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Abstract. Intergovernmental Panel on Climate Change (IPCC) assessments are the trusted source of scientific
evidence for climate negotiations taking place under the United Nations Framework Convention on Climate
Change (UNFCCC). Evidence-based decision-making needs to be informed by up-to-date and timely informa-
tion on key indicators of the state of the climate system and of the human influence on the global climate system.
However, successive IPCC reports are published at intervals of 5–10 years, creating potential for an information
gap between report cycles.

We follow methods as close as possible to those used in the IPCC Sixth Assessment Report (AR6) Working
Group One (WGI) report. We compile monitoring datasets to produce estimates for key climate indicators related
to forcing of the climate system: emissions of greenhouse gases and short-lived climate forcers, greenhouse gas
concentrations, radiative forcing, the Earth’s energy imbalance, surface temperature changes, warming attributed
to human activities, the remaining carbon budget, and estimates of global temperature extremes. The purpose of
this effort, grounded in an open-data, open-science approach, is to make annually updated reliable global climate
indicators available in the public domain (https://doi.org/10.5281/zenodo.11388387, Smith et al., 2024a). As
they are traceable to IPCC report methods, they can be trusted by all parties involved in UNFCCC negotiations
and help convey wider understanding of the latest knowledge of the climate system and its direction of travel.

The indicators show that, for the 2014–2023 decade average, observed warming was 1.19 [1.06 to 1.30] °C,
of which 1.19 [1.0 to 1.4] °C was human-induced. For the single-year average, human-induced warming reached
1.31 [1.1 to 1.7] °C in 2023 relative to 1850–1900. The best estimate is below the 2023-observed warming record
of 1.43 [1.32 to 1.53] °C, indicating a substantial contribution of internal variability in the 2023 record. Human-
induced warming has been increasing at a rate that is unprecedented in the instrumental record, reaching 0.26
[0.2–0.4] °C per decade over 2014–2023. This high rate of warming is caused by a combination of net greenhouse
gas emissions being at a persistent high of 53±5.4 Gt CO2e yr−1 over the last decade, as well as reductions in the
strength of aerosol cooling. Despite this, there is evidence that the rate of increase in CO2 emissions over the last
decade has slowed compared to the 2000s, and depending on societal choices, a continued series of these annual
updates over the critical 2020s decade could track a change of direction for some of the indicators presented
here.
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1 Introduction

The IPCC Sixth Assessment Report (AR6) provided an as-
sessment of human influence on key indicators of the state of
climate grounded in data up to the year 2019 (IPCC, 2021a,
Supplement Sect. S1). The next IPCC assessment report,
AR7, is due towards the end of the decade. Given the speed
of recent change, and the need for updated climate knowl-
edge to inform evidence-based decision-making, the Indica-
tors of Global Climate Change (IGCC) was initiated to pro-
vide policymakers with annual updates of the latest scientific
understanding on the state of selected critical indicators of
the climate system and of human influence.

This second annual update follows broadly the format of
last year (Forster et al., 2023), focussing on indicators related
to heating of the climate system, building from greenhouse
gas emissions towards estimates of human-induced warm-
ing and the remaining carbon budget. Figure 1 presents an
overview of the aspects assessed and their interlinkages from
cause (emissions) through effect (changes in physical indi-
cators) to climatic impact drivers. It also provides a visual
roadmap as to the structure of remaining sections in this pa-
per to guide the reader.

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 AR6 to implement FAIR (Findable, Accessible, Interoper-
able, Reusable) principles for reproducibility and reusability
(Pirani et al., 2022; Iturbide et al., 2022). IPCC reports make
a much wider assessment of the science and methodologies
– we do not attempt to reproduce the comprehensive nature
of these IPCC assessments here. As such, we do not con-
sider adopting fundamentally different approaches to AR6.
Rather, our aim is to rigorously track both climate system
change and evolving methodological improvements between
IPCC report cycles, thereby achieving transparency and con-
sistency in between successive reports.

The update is organised as follows: emissions (Sect. 2)
and greenhouse gas (GHG) concentrations (Sect. 3) are used
to develop updated estimates of effective radiative forcing
(Sect. 4). Earth’s energy imbalance (Sect. 5) and observa-
tions of global surface temperature change (Sect. 6) are key
global indicators of a warming world. The contributions to
global surface temperature change from human and natural
influences are formally attributed in Sect. 7, which tracks
the level and rate of human-induced warming. Section 8 up-
dates the remaining carbon budget to policy-relevant tem-
perature thresholds. Section 9 gives an example of global-
scale indicators associated with climate extremes of max-
imum land surface temperatures. An important purpose of
the exercise is to make these indicators widely available and
understood. Code and data availability is given in Sect. 10,
and conclusions are presented in Sect. 11. Data are avail-

able at https://doi.org/10.5281/zenodo.11388387 (Smith et
al., 2024a).

2 Emissions

Historic emissions from human activity were assessed in
both AR6 WGI and WGIII. Chapter 5 of WGI assessed
CO2 and CH4 emissions in the context of the carbon cycle
(Canadell et al., 2021). Chapter 6 of WGI assessed emis-
sions in the context of understanding the climate and air
quality impacts of short-lived climate forcers (Szopa et al.,
2021). Chapter 2 of WGIII, published 1 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 this WGIII chapter.

2.1 Methods of estimating greenhouse gas emissions
changes

Like in AR6 WGIII, net GHG emissions in this paper re-
fer to releases of GHGs from anthropogenic sources minus
removals by anthropogenic sinks, for greenhouse gases re-
ported under the common reporting format of the UNFCCC.
This includes CO2 emissions from fossil fuels and indus-
try (CO2-FFI); net CO2 emissions from land use, land-use
change and forestry (CO2-LULUCF); CH4; N2O; and flu-
orinated gas (F-gas) emissions. CO2-FFI mainly comprises
fossil-fuel combustion emissions, as well as emissions from
industrial processes such as cement production. This ex-
cludes biomass and biofuel use. CO2-LULUCF is mainly
driven by deforestation but also includes anthropogenic re-
movals on land from afforestation and reforestation, emis-
sions from logging and forest degradation, and emissions
and removals in shifting cultivation cycles, as well as emis-
sions and removals from other land-use change and land
management activities, including peat burning and drainage.
The non-CO2 GHGs – CH4, N2O and F-gas emissions – are
linked to the fossil-fuel extraction, agriculture, industry and
waste sectors.

Global regulatory conventions have led to a twofold
categorisation of F-gas emissions (also known as halo-
genated gases). Under UNFCCC accounting, countries
record emissions of hydrofluorocarbons (HFCs), perfluoro-
carbons (PFCs), sulfur hexafluoride (SF6) and nitrogen tri-
fluoride (NF3) – hereinafter “UNFCCC F-gases”. However,
national inventories tend to exclude halons, chlorofluoro-
carbons (CFCs) and hydrochlorofluorocarbons (HCFCs) –
hereinafter “ODS (ozone-depleting substance) F-gases” – as
they have been initially regulated under the Montreal Pro-
tocol and its amendments. In line with the WGIII assess-
ment, ODS F-gases and other substances are not included
in our GHG emissions reporting but are included in subse-
quent assessments of concentration change (including com-
pounds formed in the atmosphere as ozone), effective radia-
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Figure 1. The flow chart of data production from emissions to human-induced warming and the remaining carbon budget, illustrating both
the rationale and workflow within the paper production.

tive forcing, human-induced warming, carbon budgets and
climate impacts in line with the WGI assessment.

There are also varying conventions used to quantify CO2-
LULUCF fluxes. These include the use of bookkeeping mod-
els, dynamic global vegetation models (DGVMs) and aggre-
gated national inventory reporting (Pongratz et al., 2021).
Each differs in terms of their applied system boundaries and
definitions, and they are not directly comparable. However,
efforts to “translate” between bookkeeping estimates and na-
tional inventories using DGVMs have demonstrated a degree

of consistency between the varying approaches (Friedling-
stein et al., 2022; Grassi et al., 2023).

Each category of GHG emissions included here is cov-
ered by varying primary sources and datasets. Although
many datasets cover individual categories, few extend across
multiple categories, and only a minority have frequent
and timely update schedules. The Global Carbon Budget
(GCB; Friedlingstein et al., 2023) covers CO2-FFI and CO2-
LULUCF. The Emissions Database for Global Atmospheric
Research (EDGAR; Crippa et al., 2023) and the Potsdam
Real-time Integrated Model for probabilistic Assessment of
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emissions Paths (PRIMAP-hist; Gütschow et al., 2016, 2024)
cover CO2-FFI, CH4, N2O and UNFCCC F-gases. The Com-
munity Emissions Data System (CEDS; Hoesly et al., 2018;
Hoesly and Smith, 2024) covers CO2-FFI, CH4 and N2O.
The Global Fire Emissions Database (GFED; van der Werf
et al., 2017) version 4.1s covers CO2, CH4 and N2O. As de-
tailed below, for various reasons, not all these datasets were
employed in this update.

In AR6 WGIII, total net GHG emissions were calculated
as the sum of CO2-FFI, CH4, N2O and UNFCCC F-gases
from EDGAR and net CO2-LULUCF emissions from the
GCB. Net CO2-LULUCF emissions followed the GCB con-
vention and were derived from the average of three book-
keeping models (Hansis et al., 2015; Houghton and Nas-
sikas, 2017; Gasser et al., 2020). Version 6 of EDGAR was
used (with a fast-track methodology applied for the final year
of data – 2019), alongside the 2020 version of the GCB
(Friedlingstein et al., 2020). CO2-equivalent (CO2e) emis-
sions were calculated using global warming potentials with
a 100-year time horizon (GWP100 henceforth) from AR6
WGI Chap. 7 (Forster et al., 2021). Uncertainty ranges were
based on a comparative assessment of available data and
expert judgement, corresponding to a 90 % confidence in-
terval (Minx et al., 2021): ±8 % for CO2-FFI, ±70 % for
CO2-LULUCF, ±30 % for CH4 and F-gases, and ±60 % for
N2O (note that the GCB assesses 1 standard deviation un-
certainty for CO2-FFI as ±5 % and for CO2-LULUCF as
±2.6 Gt CO2; Friedlingstein et al., 2022). The total uncer-
tainty was summed in quadrature, assuming independence
of estimates per species/source. Reflecting these uncertain-
ties, AR6 WGIII reported emissions to two significant figures
only. Uncertainties in GWP100 metrics of roughly ±10 %
were not applied (Minx et al., 2021).

This analysis tracks the same compilation of GHGs as in
AR6 WGIII. We follow the same approach for estimating un-
certainties and CO2e emissions. We also use the same type
of data sources but make important changes to the specific
selection of data sources to further improve the quality of the
data, as suggested in the knowledge gap discussion of the
WGIII report (Dhakal et al., 2022). Instead of using EDGAR
data (which are now available as version 8), we use GCB
data for CO2-FFI, PRIMAP-hist CR (country-reported) data
for CH4 and N2O, and atmospheric concentrations with best-
estimate lifetimes for UNFCCC F-gas emissions (Hodnebrog
et al., 2020). As in AR6 WGIII we use GCB for net CO2-
LULUCF emissions, taking the average of three bookkeep-
ing models (BLUE by Hansis et al., 2015; H&C by Houghton
and Castanho, 2023; OSCAR by Gasser et al., 2020). The
GCB methodology includes CO2 emissions from deforesta-
tion and forest degradation fires but excludes wildfires, which
are assumed to be natural even if climate change affects their
intensity and frequency. Bunker emissions are included but
military emissions excluded (e.g. Bun et al., 2024). For more
completeness, this year we also include estimates of N2O

and CH4 emissions from global biomass fires, sourced from
GFED4.1s.

There are three reasons for these specific data choices.
First, national greenhouse gas emissions inventories tend to
use improved, higher-tier methods for estimating emissions
fluxes than global inventories such as EDGAR (Dhakal et
al., 2022; Minx et al., 2021). As GCB and PRIMAP-hist
CR integrate the most recent national inventory submissions
to the UNFCCC, selecting these databases makes best use
of country-level improvements in data-gathering infrastruc-
tures. It is important to acknowledge, however, that national
inventories differ substantially with respect to reporting in-
tervals, applied methodologies and emissions factors (Minx
et al., 2021). Notably, the PRIMAP-hist CR dataset has sig-
nificantly lower total CH4 emissions relative to both the other
datasets reported here and the global atmospheric inversion
estimates evaluated in this paper. A substantive body of liter-
ature has evaluated national-level CH4 inversions versus in-
ventories, finding a tendency for the former to exceed the
latter (Deng et al., 2022; Tibrewal et al., 2024; Janardanan
et al., 2024; Scarpelli et al., 2022). Compared to the me-
dian of reported inversion models from Deng et al. (2022),
PRIMAP-Hist CR reports lower CH4 emissions for India, the
EU27+UK, Brazil, Russia and Indonesia but not in the case
of China and the United States (see Fig. S1).

Second, comprehensive reporting of F-gas emissions has
remained challenging in national inventories and may ex-
clude some military applications (see Minx et al., 2021;
Dhakal et al., 2022). However, F-gases are entirely anthro-
pogenic substances, and their concentrations can be mea-
sured effectively and reliably in the atmosphere. We there-
fore follow the AR6 WGI approach in making use of direct
atmospheric observations.

Third, the choice of GCB data for CO2-FFI means we
can integrate its projection of that year’s CO2 emissions at
the time of publication (i.e. for 2023). No other dataset ex-
cept GCB provides projections of CO2 emissions in this time
frame. At this point in the publication cycle (mid-year), the
other chosen sources provide data points with a 2-year time
lag (i.e. for 2022). While these data choices inform our over-
all assessment of GHG emissions, we provide a compari-
son across datasets for each emissions category, as well as
between our estimates and an estimate derived from AR6
WGIII-like databases (i.e. EDGAR for CO2-FFI and non-
CO2 GHG emissions and GCB for CO2-LULUCF).

2.2 Updated greenhouse gas emissions

Updated GHG emission estimates are presented in Fig. 2 and
Table 1. Total global GHG emissions were 55±5.3 Gt CO2e
in 2022, the same as previous high levels in 2019 and 2021.
Of this total, CO2-FFI contributed 36.4± 2.9 Gt CO2, CO2-
LULUCF contributed 4.3± 3 Gt CO2, CH4 contributed 9±
2.7 Gt CO2e, N2O contributed 3.1± 1.9 Gt CO2e and F-gas
emissions contributed 1.8±0.54 Gt CO2e. Initial projections
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indicate that total CO2 emissions remained similar in 2023,
with emissions from fossil fuel and industry at 36.8± 3 and
from land-use change at 4.1± 2.9 Gt CO2 (Friedlingstein et
al., 2023; see also Liu et al., 2024; IEA, 2023). Note that
ODS F-gases such as chlorofluorocarbons and hydrochlo-
rofluorocarbons are excluded from national GHG emissions
inventories. For consistency with AR6, they are also ex-
cluded here. Including them here would increase total global
GHG emissions by 1.5 Gt CO2e in 2022.

Average annual GHG emissions for the decade 2013–2022
were 53± 5.4 Gt CO2e, which is the same as the estimate
from last year for 2012–2021. Average decadal GHG emis-
sions have increased steadily since the 1970s across all major
groups of GHGs, driven primarily by increasing CO2 emis-
sions from fossil fuel and industry but also rising emissions
of CH4 and N2O. Stratospheric ozone-depleting F-gases are
regulated under the Montreal Protocol and its amendments,
and their emissions have declined substantially since the
1990s, whereas emissions of other F-gases, regulated under
the UNFCCC, have grown more rapidly than other green-
house gas emissions but from low levels. Both the magni-
tude and trend of CO2 emissions from land-use change re-
main highly uncertain, with the latest data indicating an av-
erage net flux between 4 and 5 Gt CO2 yr−1 for the past few
decades.

AR6 WGIII reported total net anthropogenic emissions
of 59± 6.6 Gt CO2e in 2019 and decadal average annual
emissions of 56± 6.0 Gt CO2e from 2010–2019. By com-
parison, our estimates here for the AR6 period sum to
55± 5.5 Gt CO2e in 2019 and an annual average of 53±
5.5 Gt CO2e for the same decade (2010–2019). The differ-
ence between these figures, including the reduced relative
uncertainty range, is partly driven by the substantial revi-
sion in GCB CO2-LULUCF estimates between the 2020 ver-
sion (used in AR6 WGIII) of 6.6 Gt CO2 and the 2022 ver-
sion (used here) of 4.6 Gt CO2. The main reason for this
downward revision comes from updated estimates of agricul-
tural areas by the FAO, which uses multi-annual land-cover
maps from satellite remote sensing, leading to lower emis-
sions from cropland expansion, particularly in the tropical
regions. It is important to note that this change is not a re-
flection of changed and improved methodology per se but an
update of the resulting estimation due to updates in the avail-
able input data. Second, there are relatively small changes re-
sulting from improvements in datasets since AR6, including
the new addition of global biomass burning (landscape fire)
emissions. Dataset impacts are largest for CH4, where the
emission estimate had reduced by 1.6 Gt CO2e in 2019. This
is related to the switch from EDGAR in AR6 to PRIMAP-
hist CR in this study. EDGAR estimates considerably higher
CH4 emissions – from fugitive fossil sources, as well as the
livestock, rice cultivation and waste sectors – compared to
country-reported data using higher-tier methods, as compiled
in PRIMAP-hist CR (see Sect. 2.1). The estimate for CO2-
FFI is also 1.6 Gt CO2e lower for 2019 in this study due to the

switch from EDGAR to GCB, as the latter includes a cement
carbonation sink not considered in EDGAR. Differences in
the remaining gases for 2019 are relatively small in magni-
tude (increases in N2O (+0.42 Gt CO2e) and UNFCCC-F-
gases (+0.35 Gt CO2e)).

The fossil-fuel share of global greenhouse gas emissions
was approximately 70 % in 2022 (GWP100-weighted), based
on the EDGAR v8 dataset (Crippa et al., 2023) and net
land-use CO2 emissions from the Global Carbon Budget
(Friedlingstein et al., 2023). Non-fossil-fuel emissions are
mostly from land-use change, agriculture, cement produc-
tion, waste and F-gas emissions.

New literature not available at the time of the AR6 sug-
gests that increases in atmospheric CH4 concentrations are
also driven by methane emissions from wetland changes re-
sulting from climate change (e.g. Basu et al., 2022; Peng et
al., 2022; Nisbet et al., 2023; Zhang et al., 2023). There is
also a possible effect from CO2 fertilisation (Feron et al.,
2024; Hu et al., 2023). Such carbon cycle feedbacks are not
considered here as they are not a direct emission from human
activity, yet they will contribute to greenhouse gas concentra-
tion rise, forcing and energy budget changes discussed in the
next sections. They will become more important to properly
account for in future years.

2.3 Non-methane short-lived climate forcers

In addition to GHG emissions, we provide an update of an-
thropogenic emissions of non-methane short-lived climate
forcers (SLCFs) (SO2, black carbon (BC), organic carbon
(OC), NOx , volatile organic compounds (VOCs), CO and
NH3). Data are presented in Table 2. HFCs are considered
in Sect. 2.2.

Sectoral emissions of SLCFs are derived from two
sources. For fossil fuel, industrial, waste and agricultural sec-
tors, we use the CEDS dataset. CEDS provides global emis-
sions totals from 1750 to 2022 in its most recent version
(v_2024_04_01) (Hoesly et al., 2018; Hoesly and Smith,
2024). No CEDS emissions data are currently available for
2023. The estimate for 2023 was derived by assuming a
scaled return to an underlying SSP2-4.5 emissions scenario,
used for inputs to COVID-MIP (Forster et al., 2020; Lamboll
et al., 2021). We find that the 2020-2022 emissions trends
comparing CEDS and the COVID-MIP extrapolation are not
substantially different (Fig. S2), so the COVID-MIP exten-
sion to 2023 is justifiable. In Forster et al. (2023), the CEDS
dataset was only available to 2019, so the COVID-MIP ex-
tension was used to 2022. Therefore, emissions from 2020
have been revised in this year’s paper with 2020–2022 data
now arising from CEDS.

Overall, the net SO2 emissions were similar (within
2 Tg SO2; see Sect. S2) over the 2020–2022 period in the
CEDS dataset than our estimate in Forster et al. (2023).
The CEDS dataset accounts for the introduction of strict
fuel sulfur controls brought in by the International Mar-
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Figure 2. Annual global anthropogenic greenhouse gas emissions by source, 1970–2022. Refer to Sect. 2.1 for a list of datasets. Datasets with
an asterisk (*) indicate the sources used to compile global total greenhouse gas emissions in (a). CO2e emissions in (a) and (f) are calculated
using GWP100 from the AR6 WGI, Chap. 7 (Forster et al., 2021). F-gas emissions in (a) only comprise 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 v2024.04 [ODS F-gases]”. GFED refers
to CH4 and N2O emissions from global biomass fires only. The GCB v2023 dataset in (b) includes the cement carbonation sink and so is
slightly lower than other estimates.

itime Organization on 1 January 2020. Total SO2 emissions
in 2019 were 84.2 Tg SO2 (Table 2). The SO2 emissions
from international shipping declined by 7.4 Tg SO2 from
10.4 Tg SO2 in 2019 to 3.0 Tg SO2 in 2020, which is close
to the expected 8.5 Tg SO2 reduction estimated by the Inter-
national Maritime Organization, approximately −80 % from
the 2019 number, accounting for a 3-month phase in period
and COVID-19 changes. Non-shipping SO2 emissions were
impacted slightly by COVID-19 but had rebounded to levels
close to those of 2019 by 2022 in CEDS.

For biomass burning SLCF emissions, we follow AR6
WGIII (Dhakal et al., 2022) and use GFED (van der Werf
et al., 2017) version 4 with small fires (GFED4.1s) for 1997
to 2023, with the dataset extended back to 1750 for CMIP6
(van Marle et al., 2017). Estimates from 2017 to 2023 are
provisional. As demonstrated with the update to CEDS emis-
sions, the potential for both sources of emissions data to be
updated in future versions exists, for example, with a planned
introduction of GFED5 in preparation for CMIP7.
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Table 1. Global anthropogenic greenhouse gas emissions by source and decade. All numbers refer to decadal averages, except for annual
estimates in 2022 and 2023. CO2e emissions are calculated using GWP100 from AR6 WGI Chap. 7 (Forster et al., 2021). Projections of non-
CO2 GHG emissions in 2023 remain unavailable at the time of publication. Uncertainties are ±8 % for CO2-FFI, ±70 % for CO2-LULUCF,
±30 % for CH4 and F-gases, and ±60 % for N2O, corresponding to a 90 % confidence interval. ODS F-gases are excluded, as noted in
Sect. 2.1. CO2-FFI includes the cement carbonation sink calculated in Friedlingstein et al. (2023).

Units: Gt CO2e 1970–1979 1980–1989 1990–1999 2000–2009 2010–2019 2013–2022 2022 2023
(projection)

GHG 30± 4.2 35± 4.7 40± 5.2 45± 5.2 53± 5.5 53± 5.4 55± 5.3
CO2-FFI 17.2± 1.4 20.1± 1.6 23.3± 1.9 28.5± 2.3 34.8± 2.8 35.3± 2.8 36.4± 2.9 36.8± 3
CO2-LULUCF 4.6± 3.3 5.2± 3.7 5.8± 4 5.2± 3.6 5.2± 3.5 4.7± 3.3 4.3± 3 4.1± 2.9
CH4 6.3± 1.9 6.9± 2.1 7.5± 2.3 8.1± 2.4 8.8± 2.6 8.8± 2.7 9± 2.7
N2O 2.1± 1.2 2.3± 1.4 2.5± 1.5 2.7± 1.6 2.9± 1.8 3± 1.8 3.1± 1.9
UNFCCC F-gases 0.21± 0.064 0.37± 0.11 0.52± 0.15 0.84± 0.25 1.4± 0.42 1.6± 0.48 1.8± 0.54

Using our combined estimate of GFED and CEDS with
a 2023 extrapolation, emissions of all SLCFs were reduced
in 2022 relative to 2019 but rebounded again in 2023 (Ta-
ble 2). The primary driver of the increase in 2023 is an
anomalous biomass burning year, mostly related to the un-
precedented 2023 Canadian fire season (Barnes et al., 2023),
with a smaller contribution from a continued recovery from
COVID-19. Under these assumptions, 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 background increase in agricultural sources and a con-
tribution from biomass burning). Causes of the enhanced
burning are not distinguished in the GFED data. Whether
human-caused burning, a feedback due to the extreme heat or
naturally occurring, we choose to include them in our track-
ing, as historical biomass burning emissions inventories have
previously been consistently treated as anthropogenic (for
example in CMIP6), though this assumption may need to be
revisited in the future. This differs from the treatment of ac-
counting for CO2 and CH4 emissions at present (Sect. 2.2),
where we do not include natural emissions in the inventories.
As described in Sect. 4, the treatment of all biomass burn-
ing emissions as a forcing has implications for several cat-
egories of anthropogenic radiative forcing. Trends in SLCF
emissions are spatially heterogeneous (Szopa et al., 2021),
with strong shifts in the locations of reductions and increases
over the 2010–2019 decade (Hodnebrog et al., 2024).

Uncertainties associated with these emission estimates are
difficult to quantify. From the non-biomass-burning sectors
they are estimated to be the smallest for SO2 (±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). Uncertainties are also likely to increase both back-
wards in time (Hoesly et al., 2018) and again in the most re-
cent years. The estimates of non-biomass-burning emissions
for 2023, especially SO2, are highly uncertain, owing to the
use of proxy activity data used with a SSP2-4.5 scenario ex-
tension (see above). Future updates of CEDS are expected
to include uncertainties (Hoesly et al., 2018). Even though

trends over recent years are uncertain, the general decline in
some SLCF emissions derived from inventories punctuated
by temporary anomalous years with high biomass burning
emissions including 2023 is supported by MODIS Terra and
Aqua aerosol optical depth measurements (e.g. Quaas et al.,
2022; Hodnebrog et al., 2024).

3 Well-mixed greenhouse gas concentrations

As in Forster et al. (2023), we report best-estimate global
mean concentrations for 52 well-mixed greenhouse gases.
These concentrations are updated here to 2023.

As in AR6 and Forster et al. (2023), CO2 mixing ra-
tios were taken from the NOAA Global Monitoring Labo-
ratory (GML) and are updated here through 2023 (Lan et
al., 2023a). As in Forster et al. (2023), CO2 is reported on
the WMO-CO2-X2019 scale, which differs from the WMO-
CO2-X2007 scale used in AR6. Prior to the use of NOAA
GML data from 1980 onwards, a conversion is applied to
the AR6 CO2 time series to take into account the scale
change using X2019= 1.00079 ·X2007− 0.142 ppm. Other
GHG records were compiled from NOAA and AGAGE
global networks or extrapolated from literature. Averages of
NOAA and AGAGE data were used for N2O, CH4, CFC-11,
CFC-12, CFC-113, CCl4, HCFC-22, HFC-134a and HFC-
125 (Lan et al., 2023b; Dutton et al., 2024; Prinn et al., 2018),
which, along with CO2, account for over 98 % of the ERF
from well-mixed greenhouse gases. In cases where no up-
dated information is available, global estimates were extrap-
olated from Vimont et al. (2022), Western et al. (2023) or
other literature and were scaled to be consistent with those
reported in AR6. Some extrapolations are based on data from
the mid-2010s (Droste et al., 2020; Laube et al., 2014; Sim-
monds et al., 2017; Vollmer et al., 2018) but have an imper-
ceptible effect on the total ERF assessed in Sect. 4 and are
included to maintain consistency with AR6. Mixing ratio un-
certainties for 2023 are assumed to be similar to 2019, and
we adopt the same uncertainties as assessed in AR6 WGI.
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Table 2. Emissions of the major SLCFs in 1750, 2019, 2022 and 2023 from a combination of CEDS and GFED. Emissions of SO2+SO4
use SO2 molecular weights. Emissions of NOx use NO2 molecular weights. VOCs are for the total mass.

Compound 1750 emissions 2019 emissions 2022 emissions 2023 emissions
(Tg yr−1) (Tg yr−1) (Tg yr−1) (Tg yr−1)

Sulfur dioxide (SO2) + sulfate (SO2−
4 ) 2.8 84.2 75.3 79.1

Black carbon (BC) 2.1 7.5 6.8 7.3
Organic carbon (OC) 15.5 34.2 25.8 40.7
Ammonia (NH3) 6.6 67.6 67.3 71.1
Oxides of nitrogen (NOx ) 19.4 141.7 130.4 139.4
Volatile organic compounds (VOCs) 60.9 217.3 183.9 228.1
Carbon monoxide (CO) 348.4 853.8 686.4 917.5

The global surface mean concentrations of CO2, CH4 and
N2O in 2023 were 419.3 [±0.4] parts per million (ppm),
1922.5 [±3.3] parts per billion (ppb) and 336.9 [±0.4] ppb,
respectively. Concentrations of all three major GHGs have
increased since 2019, with CO2 increasing by 9.2 ppm, CH4
by 56 ppb and N2O by 4.8 ppb. Increases since 2019 are con-
sistent with those from the CSIRO network (Francey at al.,
1999), which are 9.3 ppm, 55 ppb and 5.0 ppb for CO2, CH4
and N2O, respectively. With few exceptions, concentrations
of ozone-depleting substances, such as CFC-11 and CFC-
12, continue to decline, while those of replacement com-
pounds (HFCs) have increased. HFC-134a, for example, has
increased 20 % since 2019 to 129.5 parts per trillion (ppt).
Aggregated across all gases, PFCs increased from 109.7 to
an estimated 115 ppt CF4-equivalent from 2019 to 2023, and
HFCs increased from 237 to 301 ppt HFC-134a-equivalent,
while Montreal gases declined from 1032 to 1004 ppt CFC-
12-equivalent. Mixing ratio equivalents are determined by
the radiative efficiencies of each greenhouse gas from Hod-
nebrog et al. (2020).

Ozone is an important greenhouse gas with strong regional
variation in both the stratosphere and troposphere (Szopa et
al., 2021). Its ERF arising from its regional distribution is
assessed in Sect. 4, but following AR6 convention is not in-
cluded with the GHGs discussed here. Other non-methane
SLCFs are heterogeneously distributed in the atmosphere
and are also not typically reported in terms of a globally av-
eraged concentration. Globally averaged concentrations for
these are normally model-derived, supplemented by local
monitoring networks and satellite data (Szopa et al., 2021).

In this update we employ AR6-derived uncertainty esti-
mates and do not perform a new assessment. Table S2 in
Sect. S3 shows specific updated concentrations for all the
GHGs considered.

4 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 spe-
cific precursor emissions (Szopa et al., 2021) and also gen-
erated the time history of ERF shown in AR6 WGI Fig. 2.10
and discussed in Chap. 2 (Gulev et al., 2021). Only the
concentration-based estimates are updated herein.

The ERF calculation follows the methodology used in
AR6 WGI (Smith et al., 2021) as updated by Forster et
al. (2023). For each category of forcing, a 100 000-member
probabilistic Monte Carlo ensemble is sampled to span the
assessed uncertainty range in each forcing. All uncertain-
ties are reported as 5 %–95 % ranges and provided in square
brackets. The methods are all detailed in Sect. S4.

The summary results for the anthropogenic constituents of
ERF and solar irradiance in 2023 relative to 1750 are shown
in Fig. 3a. In Table 3 these are summarised alongside the
equivalent ERFs from AR6 (1750–2019) and last year’s up-
date of climate indicators (1750–2022). Figure 3b shows the
time evolution of ERF from 1750 to 2023.

Total anthropogenic ERF increased to 2.79 [1.78 to
3.61] W m−2 in 2023 relative to 1750, compared to 2.72
[1.96 to 3.48] W m−2 for 2019 relative to 1750 in AR6. The
estimate of ERF for 2023 is lower than the 2.91 [2.19 to
3.63] W m−2 in 2022 evaluated in last year’s indicators. The
main reason for the decline in 2023 relative to 2022 is a very
strong contribution from biomass burning aerosol in 2023,
particularly organic carbon emissions which strengthened
the negative aerosol ERF (see also Sect. 2.3). Sulfur emis-
sions from shipping have declined since 2020, weakening the
aerosol ERF and adding around +0.1 W m−2 over 2020 to
2023 (Gettelman et al., 2024; see Sect. S4.2.2). However, the
strengthened negative ERF from increased biomass burning
likely dominated the effect of reduced shipping emissions.
As discussed in Sect. 2, it is not easy to determine how much
of the biomass burning contribution is from natural wildfires
in response to 2023’s anomalously warm year, which would
be a climate feedback rather than a forcing. We follow the
convention of CMIP and count all biomass burning emis-
sions as anthropogenic, though this assumption may need
revision in future. The approach of including all biomass
burning aerosols is consistent with reporting ERF based on
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Table 3. Contributions to anthropogenic effective radiative forcing (ERF) for 1750–2023 assessed in this section. Data are 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 (1750–2022) are shown. Solar ERF is included and
unchanged from AR6, based on the most recent solar cycle (2009–2019), thus differing from the single-year estimate in Fig. 3a. Volcanic
ERF is excluded due to the sporadic nature of eruptions.

Forcer 1750–2019 [W m−2] 1750–2022 [W m−2] 1750–2023 [W m−2] Reason for change
since last year

(AR6) (Forster et al., 2023)

CO2 2.16 [1.90 to 2.41] 2.25 [1.98 to 2.52] 2.28 [2.01 to 2.56] Increases in GHG
concentrations result-
ing from increases in
emissions

CH4 0.54 [0.43 to 0.65] 0.56 [0.45 to 0.67] 0.56 [0.45 to 0.68]

N2O 0.21 [0.18 to 0.24] 0.22 [0.19 to 0.25] 0.22 [0.19 to 0.26]

Halogenated GHGs 0.41 [0.33 to 0.49] 0.41 [0.33 to 0.49] 0.41 [0.33 to 0.49]

Ozone 0.47 [0.24 to 0.71] 0.48 [0.24 to 0.72] 0.51 [0.25 to 0.76] Increase in precursors
(CO, VOC, CH4)

Stratospheric water
vapour

0.05 [0.00 to 0.10] 0.05 [0.00 to 0.10] 0.05 [0.00 to 0.10]

Aerosol–radiation
interactions

−0.22 [−0.47 to +0.04] −0.21 [−0.42 to 0.00] −0.26 [−0.50 to −0.03] Large increases in
biomass burning
aerosol in 2023, con-
tinued recovery from
COVID-19, drop in
sulfur from shipping

Aerosol–cloud
interactions

−0.84 [−1.45 to −0.25] −0.77 [−1.33 to −0.13] −0.91 [−1.80 to −0.27]

Land use (surface
albedo changes and
effects of irrigation)

−0.20 [−0.30 to −0.10] −0.20 [−0.30 to −0.10] −0.20 [−0.31 to −0.10]

Light-absorbing parti-
cles on snow and ice

0.08 [0.00 to 0.18] 0.06 [0.00 to 0.14] 0.08 [0.00 to 0.17] Rebound in BC emis-
sions from biomass
burning

Contrails and contrail-
induced cirrus

0.06 [0.02 to 0.10] 0.05 [0.02 to 0.09] 0.05 [0.02 to 0.09] Estimates of aviation
activity have been re-
bounding since the pan-
demic but were still be-
low 2019 levels in 2023

Total anthropogenic 2.72 [1.96 to 3.48] 2.91 [2.19 to 3.63] 2.79 [1.78 to 3.61] Possible strong aerosol
forcing in 2023 partly
offset by increases in
GHG and ozone forcing

Solar irradiance 0.01 [−0.06 to 0.08] 0.01 [−0.06 to 0.08] 0.01 [−0.06 to 0.08]

the concentration increase in GHGs independent of whether
CO2 and CH4 are caused by anthropogenic emissions or a
smaller part is caused by any feedbacks such as from biomass
burning fires or wetlands. However, changes in mineral dust
and sea salt are not included in the ERF of aerosols, and any
changes are interpreted as being yearly variations or related
to feedbacks.

The relative uncertainty in the total ERF was at the lowest
reported in 2022 (see Table 3), but with the strengthening of
the aerosol ERF due to biomass additional burning, the rela-
tive uncertainty in total ERF for 2023 is higher than in 2019
reported in AR6 (Forster et al., 2021). Despite the strong
aerosol forcing in 2023, decadal trends in anthropogenic ERF
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Figure 3. Effective radiative forcing from 1750–2023. (a) 1750–
2023 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 so-
lar forcing in 2023 is a single-year estimate. (b) Time evolution
of ERF from 1750 to 2023. Best estimates from major anthro-
pogenic 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.

remain high and are over 0.6 W m−2 per decade. These are
discussed further in Sect. 7.3.

The ERF from well-mixed GHGs is 3.48 [3.18 to
3.79] W m−2 for 1750–2023, of which 2.28 W m−2 is from
CO2, 0.56 W m−2 from CH4, 0.22 W m−2 from N2O and
0.41 W m−2 from halogenated gases (contributions do not
sum to total due to rounding). This is an increase from
3.32 [3.03 to 3.61] W m−2 for 1750–2019 in AR6. ERFs
from CO2, CH4 and N2O have all increased since the AR6
WG1 assessment for 1750–2019, owing to increases in at-
mospheric concentrations.

The total aerosol ERF (sum of the ERF from aerosol–
radiation interactions (ERFari) and aerosol–cloud inter-
actions (ERFaci)) for 1750–2023 is −1.18 [−2.10 to
−0.49] W m−2 compared to−0.98 [−1.58 to−0.40] W m−2

in Forster et al. (2023) and −1.06 [−1.71 to −0.41] W m−2

assessed for 1750–2019 in AR6 WG1. This counters a re-
cent trend of reductions in aerosol forcing and is related in
most part to 2023 being an extremely active biomass burn-
ing season. Most of this reduction is from ERFaci, which is
determined to be −0.91 [−1.80 to −0.27] W m−2 in 2023
compared to−0.77 [−1.33 to−0.23] W m−2 for 1750–2022

(Forster et al., 2023) and −0.84 [−1.45 to −0.25] W m−2

in AR6 for 1750–2019. ERFari for 1750–2023 is −0.26
[−0.50 to −0.03] W m−2, stronger than the −0.21 [−0.42
to 0.00] W m−2 for 1750–2022 and the −0.22 [−0.47 to
0.04] W m−2 assessed for 1750–2019 in AR6 WG1 (Forster
et al., 2021). The largest contributions to ERFari are from
SO2 (primary source of sulfate aerosol; −0.24 W m−2),
BC (+0.16 W m−2), OC (−0.11 W m−2) and NH3 (primary
source of nitrate aerosol; −0.04 W m−2). ERFari also in-
cludes terms from CH4, N2O, VOCs and NOx which are
small.

Ozone ERF is determined to be 0.51 [0.25 to 0.76] W m−2

for 1750–2023, slightly higher than the AR6 assessment of
0.47 [0.24 to 0.71] W m−2 for 1750–2019. This is due to the
increase in emissions of some of its precursors (CO, VOC,
CH4), but this result is highly uncertain since the preliminary
OMI/MLS satellite data indicate tropospheric ozone burden
is stable from 2020 to 2023 (meaning that the 2023 level
does not reach the 2019 level), which could be partly due
to the 2020–2023 levels of tropospheric NO2 being lower
than the pre-COVID levels (OMI data from Krotkov et al.,
2019). Land-use forcing and stratospheric water vapour from
methane oxidation are unchanged (to two decimal places)
since AR6. BC emissions increased between 2022 and 2023
and were similar to 2019 levels in 2023, resulting in ERF
from light-absorbing particles on snow and ice being 0.08
[0.00 to 0.17] W m−2 for 1750–2023, similar to AR6. We de-
termine from provisional data that aviation activity in 2023
had not yet returned to pre-COVID levels (IATA, 2024).
Therefore, ERF from contrails and contrail-induced cirrus re-
mains lower than AR6, at 0.05 [0.02 to 0.09] W m−2 in 2023
compared to 0.06 [0.02 to 0.10] W m−2 in 2019.

The headline assessment of solar ERF is unchanged, at
0.01 [−0.06 to +0.08] W m−2 from pre-industrial to the
2009–2019 solar cycle mean. Separate to the assessment of
solar forcing over complete solar cycles, we provide a single-
year solar ERF for 2023 of 0.08 [0.00 to+0.16] W m−2. This
is higher than the single-year estimate of solar ERF for 2019
(a solar minimum) of −0.02 [−0.08 to 0.06] W m−2.

Volcanic ERF is included in the overall time series
(Fig. 3b), but following IPCC convention, we do not pro-
vide a single-year estimate for 2023 given the sporadic na-
ture of volcanoes. Alongside the time series of stratospheric
aerosol optical depth derived from proxies and satellite prod-
ucts, for 2022 and 2023 we include the stratospheric water
vapour contribution from the Hunga Tonga–Hunga Ha’apai
(HTHH) eruption derived from Microwave Limb Sounder
(MLS) data.

Stratospheric water vapour forcing is estimated to be
+0.14 W m−2 in 2022 and +0.18 W m−2 in 2023 and in
2023 almost totally offsets the negative forcing from strato-
spheric aerosol.
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5 Earth energy imbalance

The Earth energy imbalance (EEI), assessed in Chap. 7 of
AR6 WGI (Forster et al., 2021), provides a measure of accu-
mulated surplus energy (heating) in the climate system and is
hence an essential indicator to monitor the current and future
status of global warming. It represents the difference between
the radiative forcing acting to warm the climate and Earth’s
radiative response, which acts to oppose this warming. On
annual and longer timescales, the global Earth heat inventory
changes associated with EEI are dominated by the changes in
global ocean heat content (OHC), which accounts for about
90 % of global heating since the 1970s (Forster et al., 2021).
This planetary heating results in changes in all components
of the Earth system, such as sea level rise, ocean warming,
ice loss, rise in temperature and water vapour in the atmo-
sphere, and in changes in ocean and atmospheric circulation,
ice loss and permafrost thawing (e.g. Cheng et al., 2022; von
Schuckmann et al., 2023a), with adverse impacts for ecosys-
tems and human systems (Douville et al., 2021; IPCC, 2022).

On decadal timescales, changes in global surface tempera-
tures (Sect. 5) can become decoupled from EEI by ocean heat
rearrangement processes (e.g. Palmer and McNeall, 2014;
Allison et al., 2020). Therefore, the increase in the Earth heat
inventory provides a robust indicator of the rate of global
change on interannual-to-decadal timescales (Cheng et al.,
2019; Forster et al., 2021; von Schuckmann et al., 2023a).
AR6 WGI found increased confidence in the assessment of
change in the Earth heat inventory compared to previous
IPCC reports due to observational advances and closure of
the energy and global sea level budgets (Forster et al., 2021;
Fox-Kemper et al., 2021).

AR6 estimated that EEI increased from 0.50 [0.32–
0.69] W m−2 during the period 1971–2006 to 0.79 [0.52–
1.06] W m−2 during the period 2006–2018 (Forster et al.,
2021). The contributions to increases in the Earth heat in-
ventory throughout 1971–2018 remained stable: 91 % for the
full-depth ocean, 5 % for the land, 3 % for the cryosphere
and about 1 % for the atmosphere (Forster et al., 2021). Two
recent studies demonstrated independently and consistently
that since 1960, the warming of the world ocean has acceler-
ated at a relatively consistent pace of 0.15± 0.05 W m−2 per
decade (Minière et al., 2023; Storto and Yang, 2024), while
the land, cryosphere and atmosphere have been warming at
a pace of 0.013± 0.003 W m−2 per decade (Minière et al.,
2023). The increase in EEI over the most recent quarter of a
decade (Fig. 4) 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), Raghuraman et
al. (2021) and Minère et al. (2023). Drivers for the observed
increase over the most recent period (i.e. past 2 decades) are
discussed to be linked to rising concentrations of well-mixed
greenhouse gases and recent reductions in aerosol emissions
(Raghuraman et al., 2021; Kramer et al., 2021; Hansen et al.,
2023) and to an increase in absorbed solar radiation associ-

ated with decreased reflection by clouds and sea ice and a
decrease in outgoing longwave radiation (OLR) due to in-
creases in trace gases and water vapour (Loeb et al., 2021) .
The degree of contribution from the different drivers is un-
certain and still under active investigation.

We carry out an update to the AR6 estimate of changes
in the Earth heat inventory based on updated observational
time series for the period 1971–2020 (Table 4 and Fig. 4).
Time series of heating associated with loss of ice and warm-
ing of the atmosphere and continental land surface are ob-
tained from the recent Global Climate Observing System
(GCOS) initiative (von Schuckmann et al., 2023b; Cuesta-
Valero et al., 2023; Vanderkelen and Thiery, 2022; Nitzbon
et al., 2022; Kirchengast et al., 2022). We use the original
AR6 time series ensemble OHC time series for the period
1971–2018 and then an updated five-member ensemble for
the period 2019–2023. We “splice” the two sets of time se-
ries by adding an offset as needed to ensure that the 2018
values are identical. The AR6 heating rates and uncertain-
ties 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 heating; heating of
the cryosphere; and heating of the ocean over three depth
layers – 0–700, 700–2000 and greater than 2000 m (Fig. 4a).
While von Schuckmann et al. (2023a) have also quantified
heating of permafrost and inland lakes and reservoirs, these
additional terms are very small and are omitted here for con-
sistency with AR6 (Forster et al., 2021).

In our updated analysis, we find successive increases in
EEI for each 20-year period since 1974, with an estimated
value of 0.42 [0.02 to 0.81] W m−2 during 1974–1993 that
more than doubled to 0.87 [0.65 to 1.08] W m−2 during
2004–2023 (Fig. 4b). In addition, there is some evidence
that the warming signal is propagating into the deeper ocean
over time, as seen by a robust increase in deep (700–2000 m)
ocean warming since the 1990s (von Schuckmann et al.,
2020, 2023a; Cheng et al., 2019, 2022). The model simu-
lations qualitatively agree with the 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 occurs after the 1990s.

The update of the AR6 assessment periods to end in
2023 results in systematic increases in EEI: 0.65 W m−2 dur-
ing 1976–2023 compared to 0.57 W m−2 during 1971–2018
and 0.96 W m−2 during 2011–2023 compared to 0.79 W m−2

during 2006–2018 (Table 4). The trend and interannual vari-
ability of EEI can largely be explained by a combination of
surface temperature changes and radiative forcing (Hodne-
brog et al., 2024), although there was a jump in 2023, which
is still being investigated (Hansen et al., 2023).
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Figure 4. (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 the IPCC AR6 assessment periods, for consecutive 20-year periods and the
most recent decade. Shaded regions indicate the very likely range (90 % to 100 % probability). Data use and approach are based on the AR6
methods and are further described in Sect. S5 in the Supplement. For the IPCC AR6 periods, our assessment closely matches that in AR6.
Note the periods in our assessment overlap with different IPCC AR6 periods.

Table 4. Estimates of the Earth energy imbalance (EEI) for AR6 and the present study.

Time period Earth energy imbalance (W m−2). Square brackets show 90 % confidence intervals.

IPCC AR6 This study

1971–2018 0.57 [0.43 to 0.72] 0.57 [0.43 to 0.72]
1971–2006 0.50 [0.32 to 0.69] 0.50 [0.31 to 0.68]
2006–2018 0.79 [0.52 to 1.06] 0.79 [0.52 to 1.07]
1976-2023 – 0.65 [0.48 to 0.82]
2011–2023 – 0.96 [0.67 to 1.26]

6 Global surface temperatures

AR6 WGI Chap. 2 assessed the 2001–2020 globally aver-
aged surface temperature change above an 1850–1900 base-
line to be 0.99 [0.84 to 1.10] °C and 1.09 [0.95 to 1.20] °C for
2011–2020 (Gulev et al., 2021). Updated estimates to 2022
of 1.15 [1.00–1.25] °C were given in AR6 SYR (Lee et al.,
2023), matching the estimate in Forster et al. (2023).

There are choices around the methods used to aggregate
surface temperatures into a global average, how to correct
for systematic errors in measurements, methods of infilling
missing data, and whether surface measurements or atmo-
spheric temperatures just above the surface are used. These
choices, and others, affect temperature change estimates and
contribute to uncertainty (IPCC AR6 WGI Chap. 2, Cross
Chap. Box 2.3, Gulev et al., 2021). The methods chosen here
closely follow AR6 WGI and are presented in Sect. S6. Con-
fidence intervals are taken from AR6 as only one of the em-
ployed datasets regularly updates ensembles (see Sect. S6).

Based on the updates available as of March 2024, the
change in global surface temperature from 1850–1900 to
2014–2023 is presented in Fig. 5. These data, using the
same underlying datasets and methodology as AR6, give
1.19 [1.06–1.30] °C, an increase of 0.10 °C within 3 years
from the 2011–2020 value reported in AR6 WGI (Table 5)
and 0.09 °C from the 2011–2020 value in the most recent
dataset versions. The change from 1850–1900 to 2004–2023
was 1.05 [0.90–1.16] °C, 0.07 °C higher than the value re-
ported in AR6 WGI from 3 years earlier. These changes, al-
though amplified somewhat by the exceptionally warm 2023,
are broadly consistent with typical warming rates over the
last few decades, which were assessed in AR6 as 0.76 °C
over the 1980–2020 period (using ordinary-least-squares lin-
ear trends) or 0.019 °C per year (Gulev et al., 2021). They are
also broadly consistent with projected warming rates from
2001–2020 to 2021–2040 reported in AR6, which are on the
order of 0.025 °C per year under most scenarios (Lee et al.,
2021). See Sect. 7.4 for further discussion of trends.
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Table 5. Estimates of global surface temperature change from 1850–1900 [very likely (90 %–100 % probability) ranges] for IPCC AR6 and
the present study.

Time period Temperature change from 1850–1900 (°C)

IPCC AR6 This study

Global, most recent 10 years 1.09 [0.95 to 1.20] (to 2011–2020) 1.19 [1.06 to 1.30] (to 2014–2023)
Global, most recent 20 years 0.99 [0.84 to 1.10] (to 2001–2020) 1.05 [0.90 to 1.16] (to 2004–2023)
Land, most recent 10 years 1.59 [1.34 to 1.83] (to 2011–2020) 1.71 [1.41 to 1.94] (to 2014–2023)
Ocean, most recent 10 years 0.88 [0.68 to 1.01] (to 2011–2020) 0.97 [0.77 to 1.09] (to 2014–2023)

Figure 5. Annual (thin line) and decadal (thick line) means of
global surface temperature (expressed as a change from the 1850–
1900 reference period).

The global surface temperature in 2023 was 1.43 [1.32 to
1.53] °C above the 1850–1900 average in the multi-dataset
mean used here. This is similar to the combined estimate
from six datasets quoted in the 2023 WMO State of the
Global Climate report, 1.45 [1.33 to 1.57] °C (WMO, 2024).
As seen in Fig. 5 and discussed in Sect. 7.3, this is consider-
ably above the human-induced warming estimate, indicating
a significant role of internal variability.

7 Human-induced global warming

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 greenhouse gases (consisting of CO2,
CH4, N2O and F-gases) and other human forcings (consist-
ing of aerosol–radiation interaction, aerosol–cloud interac-
tion, black carbon on snow, contrails, ozone, stratospheric
H2O and land use) (Eyring et al., 2021). The remaining con-
tributors to total warming are natural: consisting of both nat-
ural forcings (such as solar and volcanic activity) and internal

variability of the climate system (such as variability related
to El Niño/La Nina 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 Policymak-
ers (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 Sum-
mary 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 Policymakers (SPM) Sect. A.1.2 (IPCC 2023b)).

7.1 Warming period definitions in the IPCC sixth
assessment cycle

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,
referred to as the period before 1750 (see AR6 WGI Cross
Chapter Box 1.2).

Tracking progress towards 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 sur-
face temperatures are and whether a level of global warm-
ing, such as 1.5 °C, is being reached. Definitions for these
were not specified in the Paris Agreement, and several ways
of tracking levels of global warming are in use (Betts et al.
2023); here we focus on those adopted within the IPCC’s
AR6 (Fig. 6). When determining whether warming thresh-
olds have been passed, both AR6 and SR1.5 adopted defi-
nitions 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 observations of the future climate. AR6 defined
crossing time for a level of global warming as the mid-
point of the first 20-year period during which the average ob-
served warming for that period, in GSAT, exceeds that level
of warming (see AR6 WGI Chap. 2 Box 2.3). It then reported
current levels of both observed and human-induced warming
as their averages over the most recent decade (see AR6 WGI
Chap. 3 Sect. 3.3.1.1.2). This still effectively gives the warm-
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ing level with a crossing time 5 years in the past, so it would
need to be combined with a projection of temperature change
over the next decade to give a 20-year mean with crossing
time at the current year (Betts et al., 2023); we do not fo-
cus on this here due to the need for further examination of
methods and implications. SR1.5 defined the current level of
warming as the average human-induced warming, in global
mean surface temperature (GMST), of a 30-year period cen-
tred on the current year, extrapolating any multidecadal trend
into the future if necessary (see SR1.5 Chap. 1 Sect. 1.2.1).
If the multidecadal trend is interpreted as being linear, this
definition of current warming is equivalent to the end point
of the trend line through the most recent 15 years of human-
induced warming and therefore depends only on historical
warming. This interpretation produces results that are almost
all identical to the present-day single-year value of human-
induced warming (see Fig. 6 and results in Sects. 7.3 and
S7.3), so in practice the attribution assessment in SR1.5 was
based on the single-year-attributed warming calculated using
the Global Warming Index, not the trend-based definition.

7.2 Updated assessment approach of human-induced
warming to date

This paper provides an update of the AR6 WGI and SR1.5
human-induced warming assessments, including, for com-
pleteness, all three definitions (AR6 decade-average, SR1.5
trend-based and SR1.5 single-year). The 2023 updates in this
paper follow the same methods and process as the 2022 up-
dates provided in Forster et al. (2023). Global mean surface
temperature is adopted as the definition of global surface
temperature (see Sect. S7.1). The three attribution methods
used in AR6 are retained: the Global Warming Index (GWI)
(building on Haustein et al., 2017), regularised optimal fin-
gerprinting (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 AR6, and any
methodological changes are provided in Sect. S7.2; method-
specific results are also provided in Sect. S7.3. The over-
all estimate of attributed global warming for each definition
(decade-average, trend-based and single-year) 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 preci-
sion range that envelops the 5th to 95th percentile ranges of
each method. This assessment approach is identical to last
year’s update (Forster et al., 2023); it is directly traceable to
and fully consistent with the assessment approach in AR6,
though it has been extended in ways that are explained in
Sect. S7.4.

7.3 Results

Results are summarised in Table 6 and Figs. 6 and 7. Method-
specific contributions to the assessment results, along with
time series, are given in Sect. S7.3. Where results reported in
GSAT differ from those reported in GMST (see Sect. S7.1),
the additional GSAT results are given in Sect. S7.3.

The repeat calculations for attributable warming in 2010–
2019 exhibit good correspondence with the results in AR6
WGI for the same period (see also Sect. S7). The repeat cal-
culation for the level of attributable anthropogenic warming
in 2017 is about 0.1 °C larger than the estimate provided in
SR1.5 for the same period, resulting from changes in meth-
ods and observational data (see AR6 WGI Chap. 2 Box 2.3).
The updated results for warming contributions in 2023 are
higher than in 2017, also due to 6 additional years of in-
creasing anthropogenic forcing. Note, also, that the SR1.5
assessment only used the GWI method, whereas these an-
nual updates apply the full AR6 multi-method assessment
(see Sect. S7.4 for details and rationale). A repeat assess-
ment using the SR1.5 trend-based definition (see Sect. 7.1)
leads to results that are very similar to the single-year results
reported in Table 6b; best estimates across all components for
single-year and trend-based definitions are identical to each
other for 2023 and identical to or well within the uncertainty
range for 2017 (Sect. S7.3 Table S4).

In this 2024 update, we assess the 2014–2023 decade-
average human-induced warming at 1.19 [1.0 to 1.4] °C,
which is 0.12 °C above the AR6 assessment for 2010–2019.
The single-year-average human-induced warming is assessed
to be 1.31 [1.1 to 1.7] °C in 2023 relative to 1850–1900. This
best estimate for the current level of human-induced warm-
ing reaches the 1.3 °C threshold for the first time. The best es-
timate is below the observed temperature in 2023 (1.43 [1.32
to 1.53] °C; see Sect. 6), but note the overlap of uncertain-
ties. These best estimates for decade-average and single-year
human-induced warming are both 0.05 °C above the value
estimated in the previous update for the year 2022 (Forster et
al., 2023). The increase of 0.05 °C in the single-year anthro-
pogenic warming level since last year’s assessment (Forster
et al., 2023) is broken down in the following way: (i) around
half of the increase is due to a revision of the historical pe-
riod due to the additional year of observations (i.e. the 2023
analysis of single-year warming for 2022 is 0.026 °C warmer
than the 2022 analysis of single-year warming for 2022),
and (ii) around half of the increase is due to the additional
year itself (i.e. the 2023 analysis of the single-year warm-
ing for 2023 is 0.025 °C warmer than the 2023 analysis of
the single-year warming for 2022). Therefore, the variabil-
ity in human-induced warming from adding 1 particularly
hot year of observations (which 2023 was; see Sect. 6) cor-
responded to advancing only 1 additional year at the cur-
rent warming rate (0.026 °C per year; see Sect. 7.4), which
is significantly smaller than other sources of uncertainty in
the assessment. At the attribution level, this slightly strength-
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Figure 6. Anthropogenic warming period definitions adopted in the IPCC sixth assessment cycle. A single sampled time series of anthro-
pogenic warming is shown in red (in this case from the GWI method – see Sect. S7). Single-year warming is given by the annual values
of this time series. The AR6 decade-average warming is given by the average of the 10 most recent single-year anthropogenic warming
values; this is depicted by the dashed green line with shading between this and the red single-year values The decade-average value for
2014–2023 is given by the green dot. SR1.5 trend-based warming is given by the end point of the linear trend line through the 15 most recent
single-year anthropogenic warming values; this is depicted by the dashed blue line with shading between this and the red single-year values;
the trend-based value for 2023 is given by the blue dot. Reference observations of GMST are provided from HadCRUT5, with 5 %–95 %
uncertainty range. The single-year, trend-based, and decade-average calculations are applied at the level of the individual ensemble members
for each attribution method; percentiles of those ensemble results provide central estimates and uncertainty ranges for each method, and the
multi-method assessment combines those into the final assessment results with uncertainty (as described in Sect. S7.4). For reference, the
assessment results for 2023 provided in Sect. 7.3 are annotated in the figure (though the data in the figure do not correspond to the final
assessment results).

ened anthropogenic warming is comprised of a slightly larger
greenhouse-gas-attributable warming, partially offset by a
slightly stronger aerosol-attributable cooling.

WGI AR6 found 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.
This conclusion remains the same for the 2014–2023 period.
Generally, whatever methodology is used, on a global scale,
the best estimate of the human-induced warming is (within
small uncertainties) similar to the observed global surface
temperature change (Table 6).

7.4 Rate of human-induced global warming

Estimates of the human-induced warming rate refer to the
rate of increase in the level of attributed anthropogenic
warming over time; this is distinct from the rate of increase
in the observed global surface temperature (Sect. 6), which
is affected by internal variability such as El Niño and natu-
ral forcings such as volcanic activity (Jenkins et al., 2023).
The rate of anthropogenic warming is driven by the rate of
change of anthropogenic ERF, meaning variations in the rate
of climate forcing over time correlate with variations in the
rate of attributed warming (see Fig. 8).

A very simple estimate of the rate of human-induced
warming and effective radiative forcing was made last year
by Forster et al. (2023), which indicated that warming rates
were unprecedented, surpassing 0.2 °C per decade (although
no uncertainty range was given). That rate calculation was
based on annual changes in decade-average anthropogenic
warming levels from the GWI method (see Sect. S7.2). This
year, attributed anthropogenic warming rates are calculated
for all attribution methods using linear trends, as used in
AR6, with the overall rate estimate updated in a manner that
is fully traceable to and consistent with the rate assessment
in AR6.

7.4.1 SR1.5 and AR6 definitions of warming rate

In recent IPCC assessments the definition of warming rate
follows two approaches, both of which rely to some extent
on expert judgement. In SR1.5 several studies were con-
sidered, each defining the rate of warming in various ways
and over various timescales; the assessment concluded that
the rate of increase in anthropogenic warming in 2017 was
0.2 °C per decade with a likely range of 0.1 to 0.3 °C per
decade. In AR6 WGI, the rate of anthropogenic warming
utilised three methods (GWI, KCC and ROF; see Sect. S7.2),
with the rate defined consistently across all three as the
linear trend in the preceding decade of attributed anthro-
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Figure 7. 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. To show how these updates have affected the previous assessments, the 2010–
2019 decade-average assessed results repeat the AR6 2010–2019 assessment, and the 2017 single-year assessed results repeat the SR1.5
2017 assessment. The 2014–2023 decade-average and 2023 single-year results are this year’s updated assessments for AR6 and SR1.5,
respectively. For each double bar, the lighter and darker shading refers to the earlier and later period, respectively. Panel (a) shows updated
observed global warming from Sect. 6, 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 greenhouse gases and other human forcings. Whiskers give the likely range.

pogenic warming. While the best-estimate trends reported in
AR6 were all higher than the SR1.5 assessment, Eyring et
al. (2021) concluded that there was insufficient evidence to
change the SR1.5 assessed anthropogenic warming trend in
the AR6 WGI report, which therefore remained unchanged
from SR1.5 at 0.2 °C per decade (with a likely range of 0.1
to 0.3 °C per decade). Both the SR1.5 and AR6 assessments
were given to a precision of 0.1 °C per decade only.

7.4.2 Methods

Following AR6’s definition, the rate of warming is defined
here as the rolling 10-year linear trend in attributed anthro-
pogenic warming, calculated using ordinary-least-squares
linear regression. Note that, as with the level of anthro-
pogenic warming, this decadal approach means the rate of
warming in a given year is the trend centred on the preced-
ing decade (i.e. it is 5 years out of date). Each of the three
attribution methods used to calculate the level of warming is
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Table 6. Updates to assessments in the IPCC sixth 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 are reported as global mean surface temperature (GMST). Results from the IPCC sixth 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 in order to see how methodological and dataset updates alone would change previous assessments.
Assessments for the updated periods are reported in columns labelled (iii).

Definition→ (a) IPCC AR6-attributable warming update
Average value for previous 10-year period

(b) IPCC SR1.5-attributable warming update
Value for single-year period

Period→ (i) 2010–2019
Quoted from
AR6 Chap. 3
Sect. 3.3.1.1.2
Table 3.1

(ii) 2010–2019
Repeat calcu-
lation using
the updated
methods and
datasets

(iii) 2014–
2023
Updated value
using updated
methods and
datasets

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

(ii) 2017
Repeat calcu-
lation using
the updated
methods and
datasets

(iii) 2023
Updated value
using updated
methods and
datasets

Component ↓

Observed 1.06
[0.88 to 1.21]

1.07
[0.89 to 1.22]a

1.19
[1.06 to 1.30]a

– – 1.43
[1.32 to 1.53]

Anthropogenic 1.07
[0.8 to 1.3]

1.09
[0.9 to 1.3]

1.19
[1.0 to 1.4]

1.0
[0.8 to 1.2]c

1.15
[0.9 to 1.4]

1.31
[1.1 to 1.7]

Well-mixed greenhouse gases 1.40b

[1.0 to 2.0]
1.38
[1.0 to 1.8]

1.47
[1.0 to 1.9]

not available 1.43
[1.0 to 1.9]

1.57
[1.1 to 2.1]

Other human forcings −0.32b

[−0.8 to 0.0]
−0.28
[−0.7 to 0.1]

−0.27
[−0.7 to 0.1]

not available −0.28
[−0.7 to 0.1]

−0.26
[−0.7 to 0.1]

Natural forcings 0.03b

[−0.1 to 0.1]
0.05
[−0.1 to 0.2]

0.04
[−0.1 to 0.2]

not available 0.04
[−0.1 to 0.2]

0.04
[−0.1 to 0.2]

a Updated GMST observations, quoted from Sect. 6 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 greenhouse gases, other human forcings and natural forcings (though they did receive a likely range); 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 Sect. S7.4.1). c The SR1.5
assessment only drew on GWI rounded to 0.1 °C precision, whereas the repeat and updated calculations use the updated multi-method assessment approach.

used again here to estimate separate anthropogenic warming
rates.

Note that only the GWI methodology relies on the up-
dated historical forcing time series presented in Sect. 4, with
the other two methods (ROF and KCC) relying on CMIP6
SSP2-4.5 simulations, which are increasingly out of date
(see Sect. S7.2). Very recent changes in anthropogenic forc-
ing, for example, desulfurisation of shipping fuels or the im-
pact of COVID-19, may therefore not be captured fully in
the decade-average trend. Further, the anthropogenic forc-
ing record used for attributing warming contains small con-
tributions from biomass burning in the natural environment
because of difficulty separating this in estimates of anthro-
pogenic aerosol emissions. It is not expected that either of
these effects substantially biases the globally averaged rate
of warming estimated here.

7.4.3 Results

Estimates from the GWI (based on observed warming and
forcing) and KCC (based on CMIP simulations) both re-
port results in terms of GMST and are in close agreement
across each time period. Estimates derived with the ROF
method (also based on CMIP simulations) are also reported

for GMST here and are more strongly influenced by residual
internal variability that remains in the anthropogenic warm-
ing signal due to the limitations in size of the CMIP ensem-
ble, as reflected in their broader uncertainty ranges. Given
that the ROF results are in this sense outlying, the standard
approach of taking the median result for the overall multi-
method assessment is adopted.

Results for human-induced warming rate are summarised
in Table 7 and Fig. 8. For the purpose of providing annual up-
dates, we take the median estimate at a precision of 0.01 °C
per decade, resulting in an overall best estimate for 2014–
2023 of 0.26 °C per decade. This increased rate relative to
the AR6 assessment of 0.2 °C per decade is broken down in
the following way: (i) 0.03 °C per decade of the increase is
from a change in rounding precision (updating the AR6 as-
sessment for the 2010–2019 warming rate from 0.2 °C per
decade to 0.23 °C per decade), (ii) 0.02 °C per decade of the
increase is due to methodological and dataset updates (up-
dating the 2010–2019 warming rate from 0.23 °C per decade
to 0.25 °C per decade; this includes the effect of adding 4
additional observed years, which affects the attribution for
the entire historical period), and (iii) only 0.01 °C per decade
of the increase is due to a substantive increase in rate for
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Figure 8. 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 HadCRUT5 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. 4 of this paper.

the 2014–2023 period since the 2010–2019 period (updating
0.25 °C per decade for 2010–2019 to 0.26 °C per decade for
2014–2023). The spread of rates across the three attribution
methods remains similar to their spread in AR6 and hence do
not support a decrease in the uncertainty range in this update.
However, to better reflect the closer agreement of the 5 %
floors and the larger spread in the 95 % ceilings of the three
methods, and high rate from the ROF method, we update
the uncertainty range for the rate of human-induced warm-
ing from [0.1–0.3] °C per decade in AR6 to [0.2–0.4] °C per
decade, leaving the precision and range unchanged, noting
that this is asymmetric around the central estimate. There-
fore, the rate of human-induced warming for the 2014–2023
decade is concluded to be 0.26 °C per decade with a range of
[0.2–0.4] °C per decade).

Figure 8 and Table 7 include a breakdown of well-mixed
GHGs and other human forcings (including aerosols) and
natural forcing contributions since pre-industrial times. The
rate time series with ensemble uncertainty are depicted by
the GWI method, which is based on observed warming and
historical forcing. The rate of total attributable warming (the
sum of anthropogenic and natural, not plotted) has good
correspondence with the reference plotted observed warm-
ing rates. The rates for the attributed warming also correlate
closely with the forcing rates. Warming rates have remained
high due to strong GHG warming from high emissions and

declining aerosol cooling (Forster et al., 2023; Quaas et al.,
2022; Jenkins et al., 2022).

8 Remaining carbon budget

AR5 (IPCC, 2013) assessed that global surface temperature
increase is close to linearly proportional to the total amount
of cumulative CO2 emissions (Collins et al., 2013). The most
recent AR6 report reaffirmed this assessment (Canadell et al.,
2021). This near-linear relationship implies that for keeping
global warming below a specified temperature level, one can
estimate the total amount of CO2 that can ever be emitted.
When expressed relative to a recent reference period, this
is referred to as the remaining carbon budget (Rogelj et al.,
2018).

AR6 assessed the remaining carbon budget (RCB) in
Chap. 5 of its WGI report (Canadell et al., 2021) for 1.5, 1.7
and 2 °C thresholds (see Table 7). They were also reported in
the Summary for Policymakers (Table SPM.2, IPCC, 2021b).
These are updated in this section using the same method as
last year (Forster et al., 2023).

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 most
recent decade of human-induced warming (given in Sect. 7),
(ii) the transient climate response to cumulative emissions of
CO2 (TCRE), (iii) the zero emissions commitment (ZEC),
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Table 7. Updates to the IPCC AR6 rate of human-induced warming. Results for each method are given as best estimates with 5 %–95 %
confidence, as described in the main text; 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 2014-2023 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 time frames.

Definition→ IPCC AR6 anthropogenic warming rate update
Linear trend in anthropogenic warming over the trailing 10-year period

Period→ (i) 2010–2019
Quoted from AR6
Chap. 3 Sect. 3.3.1.1.2
Table 3.1

(ii) 2010–2019
Repeat calculation us-
ing the updated meth-
ods and datasets

(iii) 2014–2023
Updated value using
updated methods and
datasets

Method ↓

Anthropogenic warm-
ing rate
assessment

Quoted from AR6:
0.2 [0.1 to 0.3]
Using the median ap-
proach:
0.23 [0.1 to 0.3] *

0.25 [0.2 to 0.4] 0.26 [0.2 to 0.4]

GWI 0.23 [0.19 to 0.35]
GMST

0.24 [0.18 to 0.29]
GMST

0.24 [0.19 to 0.30]
GMST

KCC 0.23 [0.18 to 0.29]
GSAT

0.25 [0.20 to 0.30]
GMST

0.26 [0.20 to 0.31]
GMST

ROF 0.35 [0.30 to 0.41]
GSAT

0.27 [0.17 to 0.38]
GMST

0.38 [0.24 to 0.52]
GMST

* 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.

(iv) the temperature contribution of non-CO2 emissions and
(v) an adjustment term for Earth system feedbacks that are
otherwise not captured through the other factors. AR6 WGI
reassessed all five terms (Canadell et al., 2021). The incor-
poration of Earth system feedbacks was further considered
by Lamboll and Rogelj (2022). Lamboll et al. (2023) further
considered the temperature contribution of non-CO2 emis-
sions, while Rogelj and Lamboll (2024) clarified the reduc-
tions in non-CO2 that are assumed in the RCB estimation.

The RCB for 1.5, 1.7 and 2 °C warming levels is re-
assessed based on the most recent available data. Estimated
RCBs are reported in Table 8. They are expressed both rel-
ative to 2020 to compare to AR6 and relative to the start of
2024 for estimates based on the 2014–2023 human-induced
warming update (Sect. 7). Note that between the start of 2020
and the end of 2023, about 164 Gt CO2 was emitted (Sect. 2).
Based on the variation in non-CO2 emissions across the sce-
narios in AR6 WGIII scenario database, the estimated RCB
values can be higher or lower by around 200 Gt CO2 depend-
ing on how deeply non-CO2 emissions are reduced (Lamboll
et al., 2023; Rogelj and Lamboll, 2024). The impact of non-
CO2 emissions on warming includes both the warming ef-
fects of other greenhouse gases such as methane and the cool-
ing effects of aerosols such as sulfates. Updating these path-
ways increased the estimate of the importance of aerosols,

which are expected to decline with time in low emissions
pathways (Rogelj et al., 2014; Rogelj and Lamboll, 2024),
causing a warming and decreasing the RCB (Lamboll et al.,
2023). Structural uncertainties give inherent limits to the pre-
cision with which remaining carbon budgets can be quanti-
fied. These particularly impact the 1.5 °C RCB. Overall, the
1.5 °C compatible budget is very small and shrinking fast due
to continuing high global CO2 emissions.

Updated RCB estimates presented in Table 8 for 1.5, 1.7
and 2.0 °C of global warming are smaller than AR6, and geo-
physical and other uncertainties therefore have become larger
in relative terms. This is a feature that will have to be kept in
mind when communicating budgets. The estimates presented
here differ from those presented in the annual Global Carbon
Budget (GCB) publications (Friedlingstein et al., 2023). The
GCB 2023 used the average between the AR6 WGI estimate
and the Forster et al. (2023) estimates. The RCB estimates
presented here consider the same updates in historical CO2
emissions from the GCB as well as the latest available quan-
tification of human-induced warming to date and a reassess-
ment from AR6 of non-CO2 warming contributions.

The RCB for limiting warming to 1.5 °C is rapidly di-
minishing. It is important, however, to correctly interpret
this information. RCB estimates consider projected reduc-
tions in non-CO2 emissions that are aligned with a global
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Table 8. Updated estimates of the remaining carbon budget for 1.5, 1.7 and 2.0 °C, for five levels of likelihood, considering only uncertainty
in TCRE. Estimates start from AR6 WGI estimates (first row for each warming level), updated with the latest MAGICC emulator and
scenario information from AR6 WGIII (from second row for each warming level) and an update of the anthropogenic historical warming,
which is estimated for the 2014–2023 period (third row for each warming level). Estimates are expressed relative to the start of either the
year 2020 or the year 2024. The probability only includes the uncertainty in how the Earth immediately responds to carbon emissions, not
long-term committed warming or uncertainty in other emissions. All values are rounded to the nearest 50 Gt CO2. Bold numbers refer to the
full remaining carbon budget estimate containing all terms.

Remaining carbon budget case/update Base year Estimated remaining carbon budgets
from the beginning of base year (Gt CO2)

Likelihood of limiting global warming to temperature limit 17 % 33 % 50 % 67 % 83 %
1.5 °C from AR6 WG1 2020 900 650 500 400 300
+ AR6 emulators and scenarios 2020 750 500 400 300 200
+ Updated warming estimate 2024 450 300 200 150 100
1.7 °C from AR6 WG1 2020 1450 1050 850 700 550
+ AR6 emulators and scenarios 2020 1300 950 750 600 500
+ Updated warming estimate 2024 1000 700 550 450 350
2 °C from AR6 WG1 2020 2300 1700 1350 1150 900
+ AR6 emulators and scenarios 2020 2200 1650 1300 1100 900
+ Updated warming estimate 2024 1900 1400 1100 900 750

transition to net zero CO2 emissions (Lamboll et al., 2023;
Rogelj and Lamboll, 2024). These estimates assume me-
dian reductions in non-CO2 emissions between 2020–2050
of CH4 (about 50 %), N2O (about 20 %) and SO2 (about
80 %) (Rogelj and Lamboll, 2024) (see Sect. S8 and Ta-
ble S5). If these non-CO2 greenhouse gas emission reduc-
tions are not achieved, the RCB will be smaller (see Lamboll
et al., 2023; Rogelj and Lamboll, 2024). This year’s update
of the 1.5 °C budget uses the historical warming level for the
2014–2023 period of 1.19 °C, with a 0.13 °C future contribu-
tion of non-CO2 warming. Assuming a median estimate of
0.45 °C per 1000 Gt CO2, this gives around 400 Gt CO2 from
the midpoint of the period, from which we subtract around
200 Gt CO2 (205 Gt CO2 emissions from the middle of the
2014–2023 period and 8 Gt CO2 being the median estimate
of the impact of Earth system feedbacks that would other-
wise not be covered). This gives an RCB for 1.5 °C with 50 %
probability of 200 Gt CO2. The full calculation includes the
distributions of these values for the uncertainty estimates.

Note that the 50 % RCB is expected to be exhausted a few
years before the 1.5 °C global warming level is reached due
to the way it factors future warming from non-CO2 emissions
into its estimate.

9 Climate and weather extremes

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 as-
sessment of past and projected changes in extremes on con-
tinents (Seneviratne et al., 2021), and the chapter on ocean,
cryosphere and sea level changes also provided assessments
on changes in marine heatwaves (Fox-Kemper et al., 2021).

Global indicators related to climate extremes include aver-
aged changes in climate extremes, for example, the mean in-
crease in annual minimum and maximum temperatures on
land (AR6 WGI Chap. 11, Fig. 11.2, Seneviratne et al., 2021)
or the area affected by certain types of extremes (AR6 WGI
Chap. 11, Box 11.1, Fig. 1, Seneviratne et al., 2021; Sippel et
al., 2015). In contrast to global surface temperature, extreme
indicators are less established.

The climate indicator of changes in temperature extremes
consists of land average annual maximum temperatures
(TXx) (excluding Antarctica). As part of this update, we pro-
vide an upgraded version of Fig. 6 from Forster et al. (2023),
which in turn is based on Fig. 11.2 from Seneviratne et
al. (2021) (Fig. 9). As last year, three datasets are anal-
ysed: 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 cli-
mate (ERA5; Hersbach et al., 2020). HadEX3 is currently
static and is not being updated. Berkeley Earth has been
updated, resulting in TXx differences for most years (less
than 0.1 °C), and now includes data for 2022. Of the three
datasets, only ERA5 covers the whole of 2023 at the present
time. TXx is calculated by averaging the annual maximum
temperature over all available land grid points (excluding
Antarctica) and then converted to anomalies with respect to a
base period of 1961–1990. To express the TXx as anomalies
with respect to 1850–1900, we add an offset of 0.52 °C to
all three datasets. See Sect. S9 for details on the data selec-
tion, averaging and offset computation. We note that Berke-
ley Earth has slightly smaller trends than ERA5 and that this
might warrant further investigation.

Our climate has warmed rapidly in the last few decades
(Sect. 6), which also manifests in changes in the occurrence
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Figure 9. Time series of observed temperature anomalies for land average annual maximum temperature (TXx) for ERA5 (1950–2023),
Berkeley Earth (1955–2022) and HadEX3 (1961–2018), with respect to 1850–1900. Note that the datasets have different spatial coverage
and are not coverage-matched. All anomalies are calculated relative to 1961–1990, and an offset of 0.52 °C is added to obtain TXx values
relative to 1850–1900. Note that while the HadEX3 numbers are the same as shown in Fig. 11.2 of Seneviratne et al. (2021), these numbers
were not specifically assessed.

and intensity of climate and weather extremes. From about
1980 onwards, all employed 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. 3).
The ERA5-based TXx warming estimate w.r.t. 1850–1900
for 2023 is at 2.3 °C, which is an increase of more than
0.5 °C compared to 2022 and which shatters the previous
record by more than 0.3 °C. On longer timescales, land av-
erage annual maximum temperatures have warmed by more
than 0.6 °C in the past 10 years (1.81 °C with respect to pre-
industrial conditions) compared to the first decade of the mil-
lennium (1.21 °C; Table 9). Since the offset relative to our
pre-industrial baseline period is calculated over the 1961–
1990, temperature anomalies align by construction over this
period but can diverge afterwards. In an extensive compari-
son of climate extreme indices across several reanalyses and
observational products, Dunn et al. (2022) point to an overall
strong correspondence between temperature extreme indices
across reanalysis and observational products, with ERA5 ex-
hibiting especially high correlations to HadEX3 among all
regularly updated datasets.

10 Code and data availability

We publish a set of selected key indicators of global
climate change via Climate Change Tracker (https://
climatechangetracker.org/igcc, last access: 2 June 2024, Cli-
mate Change Tracker, 2024), a platform which aims to pro-
vide reliable, user-friendly, high-quality interactive dash-
boards including visualisations, data, and easily accessible
insights of this paper (see Fig. 10).

Table 9. Anomalies of land average annual maximum temperature
(TXx) for recent decades based on HadEX3 and ERA5.

Period Anomaly w.r.t. Anomaly w.r.t. Anomaly w.r.t.
1850–1900 (°C) 1961–1990 (°C) 1961–1990 (°C)

ERA5 ERA5 HadEX3
2000–2009 1.21 0.69 0.72
2009–2018 1.54 1.02 1.01
2010–2019 1.62 1.11 –
2011–2020 1.63 1.12 –
2012–2021 1.70 1.18 –
2013–2022 1.73 1.21 –
2014–2023 1.81 1.29 –

With Climate Change Tracker, we aim to reach a wider
public audience, including policymakers involved in UN-
FCCC negotiations and people with significant roles in cli-
mate change mitigation and adaptation. Climate Change
Tracker plans to update significant indicators multiple times
throughout the year, providing an up-to-date picture of the
indicators of climate change. Within the dashboards, all data
are traceable to the underlying sources.

The carbon budget calculation is available from https:
//github.com/Rlamboll/AR6CarbonBudgetCalc/tree/v1.0.1
(Lamboll and Rogelj, 2024). The code and data used to
produce other indicators are available in repositories under
https://github.com/ClimateIndicator/data/tree/v2024.05.29b
(Smith et al., 2024b). All data are available from
https://doi.org/10.5281/zenodo.11388387 (Smith et al.,
2024a). Data are provided under the CC-BY 4.0 Licence.

HadEX3 [3.0.4] data were obtained from https://catalogue.
ceda.ac.uk/uuid/115d5e4ebf7148ec941423ec86fa9f26
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Figure 10. Screenshot dashboard from https://climatechangetracker.org/igcc (last access: 2 June 2024), Climate Change Tracker (2024).

(Dunn et al., 2023) on 5 April 2023 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 2023).

11 Discussion and conclusions

The second year of the Global Climate Change (IGCC) ini-
tiative has built on last year’s effort and the AR6 report cy-
cle to provide a comprehensive update of the climate change
indicators required to estimate the human-induced warm-
ing and the remaining carbon budget. Table 10 and Fig. 11
present a summary of the headline indicators from each sec-
tion compared to those given in the AR6 assessment and
also summarise methodological updates. The main substan-
tive dataset change since AR6 is that land-use CO2 emis-
sions have been revised down by around 2 Gt CO2 (Table 10).
However, as CO2 ERF and human-induced warming esti-
mates depend on concentrations, not emissions, this does

not affect most of the other findings. Note it does slightly
increase the remaining carbon budget, but this is only by
5 Gt CO2, less than the 50 Gt CO2 rounding precision.

Last year witnessed a large increase in GMST (Sect. 6),
approaching 1.5 °C above 1850–1900 levels, which has
widely been reported in the press. The 2022–2023 increase
was the third-largest annual increase in the instrumental
record after 1876–1877 and 1976–1977, two other periods
with a strong transition from La Niña to El Niño conditions.
The reasons for the change, especially regarding the poten-
tial role of external forcings such as shipping emission re-
ductions compared to internal variability, are currently being
investigated (e.g. Schmidt, 2024; Gettelman et al. 2024). Our
work looks at long-term changes and does not directly inves-
tigate the reasons for the jump in GMST levels, yet we note
that our best estimate of human-induced warming in 2023
is 1.31 (1.1 to 1.7) °C (Table 6), below the observed GMST
estimate of 1.43 [1.32 to 1.53] °C in 2023 (Sect. 6). This in-
dicates a potentially large role for El Niño and other wind-
driven ocean changes.

https://doi.org/10.5194/essd-16-2625-2024 Earth Syst. Sci. Data, 16, 2625–2658, 2024

https://climatechangetracker.org/igcc
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/2/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/2/


2648 P. M. Forster et al.: Indicators of Global Climate Change 2023

Table 10. Summary of headline results and methodological updates from the Indicators of Global Climate Change (IGCC) initiative.

Climate indicator AR6 2021 assessment This 2023 assessment Explanation of changes Methodological updates since AR6

Greenhouse gas emissions
AR6 WGIII Chap. 2:
Dhakal et al. (2022); see
also Minx et al. (2021)

2010–2019 average:
56± 6 Gt CO2e*

2010–2019 average:
53± 5.5 Gt CO2e
2013–2022 average:
53± 5.4 Gt CO2e

Average emissions in
the past decade grew
at a slower rate than
in the previous decade.
The change from AR6
is due to a system-
atic downward revision
in CO2-LULUCF and
CH4 estimates.

CO2-LULUCF emissions revised down.
CO2 GCB fossil-fuel and industry net emis-
sions used instead of EDGAR. PRIMAP-
hist CR used in place of EDGAR for
CH4 and N2O emissions and atmospheric
measurements taken for F-gas emissions.
These changes reduce estimates by around
3 Gt CO2e (Sect. 2). Note that follow-
ing convention, ODS F-gases are excluded
from the total.

Greenhouse gas concentra-
tions
AR6 WGI Chap. 2: Gulev
et al. (2021)

2019:
CO2, 410.1 [±0.36] ppm
CH4, 1866.3 [±3.2] ppb
N2O, 332.1 [±0.7] ppb

2023:
CO2, 419.3 [±0.4] ppm
CH4, 1922.5 [±3.3] ppb
N2O, 336.9 [±0.4] ppb

Increases caused by
continued GHG anthro-
pogenic emissions.

Updates based on NOAA data and AGAGE
(Sect. 3).

Effective radiative forcing
change since 1750
AR6 WGI Chap. 7: Forster
et al. (2021)

2019:
2.72 [1.96 to 3.48] W m−2

2023:
2.79 [1.78 to 3.60] W m−2

Trend since 2019 is
caused by increases in
greenhouse gas concen-
trations and reductions
in aerosol precursors.
Shipping emission
reductions may have
added approximately
0.1 W m−2 to the ERF
in 2023 compared
to 2022. However,
increases in biomass
burning aerosol from
Canadian wildfires
decreased the ERF by
more.

Follows AR6 with minor update to aerosol
precursor treatment and emissions dataset
that revises 2019 ERF estimate relative
to 1750 downwards (more negative) by
0.09 W m−2. Headline assessment of 1750
to 2005–2014 of −1.3 W m−2 is un-
changed from AR6. Contrails’ ERF esti-
mate methodology slightly revised, which
does not make a material difference.

Earth’s energy imbalance
AR6 WGI Chap. 7: Forster
et al. (2021)

2006–2018 average:
0.79 [0.52 to 1.06] W m−2

2010–2023. average:
0.96 [0.67 to 1.26] W m−2

Substantial increase in
energy imbalance es-
timated based on in-
creased rate of ocean
heating.

Ocean heat content time series extended
from 2018 to 2023 using four of the
five AR6 datasets. Other heat inventory
terms updated following von Schuckmann
et al. (2023a). Ocean heat content uncer-
tainty is used as a proxy for total uncer-
tainty. Further details in Sect. 5.

Global mean surface tem-
perature change since
1850–1900
AR6 WGI Chap. 2: Gulev
et al. (2021)

2011–2020 average:
1.09 [0.95 to 1.20] °C

2014–2023 average:
1.19 [1.06–1.30] °C

An increase of 0.1 °C
within 3 years, indicat-
ing a high decadal rate
of change, which may
in part be internal vari-
ability.

Methods match four datasets used in AR6
(Sect. 6). Individual datasets have updated
historical data, but these changes do not ma-
terially affect results.

Human-induced global
warming since pre-
industrial
AR6 WGI Chap. 3: Eyring
et al. (2021)

2010–2019 average:
1.07 [0.8 to 1.3] °C

2010–2019 average:
1.09 [0.9 to 1.3] °C
2014–2023 average:
1.19 [1.0 to 1.4] °C

An increase of 0.1 °C
within 4 years, indi-
cating a high decadal
rate of change. GMST
increase in 2023 has
revised historical esti-
mates upwards.

The three methods for the basis of the AR6
assessment are retained, but each has new
input data (Sect. 7).

Remaining carbon budget
for 50 % likelihood of
limiting global warming to
1.5 °C
AR6 WGI Chap. 5:
Canadell et al. (2021)

From the start of 2020:
500 Gt CO2

From the start of 2024:
200 Gt CO2

The 1.5 °C budget is be-
coming very small. The
RCB can exhaust be-
fore the 1.5 °C thresh-
old is reached due to
having to allow for fu-
ture non-CO2 warming.

Emulator and scenario change have reduced
budget since 2020 by 100 Gt CO2 (Sect. 8).

Land average maximum
temperature change com-
pared to pre-industrial.
AR6 WGI Chap. 11:
Seneviratne et al., 2021

2009–2018 average:
1.55 °C

2014–2023 average:
1.81 °C

Rising at a substan-
tially faster rate com-
pared to global mean
surface temperature.

HadEX3 data used in AR6 replaced with re-
analysis data employed in this report, which
are more updatable going forward. Adds
0.01 °C to estimate (Sect. 9).
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Figure 11. Infographic for the best estimate of headline indicators assessed in this paper.

Methane and biomass emissions had a strong component
of change related to climate feedbacks (Sects. 2 and 3).
Such changes will become increasingly important over this
century, even if the direct human influence declines. These
changes need to be properly accounted for to explain atmo-
spheric concentration and energy budget changes. The ap-
proach to methane taken in this paper (where changes to
natural sources are excluded) is inconsistent with that taken
for aerosol emissions (where wildfire changes are included).
In future years and in the next IPCC report, a consistent

approach to attribution of atmospheric emissions, concen-
tration change and radiative forcing should be developed.
Similarly, we follow the underlying literature in treating
wildfire-related CO2 emissions and removals as natural only
(Friedlingstein et al., 2023), even though their intensity and
frequency are shifting under anthropogenic climate change.

It is hoped that this update can support the science com-
munity in its collection and provision of reliable and timely
global climate data. In future years we are particularly in-
terested in improving SLCF updating methods to get a more
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accurate estimate of short-term ERF changes. The work also
highlights the importance of high-quality metadata to doc-
ument changes in methodological approaches over time. In
future years we hope to improve the robustness of the in-
dicators presented here but also extend the breadth of indi-
cators reported through coordinated research activities. For
example, we could begin to make use of new satellite and
ground-based data for better greenhouse monitoring (e.g. via
the WMO Global Greenhouse Gas Watch initiative). Parallel
efforts could explore how we might update indicators of re-
gional climate extremes and their attribution, which are par-
ticularly relevant for supporting actions on adaptation and
loss and damage.

Generally, scientists and scientific organisations have an
important role as “watchdogs” to critically inform evidence-
based decision-making. This annual update traced to IPCC
methods can provide a reliable, timely source of trustworthy
information. As well as helping inform decisions, we can use
the update to track changes in datasets between their use in
one IPCC report and the next. We can also provide informa-
tion and testing to motivate updates in methods that future
IPCC reports might choose to employ.

This is a critical decade: human-induced global warming
rates are at their highest historical level, and 1.5 °C global
warming might be expected to be reached or exceeded within
the next 10 years in the absence of cooling from major vol-
canic eruptions (Lee et al., 2021). Yet this is also the decade
that global greenhouse gas emissions could be expected to
peak and begin to substantially decline. The indicators of
global climate change presented here show that the Earth’s
energy imbalance has increased to around 0.9 W m−2, aver-
aged over the last 12 years. This also has implications for
the committed response of slow components in the climate
system (glaciers, deep ocean and ice sheets) and committed
long-term sea level rise, but this is not part of the update here.
However, rapid and stringent GHG emission decreases such
as those committed to at COP28 could halve warming rates
over the next 20 years (McKenna et al., 2021). Table 1 shows
that global GHG emissions are at a long-term high, yet there
are signs that their rate of increase has slowed. Depending on
the societal choices made in this critical decade, a continued
series of these annual updates could track an improving trend
for some of the indicators discussed herein.
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