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Abstract. In a rapidly changing climate, evidence-based decision-making benefits from up-to-date and timely
information. We track twelve key sets of indicators of the state of the climate system, closely following Inter-
governmental Panel on Climate Change (IPCC) Sixth Assessment report (AR6) methods, to produce our fourth
annual publication. One of the indicators, the Earth’s energy imbalance (EEI) provides a crucial integrative mea-
sure of the overall heating of the planet and the pace of climate change — this has more than doubled since the
1976-1995 period. A newly added indicator of temperature extremes, the number of days experiencing marine
heatwaves, has more than tripled between 1991 and 2025.

For the 2016-2025 decade average, observed warming relative to 1850—1900 was 1.26 [1.13 to 1.36] °C, of
which 1.24 [1.0 to 1.5] °C was human-induced. Human-induced warming reached 1.37 °C relative to 1850-1900
in the year 2025, increasing at a rate of 0.27 [0.2-0.4] °C per decade over 2016-2025. This high rate of warming,
which matches the all-time high seen last year in the instrumental record, was caused by a combination of
greenhouse gas emissions being at an all-time high of 54.6 = 5.5 GtCO5e yr~! over the last decade (2015-2024),
as well as reductions in the strength of aerosol cooling. Despite this, there is evidence that CO; emission growth
is slowing. The continuation of these annual updates could track decreases or increases in the rate of human
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influence and climatic changes presented here, reflecting the outcomes of societal choices during the critical

2020s decade.

The data presented herein can provide a useful reference point for the drafting of the IPCC seventh assessment
report. In total, we employ analysis from over 40 global datasets (https://doi.org/10.5281/zenodo.20499280,
Smith et al., 2026a). Future monitoring of these indicators, such as ocean and satellite measurements of the
Earth’s energy imbalance, are threatened by geopolitical and public funding decisions. Our ability to consistently
track many of the indicators requires the continuity of observation programs and coordination mechanisms,
including the Global Climate Observing System (GCOS) program, that enable their effective integration and

use.

1 Introduction

IPCC ARG6 provided an assessment of human influence on
key indicators of the state of the climate grounded in avail-
able data at the time of publication. The preparation for the
next IPCC report, the Seventh Assessment Report (AR7), has
started, and the assessment is due in around two years. Given
the speed of recent change and the need for updated climate
knowledge to inform evidence-based decision-making, the
Indicators of Global Climate Change (IGCC) was initiated
in 2023 to provide policymakers with annual updates of the
latest scientific understanding on the state of selected critical
indicators of the climate system and, where possible, of the
quantified human influence upon these.

IGCC complements other annual physical climate up-
dates, most notably, the BAMS State of the Climate Re-
port (Blunden and Reagan, 2025) and the WMO State of
the Global Climate (WMO, 2026). The main difference is
that this work goes beyond the observations to make process
level estimates of effective radiative forcing and attributed
human-induced response, including the remaining carbon
budget, using methods rigorously assessed in AR6, modified
where necessary to account for new or revised datasets and
other key innovations. By attributing temperature changes
it also supports annual updates of climate impacts, espe-
cially health-related impacts compiled by the Lancet Count-
down reports on health and climate change (Romanello et al.,
2025).

This fourth annual update follows broadly the format of
last year (Forster et al., 2025) and extends the indicators
through 2025. The work focuses on indicators related to
heating of the climate system, building from greenhouse gas
emissions towards estimates of human-induced warming and
the remaining carbon budget for 1.5°C and other policy-
relevant temperature thresholds. New in this year’s update
are the inclusion of a marine heatwave indicator. Figure 1
presents an overview of the aspects assessed and their inter-
linkages from cause (emissions) through effect (changes in
physical indicators) to climatic impact drivers. It also pro-
vides a visual roadmap as to the structure of remaining sec-
tions in this paper to guide the reader.

https://doi.org/10.5194/essd-18-3889-2026

The update is based on methodologies assessed by the
IPCC Sixth Assessment Report (AR6) of the physical sci-
ence basis of climate change (Working Group One (WGI)
report; IPCC, 2021a) as well as Chap. 2 of the WGIII report
(Dhakal et al., 2022) and is aligned with the efforts initiated
in ARG to implement FAIR (Findable, Accessible, Interop-
erable, Reusable) principles for reproducibility and reusabil-
ity (Pirani et al., 2022; Iturbide et al., 2022). IPCC reports
make a much wider assessment of the science and method-
ologies — we do not attempt to reproduce the comprehensive
nature of these IPCC assessments here. We also do not con-
sider adopting fundamentally different approaches to ARG6.
Rather, our aim is to rigorously track both climate system
change and evolving methodological improvements between
IPCC report cycles, thereby increasing transparency and con-
sistency in between successive reports.

This annual update is organised as follows: greenhouse
gas (GHG) emissions (Sect. 2), greenhouse gas concentra-
tions (Sect. 3) and emissions of short-lived climate forcers
(Sect. 4) are used to develop updated estimates of effective
radiative forcing (Sect. 5). The Earth energy imbalance (Sect.
6) and observations of global surface temperature change
(Sect. 7) are key global indicators of a warming world. The
contributions to global surface temperature change from hu-
man and natural influences are formally attributed in Sect. 8,
which tracks the level and rate of human-induced warming.
Section 9 updates the remaining carbon budget for policy-
relevant temperature thresholds. Section 10 gives an example
of global-scale indicators associated with climate extremes
of maximum land surface temperatures and, a new addi-
tion to this year’s update, the number of marine heatwave
days. Section 11 shows land-surface precipitation trends and
Sect. 12 presents updated estimates of global mean sea-level
rise. Code and data availability are described in Sect. 13,
and conclusions are presented in Sect. 14. Data are avail-
able at https://doi.org/10.5281/zenodo.7883757 (Smith et al.,
2026a).

2 Greenhouse gas emissions

Historic GHG emissions from human activity were assessed
in both AR6 WGI and WGIIIL. Chapter 5 of WGI assessed
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Figure 1. The flow chart of data production from emissions to human induced warming, the remaining carbon budget, and changes to
Climatic Impact-Drivers, illustrating both the rationale and workflow within this manuscript. Note that, where indicator boxes are nested
inside each other, this indicates that the inner indicator is a subset of the outer indicator’s dataset or analysis process, not separate.

CO; and CH4 emissions in the context of the carbon cycle
(Canadell et al., 2021). Chapter 2 of WGIII, published one
year later (Dhakal et al., 2022), assessed the sectoral sources
of emissions and gave the most up-to-date understanding of
the current level of emissions. This section bases its methods
and data on those employed in the WGIII chapter.

Earth Syst. Sci. Data, 18, 3889-3933, 2026

2.1 Methods of estimating greenhouse gas emissions

changes

Like in AR6 WGIII, net GHG emissions in this paper refer
to releases of GHGs from anthropogenic sources minus re-
movals by anthropogenic sinks, for the set of GHGs outlined
in the United Nations Framework Convention on Climate
Change (UNFCCC). These include: CO; emissions from fos-
sil fuels and industry (CO;-FFI); net CO; emissions from

https://doi.org/10.5194/essd-18-3889-2026
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land use, land-use change and forestry (CO,-LULUCF);
CH4 emissions; N>O emissions; and fluorinated gas (F-gas)
emissions comprising hydrofluorocarbons (HFCs), perfluo-
rocarbons (PFCs), sulphur hexafluoride (SF¢) and nitrogen
trifluoride (NF3) — hereafter the “UNFCCC F-gases”.

The IPCC AR6 WGIII calculated total net GHG emis-
sions as the sum of CO,-FFI, CHy, N,O and UNFCCC F-
gases from the Emissions Database for Global Atmospheric
Research (“EDGAR” version 6, with a fast-track method-
ology applied for the final year of data — 2019), and net
CO,-LULUCF emissions from the Global Carbon Budget
(“GCB”; the 2020 version; Friedlingstein et al., 2020). Net
CO,-LULUCEF emissions followed the GCB convention and
were derived from the average of three bookkeeping models
(Hansis et al., 2015; Houghton and Nassikas, 2017; Gasser
et al., 2020).

The analysis presented here continues to provide an
“WGIII update” estimate that tracks the same system bound-
ary and compilation of GHGs as in AR6 WGIII, albeit with
one difference in the selected data sources: for CO,-FFI we
use GCB (Friedlingstein et al., 2026) instead of EDGAR,
in order to report the year-1 projection which is only avail-
able for GCB at this point in the reporting cycle. Other-
wise, we continue to use EDGAR (Crippa et al., 2025) for
non-CO; emissions (NoO, CH4 and F-gases), and GCB for
CO,-LULUCEF. The latter has now been updated to account
for historical changes in biomass and soil carbon densities
(primarily due to CO» fertilisation) based on the average of
three bookkeeping models that can represent time-varying
carbon densities (the BLUE model by Hansis et al., 2015;
the OSCAR model by Gasser et al., 2020; the LUCE model
by Qin et al., 2024, see Friedlingstein et al., 2026 and Sup-
plement). We follow the same approach for estimating un-
certainties and CO;-equivalent emissions as in AR6, as de-
scribed in the Supplement. We contextualise the selected
data sources by reporting emissions at the level of gases
(e.g. CO»-FFI, CO,-LULUCEF, CHg4, N>O and F-gases) from
other major databases, including the PRIMAP-hist database
(Giitschow et al., 2025)‘; the Community Emissions Data
System (CEDS; Hoesly et al., 2025); the LULUCF Data
Hub (Melo et al., 2025); the Food and Agriculture Organ-
isation of the UN (FAOSTAT) Greenhouse Gas Emissions
dataset (FAQO, 2025); and the Global Fire Emissions Database
(GFED; van der Werf et al., 2025).

In addition to the WGIII update, we provide two further
estimates of total GHG emissions that provide clarity and
comparison to other existing assessment approaches. This re-
flects the fact that other decision criteria for tracking emis-
sions are possible (for further detail, see Supplement and
Lamb et al., 2026). First, in cases where assessments priori-

IPRIMAP is a synthetic dataset that includes two time-series:
PRIMAP Hist-TP, which is compiled from other underlying prod-
ucts such as EDGAR; and PRIMAP Hist-CR, which prioritises data
from national inventories but gap-fills these where necessary.

https://doi.org/10.5194/essd-18-3889-2026
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tise calculating the best estimate of fluxes to the atmosphere,
it would be important to include Ozone Depleting Substances
(ODS F-gases — which include CFCs, HCFCs, Halons and
other non-“UNFCCC” species), the cement carbonation sink
and all non-CO; biomass fire emissions, including those
from wildfires. Indeed, these are included in this article in
subsequent assessments of concentration change (including
compounds formed in the atmosphere as ozone), effective
radiative forcing, human-induced warming, carbon budgets
and climate impacts, in line with the WGI assessment. We
therefore provide an “IPCC update + additional sources and
sinks” estimate that shows the change implied by includ-
ing these three components in the global total. Second, we
provide an “inventory-aligned” estimate that is consistent
with national reporting and assessments of the Nationally
Determined Contributions (NDCs). This explicitly follows
the inventory approach to accounting for LULUCF emis-
sions (based on the processed inventory data from the LU-
LUCF Data Hub), while also integrating the latest national
inventory data from the Common Reporting Tables (based on
PRIMAP Hist-CR). The data sources associated with these
additional estimates are detailed in Table S1 in the Supple-
ment.

We expect to see differences between the three estimates,
most notably between the “WGIII update” and “inventory-
aligned” estimates, primarily because they differ conceptu-
ally in their treatment of the LULUCF sector. Whereas the
WGIII update excludes “indirect anthropogenic effects” on
terrestrial carbon fluxes when they do not coincide with land-
use changes (i.e., in the GCB fluxes such as enhanced forest
growth in response to increased atmospheric CO; levels are
treated as part of the natural land sink), these fluxes are in-
cluded in inventory-aligned estimates where they occur on
managed land, effectively summing to a significant sink. Fur-
ther, national inventory reporting can also differ from third-
party datasets in terms of underlying methods: in some coun-
tries, investments into statistical infrastructures have enabled
the use of more precise emissions factors in inventories to es-
timate fluxes according to local or national conditions, while
in others this may not be the case. In contrast, third-party
datasets often use globally consistent emissions factors. No-
tably, the PRIMAP Hist-CR dataset, which is here used to
represent national inventories, has significantly lower total
CHy emissions relative to other datasets reported herein, as
well as the global atmospheric inversion estimates evaluated
in this paper. A substantive body of recent literature has con-
sistently found that, on average, national inventories tend to
underestimate emissions compared to inversions (Deng et al.,
2022; Tibrewal et al., 2024; Janardanan et al., 2024; Scarpelli
et al., 2022; Song et al., 2026).

2.2 Updated greenhouse gas emissions

Updated GHG emission estimates following the WGIII
assessment are presented in Fig. 2 and Table 1. Total

Earth Syst. Sci. Data, 18, 3889-3933, 2026
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global GHG emissions were 56.8 5.5 GtCOse in 2024.
Of this total, CO,-FFI contributed 38.6 &= 3.1 GtCO,, CO;-
LULUCF contributed 4.6 £3.2 GtCO,, CH4 contributed
9.3 +£2.8 GtCOsze, N>O contributed 2.6 £ 1.6 GtCO,e and F-
gas emissions contributed 1.7 0.5 GtCOze.

Note the recent history of emissions in these datasets are
continually revised, so there are small differences between
each annual update in emission estimates over the recent
past. Initial projections for 2025 indicate that CO; emis-
sions from fossil fuels and industry increased to 38.9 3.1,
and CO; emissions from land-use change decreased to
4.1 £2.9 GtCO; (Friedlingstein et al., 2026).

Average annual GHG emissions for the decade 2015—
2024 were 54.6 £ 5.5 GtCOze. Average decadal GHG emis-
sions have increased steadily since the 1970s across all ma-
jor groups of GHGs, driven primarily by increasing CO;
emissions from fossil fuel and industry but also rising emis-
sions of CH4 and N»O. Emissions of UNFCCC F-gases have
grown more rapidly than other GHG, but from low levels that
remain only 2.6 % of the current decadal GHG contribution
even after these increases. Both the magnitude and trend of
CO; emissions from land-use change remain highly uncer-
tain, with the latest data indicating an average net flux be-
tween 4-6 GtCO, yr~! for the past few decades.

The fossil fuel share of global GHG emissions was ap-
proximately 73 % in 2024 (GWP100 weighted) (UNEP,
2025a), based on the EDGAR v2025 dataset (Crippa et al.,
2025) and net land-use CO, emissions from the Global
Carbon Budget (Friedlingstein et al., 2026). The remain-
ing share of non-fossil fuel emissions are mostly from land-
use change, agriculture, cement production, waste and F-gas
emissions.

Different emissions assessment approaches are shown in
Fig. 3. Compared to the WGIII update estimate in 2023
(56.3 £5.5GtCOse yr~ 1), including ODS F-gases, cement
carbonation, and CHy and N>O from biomass burning in-
creases emissions to 57.9 5.6 GtCOje yr_l, or a total
change of +1.5GtCOzeyr~'. ODS F-gas emissions have
declined substantially since the 1990s under the Montreal
Protocol and its amendments, reaching 1.4 GtCOeyr~! in
2024, with a stalling rate of reduction in the past decade.
The cement carbonation sink has steadily increased along-
side cement production to reach —0.8 GtCOze yr~! in 2024.
Biomass fire emissions have a more variable trend and 2024
was a relatively extreme year at 1 GtCO,e yr~!, compared to
an average of 0.8 GtCOse yr~! in the preceding decade.

Emissions according to national inventories were
45.7+5.2GtCOze yr~! in 2023, or 10.6 GtCOse yr~! lower
than the WGIII update (Fig. 3). The main reason is due
to diverging estimates of net LULUCF emissions, which
according to inventory accounts was a 3.8 GtCO, sink over
the past decade, while it is a 5 GtCO; source in the WGIII
update. This 8.9 GtCO, difference is primarily due to the
inclusion of indirect anthropogenic effects such as CO;
fertilisation on vegetation growth on “managed land” in
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P. M. Forster et al.: Indicators of Global Climate Change 2025

the inventory estimate. Additional differences result from
a lower estimate of Energy, Industrial Process, Agriculture
and Waste emissions in inventories (—1.6 GtCOse ylr_1 ).

Literature published after AR6 shows that increases in
atmospheric CH4 concentrations are also being driven by
methane emissions from wetland changes resulting from
climate change and variability. For example, Zhang et al.
(2025) found an average increase of 6—7 Tg CHy yr~! (0.16—
0.20 GtCOze yr_l) in wetland emissions in 2010-2019 com-
pared to the average for 2000-2009, attributable mostly to
temperature-driven climate change. Changes to these wet-
land emissions are not captured in the WGIII estimate of an-
thropogenic emissions as they are not a direct emission from
human activity, but rather a feedback induced by a changing
climate, yet they will contribute to GHG concentration rise,
forcing and energy budget changes discussed in the next sec-
tions.

3 Well-mixed greenhouse gas concentrations

As in Forster et al. (2025), we report best-estimate global
mean concentrations for 52 well-mixed GHGs. These con-
centrations are updated to 2025. CO, mixing ratios were
taken from the NOAA Global Monitoring Laboratory (GML)
and are updated here through 2024 (Lan et al., 2025). As in
past IGCC publications, CO; is reported on the WMO-CO;-
X2019 scale, which differs from the WMO-CO,-X2007
scale used in AR6 with WMO-CO,-X2019 being around
0.18 ppm higher than WMO-CO,-X2007 in recent years. For
consistency with WMO-CO,-X2019, the AR6 CO, concen-
trations that make up the 1750 to 1978 period in the IGCC
dataset (before recent NOAA updates) have been converted
to the WMO-CO,-X2019 scale. Other GHG records were
compiled from NOAA and AGAGE global networks or ex-
trapolated from literature. An average of NOAA and AGAGE
data, updated through 2025, were used for N,O, CH,4, CFC-
11, CFC-12, CCly, HCFC-22, HFC-134a, and HFC-125 (Lan
et al., 2026; Dutton et al., 2024; Prinn et al., 2018), which,
along with CO,, account for over 97 % of the ERF from well-
mixed GHGs. Several other species also use means from the
NOAA and AGAGE networks, where the NOAA data is up-
dated to 2025 and AGAGE data is also updated until 2025
for CHy and 2024 for most other gases (Western et al., 2025,
2026; Prinn et al., 2025). In cases where no updated infor-
mation is available, global estimates were extrapolated from
Vimont et al. (2022), Western et al. (2023, 2024, 2025, 2026),
or other literature and scaled to be consistent with those re-
ported in AR6. Some extrapolations of minor GHG concen-
trations are based on data from the mid-2010s (Droste et al.,
2020; Laube et al., 2014; Simmonds et al., 2017; Vollmer et
al., 2018), but have an imperceptible effect on the total ERF
assessed in Sect. 5, and are included to maintain consistency
with AR6. Mixing ratio uncertainties for 2025 are assumed

https://doi.org/10.5194/essd-18-3889-2026
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Figure 2. Annual global anthropogenic GHG emissions by source, 1970-2024. Refer to Sect. 2.1 and Table S1 for a list of datasets. Datasets
with an asterisk (x) indicate the sources used to compile global total greenhouse gas emissions following the WGIII assessment in (a). CO;-
equivalent emissions in (a) and (f) are calculated using GWP100 from the AR6 WGI Chap. 7 (Forster et al., 2021). F-gas emissions in (a)
comprise only UNFCCC F-gas emissions (see Sect. 2.1 for a list of species). F-gas emissions in (f) refer to UNFCCC F-gases, except for
“CIP v2026 [ODS F-gases]”. Some of the major depicted differences between datasets (e.g. between GCB v2025 and JRC-NGHGI v3.1 in
panel ¢) are due to varying system boundaries, rather than underlying uncertainties in activity levels or emissions factors.

to be like 2019, and we adopt the same uncertainties as as-
sessed in AR6 WGL.

Figure 4 shows recent GHG concentrations and their
changes. Table S2 in the Supplement shows specific updated
concentrations for all the GHGs considered. The global sur-
face mean concentrations of CO,, CHy and N,O in 2025
were 425.6 [+ 0.4] parts per million (ppm), 1936.3 [+£3.3]
parts per billion (ppb) and 339.4 [£0.4] ppb, respectively.
Concentrations of all three major GHGs have increased since
2019, with CO; increasing by 15.6 ppm, CH4 by 70.2 ppb,
and N>O by 7.2ppb. Increases since 2019 are consistent
with those from the CSIRO network (Francey et al., 1999).

https://doi.org/10.5194/essd-18-3889-2026

With few exceptions, concentrations of ozone-depleting sub-
stances, such as CFC-11 and CFC-12, continue to decline,
while those of replacement compounds (HFCs) have in-
creased. HFC-134a, for example, has increased 30 % since
2019 from 107.6 to 140.3 parts per trillion (ppt). Aggregated
across all gases, PFCs have increased from 109.7 to an esti-
mated 118.9 ppt CF4-eq from 2019 to 2025, HFCs from 237
to 338 ppt HFC-134a-eq, while ozone depleting substances
controlled under the Montreal Protocol have declined from
1032 to 989 ppt CFC-12-eq. Mixing ratio equivalents are de-
termined by the radiative efficiencies of each GHG from
Hodnebrog et al. (2020), and the equivalent “-eq” concen-
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Table 1. Global anthropogenic greenhouse gas emissions by source and decade following the WGIII assessment. All numbers refer to decadal
averages, except for annual estimates in 2023 and 2024. CO;-equivalent emissions are calculated using GWP100 from AR6 WGI Chap. 7
(Forster et al., 2021). Projections for CO; emissions in 2025 are from the Global Carbon Project. Projections of non-CO> GHG emissions in
2025 remain unavailable at the time of publication. Uncertainties are & 8 % for CO,-FFI, 470 % for CO,-LULUCE, 4 30 % for CH4 and
F-gases, and £ 60 % for N, O, corresponding to a 90 % confidence interval. “GHG” in row one is the sum of the other rows.

Units: GtCO»e 1970-1979  1980-1989  1990-1999  2000-2009 2010-2019 2015-2024 2024 2025
(projection)

GHG 31.3+5.1 349+52 39655 456£56 535+£58 546+55 56.8%55

CO,-FFI 172+14 201£16 2354+19 289+23 354+£28 367+£29 38.6+3.1 38.9+£3.1

CO,-LULUCF 63+44 6.2+43 6.4+4.5 6.2+43 59+42 5+35 4.6+32 4.1+29

CHy 6.1+1.8 6.7+2 72+22 7.7+23 8.6£2.6 89+£2.7 9.3+£28

N>O 1.6+£1 1.9+1.1 2+1.2 22413 24+14 25+15 26+1.6

UNFCCC F-gases 04+0.1 0.84+0.2 1.24+04 1.4+04 1.7+0.5

Gt COe in 2023
e update— _ 09599 ops Figases

WGIII update + additional |
sources & sinks

Inventory-aligned

Fires (CH4 & N20)
Energy, Industrial Processes, Agriculture & Waste
Land use change (LULUCF)

Cement carbonation
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Figure 3. Annual global anthropogenic greenhouse gas emissions by assessment convention in 2023. Refer to Table 1 for a list of underlying
datasets. Differences between conventions are primarily due to differences in system boundaries (Lamb et al., 2026). Uncertainties are + 8 %
for CO,-FFI, & 70 % for CO,-LULUCE, % 30 % for CH4 and F-gases, and £ 60 % for N, O, corresponding to a 90 % confidence interval.

trations are presented in terms of the most abundant species
in the HFC, PFC and CFC categorizations.

Ozone and other non-methane SLCFs are not well-mixed
in the atmosphere and are thus discussed separately (in Sect.
4). For this reason, the warming impact of ozone, the third
most important GHG (in terms of current contribution to
warming) is not included in the contribution of well-mixed
GHG:s to observed warming, consistently with ARG6.

4 Non-methane short-lived climate forcers

In addition to GHG emissions, we provide an update of an-
thropogenic emissions of non-methane SLCFs (SO,, black
carbon (BC), organic carbon (OC), NO,, volatile organic
compounds (VOCs), CO and NH3). Chapter 6 of WGI as-
sessed emissions in the context of understanding the cli-
mate and air quality impacts of SLCFs (Szopa et al., 2021).
Methane is a SLCF but also a well mixed GHG and is dis-
cussed in Sects. 2 and 3. Trends in SLCF emissions are spa-
tially heterogeneous (Szopa et al., 2021), with strong shifts
in the locations of reductions and increases over the decade
2010-2019 (Hodnebrog et al., 2024). Concentrations of non-
methane SLCFs are heterogeneously distributed in the atmo-
sphere and the observation networks are too sparse to report

Earth Syst. Sci. Data, 18, 3889-3933, 2026

globally averaged concentrations. Typically, a combination
of satellite data, where available, and global models and re-
analyses are relied upon for estimating global-scale distribu-
tions. Production of near-real time information in the model-
based estimates relies upon the availability of near-real time
updates to SLCF emissions which are still challenging. Little
information, whether from observations from local monitor-
ing networks, satellite data or from global model reanalysis,
is released in near-real time.

Data are presented in Table 2 and the evolution of SLCF
emission estimates from the ARG to this study is presented in
Sect. S4 of the Supplement. Consistency between emission
trends and concentrations is considered whenever feasible.
HFCs, whatever their lifetimes, were considered in Sect. 2.2.

Sectoral emissions of SLCFs are derived from two
sources: CEDS, which was used in the AR6 and in CMIP6 to
assess historical evolution of atmospheric composition and
that has been updated since then, and the Copernicus At-
mosphere Monitoring Service (CAMS). The most recent re-
lease of the CEDS anthropogenic emissions dataset (Hoesly
et al., 2025) covers the 1750-2023 period (Hoesly et al.,
2018, 2024). Since 2023, CAMS has released regular up-
dates of their global emission dataset (Soulie et al., 2024).
For the years 2024 and 2025, we apply, for each compound,

https://doi.org/10.5194/essd-18-3889-2026
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Figure 4. Atmospheric concentrations of a set of well mixed greenhouse gases over 2000-2025. The grey shaded region represents continuing

changes since AR6. Note the different vertical scales.

the trend in emission from the CAMS dataset to the 2023
CEDS emission. The CAMS dataset is essentially based on
the EDGARv6/v7 emissions as well as on CEDS, so CEDS
and CAMS are not entirely independent. The temporal ex-
tension is based on evolution of drivers of emissions (energy
consumption, production rates) and trends in technologies
that affect the emissions factors (e.g. fleet renewal and abate-
ment systems) (Denier van der Gon et al., 2023).

The CAMS v6.2 emission dataset (ECCAD, 2026) indi-
cates a decrease in global anthropogenic emissions of the pri-
mary SLCFs (NO,, CO, NMVOCs, SO,, BC and OC), since
the COVID hiatus in emissions, except for NH3, whose emis-
sions are steadily increasing. Note that the trend in emissions
for NMVOCs and OC is very weak. SLCF emissions from

https://doi.org/10.5194/essd-18-3889-2026

biomass burning are taken from GFED (van der Werf et al.,
2017) with small fires (GFED4.1s) updated to 2025 (follow-
ing AR6 WGIII; Dhakal et al., 2022). Estimates from GFED
for 2017 to 2025 are provisional. GFEDS re-evaluations will
lead to systematically higher emissions estimates for most
species (van der Werf et al., 2025), of the order of a factor of
two for some species, and will affect the ratio of non-biomass
and biomass-burning aerosol for those species significantly
affected, potentially impacting ERF estimates. The estimate
of global carbon emissions due to wildfires in 2025 is signif-
icantly lower than in 2023 and 2024 which were both higher
than the average over the last ten years.

The decrease of global NO, emissions, despite very het-
erogeneous regional trends (Szopa et al., 2021), is confirmed

Earth Syst. Sci. Data, 18, 3889-3933, 2026
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Table 2. Emissions of the major SLCFs in 1750, 2019, 2023, 2024 and 2025 from a combination of CEDS and GFED (trends in anthropogenic
emissions for 2024 and 2025 from CAMS). Emissions of SO, 4+ SO4 use SO, molecular weights. Emissions of NO, use NO, molecular
weights. VOCs are for the total mass. Note that estimates for 2019 to 2024 were updated in Forster et al. (2025). WGI 2019 estimates from

Smith et al. (2021a).

Compound SLCF emissions (Tgyr— )

1750 2019 2019 2023 2024 2025

(WGI for ERF

estimates)
Sulphur dioxide (SO,) + sulfate (SOAZF) 2.8 83.7 80.9 72.7 71.2 69.1
Black carbon (BC) 2.1 7.8 7.3 7.6 7.5 6.7
Organic carbon (OC) 15.5 29.8 33.0 41.0 36.1 28.9
Ammonia (NH3) 6.6 64.9 66.3 72.7 70.6 68.9
Oxides of nitrogen (NOy) 19.4 1353 1336 1284 1304 1204
Volatile organic compounds (VOCs) 60.9 209.1 204.8 2241 2127 184.0
Carbon monoxide (CO) 348.4 855.0 816.1 896.0 8453 693.2

by global NO; satellite observations from OMI (tropospheric
NO; column from OMI visualised through the Giovanni sys-
tem, Acker and Leptoukh, 2007). The trends in global CO
concentration are less clear due to significant interannual
variability. Surface data from MOPITT and AIRS, via the
Giovanni system, show a slight increase over the 2022-2024
period followed by a slight decrease in 2025 (according to
AIRS since MOPITT stopped mid-2025). Increases in CO
concentration results from CO anthropogenic emissions as
well as variable biomass burning emissions. CO is also in-
fluenced by NMVOC emissions, including methane oxida-
tion, which can help explain differences in trends between
emissions and concentrations. Multi-instrumental analysis of
satellite observations do not reveal clear trends in aerosol
optical depth at the global scale between 2002 and 2024,
despite large positive trends over India and negative trends
over Europe, Eastern China, Eastern US consistent among
the datasets for the 2012-2024 period (Sawyer et al., 2025).
Fire related peaks in AOD are observed more frequently in
some regions like Brazil or Western Canada but the record is
not long enough to conclude to a positive trend (Sawyer et
al., 2025). Study of ozone trends requires multi-instruments
datasets which are not yet available after 2022 (Szopa et al.,
2026). Analysis of multi-instrument satellite data over the
2005-2022 period indicates no trend for the tropospheric col-
umn (Hubert et al., 2026; Szopa et al., 2026).

Overall, the trends in SLCF emissions were similar (see
Supplement, Sect. S4) over the 2020-2023 period in the most
recent CEDS dataset to our previous estimate (Forster et
al., 2024) but with a lower post COVID rebound for NO,
and SO;. Regarding SO,, the CEDS datasets (v2024_04_01
used in Forster et al., 2024 and v2025_03_18 since Forster
et al., 2025) account for the introduction of strict fuel sul-
phur controls brought in by the International Maritime Orga-
nization in January 2020. Total SO, emissions in 2019 were
80.9 TgSO, (Table 2). The SO, emissions from international
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shipping declined by 8.4 TgSO, from 10.4 TgSO; in 2019 to
2.0 TgSO; in 2020, which is close to the expected 8.5 TgSO;
reduction estimated by the International Maritime Organiza-
tion. This decrease was estimated at 7.4 TgSO, in the previ-
ous CEDS version used in Forster et al. (2024). More gener-
ally, the reduction pace of the global SO, emission over the
last ten years corresponds to that of the first ten years of the
SSP scenarios assuming strong air pollution control (SSP1
and SSP5).

In the combined estimate of GFED and CEDS (with a
2024-2025 extrapolation based on CAMS), emissions of all
SLCFs were reduced in 2022 relative to 2019, but rebounded
in 2023 and then slightly decreased in 2024 and 2025 (rela-
tive to 2023) for all compounds except NO, which increased
in 2024 partly due to biomass burning emissions (Table 2 and
Supplement, Sect. S4). 2023 was a record year for emissions
of organic carbon (driven again by a very active biomass
burning season) and ammonia (driven by a steady back-
ground increase in agricultural sources, plus a contribution
from biomass burning). OC emissions from biomass burning
remained high in 2024 before reverting back to recent trends
in 2025. Fires can be worsened by climate change, because of
increased fire prone weather conditions (Burton et al., 2024;
Oliveira and Gil Martins, 2026). Strictly speaking, such fires
could be considered as climate feedbacks and not be included
in anthropogenic forcings, though cleanly separating forced
and climate driven components could prove difficult. How-
ever, we choose to include fires in our tracking, as histori-
cal biomass burning emissions inventories have previously
been consistently treated as an anthropogenic forcing (for ex-
ample in the CMIP6 and CMIP7 emissions datasets used to
run Earth System Models). This differs from the treatment
of CO; and CH4 emissions at present (Sect. 2), where we do
not include natural emissions in the inventories. As described
in Sect. 5, this treatment of all biomass burning emissions as
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P. M. Forster et al.: Indicators of Global Climate Change 2025

a forcing has implications for several categories of anthro-
pogenic radiative forcing.

Uncertainties associated with these emission estimates are
difficult to quantify. From the non-biomass-burning sectors
they are estimated to be smallest for SO, (£ 14 %), largest
for black carbon (BC) (a factor of 2) and intermediate for
other species (Smith et al., 2011; Bond et al., 2013; Hoesly
et al., 2018). Relative uncertainties are also likely to increase
both backwards in time (Hoesly et al., 2018) and again in the
most recent years because of the difficulty to capture in near
real time the regional emission dynamics due in particular to
the rapidly evolving local air pollution policies (Szopa et al.,
2021).

5 Effective radiative forcing (ERF)

ERFs were principally assessed in Chap. 7 of AR6 WGI
(Forster et al., 2021), which focussed on assessing ERF from
changes in atmospheric concentrations; it also supported es-
timates of ERF in Chap. 6 that attributed forcing to specific
precursor emissions (Szopa et al., 2021) and generated the
time history of ERF shown in AR6 WGI Fig. 2.10 and dis-
cussed in Chap. 2 (Gulev et al., 2021).

The ERF calculation follows the methodology used in
Forster et al. (2025) which was based on AR6 WGI meth-
ods (Smith et al., 2021a). Compared to ARG, there as some
minor methodological changes as detailed in Forster et al.
(2025) and described in the Supplement, Sect. S5.

The summary results for the anthropogenic constituents of
ERF and solar irradiance in 2025 relative to 1750 are shown
in Fig. 5a. In Table 3 these are summarised alongside the
equivalent ERFs from AR6 (1750-2019) and last year’s Cli-
mate Indicators update (1750-2024). Figure S5b shows the
time evolution of ERF from 1750 to 2025.

Total anthropogenic ERF has increased to 3.10 [2.35 to
3.83] Wm™2 in 2025 relative to 1750, compared to 2.72
[1.96 to 3.48] W m—2 for 2019 relative to 1750 in AR6. The
ERF has increased considerably from the 2024 estimate of
2.97 [2.35 to 3.83] W m~2, however, it should be noted that
the large reduction in biomass burning aerosol from 2024 to
2025 is the primary driver of this single year increase, con-
tributing +-0.11 W m™2 of the total +-0.13 m~2 change from
2024 to 2025 For non-biomass burning trends which are less
variable, sulphur emissions have declined since 2019, weak-
ening the aerosol ERF and adding around +0.1 W m™2 over
2020 to 2025 (see Supplement, Sects. S5 and S7). The ap-
proach of including all biomass burning aerosols, while po-
tentially aliasing some of a climate feedback into the forc-
ing, is consistent with reporting ERF based on concentra-
tion increase of GHGs independent of whether CO, and CHy
are caused by anthropogenic emissions or a smaller part is
caused by any feedbacks such as from biomass burning fires
or wetlands. Changes in mineral dust and sea salt are not
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easily relatable to human activity and are not included in the
EREF of aerosols.

The ERF from well-mixed GHGs is 3.58 [3.27 to
3.911Wm™2 for 1750-2025, of which 2.37 Wm™? is from
CO,, 0.57Wm~2 from CHs, 0.23Wm~2 from N>O and
0.41 Wm~2 from halogenated gases. This is an increase of
around 7 % from 3.32 [3.03 to 3.611W m~2 for 1750-2019
in AR6. ERFs from CO,, CHy and N,O have all increased
since the AR6 WG1 assessment for 1750-2019, owing to in-
creases in atmospheric concentrations.

The total aerosol ERF (sum of the ERF from aerosol—
radiation interactions (ERFari) and aerosol-cloud inter-
actions (ERFaci)) for 1750-2025 is —0.96 [—1.58 to
—0.40)Wm™2 for 1750-2025 compared to —1.07 [—1.90
to —0.431Wm~2 for 1750-2024 (Forster et al., 2024) and
—1.06 [—1.71 to —0.41]W m~2 assessed for 1750-2019 in
AR6 WGI. Attributing year-to-year trends to aerosol forc-
ing is problematic due to the variability in biomass burning
emissions, and can result in relatively large single-year in-
creases in net anthropogenic ERF (as in 2024 to 2025), or
even single-year decreases (such as 2022 to 2023; Forster et
al., 2024).

Ozone ERF is determined to be 0.48 [0.24 to 0.72] W m 2
for 1750-2025, about the same as the AR6 assessment of
0.47 [0.24 t0 0.71] W m~2 for 1750-2019. Stratospheric wa-
ter vapour from methane oxidation is unchanged (to two dec-
imal places) since AR6. ERF from light-absorbing particles
on snow and ice is 0.08 [0.00 to 0.19]Wm~2 for 1750—
2024, unchanged from ARG6. For the first time since 2019,
we determine from provisional data that aviation activity ex-
ceeded pre-COVID levels in 2025 (IATA, 2025), which is
used as one indicator of ERF from contrails and contrail-
induced cirrus (Supplement, Sect. S5.5). We estimate ERF
from contrails and contrail-induced cirrus to be 0.07 [0.02 to
0.12] Wm™2 in 2025. The methodology to determine land-
use ERF has been updated (Sect. S5.4) but this forcing has
a similar best estimate to 2023 and AR6, with a wider un-
certainty range that accounts for the separate assessment of
irrigation forcing.

The headline assessment of solar ERF has not been
re-assessed, at 0.01 [—0.06 to +0.08] Wm~2 from pre-
industrial to the 2009-2019 solar cycle mean (Table 3). Sep-
arate to the assessment of solar forcing over complete so-
lar cycles, we provide a single-year solar ERF for 2025 of
+0.10 [+0.02 to +0.19] W m 2 (Fig. 5a). This is higher than
the single-year estimate of solar ERF for 2019 (a solar mini-
mum) of —0.02 [—0.08 to 0.06] W m~2.

Volcanic ERF is included in the overall time series (Fig.
5b), but following IPCC convention, we do not provide a
single-year estimate for 2025 given the sporadic nature of
volcanoes. Alongside the time series of stratospheric aerosol
optical depth derived from proxies and satellite products, for
2022-2025 we include the stratospheric water vapour contri-
bution from the Hunga Tonga-Hunga Ha’apai (HTHH) erup-
tion derived from Microwave Limb Sounder (MLS) data. We
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Table 3. Contributions to anthropogenic effective radiative forcing (ERF) for 1750-2025 assessed in this section. Data is for single year
estimates unless specified. All values are in watts per square metre (W m~2), and 5 %-95 % ranges are in square brackets. As a comparison,
the equivalent assessments from AR6 (1750-2019) and last year’s Climate Indicators (1750-2024) are shown. Solar ERF is included and
unchanged from ARG, based on the most recent solar cycle (2009-2019), thus differing from the single-year estimate in Fig. 5a. Volcanic

ERF is excluded due to the sporadic nature of eruptions.

Forcer 1750-2019 [W m—2] 1750-2024 [W m—2] 1750-2025 [Wm™2]  Reason for change
(AR6) (Forster et al., 2025) since last year

CO, 2.16 [1.90 to 2.41] 2.33[2.05t02.61] 2.37[2.09t0 2.65] Increases in GHG

CHy 0.54 [0.43 to 0.65] 0.57 [0.45 to 0.68] 0.57[0.46 to 0.68]  concentrations

N>O 0.21 [0.18 to 0.24] 0.23 [0.20 to 0.26] 0.23[0.20to 0.26]  resulting from ongoing

Halogenated GHGs 0.41 [0.33 to 0.49] 0.41 [0.34 to 0.49] 0.41[0.34t0 0.49]  high emissions

Ozone 0.47 [0.24 to 0.71] 0.50 [0.25 to 0.75] 0.48 [0.24 to 0.72]

Stratospheric water
vapour

0.05 [0.00 to 0.10]

0.05[0.00 to 0.11]

0.05[0.00 to 0.11]

Aerosol-radiation

—0.22 [-0.47 to +0.04]

—0.22 [-0.44 to +-0.01]

—0.20 [—0.40 to 4-0.00]

Decrease in most

interactions
Aerosol-cloud
interactions

—0.84 [—1.45 to —0.25]

—0.85 [—1.65 to —0.25]

aerosol and aerosol
precursor emissions
(Table 2)

—0.76 [-1.37 to —0.23]

Land use (surface albedo  —0.20 [—0.30 to —0.10]
changes and effects of

irrigation)

—0.19 [-0.30 to —0.05]

—0.19 [-0.30 to —0.05]

Light-absorbing particles
on snow and ice

0.08 [0.00 to 0.18]

0.08 [0.00 to 0.19]

0.07 [0.00 to 0.16]

Contrails and
contrail-induced cirrus

0.06 [0.02 to 0.10]

0.06 [0.02 to 0.11]

0.07 [0.02 to 0.12]

Total anthropogenic 2.72 [1.96 to 3.48]

2.97 [2.05 to 3.77]

3.10[2.35t0 3.83] Increasing positive
GHG forcing and
decreasing negative

aerosol forcing

Solar irradiance 0.01 [—0.06 to 0.08]

0.01 [—0.06 to 0.08]

0.01 [—0.06 to 0.08]  Not reassessed

note that the elevated stratospheric water vapour from HTHH
persists into 2025. We estimate a net positive (positive forc-
ing from stratospheric water vapour more than outweighing
negative forcing from stratospheric aerosols) forcing from
HTHH through 2025 (Supplement, Sect. S5), though note
that other studies find the net HTHH forcing to be negative
(Gupta et al., 2025) or close to zero (Schoeberl et al., 2024).
The stratospheric aerosol input from HTHH has, by 2025,
virtually decayed away, leaving the water vapour contribu-
tion (Zhu et al., 2025). We do not separately account for in-
direct effects, such as stratospheric ozone depletion or other
chemical or dynamical adjustments that could affect the net
ERF from HTHH (Zhang et al., 2024a).

In addition to the concentration-based ERF estimates in
Table 3 and Fig. 5, we present an updated analog of AR6
WG1 Fig. 6.12 (Szopa et al., 2021) that decomposes ERF
and global surface air temperature (GSAT) change by emit-
ted compound, including secondary effects on other forcing
agents (Fig. 6). While the original AR6 figure attributed as-
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sessed ERF to emitted compounds using radiative efficien-
cies and passed the resulting time series through an impulse-
response function, here we adopt an emissions-driven coun-
terfactual approach using FalR v2.2 (Leach et al., 2021) with
the v1.4.5 calibrated constrained parameterization (Smith et
al., 2024). For each emitted compound, a counterfactual sce-
nario is run with that compound’s emissions set to zero from
1750 to 2025 while all other emissions remain at historical
levels. The difference in forcing and temperature between the
baseline and counterfactual simulations gives the contribu-
tion of each compound, decomposed across forcing agents
(e.g. greenhouse gas forcing, ozone, aerosol-radiation and
aerosol-cloud interactions). Methodological differences be-
tween this and the original ARG figure are discussed in more
depth in the Supplement, Sect. S5.

https://doi.org/10.5194/essd-18-3889-2026



P. M. Forster et al.: Indicators of Global Climate Change 2025

(a) Effective radiative forcing from 1750 to 2025

Carbon dioxide

Other well-mixed
greenhouse gases

Ozone

Stratospheric
water vapour

Albedo

Contrails & aviation-
induced cirrus

Aerosols

Land use

Total anthropogenic

Solar

Light absorbing particles on
snow and ice

Aerosol-cloud Aerosol-radiation

3901

ERF (W m™2)

2.37 [2.09 to 2.65]

0.57 [0.46 to 0.68]
0.23 [0.20 to 0.26]

0.48 [0.24 t0 0.72]

0.05[0.00 to 0.11]

-0.19 [-0.30 to -0.05]
0.07 [0.00 to 0.16]

0.07[0.02 to 0.12]

-0.20 [-0.40 to 0.00]
-0.76 [-1.37 t0 -0.23]

3.10[2.35 t0 3.83]

0.10[0.02 to 0.19]

-1 0 1

-2

2 3 4

Effective radiative forcing (W m~2)

(b) Time evolution of effective radiative forcing 1750-2025

—— Carbon dioxide (CO3)

—— Methane (CHa)

3 1 —— Nitrous oxide (N,0)

—— Halogenated gases
Ozone (O3)

1 —— Tropospheric aerosols

Other anthropogenic

—— Volcanic
Solar

—— Total
Total anthropogenic 90% range

= Total anthropogenic

0 AWAWI|

V”

1750 1800 1850

1900 1950 2000

Figure 5. Effective radiative forcing (ERF) from 1750-2025. (a) 1750-2025 change in ERF, showing best estimates (bars) and 5 %-95 %
uncertainty ranges (lines) from major anthropogenic components to ERF, total anthropogenic ERF and solar forcing. Note that solar forcing
in 2025 is a single-year estimate and hence differs from Table 3. (b) Time evolution of ERF from 1750 to 2025. Best estimates from major
anthropogenic categories are shown along with solar and volcanic forcing (thin coloured lines),total (thin black line), and anthropogenic total
(thick black line). The 5 %-95 % uncertainty in the anthropogenic forcing is shown by grey shading.

6 Earth energy imbalance (EEI)

EEI, assessed in Chap. 7 of AR6 WGI (Forster et al., 2021),
measures the surplus energy accumulating in the climate sys-
tem and is hence an essential global climate indicator for
monitoring the current and future state of global warming,
the expected rate of warming and the perturbation to the
planet caused by human activity. It is an integrative measure
and represents the difference between the radiative forcing
acting to warm the climate and Earth’s radiative response,
which acts to oppose that warming. Under stable climate con-
ditions, for example, in the absence of anthropogenic climate
forcing, this imbalance would average close to zero over in-
terdecadal time scales (Forster et al., 2021). Since at least
1970, however, a persistent positive imbalance in the Earth’s
energy flows has led to continued heat uptake by the climate
system (Church et al., 2011, 2013; Rhein et al., 2013; von
Schuckmann et al., 2020; Forster et al., 2021).

On annual and longer timescales, changes in Earth heat
inventory associated with the positive EEI are dominated
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by the changes in global ocean heat content (OHC), which
has accounted for about 90 % of excess heat uptake since
the 1970s (Rhein et al.,, 2013; von Schuckmann et al.,
2020; Forster et al., 2021). The remainder is partitioned
among land warming, atmospheric warming, and cryospheric
melt (Rhein et al., 2013; von Schuckmann et al., 2023a).
This planetary heat accumulation drives widespread changes
across the Earth system, including sea-level rise, ocean
warming, ice loss, warming and moistening of the atmo-
sphere, changes in ocean and atmospheric circulation, con-
tinental warming and permafrost thaw (e.g. Cheng et al.,
2022; Cuesta-Valero et al., 2023; von Schuckmann et al.,
2023a), with adverse impacts on ecosystems and human sys-
tems (Douville et al., 2021; IPCC, 2022; UNEP, 2025b).

On decadal timescales, changes in global surface tempera-
tures (Sect. 7) can become decoupled from EEI by ocean heat
redistribution processes (e.g. Palmer and McNeall, 2014; Al-
lison et al., 2020). The increase in the Earth heat inven-
tory therefore provides a more robust indicator of the rate of
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(a) Effective radiative forcing, 1750 to 2025
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(b) Change in GSAT, 1750 to 2025
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Figure 6. Effective radiative forcing (ERF) and global surface air temperature (GSAT) response between 1750 and 2025 by individual
emitted species, including secondary effects. Update to the IPCC AR6 WG1 Fig. 6.12 using FalR emissions-driven runs with each species
individually excluded. Uncertainty ranges (5 %—95 %) are shown as whiskers on the total (diamond) markers and are derived from the
constrained ensemble, with sub-bar segments determined by averaging per-agent ERF values across ensemble members falling within a
narrow band around the target percentile to ensure exact additivity. Note that the resulting species-specific ERF and GSAT responses are not

fully independent and cannot be directly summed.

global change on interannual-to-decadal timescales (Cheng
et al., 2019; Forster et al., 2021; von Schuckmann et al.,
2023a). Since AR5 WGI, confidence in the assessment of
changes in the Earth heat inventory has increased, owing
to observational advances and improved closure of both the
Earth’s energy and global mean sea level budgets (Church et
al., 2013; Rhein et al., 2013; Forster et al., 2021; Fox-Kemper
et al., 2021).

AR6 estimated that EEI increased from 0.50 [0.32-
0.69]Wm~2 over 1971-2006 to 0.79 [0.52-1.06]W m~2
over 20062018 (Forster et al., 2021). Over 1971-2018,
about 91 % of excess heat uptake was stored in the full-depth
ocean, 5 % in land, 3 % the cryosphere and 1 % in the at-
mosphere (Forster et al., 2021). Since AR®6, the annual IGCC
updates have extended this assessment using the same under-
lying Earth heat inventory framework while progressively in-
corporating updated observations (Forster et al., 2023, 2024,
2025). Recent studies have shown that since 1960, the rate
of warming of the world ocean is accelerating at a relatively
consistent pace of 0.15 £ 0.05 W m~2 per decade (Miniére et
al., 2023; Storto and Yang, 2024; Merchant et al., 2025), con-
sistent with the update of 0.13 & 0.03 W m~2 for the period
1960-2025 (WMO, 2026), while the combined rate of warm-
ing for the land, cryosphere, and atmosphere has been accel-
erating at a rate of 0.013 + 0.003 W m~2 per decade (Miniére
et al., 2023; Cuesta-Valero et al., 2025). An increase in EEI
over recent decades (Fig. 7) has also been reported by Cheng
et al. (2019), von Schuckmann et al. (2020, 2023a), Loeb et
al. (2021), Hakuba et al. (2021), Kramer et al. (2021), Raghu-
raman et al. (2021) and Miniere et al. (2023), with studies
further strengthening confidence in both its magnitude and

Earth Syst. Sci. Data, 18, 3889-3933, 2026

acceleration. Over the most recent period 2001 to 2025, the
trend in EEI as derived from ocean warming has increased
t0 0.30 0.1 W m~2 per decade, and 0.44 +0.13 W m~2 per
decade as observed from satellite data (WMO, 2026).

In particular, recent studies indicate that Earth’s energy
imbalance has more than doubled in recent decades, high-
lighting a faster-than-expected increase and reinforcing its
central role as an integrative metric of ongoing climate
change (Loeb et al., 2024; Mauritsen et al., 2025). The ob-
served increase in EEI over the most recent period (i.e., past
2 decades) is contributing to exceptionally warm conditions
(Sect. 7; Minobe et al., 2025), with short-term variability —
such as the recent transition from La Nifia to El Nifio — su-
perimposed on the long-term forced trend (Tsuchida et al.,
2026). The recent increase in EEI has been interpreted in
several ways in the literature. It has been linked to rising
concentrations of well-mixed GHGs and recent reductions in
aerosol emissions (Sect. 5; Raghuraman et al., 2021; Kramer
etal., 2021; Hansen et al., 2023; Myhre et al., 2025). It can be
also be viewed in terms of increased absorbed solar radiation
associated with decreased reflection by clouds and sea-ice
and a decrease in outgoing longwave radiation (OLR) aris-
ing from increases in greenhouse gases and atmospheric wa-
ter vapor (Loeb et al., 2021; Goessling et al., 2025; Allan and
Merchant, 2025). A recent study further identified a decline
in low-cloud cover as an important contributor to increased
solar absorption and the recent increase in EEI (Ceppi et
al., 2026). Consistent with these radiative changes, continued
and accelerating ocean heat uptake together with increasing
penetration of warming into the deep ocean, provides an in-
tegrative constraint on EEI trends (Pan et al., 2026; Cazenave
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Figure 7. (a) Observed changes in the Earth heat inventory for the period 1971-2020, with component contributions as indicated in the figure
legend. (b) Estimates of the Earth energy imbalance for successive overlapping 20-year periods and the most recent decade. Shaded regions
indicate the very likely range (90 % to 100 % probability). The CERES EBAF-TOA Ed4.2.1 estimates for the two most recent periods are
shown for comparison (Loeb et al., 2024). Data use and approach are based on the AR6 methods and further described in the Supplement,

Sect. S6.

et al., 2026). At the same time, there is growing concern re-
garding the continuity of the observing system underpinning
EEI estimates, as the ability to directly monitor the top-of-
atmosphere radiation budget is threatened by the progressive
decommissioning of satellite missions while in situ monitor-
ing faces pressures from observing gaps, reduced support and
maintenance, despite the fundamental importance of these
observations for tracking climate change (von Schuckmann
et al., 2023a; Mauritsen et al., 2025).

Here we update the AR6 estimate of changes in the Earth
heat inventory for 1971-2020 based on updated observa-
tional time series (Table 4 and Fig. 7). Time series of heating
associated with loss of ice, and warming of the atmosphere
and continental land surface are obtained from the recent
Global Climate Observing System (GCOS) initiative (von
Schuckmann et al., 2023b; Adusumilli et al., 2022; Cuesta-
Valero et al., 2023; Vanderkelen and Thiery, 2022; Nitzbon et
al., 2022; Kirchengast et al., 2022). We update the AR6 en-
semble OHC time series for the period 1971-2025 based on
the most recent versions of the underlying datasets (see Sup-
plement, Sect. S6 for further details). The AR6 heating rates
and uncertainties for the ocean below 2000 m are assumed to
be constant throughout the period. The time evolution of the
Earth heat inventory is determined as a simple summation
of time series of atmospheric heating; continental land heat-
ing; heating of the cryosphere; and heating of the ocean over
three depth layers: 0—700, 700-2000 and below 2000 m (Fig.
7a). Although von Schuckmann et al. (2023a) also quantified
heat taken up by permafrost and inland lakes and reservoirs,
these terms are small and excluded here for consistency with
ARG (Forster et al., 2021). Because the GCOS estimates of
heat uptake by the atmosphere, cryosphere and land are cur-
rently only available up to 2020, we use total OHC change as
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Table 4. Estimates of the Earth energy imbalance (EEI) for AR6
and the present study.

Earth energy imbalance (W m~2).
Square brackets
[show 90 % confidence intervals].

Time Period

IPCC AR6 This Study
1971-2018 0.57[0.431t00.72] 0.58 [0.43 to 0.74]
1971-2006  0.50[0.32t0 0.69]  0.49 [0.28 to 0.69]
2006-2018 0.79[0.52t0 1.06]  0.87 [0.62 to 1.12]
1978-2025 - 0.72 [0.55 to 0.90]
2013-2025 - 1.12[0.78 to 1.46]

a proxy for Earth system heat uptake for 2021-2025, scaling
values upward on the basis that the ocean accounts for 91 %
of the total (Forster et al., 2021). Updated GCOS estimates
following the approach of von Schuckmann et al. (2023a) are
currently in preparation and are expected to become available
in the near future.

Our updated analysis shows successive increases in EEI
for each 20-year period since 1976, from 0.40 [—0.03 to
0.84] W m~2 during 1976-1995 to 1.04 [0.82 to 1.25] W m—2
during 2006-2025 (Fig. 7b). There is also evidence that the
warming signal is propagating into the deeper ocean over
time, as indicated by a robust increase in warming within the
700-2000 m depth layer since the 1990s (von Schuckmann
et al., 2020, 2023a; Cheng et al., 2019, 2022). Model sim-
ulations qualitatively agree with this observational evidence
(e.g. Gleckler et al., 2016; Cheng et al., 2019), further sug-
gesting that more than half of the OHC increase since the late
1800s occurred after the 1990s. Our EEI estimates also agree
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with the NASA Clouds and the Earth’s Radiant Energy Sys-
tem (CERES) observations, which use a different estimate of
ocean heat uptake to “anchor” their timeseries of net top-of-
atmosphere radiative fluxes (Loeb et al., 2024). However, the
CERES-based estimates indicate a larger increase in EEI be-
tween 2006-2025 and 2016-2025 of about 0.25 W m~2 com-
pared with about 0.15 W m~2 in our estimate, although both
are within the bounds of observational uncertainty (Fig. 7b).
Updating the AR6 assessment periods to end in 2025
results in systematic larger EEI values: 0.72Wm™2 dur-
ing 1978-2025 compared with 0.58 Wm~2 during 1971-
2018, and 1.12Wm™2 during 2013-2025 compared with
0.87 W m~?2 during 2006-2018 (Table 4). The trend and in-
terannual variability of EEI can largely be explained by a
combination of radiative forcing and surface temperature
change (Hodnebrog et al., 2024). However, there was a rapid
increase in 2023 and 2024 which is still being investigated
(see Sect. S7.2), and is also discussed in the context of recent
exceptional climate extremes (Minobe et al., 2025).

7 Observed surface temperature change

Change since 1850-1900

AR6 WGI Chap. 2 assessed the 2011-2020 globally aver-
aged surface temperature change above an 1850-1900 base-
line to be 1.09 [0.95 to 1.20] °C (Gulev et al., 2021). Updated
estimates to 2013-2022 of 1.15 [1.00-1.25] °C were given in
AR6 SYR (IPCC, 2023b), matching the estimate in Forster
et al. (2023). These estimates are updated within this section.
The methods chosen here closely follow AR6 WGI and are
presented in the Supplement, Sect. S7. Confidence intervals
are taken from ARG6 as only one of the employed datasets
regularly updates ensembles (see Supplement, Sect. S7).
Global mean surface temperature (GMST) in 2025 was
1.39 £0.13 °C warmer than the 1850-1900 baseline, which
is cooler than 2024 (1.51£0.13°C) but warmer than any
year prior to 2023. Based on the updates available as of
March 2026, the change in global surface temperature from
1850-1900 to 2016-2025 is presented in Fig. 8. These
data, using the same underlying datasets (with some ver-
sion changes: see Supplement, Sect. S7) and methodology as
ARG, estimate 1.26 [1.13-1.36] °C of warming, an increase
of 0.17 °C within five years from the 2011-2020 value re-
ported in AR6 WGI (Table 5), or 0.18 °C from the 2011—
2020 value in the most recent dataset version. The decade
2016-2025 was 0.32°C warmer than the previous decade
(2006-2015). These changes, although amplified somewhat
by the exceptionally warm years in 2023 and 2024, are larger
than typical warming rates over the last few decades, which
were assessed in AR6 as 0.19 °C per decade over the 1980-
2020 period (Gulev et al., 2021). The rate falls within the
upper end of projected warming rates from 2001-2020 to
2021-2040 reported in AR6, which had a very likely range
between 0.016 and 0.036 °C per year under SSP2-4.5 (Lee et
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Figure 8. Annual (thin line) and decadal (thick line) means of
global surface temperature (expressed as a change from the 1850—
1900 reference period). Temperatures are based on an average of
four datasets following AR6, see Supplement, Sect. S7 for details.

Table 5. Estimates of global surface temperature change from
1850-1900 [very likely (90 %—100 % probability) ranges] for [PCC
ARG and the present study.

Region Decadal average temperature change
from 1850-1900 (°C)
IPCC AR6 (2011-2020,  This study
as reported) (2016-2025)
Global  1.09 [0.95 to 1.20] 1.26 [1.13 to 1.36]

Land 1.59 [1.34 to 1.83]
Ocean 0.88 [0.68 to 1.01]

1.81[1.63 to 2.07]
1.03 [0.83 to 1.14]

al., 2021, their Table 4.5), and with human-induced warming
rates discussed in Sect. 8.2.

Natural drivers and internal variability modify the human-
caused warming at interannual-to-decadal timescales. Ob-
served global surface temperature in 2024 is assessed to be
0.15 °C higher than the updated human-induced value while
2022 was 0.06 °C lower. The 2025 observed value of surface
temperature is close to the 2025 estimate of human induced
warming (see Supplement, Sect. S7).

The probability to get such an observed value at current
human-induced warming levels, conditional to the fact that
2025 was in a weak La Nifa state in the Pacific and that
the Atlantic Multidecadal Variability (AMV) was in a pos-
itive phase, is equal to around 1 chance out of 4 (p = 0.26
[0.22-0.30]) (see Supplement, Sect. S7). 2025 can therefore
be treated as a “normal” year, i.e. very much expected at the
actual human-caused global warming level when the inter-
nal modes of variability are taken into account and when as-
sessed from a very large number of simulations from large
ensembles. Forster et al. (2025) and Supplement, Sect. S7
has further discussion of the very high global surface tem-
perature observed in 2023 and 2024 and probabilities of out-
comes for annual global surface temperature resulting from
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the modulation of global warming trends by internal variabil-
1ty..

Land temperatures have increased by 1.81 [1.63-2.07] °C
from 1850-1900 to 2016-2025, and ocean temperatures by
1.03 [0.83-1.14] °C over the same period. As was the case
for the periods reported in ARG, the ratio of observed land
to ocean warming is in the vicinity of 1.75, somewhat higher
than the ratio of 1.5 [1.4—1.7] projected by the end of the
century in CMIP6 models (ARG6, their Table 4.2 and Sect.
4.5.1.1.1). The additional observed warming since 2020 in
the most recent dataset versions (0.24 °C for land, 0.15°C
for ocean) has a ratio within the CMIP6 projections range.

8 Human contribution to surface temperature
change

Human-induced warming, also known as anthropogenic
warming, refers to the component of observed global surface
temperature increase attributable to both the direct and indi-
rect effects of human activities, which are typically grouped
as follows: well-mixed GHGs (consisting of CO,, CHy,
N>O and F-gases) and other human forcings (consisting
of aerosol-radiation interaction, aerosol—cloud interaction,
black carbon on snow, contrails, ozone, stratospheric HoO
and land use) (Eyring et al., 2021). The remaining contrib-
utors to total warming are natural, consisting of both natu-
ral forcings (such as solar and volcanic activity) and internal
variability of the climate system (such as variability related
to El Nifio/La Nifia events).

An assessment of human-induced warming was provided
in two reports within the IPCC’s Sixth Assessment cycle:
first in SR1.5 in 2018 (Chap. 1 Sect. 1.2.1.3 and Fig. 1.2
(Allen et al., 2018), summarised in the Summary for Policy-
makers (SPM) Sect. A.1 and Fig. SPM.1 (IPCC, 2018)) and
second in AR6 in 2021 (WGI Chap. 3 Sect. 3.3.1.1.2 and Fig.
3.8 (Eyring et al., 2021), summarised in the WGI Summary
for Policymakers (SPM) Sect. A.1.3 and Fig. SPM.2 (IPCC,
2021b)), and quoted again without any updates in SYR (Sect.
2.1.1 and Fig. 2.1 (IPCC, 2023a) and SYR Summary for Pol-
icymakers (SPM) Sect. A.1.2. (IPCC, 2023b)).

Temperature increases are defined relative to a baseline;
IPCC assessments typically use the 1850—-1900 average tem-
perature as a proxy for the climate in pre-industrial times,
even though a small amount of warming likely occurred over
1750-1850 (see AR6 WGI Cross Chapter Box 1.2). Temper-
atures in the IPCC were reported as either GMST or GSAT,
see Supplement, Sect. S8.1 for details. Tracking progress to-
wards the long-term global goal to limit warming, in line
with the Paris Agreement, requires the assessment of both
what the current level of global surface temperatures are and
whether a level of global warming, such as 1.5 °C, is being
reached (Betts et al., 2023; Thorne et al., 2026). Definitions
for these were not specified in the Paris Agreement, and sev-
eral ways of tracking levels of global warming are in use.
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When determining whether warming thresholds have been
passed, both AR6 and SR1.5 adopted definitions that depend
on future warming; in practice, levels of current warming
were therefore reported in AR6 and SR1.5 using additional
definitions that circumvented the need to wait for observa-
tions of the future climate, as described in the Supplement,
Sect. S8.1.1 and Fig. S12.

8.1 Updated assessment approach of human-induced
warming to date

This paper provides an update of the AR6 and SR1.5 human-
induced warming assessments, including, for completeness,
all the three definitions: (i) the lagged decade mean value as
used in ARG, (ii) the trend based value for a single-year as
used in SR1.5, and (iii) the annual mean value for a single
year as also used in SR1.5 (see Supplement, Sect. S8.1.1).
The two latter definitions have produced identical or almost
identical results in recent years, hence they are sometimes
used interchangeably; where they differ we prioritise the
SR1.5 trend-based definition which reduces the effects of any
internal variability in the annual mean estimates, while ac-
knowledging that there is increasing confidence in the ro-
bustness of the simpler annual mean (Ribes et al., 2025).
The 2025 updates in this paper follow the same methods and
process as Forster et al. (2023, 2024, 2025). Global mean
surface temperature (GMST) is adopted as the definition of
global surface temperature (see Supplement, Sect. S8.1.2).
The three attribution methods used in AR6 are retained: the
Global Warming Index (GWI) (building on Haustein et al.,
2017), regularised optimal fingerprinting (ROF) (as in Gillett
et al., 2021) and kriging for climate change (KCC) (Ribes
et al., 2021). Details of each method, their different uses in
SR1.5 and ARG, and any methodological changes, are pro-
vided in the Supplement, Sect. S8.2; method-specific results
are also provided in the Supplement, Sect. S8.3. The over-
all estimate of attributed global warming for each definition
(decade-average, trend-based, and annual-mean), is based on
a multi-method assessment of the three attribution methods
(GWI, KCC, ROF); the best estimate is given as the 0.01 °C-
precision mean of the 50th percentiles from each method,
and the likely range is given as the smallest 0.1 °C-precision
range that envelops the 5th to 95th percentile ranges of each
method. This assessment approach is directly traceable to
and fully consistent with the assessment approach in ARG,
though it has been lightly extended for these annual updates
in ways that are explained in the Supplement, Sect. S8.4.

Results are summarised in Table 6 and Fig. 9. Method-
specific contributions to the assessment results, along with
time series, are given in the Supplement, Sect. S8.3. Where
results reported in GSAT differ from those reported in GMST
(see Supplement, Sect. S8.1), the additional GSAT results are
given in the Supplement, Sect. S8.3.

The repeat calculations for attributable warming in 2010—
2019 exhibit good correspondence with the results in AR6
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Figure 9. Updated assessed contributions to observed warming relative to 1850-1900; see AR6 WGI SPM.2. Results for all time periods in
this figure are calculated using updated datasets and methods. The 2016-2025 average and 2025 results are this year’s updated assessments
of the attributable warming reported in AR6 and SR1.5, respectively. Panel (a) shows updated observed global warming from Sect. 7,
expressed as total global mean surface temperature (GMST), due to both anthropogenic and natural influences. Whiskers give the “very
likely” range. Panels (b) and (c) show updated assessed contributions to warming, expressed as global mean surface temperature (GMST),
from natural forcings and total human-induced forcings, which in turn consist of contributions from well-mixed GHGs and other human
forcings. Whiskers give the “likely” range. Changes to warming levels since the IPCC sixth assessment cycle are depicted in the Supplement,

Fig. S11.

WGI for the same period (see also Supplement, Sect. S8).
The repeat calculation for the level of attributable anthro-
pogenic warming in 2017 is about 0.1 °C larger than the es-
timate provided in SR1.5 for the same period, resulting from
changes in methods and observational data (see AR6 WGI
Chap. 2 Box 2.3). The updated results for warming contribu-
tions in 2025 are higher than in 2017 due also to 8 additional
years of increasing anthropogenic forcing. Note also that the
SR1.5 assessment only used the GWI method, whereas these
annual updates apply the full AR6 multi-method assessment
(see Supplement, Sect. S8.4 for details and rationale).

In this 2026 update, we assess the 2016-2025 decade aver-
age human-induced warming at 1.24 [1.0 to 1.5] °C, which is
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0.17 °C above the AR6 assessment for 2010-2019. The sin-
gle year average human-induced warming is assessed to be
1.37[1.1 to 1.7] °C in 2025 relative to 1850—1900. In general,
these forced warming levels have evolved steadily and pre-
dictably in line with the current warming rate within uncer-
tainty. Note that the interannual increase in assessed human-
induced warming since last year’s assessment is smaller than
the assessed rate of human-induced warming, due in part to
the change from HadCRUT 5.0.2 to 5.1.0, which contributed
to a small downward revision of historical warming com-
pared to Forster et al. (2025). Even with the slight downward
historical revision, the central estimate for well-mixed green-
house gases lies above 1.5 °C for the 2016-2025 average and
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above 1.6 °C by 2025, which is masked by the net cooling
contribution from all other human forcings.

ARG assessed that, averaged for the 2010-2019 period,
essentially all observed global surface temperature change
was human-induced, with solar and volcanic drivers and in-
ternal climate variability making a negligible contribution.
For both 2016-2025 and 2025 the observed warming again
is only 0.02 °C different than the assessed level of human-
induced warming; indeed for all three attribution methods,
observed warming in 2025 was extremely close to the to-
tal forced warming, indicating that 2025 was a typical year
for the current level of forced warming, with only a mini-
mal contribution from internal variability (see Sect. 7). This
conclusion remains the same for the 2016-2025 period. Gen-
erally, whatever methodology is used, on a global scale, the
best estimate of the current level of human-induced warming
is (within uncertainty) similar to the observed global surface
temperature change (Table 6).

8.2 Rate of human-induced global warming

Estimates of the human-induced warming rate follow the
same methodology as in previous years (a rolling 10-year
linear trend in attributed anthropogenic warming). A descrip-
tion of the approach can be found in the Supplement (Sect.
S8.5). Our assessed rate of attributed anthropogenic warming
over time is distinct from the rate of increase in the observed
global surface temperature, discussed in Sect. 7, which is also
affected by internal variability (see Sect. S7.2). In this section
we isolate the rate of anthropogenic warming driven by the
rate of change of anthropogenic ERF (Sect. 5), with varia-
tions in the climate forcing trend over time correlating with
variations in the rate of attributed warming (Fig. 10).

A combined estimate for the trend derived using the three
warming attribution methodologies is presented in Table 7,
with results for individual methods shown in the Supplement,
Table S7. As in previous assessments, the GWI (based on ob-
served warming and forcing) and KCC (based on observed
warming and CMIP simulations) methodologies are in close
agreement, while estimates derived with the ROF method
(also based on observed warming and CMIP simulations) im-
ply higher warming rates. The ROF results are more strongly
influenced by residual internal variability that remains in the
anthropogenic warming signal due to the limitations in size
of the available CMIP ensemble.

The assessed attributed rate of human-induced warming
is unchanged on the previous year’s assessment (0.27 °C per
decade for the decade 2016-2025). The spread of rates across
the three attribution methods remains similar to their spread
in ARG, and previous updates of this work, and hence does
not support a decrease in the headline uncertainty range over-
all, which we maintain at 0.2-0.4 °C per decade overall (see
discussion in the Supplement; reflecting the agreement of the
5 % floors and the larger spread in the 95 % ceilings of the
three methods, and higher rate from the ROF method).
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The overall assessed rate of human-induced warming
(0.27 (0.2-0.4) °C per decade agrees with the decadal trend
in observed warming of 0.30 °C per decade (also calculated
as a linear trend through 10-year periods — see Table 7). Last
year we noted that internal variability leads to the decadal
rates of observed warming being far less stable than for an-
thropogenic warming, and the continued close correspon-
dence between the two this year is, again, somewhat coin-
cidental (see Fig. 10). This year we diagnose a slightly lower
decadal human-induced warming rate compared to the last
couple of years. This slight revision is due to a decrease in the
attributed warming rate from aerosol emissions (with aerosol
forcing trends peaking and declining in recent years, see Fig.
S13). Aerosols have been the predominant driver of the ac-
celeration in anthropogenic warming since the decade 2000—
2009 due to their emission rate falling. A slowing in the rate
at which aerosol emissions are falling (i.e. a deceleration)
are contributing a slight reduction in anthropogenic warming
rates (i.e. a net deceleration) over the last three years, though
we note that wildfire emissions, which were particularly high
in 2023 and 2024, are included in the aerosol emissions un-
derlying this calculation (Sect. 4). Carbon-dioxide-induced
warming remains the dominant contribution to the anthro-
pogenic warming rate, and, having consistently increased
over the assessed historical period, reached a new histori-
cal high over the decade 20162025 (individually-attributed
warming rates using the GWI methodology are shown in
the Supplement, Fig. S13). The contributions from internal
variability were small for the 2016-2025 period, though the
decadal rate from internal variability fluctuates strongly year-
on-year (see Fig. S13). Finally, we note that, based on the
current assessed level and rate of warming, human-induced
warming will reach 1.5 °C around the year 2030.

9 Remaining Carbon Budget

Long-term global surface temperature increase caused by
CO; emissions is close to linearly proportional to the total
amount of cumulative CO, emissions (IPCC, 2013; Collins
et al., 2013), an assessment reaffirmed by AR6 (Canadell et
al., 2021). This near-linear relationship implies that for keep-
ing global warming below a specified temperature level, one
can estimate the total amount of CO; that can ever be emit-
ted. When expressed relative to a recent reference period, this
is referred to as the remaining carbon budget (Rogelj et al.,
2018).

AR6 WGTI assessed the remaining carbon budget (RCB)
for warming levels ranging from 1.3 to 2.4 °C relative to the
1850-1900 period (see Table 5.8 in Canadell et al., 2021). A
selection of these (1.5, 1.7, and 2 °C) were also reported in
its Summary for Policymakers (Table SPM.2, IPCC, 2021b).
These RCB values are updated in this section using the same
method as previously (Forster et al., 2024, 2025).
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Table 6. Updates to assessments in the IPCC 6th assessment cycle of warming attributable to multiple influences. Estimates of warming
attributable to multiple influences, in °C, relative to the 1850-1900 baseline period. Results are given as best estimates, with the likely range
in brackets, and reported as global mean surface temperature (GMST). Results from the IPCC 6th assessment cycle, for both AR6 and SR1.5,
are quoted in columns labelled (i) and are compared with repeat calculations in columns labelled (ii) for the same period using the updated
methods and datasets, including new observations up to 2025, to see how methodological and dataset updates alone would change previous
assessments. Assessments for the updated periods are reported in columns labelled (iii).

Estimates of warming attributable to multiple influences, in °C, relative to the 1850-1900 baseline period.
Results are given as best estimates, with the likely range in brackets, and reported as Global Mean Surface Temperature (GMST).

Definition — (a) IPCC ARG Attributable Warming Update ‘ (b) IPCC SR1.5 Attributable Warming Update

Value for decade (average of previous 10-year period) ‘ Value for single year (30-year mean centred on current year)

Period — (i) 2010-2019

Quoted from AR6
Chap. 3 Sect. 3.3.1.1.2
Table 3.1 for attributed
warming, and
Cross-chapter Box 2.3
Table 1 for observed
warming

(ii) 2010-2019
Repeat calculation
using the updated
methods and datasets

(iii) 2016-2025
Updated value using
updated methods
and datasets

(i) 2017
Quoted from SR1.5
Chap. 1 Sect. 1.2.1.3

(ii) 2017

Repeat calculation
using the updated
methods and datasets

(iil) 2025

Updated value using
updated methods and
datasets

Component |

Observed 1.06 [0.92 to 1.17] 1.06 [0.89 to 1.22]4 1.26 [1.13 to 1.36]4 - - 1.39 [1.26 to 1.52]
Anthropogenic 1.07 [0.8 to 1.3] 1.07 [0.9 to 1.3] 1.24[1.0to 1.5] 1.0[0.8 to 1.2]€ 1.12[0.9 to 1.3] 1.37[1.1to 1.7]
Well-mixed GHGs 1.40B [1.0 t0 2.0] 1.39 [1.0 to 1.8] 1.52 [1.1 t0 2.0] NA 1.44[1.0to 1.9] 1.63 [1.1 to 2.1]
Other human forcings —0.32B [—0.8 10 0.0] —0.31 [—0.8t0 0.1] —0.28 [—0.8 t0 0.1] NA —0.31[—0.8t0 0.1] —0.26 [-0.8 t0 0.2]
Natural forcings 0.03B [—0.1t0 0.1] 0.05 [—0.1 t0 0.2] 0.04 [—0.1 t0 0.2] NA 0.05 [—0.1t0 0.2] 0.04 [—0.1 t0 0.2]

A Updated GMST observations, quoted from Sect. 7 of this update, are marked with an asterisk, with “very likely” ranges given in brackets. B In AR6 WGI, best-estimate values
were not provided for warming attributable to well-mixed GHGs, other human forcings and natural forcings (though a “likely” range was assessed); for comparison, best estimates
(marked with two asterisks) have been retrospectively calculated in an identical way to the best estimate that AR6 provided for anthropogenic warming (see discussion in the

Supplement, Sect. S8.4.1). C The SR1.5 assessment drew only on GWI rounded to 0.1 °C precision, whereas the repeat and updated calculations use the updated multi-method
assessment approach. NA: not available.

Decadal rates of change for contributions to Attributed Global Warming and Effective Radiative Forcing
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Figure 10. Rates of (a) attributable warming (global mean surface temperature (GMST)) and (b) effective radiative forcing. The attributable
warming rate time-series are calculated using the Global Warming Index method with full ensemble uncertainty. The observed GMST rates
included for reference are also calculated with uncertainty from the HadCRUTS5 ensemble, and, for consistency with the attributed warming
rates, do not include standard regression error, which, for observed warming, would increase the size of the error bars. The effective radiative
forcing rates are calculated using a representative 1000-member ensemble of the forcings provided in Sect. 5 of this paper. The depicted rates
are the decadal rates, with the end year of the decade in question being the value given on the time axis. See Fig. S14 in the Supplement for
a breakdown of these aggregate rates into their components.
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Table 7. Updates to the IPCC ARG6 rate of human-induced warming. Results for each method are given in the Supplement, Table S6;
assessment results are given as a best estimate with likely range in brackets. Results from AR6 WGI (Chap. 3 Sect. 3.3.1.1.2 Table 3.1) are
quoted in column (i), and compared with a repeat calculation using the updated methods and datasets in column (ii), and finally updated for
the 2016-2025 period in column (iii). The AR6 assessment result was identical to the SR1.5 assessment result, though the latter was based

on a different set of studies and timeframes.

Estimates of anthropogenic warming rate, in °C per decade.

Results are given as best estimates, with brackets giving the likely range for the assessments, and 5 %—95 % uncertainty

for the individual methods.

Definition —

IPCC ARG6 Anthropogenic Warming Rate Update.

Linear trend in anthropogenic warming over the trailing 10-year period.

Period — (1) 2010-2019 (i) 2010-2019 (iii) 2016-2025
Quoted from AR6 Chap. 3 Sect. 3.3.1.1.2 Repeat calculation using the Updated value using
Table 3.1 updated methods and datasets updated methods and
datasets
Anthropogenic Quoted from ARG6: 0.26 [0.2 to 0.4] 0.27 [0.2 to 0.4]
Warming Rate 0.2 0.1 t0 0.3]
Assessment Using the median approach:
0.23 [0.1 to 0.3]*
Observed 0.37 0.30

* Note that for clarity and ease of comparison with this year’s updated assessment, the assessed rate in column (i) both quotes the assessment from AR6 and retrospectively applies
the median approach adopted in this paper. The observed rates are calculated using the multi-dataset observed temperature dataset from Sect. 7; no ensemble is available for this,

hence the absence of an uncertainty range.

The RCB is estimated by application of the WGI AR6
method described in Rogelj et al. (2019), which involves
the combination of the assessment of five factors: (i) the
amount of human-induced warming for the most recent
decade (given in Sect. 8), (ii) the transient climate response
to cumulative emissions of CO, (TCRE), which quantifies
the linear proportionality between cumulative CO, emissions
and CO;-induced warming (iii) the zero emissions commit-
ment (ZEC), representing the expected amount of additional
(at present unrealized) warming caused by past CO, emis-
sions (iv) the temperature contribution of future non-CO;
emissions and (v) an adjustment term for Earth system feed-
backs that are otherwise not captured through the other fac-
tors. AR6 WGI reassessed all five terms (Canadell et al.,
2021). Lamboll et al. (2023) further considered the tempera-
ture contribution of non-CO; emissions and integrated differ-
ent uncertainties, while Rogelj and Lamboll (2024) clarified
the reductions in non-CO; emissions that are assumed in the
RCB estimation.

The RCB is re-assessed based on the most recent available
data. Estimated RCBs for 0.1 °C increments in global warm-
ing between 1.5 and 2 °C are reported in Table 8. They start
from 2026 and are based on the 2016-2025 human-induced
warming update (Sect. 8). Several robustness cases are in-
cluded in the Supplement, Sect. S9 — values for the calcula-
tion using observed rather than anthropogenic warming, as
well as versions using both MAGICC and FalR results for
the emulators and including ZEC uncertainty in the distri-
bution. Based on the variation in non-CQO, emissions across
the scenarios in AR6 WGIII scenario database, the estimated
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RCB values can be higher or lower by around 200 GtCO,
depending on how successful non-CO; emissions reductions
are (Lamboll et al., 2023; Rogelj and Lamboll, 2024). No-
tably, RCB estimates consider the subset of non-CO; emis-
sion scenarios in the AR6 WGIII database that are aligned
with a global transition to net zero CO> emissions (Lam-
boll et al., 2023; Rogelj and Lamboll, 2024). These estimates
assume median reductions in non-CO; emissions between
2020-2050 of CH4 (about 50 %), N2O (about 20 %) and SO2
(about 80 %) (see Supplement, Sect. S9 and Table S11 and
Rogelj and Lamboll, 2024). If these non-CO, GHG emission
reductions are not achieved, the RCB for all temperature tar-
gets would be smaller than the values reported here in Table
8 (see Lamboll et al., 2023; Rogelj and Lamboll, 2024).
Compared to RCB values reported in AR6, our esti-
mates here are smaller owing to several factors. First, AR6
budgets were expressed from 2020 onwards, and approx-
imately 250 GtCO, have been emitted between 2020 and
2025 (Friedlingstein et al., 2026), so the expected budget is
smaller. Second, we use updated physical models of non-
CO; forcing which lead to an increased estimate of the
importance of aerosols that are expected to decline with
time in low emissions pathways (Rogelj et al., 2014; Ro-
gelj and Lamboll, 2024). This decreased negative forcing
from aerosols is expected to cause additional net non-CO,
warming because more non-CO, GHG warming is being un-
masked and this decreases the RCB (Lamboll et al., 2023)
by around100 GtCO;. There was also a small reduction in
the budget (about 10 GtCO») from using the newer AR6 sce-
nario set compared to the SR1.5 scenario set on which AR6
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Table 8. Estimates of the remaining carbon budget for 1.5-2.0 °C temperature increase, for five levels of likelihood, considering only
uncertainty in TCRE. Estimates are expressed relative to the start of 2026. The probability includes only the uncertainty in how the Earth
immediately responds to CO; emissions (TCRE), not long-term committed warming or uncertainty in the climate response to other non-CO»
emissions. All values are rounded to the nearest 10 GtCO,. Additional values can be found in the Supplement, Tables S8 and S9, and the
corresponding time to net zero based on a linear pathway are presented in the Supplement, Table S10.

Temperature change (°C) Estimated remaining carbon budgets from the

beginning of 2026 base year (GtCO,)

Avoidance probability (TCRE uncertainty only): 10% 17% 33% 50% 67% 83% 90%

1.5 480 340 210 130 80 30 10
1.6 840 630 430 320 240 170 130
1.7 1210 930 650 500 390 300 250
1.8 1570 1220 870 680 550 430 370
1.9 1940 1510 1090 860 700 560 480
2 2300 1800 1310 1050 860 690 600

WGI still had to rely. Finally, the updated warming estimate
reported in Sect. 8 is slightly increased compared to central
estimates at the time of AR6 due to the higher than expected
recent warming in the last few years, which resulted in a fur-
ther reduction of the budget by a few tens of GtCO;. This
gives a total reduction in RCB values estimated from the
beginning of 2026 of ~ 370 GtCO, compared to the values
from 2020 reported in AR6.

This year’s update of the 1.5 °C budget uses the histori-
cal warming level for the 2016-2025 period of 1.24 °C, with
a 0.10 °C future contribution of non-CO, warming. Assum-
ing a median TCRE estimate of 0.45 °C per 1000 GtCO; this
gives around 360 GtCO; from the midpoint of the period,
from which we subtract around 220 GtCO, (consisting of
213 GtCO; that were already emitted from the middle un-
til the end of the 2016-2025 period, and 7 GtCO» that rep-
resents the median estimate of the impact of Earth systems
feedbacks such as permafrost feedback that would otherwise
not be covered). The same method is used to calculate bud-
gets for the other warming levels.

The values in Table 8 are all greater than zero, imply-
ing that we have not yet emitted the amount of CO; that
would commit us to these levels of warming for these ranges
of probability. However, including the uncertainty in ZEC
(as in the Supplement, Table S9), non-CO, emission and
forcing uncertainty, and underrepresented Earth-system feed-
backs results in negative RCB estimates for limiting warm-
ing to low temperature limits with high likelihood. A nega-
tive RCB for a specific temperature limit would mean that
the world is already committed to this amount of warming,
even if CO, emissions ceased now, and that net negative
CO; emissions would be required to return to the tempera-
ture limit after a period of overshoot. The assumption behind
such a calculation is that we can treat the warming impact of
positive and negative net emissions as approximately sym-
metric. While the claim of symmetry is likely valid for small
levels of carbon budget overconsumption, some model stud-
ies have shown that it holds less well for reversal of larger
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emissions (Canadell et al., 2021; Zickfeld et al., 2021; Vak-
ilifard et al., 2022) As such, larger exceedances of the RCB
for a particular temperature target would decrease the likeli-
hood that the temperature target could still be achieved by an
equivalent amount of net negative emissions.

Note that the RCB estimate of 130 GtCO, (50 % likeli-
hood) would be exhausted in a little more than 3 years if
global CO, emissions remain at 2025 levels (42 GtCO, yr— !,
from Table 1 with additional accounting for cement carbon-
ation sink). This is not expected to correspond exactly to the
time that 1.5 °C of global warming is reached due to uncer-
tainty associated with committed warming from past CO;
emissions (the ZEC) as well as ongoing warming and cool-
ing contributions from non-CO, emissions. For comparison,
our estimate of 2025 anthropogenic warming (1.37 °C) and
the recent rate of increase (0.27 °C per decade) would sug-
gest that continued emissions at current levels would cause
human-induced global warming to reach 1.5 °C around the
year 2030.

10 Indicators of climate and weather extremes: land
average maximum temperatures and number of
marine heat waves days

Changes in climate and weather extremes are among the
most visible effects of human-induced climate change.
Within AR6 WGI, a full chapter was dedicated to the assess-
ment of past and projected changes in extremes on continents
(Seneviratne et al., 2021). The AR6 WGI chapter on ocean,
cryosphere and sea level changes (Fox-Kemper et al., 2021)
also provided assessments on changes in marine heatwaves.

10.1 Land average maximum temperature

The presented climate indicator for changes in temperature
extremes consists of land average maximum temperatures for
any single day in a year (TXx) (excluding Antarctica). Figure
11 updates the land mean TXx shown in Forster et al. (2023,
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Table 9. Anomalies of land average annual maximum temperature
(TXx) for recent decades based on HadEX3, Berkeley Earth, and
ERAS, with respect to 1850-1900. All anomalies are calculated rel-
ative to 1961-1990, and an offset of 0.51 °C is added to obtain TXx
values relative to 1850-1900.

HadEX3 Berkeley Earth ERAS
2000-2009 1.23 1.18 1.21
2006-2015 1.40 1.34 1.42
2009-2018 1.52 1.41 1.54
2014-2023 - 1.60 1.81
2015-2024 - - 1.90
2016-2025 - - 1.92

2024, 2025), originally based on Fig. 11.2 from Seneviratne
et al. (2021). Three datasets are analyzed: HadEX3 (Dunn
et al., 2020), Berkeley Earth Surface Temperature (building
off Rohde et al., 2013), and the fifth-generation ECMWF
atmospheric reanalysis of the global climate (ERAS; Hers-
bach et al., 2020). HadEX3 is static and has not received any
updates. Berkeley Earth intends to release an extended and
updated dataset in May 2026, which we plan to include in
the revision of this paper. Currently, Berkeley Earth only ex-
tends to 2023 and is the same as in Forster et al. (2025). Of
the three datasets, only ERAS covers the whole of 2025 at
the present time. TXx is calculated by averaging the annual
maximum temperature over all available land grid points (ex-
cluding Antarctica) and then converted to anomalies with re-
spect to a base period of 1961-1990. To express the TXx as
anomalies with respect to 1850-1900, we add an offset of
0.51 °C to all three datasets. See Supplement, Sect. S10 for
details on the data selection, averaging and offset computa-
tion. Note that the updated Berkeley Earth dataset will likely
lead to changed TXx and offset estimates.

Our climate has warmed rapidly in the last few decades
(Sect. 7), which also manifests in changes in the occurrence
and intensity of climate and weather extremes. From about
1980 onwards, all datasets point to a strong TXx increase,
which coincides with the transition from global dimming,
associated with aerosol increases, to brightening, associated
with aerosol decreases (Wild et al., 2005, Sect. 4). The ERAS
based TXx warming estimate w.r.t. 1850—-1900 for 2025 is at
1.81 °C; a decrease of 0.54 °C compared to 2024, on par with
the anomaly in 2022. On longer time scales, land average
TXx has warmed 0.49 °C in the past 10 years (comparing the
decades 2016-2025 to 2006-2015) and 1.92 °C with respect
to pre-industrial conditions (Table 9). Since the offset relative
to our pre-industrial baseline period is calculated over 1961—
1990, temperature anomalies align by construction over this
period but can diverge afterwards.
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10.2 Marine heatwave days

We include, for the first time, an updated assessment of
global marine heatwaves (MHWs) since AR6. MHWs can
have detrimental impacts on marine ecosystems and socio-
economic systems (Hughes et al., 2017; Frolicher and
Laufkotter, 2018; Smale et al., 2019; Smith et al., 2021b;
Cheung et al., 2021; Smith et al., 2023; Wernberg et al.,
2025), influence air-sea carbon exchange (Li et al., 2024;
Miiller et al., 2025), impact marine biological productivity,
acidity and oxygen levels (Le Grix et al., 2021; Burger et al.,
2022; Gruber et al., 2021), and influence extreme weather
over land (Hu, 2021; Berthou et al., 2024).

The SROCC reported with high confidence that MHW
days approximately doubled between 1982 and 2016 (Collins
et al., 2019; Frolicher et al., 2018). Over the same period,
MHW intensity increased by about 0.04 °C per decade and
the spatial extent of MHW conditions increased by about
19 % per decade (Frolicher et al., 2018). The number of an-
nual MHW days also increased by 54 % during 1987-2016
relative to 1925-1954 (Oliver et al., 2018). With further ev-
idence, the ARG6 assessed with high confidence that MHWs
have increased in frequency over the 20th century, with an
approximate doubling from 1982 to 2016, and medium con-
fidence that they have become more intense and longer since
the 1980s (Fox-Kemper et al., 2021).

Based on the AR6 and SROCC approach, MHWs here are
defined at each ocean grid cell as days when the deseason-
alized SST exceeds the local daily 99th percentile within
an 11d moving window relative to a climatological base-
line (i.e., 1985-2014) (Fox-Kemper et al., 2021; Collins et
al., 2019). Annual MHW days are then calculated at each
grid cell and spatially averaged to produce a global mean an-
nual MHW day metric. We consider MHWs only between
60°S and 60°N, as their identification in polar regions is
more challenging than at lower latitudes due to seasonal-to-
interannual variability in sea-ice cover, which hampers the
calculation of consistent climatologies and percentile-based
thresholds. Four datasets spanning up to 2025 were anal-
ysed: NOAA’s Optimum Interpolation SST (OISST; Huang
et al., 2021), the Operational SST and Sea Ice Analysis (OS-
TIA; Donlon et al., 2012), the fifth-generation ECMWF at-
mospheric reanalysis (ERAS; Hersbach et al., 2020), and
NOAA’s Coral Reef Watch daily 5km SST product (CRW;
Liu et al., 2014). Spatial maps of the number of MHW days
from each of these datasets are included in the Supplement,
Fig. S16.

All four datasets show a consistent and pronounced in-
crease in the number of MHW days beginning in the early
1980s, coincident with strong ocean warming (Fig. 12). The
satellite-based products (OISST, OSTIA, and CRW) start
in the early 1980s, while the reanalysis product ERAS ex-
tends the record back to the 1940s and exhibits similar vari-
ability during the pre-satellite era, when the warming trend
was smaller. Interannual peaks are evident throughout the
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Figure 11. Time series of observed temperature anomalies for land average annual maximum temperature (TXx) for ERAS (1950-2025),
Berkeley Earth (1955-2023) and HadEX3 (1961-2018), with respect to 1850-1900. The datasets have different spatial coverage and are
not coverage-matched. All anomalies are calculated relative to 1961-1990, and an offset of 0.51 °C is added to obtain TXx values relative
to 1850-1900. Note that while the HadEX3 numbers are the same as shown in Seneviratne et al. (2021) Fig. 11.2, these numbers were not

specifically assessed.
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Figure 12. Global mean annual number of marine heatwave
(MHW) days from ERAS (1940-2025), OISST (1982-2025), OS-
TIA (1982-2025), and CRW (1985-2025), and the mean of these
shown in black. MHWs are identified at each grid cell as days ex-
ceeding the 99th percentile of deseasonalized SST anomalies, cal-
culated using an 11 d moving window and a 1985-2014 climatol-
ogy. An offset relative to the 1850-1900 baseline (using ERSST
v6; Huang et al., 2025) was added to data to scale the results to the
preindustrial level (see Supplement, Fig. S15). Annual MHW day
counts are then calculated at each grid cell and spatially averaged to
produce the global mean.

record, with several prominent maxima aligning with strong
El Nifio events (e.g., 1982-1983, 1987-1988, 1997-1998,
2015-2016, and 2023-2024), which are known to enhance
the occurrence of MHWs (Gregory et al., 2024; Holbrook
et al., 2020). The upward trend intensifies in the most recent
decade, culminating in a maximum mean of 82 MHW days in
2024. The global mean annual numbers of MHWSs increased
by approximately 60 % during the latest decade 2016-2025
(58 d) compared with the previous decade 2007-2016 (36 d)

Earth Syst. Sci. Data, 18, 3889-3933, 2026

Table 10. Global mean annual number of MHW days from OISST,
OSTIA, ERAS, CRW, and their mean.

OISST OSTIA ERA5 CRW Mean
2000-2009 23 27 33 21 26
2007-2016 34 36 43 34 36
2010-2019 40 43 49 41 43
2011-2020* 41 44 50 42 44
2012-2021 42 45 51 43 45
2013-2022 45 47 54 45 48
2014-2023 49 51 58 50 52
2015-2024 54 55 63 55 57
20162025 54 56 65 57 58

* Latest decade for some indicators in AR6.

(Table 10). The global mean annual numbers of MHWSs av-
eraged over all four products were 70, 82, and 65d in 2023,
2024, and 2025, respectively (Supplement, Fig. S15).

In summary, evidence accumulated since the AR6 assess-
ment further indicates that MHWSs are becoming more fre-
quent, consistent with the ongoing warming of the ocean
surface. Compared to the doubling between 1982 and 2016,
MHW days more than tripled between 1991 and 2025 (Sup-
plement, Table S12).

11 Global land precipitation

As one of the large-scale indicators of climate change with
great societal relevance, AR6 assessed that global land pre-
cipitation has likely increased since the middle of the 20th
century with a faster increase since the 1980s with large in-
terannual variability and regional heterogeneity (Gulev et al.,
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2021; Douville et al., 2021). The observed Northern Hemi-
spheric land summer monsoon precipitation experienced a
significant decline during 1901-2014, which has been at-
tributed to the dominant influence of anthropogenic aerosols
(Cao et al., 2022).

Figure 13 wupdates annual global land precipitation
anomaly relative to 1991-2020 shown in Forster et al. (2025),
originally based on Fig. 2.15¢ in AR6 WGI (Gulev et al.,
2021). The datasets used are from GPCC V2020 (Schamm
et al., 2014), CRU TS 4.09 (Harris et al., 2020), GPCP V.2.3
(Adler et al., 2018), and GHCN V4 (Menne et al., 2018) ob-
served datasets. There is little consistency among datasets
due to differences in input data, completeness of records,
periods covered, and the gridding procedures applied (Sun
et al., 2018; Nogueira, 2020; Yate and Ren, 2025). Su et
al. (2026) highlighted important gaps in global precipita-
tion monitoring, indicating that only 13.4 % of the global
land surface meets the World Meteorological Organization
requirements for annual precipitation monitoring at present.

While the globally averaged land surface specific humid-
ity has continuously increased (Dunn et al., 2024), global
land precipitation has exhibited considerable interannual to
interdecadal variability (Fig. 13). Zhang et al. (2024b) sug-
gested that precipitation variability over 75 % of land area
has already increased over the past century, driven mainly by
anthropogenic warming-induced atmospheric moistening. In
2025, all datasets show a larger positive anomaly in global
land precipitation than in 2024. Enhanced rainfall is observed
over Asia and the Maritime Continent, likely linked to La
Niiia conditions, as well as over Siberia and southern Africa.
The pronounced rainfall deficit over central South America
during 2023-2024 was markedly reduced in 2025. In con-
trast, wet conditions have persisted over the Arctic and much
of the Siberian region from 2023 to 2025 (Supplement, Fig.
S17).

12 Global mean sea-level rise

Global mean sea-level (GMSL) rise is primarily driven by:
(i) thermal expansion as the ocean warms; and (ii) increases
in ocean mass associated with the addition of water or ice
from land-based reservoirs, including glaciers and ice sheets
(Fox-Kemper et al., 2021). Most of these processes are di-
rectly linked to changes in the global Earth energy inven-
tory (Sect. 6). Sea-level rise can have large consequences for
coastal ecosystems, safety and management, as it increases
the baseline for sea-level extremes arising from short-term
phenomena such as storm surges, waves and tides.

The observed total GMSL change was assessed in AR6
WG, in Chap. 2 (their Sect. 2.3.3.3, Gulev et al., 2021) and
Chap. 9 (their Sect. 9.6.1 and Cross-Chapter Box 9.1, Fox-
Kemper et al., 2021) on the basis of tide gauge reconstruc-
tions (up to 1993) and satellite altimeter observations (1993—
2018). AR6 concluded that GMSL increased by 0.20 [0.15
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to 0.25] m over the period 1901 to 2018, with a rate of 1.73
[1.28 to 2.17]mmyr~" (high confidence). Periods closer to
the present showed an accelerating GMSL, with a rate of 2.3
[1.6 to 3.17mmyr~! over the period 1971-2018 increasing
to 3.7 [3.2 to 4.2] mmyr—! over the period 2006-2018 (high
confidence).

Forster et al. (2025) included an extension of the AR6
GMSL time series from 2019 up to the end of 2024 using
three out of the six satellite data products from the WCRP es-
timate used in AR6: NASA (NASA, 2025), NOAA (NOAA,
2025) and AVISO (AVISO, 2025). This year, we update the
GMSL time series to the end of 2025, and replace the entire
satellite part of the GMSL time series (from 1993 onwards)
using three satellite products that have been updated at the
time of writing: AVISO (downloaded 11 February 2026),
NASA (downloaded 11 March 2026) and the University of
Colorado (downloaded 13 February 2026). By updating the
entire satellite altimetry period there is consistency across
the altimetry record for the type of corrections that are per-
formed, and this approach ensures that the satellite record
represents the state-of-the-art. We use the global mean time
series based on the reference missions, with seasonal signals
removed and corrected for glacial isostatic adjustment. We
first compute annual averages and then an ensemble average
time series, which is spliced to the AR6 GMSL TG record
ending in 1993. For comparison to the AR6 tide gauge en-
semble, we show three new tide gauge reconstructions over
the 20th century in Fig. 14: Dangendorf et al. (2024), Wang
et al. (2024) and Mu et al. (2025).

Over the period 1901 to 2025, we find that GMSL has
increased by 229.6 [178.6 to 280.6] mm, with an average
rate of 1.85 [1.44 to 2.26]mmyr~! (Table 11, Fig. 14). For
the post-ARG6 period (2018-2025), the observed rise is 26.9
[21.1 to 32.7]mm with an average rate of 3.84 [3.01 to
4.67] mm yr_l. Compared to Forster et al. (2025), the dif-
ferent satellite ensemble (replacing NOAA by University of
Colorado) results in an addition of 0.3 mm to the estimates
over 2018-2024. Variations in the year-to-year changes oc-
cur throughout the GMSL time series as a result of internal
climate variability (Fig. 13a). In this case, the small GMSL
change of 0.4 mm from 2024 to 2025 has been attributed to
last years’ transition from El Nifio to weak La Nifia condi-
tions which affected precipitation patterns (WMO, 2026). To
reduce the impact of year-to-year variations on the climatic
signal, sea-level trends are typically computed over longer
(at least decadal) periods (Fig. 14b, Table 11). When com-
paring 20-year averaged rates, GMSL has accelerated from
1.694+ 1.8 mmyr~! in 1976-1995 to 3.37 +2.19 mm yr—!
in 19962015 and to 3.67+2.47mmyr~! in 2006-2025
(Fig. 14b). This finding is in line with the assessments of
ARG6 (Fox-Kemper et al., 2021), SROCC (Oppenheimer et
al., 2019) and AR5 (Church et al., 2013) that sea-level
change has been accelerating over the course of the 20th and
early 21st centuries, and consistent with the observed accel-
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Figure 13. Time series of annual global land precipitation (mm yr_l) from 1891 to date relative to a 1991-2020 climatology obtained from
GPCP V2020, CRU TS 4.09, GPCP V2.3, and GHCN V4 (note that different products commence at distinct times). Annual global land
precipitation for each observed data is estimated following the AR6 method except the period of climatology and updated from 2020 to
2025. In ARG, the reference period of the climatology was from 1981 to 2010.
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Figure 14. (a) Global mean sea-level rise time series 1901-2025 (mm) w.r.t. 1995-2014. The GMSLR ensemble from ARG in black; the
updated satellite altimetry ensemble in red. Uncertainties represent the 1o range, computed relative to 1901, including estimates of both
structural uncertainty and parametric uncertainty (Palmer et al., 2021). Individual time series shown with dashed lines, with reconstructions
available for AR6 in grey (Church and White, 2011; Hay et al., 2015; Dangendorf et al., 2019; Frederikse et al., 2020) and new reconstructions
in blue (Dangendorf et al., 2024; Wang et al., 2024; Mu et al., 2025). (b) Global mean sea-level rates (mm yr_l) for four successive
overlapping 20-year periods and the most recent decade, uncertainties indicating the very likely range.

Earth Syst. Sci. Data, 18, 3889-3933, 2026 https://doi.org/10.5194/essd-18-3889-2026



P. M. Forster et al.: Indicators of Global Climate Change 2025

eration in some components of the Earth heat inventory (see
Sect. 6).

13 Code and data availability

IGCC will deliver an operational, annually updated suite
of Indicators of Global Climate Change available through
the Copernicus Climate Data Store (CDS), accompanied by
communication and outreach platforms that provide timely,
trusted and readily accessible evidence for consumers of cli-
mate data.

A main feature will be a new data dashboard, currently in
development, designed for broad accessibility, and leverag-
ing the software tools and infrastructure of the CDS to fa-
cilitate access to the indicators by a less technical audience.
This will ensure that IGCC, and the scientific evidence that it
provides, is associated with an established and robust service
that can reach a wider range of users with free, open-access
climate data and tools.

Working within the Copernicus Climate Change Service
(C3S) ecosystem, including via the CDS, we aim to consol-
idate the position of IGCC as a trusted source of authorita-
tive climate information, strengthen its contribution to inter-
national policy and assessment processes, and facilitate ways
to reach a far wider audience than IGCC can achieve work-
ing alone. This includes but is not limited to policymakers in-
volved in UNFCCC negotiations, and decision makers work-
ing in climate change mitigation and adaptation.

The carbon budget calculation is available from
https://github.com/Rlamboll/AR6CarbonBudgetCalc/
releases/tag/RCB2025-v1 (Lamboll and Rogelj,
2026). The code and data used to produce other in-
dicators are available in repositories under https:
//github.com/ClimateIndicator/data/tree/v2026.06.02
(Smith et al.,, 2026b). All data are available from
https://doi.org/10.5281/zenodo.20499280 (Smith et al,,
2026a). Data are provided under the CC-BY 4.0 License.

HadEX3 [3.0.4] data  were  obtained from
https://doi.org/10.5285/115d5e4ebf7148ec941423ec86fa9f26
(Dunn et al., 2023) on 5 May 2024 and are © British Crown
Copyright, Met Office, 2022, provided under an Open
Government Licence; http://www.nationalarchives.gov.uk/
doc/open-government-licence/version/2/ (last access: 2 June
2026).

Table 12 lists the main global observational and inventory
datasets used to produce the indicators.

14 Discussion and conclusions

The fourth year of the Indicators of Global Climate Change
(IGCC) initiative has built on previous years’ efforts to pro-
vide a comprehensive update of the climate change indicators
required to estimate the human-induced warming and the re-
maining carbon budget. Table 13 and Fig. 15 present a sum-
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mary of the headline indicators from each section compared
to those given in the AR6 assessment. Table 13 also sum-
marises methodological updates.

In spite of the increasing deployment of renewable en-
ergy, GHG emissions are at an all-time high, reaching
56.8 5.5 GtCOze in 2024 (Sect. 2). However, these emis-
sions are no longer rapidly increasing, leading to a steady rise
in the atmospheric concentrations of the major greenhouse
gases (Sect. 3). This, combined with a reduction in aerosol
cooling (Sect. 4), has caused a0.38 W m—2 (14 %) increase in
the level of radiative forcing in the six year period since AR6
(Sect. 5, Table 13, Fig. 15). This increase in forcing would
be expected to increase the Earth’s Energy Imbalance (EEI)
(Sect. 6). Theory and physical laws would suggest that as the
Earth’s temperature has warmed in response to the forcing,
the increase in EEI should be less than the increase in radia-
tive forcing, which fits with the best estimate of EEI change:
0.33 [0.0 to 0.65]Wm™2, although the time periods do not
exactly match. Nevertheless, the EEI trend is higher than ex-
pected (a 40 % increase in EEI since AR6). This is an area
of very active research and observational errors, an under-
estimate of the positive aerosol forcing trend, a higher than
expected climate sensitivity or cloud regime changes are all
under investigation (Sect. 6).

Although reasons for the magnitude of EEI trend are un-
der investigation a positive trend is expected and clear signs
of accelerated planetary warming, comparing the previous
decades with earlier decades. Trends in other indicators from
sea-level (Sect. 12) rise and temperature extremes (Sect. 10)
support evidence of this acceleration. Marine heatwave days,
a new indicator for this update, has tripled since 1991 (Sect.
10.2, Table 10). The pace of human-induced warming re-
mains at its all-time high in the instrumental record (Sect.
8).

Generally, scientists and scientific organisations have an
important role as “watchdogs” to critically inform evidence-
based decision-making. This annual update and the comple-
mentary updates of the State of the Climate (BAMS) and
State of Global Climate (WMO) report critically depend on
continued support for high quality global monitoring net-
works of climate data, and also on open globally aggregated
data sources that are regularly updated and easily accessed.
In total, we employ analysis from over 40 global datasets
(Table 12). The data and coordination activities underpin-
ning these are increasingly threatened by funding choices and
geopolitical decisions (Karl et al., 2026).

Several envisaged satellite programs are threatened in-
cluding key U.S. missions. In-situ programs in many coun-
tries have diminished, particularly weather balloon data, with
potential real-world consequences for lives and livelihoods
(Freedman, 2025). Much of the ocean observing system re-
lies upon project funding which is highly insecure, imper-
illing our ability to monitor and understand key diagnostics
including EEI as recently investigated and quantified by Zhu
et al. (2026).
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Table 11. Observed global mean sea-level rise (GMSLR), comparing the extended time series in this study to IPCC AR6 (Table 9.5, Fox-
Kemper et al., 2021) and to Forster et al. (2025). Values are expressed as the total change (A) in the annual mean over each period (mm)
along with the equivalent rate calculated as the total change divided by the number of years (mm yrfl). Uncertainties represent the very

likely range.
Observed GMSLR IPCC AR6 Forster et al. (2025) This study
Start year End year 2018 End year 2024 End year 2025
1901 A (mm)  201.9[150.3 t0 253.5] 228.0[176.4to 279.6] 229.6 [178.6 to 280.6]

mmyr~! 173 [1.28 t0 2.17]

1.85[1.43 to 2.27] 1.85[1.44 to 2.26]

1971 A (mm) 109.6 [72.8 to 146.4] 135.8[99.0 to 172.5] 137.3 [101.4 to 173.3]
mmyr~!  233[1.551t03.12] 2.56 [1.87 to 3.26] 2.54 [1.88 to 3.21]

1993 A (mm) 81.2[72.1t0 90.2] 107.3 [98.2to 116.4] 108.9 [104.5 to 113.3]
mmyr~! 325288 t03.61] 3.46 [3.17 to 3.75] 3.40 [3.26 to 3.54]

2006 A (mm)  44.3[38.6t0 50.0] 70.4 [64.7 to 76.1] 69.7 [65.0 to 74.4]

mmyr—!  3.69 [3.21 to 4.17]

3.91[3.59 to 4.23] 3.66 [3.42 to 3.92]

Table 12. Observations and datasets utilised in producing this year’s key indicators of global climate change.

Indicator Section  Key observations and datasets utilised

Greenhouse gas emissions 2 GCB, EDGAR, PRIMAP Hist-CR v2.7, JRC-NGHGI v2024, GFED v4s
Well-mixed greenhouse gas 3 NOAA GML, AGAGE

concentrations

Non-methane short-lived 4 CEDS, CAMS, GFED

climate forcers

Effective radiative forcing 5 GloSSAC, OMPS LP

(natural forcing)

Earth Energy Imbalance 6 TIAP, EN4, IMA, NCEI, NOC-CSIRO-WHOI-IIT, GCOS EHI, CERES
Observed surface temperature 7 HadCRUTS, NOAA GlobalTemp, Kadow, Berkeley Earth, China-MST

change

Human contribution to surface 8
temperature change

HadCRUTS, NOAA GlobalTemp, Kadow, Berkeley Earth, China-MST, Radiative
Forcing data, CMIP6 climate models

Land average maximum 10 HadEX3, Berkeley Earth, ERAS

temperatures

Marine heatwave days 10 NOAA OISST, ERAS, OSTIA, NOAA CRW, ERSST v6

Global land precipitation 11 GPCC, CRU TS, GPCP, GHCN

Global mean sea level rise 12 AR6 GMSLR time series (tide gauge and satellite altimetry — AVISO/CNES, CSIRO,

NASA/GSFC, NOAA, SL_cci/ESA and University of Colorado)

The preservation of historical holdings is also under threat
with many data centres being cut either partially or fully.
Yet these historical data are a common good — the corner-
stone not just of today’s science to advance understanding
and inform society but the science that will be undertaken by
future generations who need access to the original observa-
tional records. In the same way that today’s scientists rightly
view the state of the art datasets of the early 1990s as dated,
scientists in 2060 will not be using current datasets. How-
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ever, without assuring continued access to the original hold-
ings those scientists will be unable to revisit decisions made
today. The original raw records truly are forever.

The Global Climate Observing System (GCOS) program
which directly supports much of our international capability
is also under threat. The World Meteorological Organization
which performs a vital function of coordination to enable not
just climate monitoring but global weather forecasting ca-
pabilities has seen funding diminished. The World Climate
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Table 13. Summary of headline results and methodological updates from the Indicators of Global Climate Change (IGCC) initiative.

Climate Indicator AR6 2021 This 2025 Explanation of changes Methodological updates since AR6
assessment assessment

GHG emissions 2010-2019 2010-2019 GHG emissions have continued CO,-LULUCEF emissions now based

AR6 WGIII Chap. 2: average: average: to increase due to the use of on bookkeeping models that consider

Dhakal et al. (2022); 55.9 £ 6 GtCOye 53.5+£5.8GtCOze  fossil fuels, industrial transient carbon densities (see

see also Minx et al. 2015-2024 processes, agriculture, land use ~ Supplement). Revisions in non-CO,

(2021) average: change (including GHG emissions data to make use of

54.6+5.5GtCOze

deforestation) and waste.

updated activity data and emissions
factors since AR6. CO, GCB Fossil
Fuel and Industry emissions used
instead of EDGAR. These changes
reduce estimates by around 2 GtCOje
(Sect. 2).

GHG concentrations 2019: 2025: Increases caused by continued Updates based on NOAA data and
AR6 WGI Chap. 2: CO», 410.1 CO,, 425.6 GHG anthropogenic emissions. ~ AGAGE (Sect. 3).
Gulev et al. (2021) [+0.36] ppm [£0.4] ppm
CHy, 1866.3 CHy, 1936.3
[£3.2] ppb [£3.3] ppb
N»O, 332.1 N,0, 339.4
[£0.7] ppb [£0.4] ppb
SLCF Increase in CHy4 concentration
(SLCF and ozone precursor
Increase in global NH3
emissions.
Decrease in SO;, NOy, CO,
black carbon global emissions.
Weak positive increase in
NMVOC and organic carbon
emissions.
Effective radiative 2019: 2025: Trend since 2019 is caused by Follows AR6 with minor update to
forcing change since 2.72 [1.96 to 3.10[2.35to increases in GHG aerosol precursor treatment and
1750 3.481W m—2 3.831W m—2 concentrations and reductions emissions dataset that revises 2019
AR6 WGI Chap. 7: in aerosol precursors. ERF estimate relative to 1750
Forster et al. (2021) downwards (more negative) by
0.09 Wm~2. Added this year is a new
method to estimate the ERF from land
use surface reflection and irrigation to
avoid scaling with cumulative
emissions. This does not materially
affect the ERF (Sect. 5).
Earth’s energy 2006-2018 2013-2025 A 40 % increase in energy Ocean heat content timeseries updated
imbalance average: average: imbalance estimated based on for 1971 to 2025 using all of the five
AR6 WGI Chap. 7: 0.79 [0.52 to 1.12[0.78 to increased rate of heat uptake by =~ ARG datasets. Other heat inventory
Forster et al. (2021) 1.06] Wm™—2 1.46] W m—2 the climate system. terms updated following von
Schuckmann et al. (2023a) for 1971 to
2020. Ocean heat content uncertainty is
used as a proxy for total uncertainty.
Further details in Sect. 6.
Global mean surface 2011-2020 2016-2025 An increase of 0.17 °C within Methods match four datasets used in
temperature change average: average: five years, indicating a high ARG6. Individual datasets have updated
since 1850-1900 1.09 [0.95 to 1.26 [1.13 to decadal rate of change which historical data, but these changes are
AR6 WGI Chap. 2: 1.20]°C 1.36]°C may in part be internal not materially affecting results (Sect.

Gulev et al. (2021)

variability.

7).
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Table 13. Continued.

Climate Indicator

ARG6 2021
assessment

This 2025
assessment

Explanation of changes

Methodological updates since AR6

Human-induced global
warming since
preindustrial

AR6 WGI Chap. 3:
Eyring et al. (2021)
SR1.5 Chap. 1: Allen
et al. (2018)

2010-2019 decade
average:

1.07 [0.8 to 1.3]°C
2017 single year:
1.0 [0.8 to 1.2]°C

2016-2025 decade
average:
1.24[1.0to 1.5]°C
2025 single year:
1.37[1.1to 1.7]°C

The forced change from 2024
to 2025 in this year’s
assessment increased in line
with the rate of human-induced
warming, but the increase
relative to last year’s
assessment is slightly smaller,
in part due to a small
downward revision of
historical temperatures in a
new dataset version this year.

The three methods for the basis of the
ARG assessment are retained, but each
has new input data (Sect. 8).

Remaining carbon

From the start of

From the start of

The 1.5 °C budget is roughly

Emulator and scenario change has

budget for 50 % 2020: 2026: the same as last year. The RCB  reduced budget since 2020 by
likelihood of limiting 500 GtCO, 130 GtCO, can exhaust before the 1.5 °C 100 GtCO, (Sect. 9).

global warming to threshold is reached due to

1.5°C having to allow for future

AR6 WGI Chap. 5: non-CO, warming.

Canadell et al. (2021)

Land average 2009-2018 2016-2025 Rising at a substantially faster HadEX3 data used in ARG replaced
maximum temperature ~ average: average: rate compared to global mean with ERA reanalysis data employed in
change compared to 1.55°C 1.92°C surface temperature. this report which is more updatable
pre-industrial going forward. Adds 0.01 °C to

AR6 WGI Chap. 11: estimate (Sect. 10.1).

Seneviratne et al.

(2021)

Number of marine 2007-2016 2016-2025 Approximate doubling from First year with update. The NOAA
heatwave days average: average: 1982 to 2016 can be compared ~ OISST dataset used in AR6 has been
AR6 WGI Chap. 9: 36d 58d to a more than tripling (3.3) extended and three new datasets added

Fox-Kemper et al.
(2021)

from 1991 to 2025.

(Sect. 10.2).

Global land
precipitation compared
to preindustrial

AR6 WGI Chap. 8:
Douville et al. (2021)

Likely increased
since the middle of
the 20th century
with a faster
increase since the
1980s with large
interannual
variability.

Large interannual
variability
associated with El
Nifio dominates the
record in recent
years, making
long-term trend
less clear.

2025 exhibited a positive
anomaly relative to
preindustrial due to La Nifia
conditions.

The four datasets used in AR6 have
been extended (Sect. 11).

Global mean sea-level
rise since 1901

AR6 WGI Chaps. 2
and 9: Gulev et al.
(2021) and
Fox-Kemper et al.
(2021)

1901 to 2018
change 201.9
[150.3 to

253.5] mm at a rate
of 1.73 [1.28 to
2.17] mmyr_1

1901 to 2025
change 229.6
[178.6 to

280.6] mm at a rate
of 1.85[1.44 to
2.26] mm yr_1

Sea-level rise continues to
accelerate.

ARG data extended with three of the
six datasets from ARG, using latest
satellite data (Sect. 12).
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Key indicators of global climate
change 2025:

What’s changed since AR6?
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Human induced warming is increasing at a
rate of about 0.27°C per decade, the result of
greenhouse gas emissions being at an all-time
high over the last decade, as well as reductions
in the strength of aerosol cooling.

Key greenhouse gas

Effective radiative

Earth’s energy

concentrations 7 forcing /! imbalance

AR6 Now ARG6: 2.72 W m? ARG6: 0.79 W m?
CO, 410.1 ppm 425.6 ppm Now: 3.10 Wm? Now: 1.12 W m?
CH, 1866.3 ppb 1936.3 ppb
N,0 332.1ppb  339.4 ppb

Total greenhouse gas
emissions

2010-2019 average: 53.5 GtCO,e 4
2015-2024 average: 54.6 GtCO,e |

28 .

Remaining
Carbon

o [ |

® T
As? e

Budget Human-
d for .5°C (50% induced
. likelihood) RIS Pa) Land average
: P STEEE AR6: 1.07 °C , maximum N
2 ll\lllarine (from start of 2020) Now: 1.24°C temperatureichange
dags ¢ Now: 130 GtCO, ARG: 1.55°C
(from start of 2026) Now: 1.92°C
ARG6: 36 , —
Now: 58 [
-
o Change in global mean
2 Global mean sea-level rise /1 surfa%e ter%lperature
1901-2018 change: 201.9mm at a rate of 1.73mm yr™ ARG6: 1.09 °C
1901-2025 change: 229.6mm at a rate of 1.85mm yr! Now: 1.26 °C

Figure 15. Infographic for the best estimate of headline indicators assessed in this paper.

Research Programme (WCRP) has also seen its funding ap-
proximately halved. These international organisations enable
coordination, ensure the sharing of key data and the compa-
rability of measurement systems. It is vital that they be pro-
tected and their missions continue.

To illustrate the precarity of the moment, the GCOS pro-
gram is in the process of preparing a report assessing the ad-
equacy of the observing system for climate — this will be de-
livered to UNFCCC in early 2027 alongside a high priority
action plan to directly inform the next global stocktake. As a
first step an assessment was undertaken by the GCOS panels
and invited experts at a joint panel meeting in Harwell, UK
in February 2026 (see Supplement, Table S13) using a struc-
tured expert elicitation process (Table 14). This has served
to highlight that many components of the observing system

https://doi.org/10.5194/essd-18-3889-2026

are under considerable threat, including key aspects such as
measurements of the top-of-atmosphere radiation budget and
ocean heat content that are critical to continued monitoring
of the indicators presented herein.

Earth Syst. Sci. Data, 18, 3889-3933, 2026
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Table 14. Initial expert assessment of the stability of Essential Climate Variables (ECVs) undertaken by the GCOS panels and invited experts.
The first column denotes the subset of the 55 ECVs of direct relevance to the indicators used herein. The second column considers whether
the ECV as a whole is prone to a single point of failure (green = no; yellow = significant component; red = entire ECV). The third column
denotes funding levels compared to 2022 (white = no change; green = better; yellow = slightly degraded; red = worse). The fourth column
denotes funding stability foreseen over the next 5 years (green = stable; yellow = concern; red = not secured). The fourth column denotes
funding stability compared to 2022 (white = no change; green = better; yellow = slightly degraded; red = worse). The final column considers
specific components of the observing system under threat (green = none identified; yellow = important component under threat; red = critical
components under threat which will substantively harm our ability to monitor the ECV globally). Explanations are generally given in brief
in cells marked in yellow and red where helpful to aid understanding. The forthcoming GCOS Status Report will include an analysis for the

full 55 ECVs.

Surface

Surface

radiation
budget

temperature metworks

ISurface Marine networks, voluntary
humidity networks
Precipitation olunteer manual rainfall
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Single Point of Failure Funding level Funding stability for Components under threat
compared to 2022 next 5y

Marine networks, voluntary

networks

Uncertain regionally BSRN in the Southern
Hemisphere, Arctic

Earth
Radiation
budget

UA

Ozone

lAerosols

IGHGs

Ocean
LSubsurface

Sea level

Ocean

flux

Sea Ice
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[Temperature

UA humidity

Precursors

emperature

[Follow-on
announced

IRadiosondes

for
components

ILimb sounders

alibration

alibration standards

ILimb sounding satellites

Decrease in observations for in
situ networks (e.g. research
ruises, moorings, gliders)

Sea Surface [Decrease in observations for in
temperature

situ networks (e.g. research
ruises, moorings, gliders)

ropical mooring arrays very
affected

Decrease in observations for in
situ  networks  (moorings,
ship-time)

heat

uts in several satellite

imissions
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Table 14. Continued.
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[Not secured for
national networks

iGroundwater

several [In-situ networks

Lakes [Not secured for

national networks

Terrestrial
Water Storage

Glaciers
countries for

networks.

ariable among different|Continuity for both

Uncertain forlin-situ networks is at risk
some satellite missions.

several [In-situ networks (short-term
research funding)

some
in-situ satellite missions and national

Ice
land

Sheets|GRACE-FO mission| o replacement plannedtome satellite missions with
Ice|provides the one direct| for the ASTER andgaps
[Shelves mass change [MODIS sensors
measurement of ice sheet,
mass (complemented by
ndirect estimates).

in continuity or no
secured follow-on plans

Permafrost

[Not secured for

single

in-situ networks relying onfin the Artic)
institutions

several [In-situ networks (particularly

or

Land Surface
Temperature
from US

IAnthropogeni
ic GHG Fluxes
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individuals

ISnow Stable funding not always[In-situ networks (short-term
secured for (especiallyffunding). Need for new
regional) in-situ networks [satellite missions.

IAlbedo [Uncertainty for some[Both satellite and in-situ
INASA mission’s components partially under

threat
Fire

[Funding stability affected
by budget cuts expected

In-situ networks (regional).
Need for satellite missions
continuity.
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Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/essd-18-3889-2026-supplement.
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