2022-0
https://sio-argo.ucsd.edu/RG_Climatology.html
https://sio-argo.ucsd.edu/RG_Climatology.html
https://www.seanoe.org/data/00806/91774/
https://www.pmel.noaa.gov/mimoc/
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://hermes.acri.fr/index.php
https://www.metoffice.gov.uk/hadobs/en4/
https://gml.noaa.gov/ccgg/mbl/mbl.html
https://www.ncei.noaa.gov/products/optimum-interpolation-sst
https://socat.info/index.php/version-2025/

3k Global ocean dissolved oxygen

SUI.)' B AL B Specific Dataset or Variable

section Phenomenon

3k Ocean Temperature / AP Global Ocean Oxygen https://doi.org/10.12157/10CAS.20231208.001
Salinity / Oxygen

3k (S)aclei::ir;yTemperature / EN4 Objective Analyses https://www.metoffice.gov.uk/hadobs/en4/

3k Ocean Oxygen GODIP-DO Mapped https://doi.org/10.5281/zenodo.19892752

Oxygen

Ocean Temperature / World Ocean Database . .

3k Salinity / Oxygen 2023 https://doi.org/10.25923/2885-h264
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https://doi.org/10.12157/IOCAS.20231208.001
https://www.metoffice.gov.uk/hadobs/en4/
https://doi.org/10.5281/zenodo.19892752
https://doi.org/10.25923/z885-h264
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