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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), including
the first global stocktake under the Paris Agreement that will conclude at COP28 in December 2023. Evidence-based decision
making needs to be informed by up-to-date and timely information 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 update monitoring datasets to produce updated 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,
surface temperature changes, the Earth’s energy imbalance, 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/zen0do.7969114, Smith et al., 2023). 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 human induced warming reached 1.14 [0.9 to 1.4] °C averaged over the 2013-2022 decade and 1.26

[1.0 to 1.6] °C in 2022. Over the 2013-2022 period, human induced warming has been increasing at an unprecedented rate of
2
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over 0.2 °C per decade. This high rate of warming is caused by a combination of greenhouse gas emissions being at an all-
time high of 54 + 5.3 GtCO.e over the last decade, as well as reductions in the strength of aerosol cooling. Despite this, there
is evidence that increases in greenhouse gas emissions have slowed. Despite this, there is evidence that increases in greenhouse
gas emissions have slowed, and depending on societal choices a continued series of these annual updates over this critical

decade could track a change of direction for human influence on climate.

1 Introduction

Increased greenhouse gas concentrations combined with reductions in aerosol pollution have led to rapid increases in human
induced effective radiative forcing, which has in turn led to atmosphere, land, cryosphere and ocean warming (Gulev et al.,
2021). This in turn has led to an intensification of many weather and climate extremes, particularly more frequent and more
intense hot extremes, and heavy precipitation across most regions of the world (Seneviratne et al., 2021). Given the speed of
recent change, and the need for evidence-based decision-making, this Indicators of Global Climate Change (IGCC) update
assembles the latest scientific understanding on the current state of the climate system, how it is evolving and the human
influence to support policymakers whilst the next IPCC assessment is under preparation. This first annual update is focused
on indicators related to heating of the climate system, building from greenhouse gas emissions towards estimates of human-
induced warming and the remaining carbon budget. In future years, this effort could be expanded to encompass other indicators,

including global precipitation changes and related extremes.

This update complements other international efforts under the auspices of the Global Climate Observing System (GCOS) and
the World Meteorological Organization (WMO). Annual state of the climate reports are released by WMO which use much of
the same data analysed here for surface temperature and energy budget trends. The Bulletin of American Meteorological
Society (BAMS) releases annual State of the Climate reports covering many essential variables including temperature and
greenhouse gas concentrations. However, these reports focus on statistics from the previous year and make slightly different
choices over datasets and analysis compared to the [IPCC (see Sect. 5). The Global Carbon Project publishes updated carbon
dioxide datasets which are used directly in this report. There is no similarly structured activity that provides all the necessary

datasets to update annually the assessment of human influence on global surface temperature.

The update is based on methodologies for key climate indicators assessed by the IPCC Sixth Assessment Report (AR6) of the
physical science basis of climate change (WGI report; IPCC, 2021a) as well as Chapter 2 of the WGIII report (Dhakal et al.,
2022), and is aligned with the efforts initiated in AR6 to implement FAIR principles for reproducibility and reusability (Pirani
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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.

The IPCC Special Report on Global Warming of 1.5°C (SR1.5), published in 2018, provided an assessment of the level of
human-induced warming and cumulative emissions to date (Allen et al., 2018) and the remaining carbon budget (Rogelj et al.,
2018) to support the evidence base on how the world is progressing in terms of meeting aspects of the Paris Agreement. The
AR6 WGI Report, published in 2021, assessed past, current and future changes of these and other key global climate indicators,
as well as undertaking an assessment of the Earth’s energy budget. It also updated its approach for estimating human-induced
warming and global warming level. In AR6 WGI and here, reaching a level of global warming is defined as the global surface
temperature change, averaged over a 20-year period, exceeding a particular level of global warming, e.g. 1.5°C global
warming. Given the current rates of change and the likelihood of reaching 1.5°C of global warming in the first half of the
2030s (Lee et al., 2021; Lee et al., 2023; Riahi et al., 2022), it is important to have robust, trusted, and also timely climate

indicators in the public domain to form an evidence base for effective science-based decision making.

When making their assessments, authors of IPCC reports assess published literature, but also apply established published
analysis methods to assessed datasets, such as that produced by the latest climate model intercomparison projects (Lee et al.,
2021). The authors combine and analyze both model and observational data as part of their expert assessment, making
assessments of the trustworthiness and error characteristics of different datasets. It is this synthetic analysis by IPCC authors
that derives the estimates of key climate indicators. Wherever possible these same assessed methodological approaches are
implemented here to provide the updates with variations clearly flagged and documented. The same approach, using the same
datasets (updated by 2 years) and methods as employed in WGI, was used in the AR6 SYR (2023) report to provide an updated
assessment of the latest atmospheric well mixed greenhouse gas concentrations (up to 2021) and decadal average change in
global surface temperature (+1.15°C [1.00°C—-1.25°C] in 2013-2022 for global surface temperature). However, the assessment
of human-induced warming was not updated (and therefore only covers warming up to the decade 2010-2019), nor was the
remaining carbon budget updated, so the related information in the 2023 SYR report remained based on data up to the end of

2019.

The indicators in this first annual update give important insights into the magnitude and the pace of global warming. This paper
provides the basis for a dashboard of climate indicators grounded in [PCC methodologies and directly traceable to reports
published as part of the AR6 cycle. We employ datasets that can be updated on a regular basis between the publication of IPCC

reports. Note that there are other similar initiatives underway to update other AR6 cycle products; for example, the evolution

4



140

145

150

155

160

165

of the WGI Interactive Atlas (Gutiérrez et al., 2021) is being developed under the Copernicus Climate Change Service (C3S)

and has potential connections and synergies with this initiative that will be explored in the future.

Our longer-term ambition is to rigorously track both climate system change and methodological improvements between [IPCC
report cycles, thereby building consistency and awareness. An example of why tracking methodological change is important
was the updated estimate for historic warming (the increase in global surface temperature from 1850-1900 to 1986-2005). This
was 0.08 [-0.01 to 0.12] °C higher in the AR6 than in the fifth assessment report (ARS) and SR1.5. Datasets and methods of
evaluating global temperature changes altered between the ARS and ARG, leading to a small shift in the historical temperature.
This was reflected in changes between ARS and AR6, whereas SR1.5 mostly relied on methodologies from ARS (see AR6
WGI Cross Chapter Box 2.3, Gulev et al., 2021). Annual updates provide indications of possible future methodological shifts

that subsequent IPCC reports may make as science advances and can detail their impact on perceived trends.

We adopt the Global Carbon Budget ethos of a community-wide inclusive effort that synthesises work from across a large and
diverse global scientific community in a timely fashion (Friedlingstein et al., 2022a). Like the Global Carbon Budget, this
initiative arises from the international science community to establish a knowledge base to support policy debate and action to

meet the Paris Agreement temperature goal.

The update is organised as follows: Emissions (Sect. 2) and GHG concentrations (Sect. 3) are used to develop updated estimates
of effective radiative forcing (Sect. 4). Observations of global surface temperature change (Sect. 5) and Earth’s energy
imbalance (Sect. 6) are key global indicators of a warming world. The global surface temperature change is formally attributed
to human activity in Sect. 7, which tracks human-induced warming. Section 8 updates the remaining carbon budget to policy-
relevant temperature thresholds. Section 9 gives an example of global-scale indicators associated with climate extremes of

maximum land surface temperatures.

An important purpose of the exercise is to make these indicators widely available and understood. Plans for a web dashboard
are discussed in Sect. 10, code and data availability in Sect. 11 and conclusions presented in Sect. 12. Data is available at

https://doi.org/10.5281/zenodo.7969114 (Smith et al., 2023).
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2. Emissions

Historic emissions from human activity were assessed in both AR6 WGI and WGIII. Chapter 5 of WGI assessed CO. and CH.
emissions in the context of the carbon cycle (Canadell et al., 2021). Chapter 6 of WGI assessed emissions 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 one year later (Dhakal et al., 2022), looked at 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 refer to releases of GHG from anthropogenic sources minus removals
by anthropogenic sinks, for those species of gases that are reported under the common reporting format of the UNFCCC. This
includes CO. emissions from fossil fuels and industry (CO.-FFI); net CO. emissions from land use, land use change and forestry
(CO-LULUCF); CH.; N,O; and fluorinated gas (F-gas) emissions. CO-FFI mainly comprises fossil-fuel combustion
emissions, as well as emissions from industrial processes such as cement production. This excludes biomass and biofuel use
by industry. CO,-LULUCF is mainly driven by deforestation, but also includes anthropogenic removals on land from
afforestation and reforestation, emissions from logging and forest degradation, emissions and removals in shifting cultivation
cycles, as well as emissions and removals from other land-use change and land management activities, including peat burning
and drainage. The non-CO. GHGs - CH., N;O and F-gas emissions - are linked to the fossil-fuel extraction, agriculture, industry

and waste sectors.

Global regulatory conventions have led to a two-fold categorisation of F-gas emissions (also known as halogenated gases).
Under UNFCCC accounting, countries record emissions of hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulphur
hexafluoride (SF6), and nitrogen trifluoride (NF3) - hereinafter “UNFCCC F-gases”. However, national inventories tend to
exclude halons, chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) - hereinafter “ODS (Ozone Depleting
Substances) F-gases™ - as they have been initially regulated under the Montreal protocol and its amendments. In line with the
WGIII assessment, ODS-F-gases and other substances, including ozone and aerosols, are not included in our GHG emissions
reporting, but are included in subsequent assessments of concentrations, effective radiative forcing, human-induced warming,

carbon budgets and climate impacts in line with the WGI assessment.

There are also varying conventions used to quantify CO.-LULUCF fluxes. These include the use of bookkeeping models,
dynamic global vegetation models (DVGMs), and the national inventory approach (Pongratz et al. 2021). Each differs in terms

6
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of their applied system boundaries and definitions and are not directly comparable. However, efforts to “translate” between
bookkeeping estimates and national inventories using DVGMs have demonstrated a degree of consistency between the varying

approaches (Friedlingstein et al., 2022a; Grassi et al., 2023).

Each category of GHG emissions included here is covered 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. Notable datasets include the Global Carbon Budget (GCB; Friedlingstein et al., 2022b), which covers CO.-FFI and
CO.,-LULUCEF; the Emissions Database for Global Atmospheric Research (EDGAR; Crippa et al., 2022) and the Potsdam
Real-time Integrated Model for probabilistic Assessment of emissions Paths (PRIMAP-hist; Giitschow et al., 2016; Giitschow
and Pfliiger 2023), which cover CO.-FFI, CH., N.O and UNFCCC F-gases; and the Community Emissions Data system (CEDS;
O’Rourke et al., 2021), which covers CO.-FFI, CH., and N.O. As detailed below not all these datasets were employed in this
update.

In AR6 WGIII, total net GHG emissions were calculated as the sum of CO.-FFI, CH., N.O and UNFCCC F-gases from
EDGAR, and net CO,-LULUCF emissions from the GCB. Net CO.-LULUCF emissions followed the GCB convention and
were derived from the average of three bookkeeping models (Hansis et al., 2015; Houghton and Nassikas, 2017; Gasser et al.,
2020). 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). CO,-equivalent emissions were calculated using global warming
potentials with a 100-year time horizon from AR6 WGI Chapter 7 (Forster et al., 2021). Uncertainty ranges were based on a
comparative assessment of available data and expert judgement, corresponding to a 90% confidence interval (Minx et al.,
2021): £8% for CO.-FFI, £70% for CO.-LULUCEF, £30% for CH. and F-gases, and +60% for N.O (note that the GCB assesses
one standard deviation uncertainty for CO.-FFI as +£5%, and of +2.6 GtCO, for CO,-LULUCEF; Friedlingstein et al., 2022a).
The total uncertainty was summed in quadrature assuming independence of estimates per species / source. Reflecting these
uncertainties, AR6 WGIII reported emissions to two significant figures only. Uncertainties in GWP100 metrics were not

applied (Minx et al., 2021).

This analysis tracks the same compilation of GHGs as in AR6 WGIIL. We follow the same approach for estimating
uncertainties and CO.-equivalent 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 is now available as version 7), we use GCB data
for CO.-FFI, PRIMAP-hist data for CH, and N0, and atmospheric concentrations with best-estimate lifetimes for UNFCCC

7
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F-gas emissions (Hodnebrog et al., 2020). As in AR6 WGIII we use GCB for net CO,-LULUCF emissions, taking the average
of three bookkeeping models.

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 or CEDS (Dhakal et
al., 2022; Minx et al., 2021). As GCB and PRIMAP-hist integrate the most recent national inventory submissions to the
UNFCCC, selecting these databases makes best use of country-level improvements in data gathering infrastructures. Second,
comprehensive reporting of F-gas emissions has remained challenging in national inventories and may exclude some military
applications (see Minx et al., 2021; Dhakal et al., 2022). However, F-gases are entirely anthropogenic substances, and their
concentrations can be measured effectively and reliably in the atmosphere. We therefore follow the AR6 WGI approach in
making use of direct atmospheric observations. Third, the choice of GCB data for CO.-FFI means we can integrate its
projection of that year’s CO. emissions at the time of publication (i.e., for 2022). No other dataset except GCB provides
projections of CO, emissions on this timeframe. At this point in the publication cycle (mid-year), the other chosen sources
provide data points with a two-year time lag (i.e., for 2021). While these data choices inform our overall assessment of GHG
emissions, we provide a comparison 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 CO.-FFI and non-CO. GHG emissions, GCB for CO.-
LULUCEF).

2.2 Updated global greenhouse gas emissions

Total global GHG emissions reached 55 + 5.2 GtCO.¢e in 2021. The main contributing sources were CO.-FFI (37 £+ 3 GtCO.,),
CO.-LULUCEF (3.9 + 2.8 GtCO.), CH. (8.9 + 2.7 GtCO.e), N.O (2.9 + 1.8 GtCO.e) and F-gas emissions (2 £ 0.59 GtCO.e).
GHG emissions rebounded in 2021, following a single year decline during the COVID-19 induced lockdowns of 2020. Prior
to this event in 2019, emissions were 55 + 5.4 GtCO.e - i.e. almost the same level as in 2021. Initial projections indicate that
CO. emissions from fossil fuel and industry and land use change remained similar in 2022, at 37 + 3 GtCO, and 3.9 + 2.8
GtCO,, respectively (Friedlingstein et al.,, 2022a). Note that ODS-F-gases such as chlorofluorocarbons and
hydrochlorofluorocarbons are excluded from national GHG emissions inventories. For consistency with AR6, they are also

excluded here. Including them here would increase total global GHG emissions by 1.6Gt GtCO.¢ in 2021.

Average GHG emissions for the decade 2012-2021 were 54 + 5.3 GtCO.e. Average decadal GHG emissions have increased
steadily since the 1970s across all major groups of GHG, driven primarily by increasing CO. emissions from fossil fuel and

industry, but also rising emissions of CH, and N.O. UNFCCC F-gas emissions have grown more rapidly than other greenhouse
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gases reported under the UNFCCC, but from low levels. By contrast, ODS F-gas emissions have declined substantially since
the 1990s. Both the magnitude and trend of CO. emissions from land use change remain highly uncertain, with the latest data

indicating an average net flux between 4-5 GtCO, /yr for the past few decades.

AR6 WGIII reported total net anthropogenic emissions of 59 + 6.6 GtCO.e in 2019, and decadal average emissions of 56 + 6.0
GtCO.e from 2010-2019. By comparison, our estimates here for the AR6 period sum to 55 + 5.4 GtCO.e in 2019, and 53 + 5.3
GtCO.e for the same decade (2010-2019). The difference between these figures, including the reduced relative uncertainty
range, is partly driven by the substantial revision in GCB CO,-LULUCEF estimates between the 2020 version (used in AR6
WGII) of 6.6 GtCO:. and the 2022 version (used here) of 4.6 GtCO.. The main reason for this downward revision comes from
updated estimates of agricultural areas by the FAO and uses multi-annual land-cover maps from satellite remote sensing,
leading to lower emissions from cropland expansion, particularly in the tropical regions. It is important to note that this change
is not a reflection of changed and improved methodology per se, but an update of the resulting estimation due to updates in
the available input data. Second, there are relatively small changes resulting from improvements in datasets since AR6, with
the direction of changes depending on the considered gases. CH. accounts for the largest of these at -1.8GtCO.e in 2019, which
is related to the switch from EDGAR in AR6 to PRIMAP-hist in this study. EDGAR estimates considerably higher CH.
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. Generally, uncertainty in these sectors is relatively high
as calculations are based on activity data and assumed emissions factors which are hard to determine and vary greatly over
countries. Differences in the remaining gases for 2019 are relatively small in magnitude (increases: N.O (+0.18 GtCO.e),
UNFCCC-F-gases (+ 0.48 GtCO.e); and decreases: CO2-FFI (-0.8 GtCO.e)). Overall, excluding the change due to CO.-
LULUCEF and CH., they impact the total GHG emissions estimate by -0.14 GtCO.e.

New literature not available at the time of the AR6 suggests that increases in atmospheric methane concentrations are also
driven by methane emissions from wetland changes resulting from climate change (e.g., Basu et al., 2022; Peng et al., 2022;
Nisbet et al., 2023; Zhang et al., 2023). Such carbon cycle feedbacks are not considered here, as we focus on estimates of

emissions resulting directly from human activities.
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a and f are calculated using GWPs with a 100-year time horizon from the AR6 WGI Chapter 7 (Forster et al., 2021). F-gas emissions
in panel a) comprise only UNFCCC F-gas emissions (see Sect. 2.1 for a list of species).
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Table 1: Global anthropogenic greenhouse gas emissions by source and decade.

Gt COse 1970- 1980- 1990- 2000- 2010- 2012- 2021 2022
(projection)

1979 1989 1999 2009 2019 2021

GHG 30+4 35+4.4 39+4.9 4545.1 53+5.3 544+5.3 55+5.2

CO--FFI 17+1.4 20+1.6 24+1.9 29+2.3 36+2.8 36+2.9 3743 3743

CO--LULUCF 4.4+3.1 4.8+3.4 5.3+3.7 5+3.5 4.743.3 4.5£3.2 3.9+2.8 3.9+2.8

CH. 6.2+1.9 6.6+2 7.3+2.2 8+2.4 8.6+2.6 8.7£2.6 8.9+2.7

N.O 1.9+1.1 2.1+1.3 2.2+1.3 2.4£1.5 2.7+1.6 2.8+1.7 2.9+1.8

UNFCCC F-gases | 0.58+0.17 0.78+0.23  0.77+0.23  1+0.3 1.5+0.46 1.7£0.5 2+0.59

Notes: All numbers refer to decadal averages, except for annual estimates in 2021 and 2022. CO. equivalent emissions are calculated
using GWP with a 100-year time horizon from AR6 WGI Chapter 7 (Forster et al., 2021). Projections of non-CO. GHG emissions
in 2022 remain unavailable at the time of publication. Uncertainties are £8% for CO.-FFI, £70% for CO.-LULUCEF, £30% for CH.,
and F-gases, and £60% for N.O, corresponding to a 90% confidence interval. ODS F-gases are excluded, as noted in Sect. 2.1.

2.3 Non-methane short lived climate forcers

In addition to GHG emissions, we provide an update of anthropogenic emissions of non-methane short-lived climate forcers
(SLCFs) (SO, BC, OC, NO,, VOCs, CO and NH;). HFCs are considered in Sect. 2.2. Updating emissions of many short-lived
climate forcing agents to 2022 based on established datasets is not possible as compiling global data can take several years.
Yet, as SLCF emissions are needed in this paper to update effective radiative forcing (ERF) estimates through 2022, updated

emission datasets, where they are available, are combined with projected data to make SLCF emission time series complete.

As in Dhakal et al. (2022), sectoral emissions of SLCFs are derived from two sources. For fossil fuel, industrial, waste and
agricultural sectors, we use the CEDS dataset that provided SLCF emissions for CMIP6 (Hoesly et al., 2018). CEDS provides
global emissions totals from 1750 to 2019 in its most recent version (O’Rourke et al., 2021). No CEDS emissions data is yet
available beyond 2019. As a first estimate, the SLCF emissions time series are extrapolated to 2022 using the “two-year blip”

scenario (Forster et al., 2020) of global emissions suppressed by the economic slowdown due to COVID-19. These projections

11
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are proxy estimates from Google and Apple mobility data over 2020, and assume a slow return to pre-pandemic emissions
activity levels by 2022. Other near-real time emissions estimates covering the COVID-19 pandemic era tend to show less of
an emissions reduction than the two-year blip scenario (Guevara et al., 2023). It should be stressed that accurate quantification

of SLCF emissions during this period is not possible.

We do not explicitly account for the introduction of strict fuel sulphur controls brought in by the International Maritime
Organization on 1 January 2020, which was expected to reduce SO: emissions from the global shipping sector by 8.5 Tg
against a pre-COVID baseline (around 10% of 2019 total SO2 emissions). SOz reductions from shipping are partly accounted

for in the proxy activity dataset, and including a specific shipping adjustment may double-count emissions reductions.

For biomass burning SLCF emissions we follow AR6 WGIII (Dhakal et al., 2022) and use the Global Fire Emissions Dataset
(GFED, Randerson et al., 2017) for 1997 to 2022, with the dataset extended back to 1750 for CMIP6 (van Marle et al., 2017).
Estimates from 2017 to 2022 are provisional. The potential for both sources of emissions data to be updated in future versions
exist, particularly in light of a forthcoming update to CEDS and quantification of shipping sector SOz reductions. Other natural
emissions, which are important for gauging some SLCF concentrations, are considered as constant in the context of calculating

concentrations and ERF.

Estimated emissions used here are based on a combination of GFED emissions for biomass-burning emissions and CEDS up
until 2019 extended with the “two-year blip” scenario for fossil, agricultural, industrial and waste sectors. Under this scenario,
emissions of all SLCFs are reduced in 2022 relative to 2019 (Table 2). As described in Sect. 4, this has implications for several
categories of anthropogenic radiative forcing. Trends in SLCFs emissions are spatially heterogeneous (Szopa et al., 2021) with
strong shifts in the geographical distribution of emissions over the 2010-2019 decade. Very different lockdown measures have
been applied for COVID around the world resulting in various length and intensity of activity reductions and effect on air
pollutant emissions (Sokhi et al., 2021). SLCF emissions have been seen to return to their pre-COVID levels by 2022 in some
regions, sometimes with rebound effect, but not in all (Putaud et al., 2023, Lonsdale and Sun, 2023) but quantification at the

global scale is not yet available.

Uncertainties associated with these emission estimates are difficult to quantify. From the non-biomass burning sectors they are
estimated to be smallest for SO, (£14%), largest for black carbon (BC) (a factor of two), and intermediate for other species
(Smith et al., 2011; Bond et al., 2013; Hoesly et al., 2018). Uncertainties are also likely to increase both backwards in time
(Hoesly et al., 2018), and again in the most recent years. The estimates of non-biomass burning emissions for 2020, 2021 and

2022 are highly uncertain owing to the use of proxy activity data, scenario extension, and the impact of sulphur controls in the
12



shipping sector. 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 is supported by aerosol optical depth

measurements (e.g. Quaas et al., 2022).

345
Table 2: Emissions of the major SLCFs in 1750, 2019 and 2022
Compound Species 1750 emissions 2019 emissions 2022 emissions
(Tgyr) (Tgyr) (Tgyr)
Sulphur dioxide (SO.) + sulphate (SO.>) | 0.3 85.9 76.9
Black carbon (BC) 2.1 7.8 6.7
Organic carbon (OC) 154 34.7 26.0
Ammonia (NH;) 6.6 66.5 65.3
Oxides of nitrogen (NOx) 19.4 142.9 131.8
Volatile organic compounds (VOCs) 60.6 227.2 189.6
Carbon monoxide (CO) 348.4 937.8 764.1

Notes. Emissions of SO. + SO/ use SO molecular weights. Emissions of NOx use NO: molecular weights. VOCs are for the total mass.

3 Well-mixed greenhouse gas concentrations

AR6 Working Group I assessed well mixed GHG concentrations in Chapter 2 (Gulev et al., 2021) and additionally provided a
350 dataset of concentrations of 52 well-mixed GHGs from 1750 to 2019 in its Annex III (IPCC, 2021c¢). Footnotes in AR6 SYR
updated CO., CH. and NO concentrations to 2021 (Lee et al., 2023). In this update we extended the record to 2022 for all 52

gases.

Ozone is an important greenhouse gas with strong regional variation both in the stratosphere and troposphere (Szopa et al.,
355 2021). Its ERF arising from its regional distribution is assessed in Sect. 4, but following AR6 convention is not included with

the GHGs discussed here. Other non-methane SLCFs are heterogeneously distributed in the atmosphere and are also not
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typically reported in terms of a globally averaged concentration. Globally averaged concentrations for these are normally

model derived, supplemented by local monitoring networks and satellite data (Szopa et al., 2021).

As in AR6, CO, concentrations are taken from the NOAA Global Monitoring Laboratory (GML) and updated through 2022
(Lan et al., 2023a). Although, here CO2 is reported on the updated WMO-CO2-X2019 scale, whereas in AR6, values were
reported on the WMO-CO2-X2007 scale. This improved calibration increases CO. concentrations by around 0.2 ppm (Hall et
al., 2021). In AR6, CH. and N,O were reported as the average from NOAA and AGAGE global networks. For 2022 as updated
AGAGE data is not currently available, we used only NOAA data [Lan et al., 2023b], and multiplied N.O by 1.0007 to be
consistent with a NOAA-AGAGE average. NOAA CH. in 2022 was used without adjustment since the NOAA and AGAGE
global means CH. are consistent within 2 ppb. Mixing ratio uncertainties for 2022 are assumed to be similar to 2019, and we

adopt the same uncertainties as assessed in AR6 WGI.

Many halogenated greenhouse gases are reported on a global mean basis from NOAA and/or AGAGE until 2020 or 2021 (SF,
is available in the NOAA dataset up to 2022). Where both NOAA and AGAGE data are used for the same gas, we take a mean
of the two datasets. Where both networks are used and the last full year of data availability is different, the difference between
the dataset mean and the dataset with the longer time series in this last year is used as an additive offset to the dataset with the
longer time series. Some obvious inconsistencies are removed such as sudden changes in concentrations when missing data is

reported as zero.

Some of the more minor halogenated gases are not part of the NOAA or AGAGE operational network and are currently only
reported in literature sources until 2019, or possibly 2015 (Droste et al., 2020; Laube et al., 2014; Schoenenberger et al., 2015;
Simmonds et al., 2017; Vollmer et al., 2018). Concentrations of gases where 2022 data is not yet available are extrapolated
forwards to 2022 using the average growth rate over the last 5 years of available data. These assumptions have an imperceptible

effect on the total ERF assessed in Sect. 4, whereas excluding these gases would have an impact.

The global surface mean mixing ratios of CO,, CH, and N,O in 2022 were 417.1 [+ 0.4] ppm, 1911.9 [+ 3.3] ppb and 335.9 [+
0.4] ppb. Concentrations of all three major GHGs have increased from 2019 values reported in AR6 WGI, which were 410.1
[+ 0.36] ppm for CO,, 1866.3 [+ 3.2] ppb for CH. and 332.1 [+ 0.7] ppb for N.O. CO. concentrations in 2019 are updated to
410.3 ppm using the new WMO-CO2-X2019 scale adopted here. Concentrations of most categories of halogenated GHGs
have increased from 2019 to 2022: from 109.4 to 114.2 ppt on a CFs-equivalent scale for PFCs; 237.1 ppt to 287.2 ppt on an
HFC-134a-equivalent scale for HFCs: 9.9 ppt to 11.0 ppt for SF.and 2.1 to 2.8 ppt for NF.. Only Montreal Protocol halogenated
GHGs have decreased in concentration, from 1031.9 ppt in 2019 to 1016.6 ppt in 2022 on a CFC-12-equivalent scale,
14
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demonstrating the continued success of the Montreal Protocol. Although even here, concentrations of some minor CFCs are
rising (see also Western et al. 2023). In this update we employ AR6 derived uncertainty estimates and do not perform a new
assessment. Table 1 in Sect. 3 of the Supplementary Material shows specific updated concentrations for all the GHGs

considered.

4 Effective Radiative Forcing (ERF)

ERFs were principally assessed in Chapter 7 of AR6 Working Group I (Forster et al., 2021). Chapter 7 focussed on assessing
ERF from changes in atmospheric concentrations, it also supported estimates of ERF in Chapter 6 that attributed forcing to
specific precursor emissions (Szopa et al., 2021) and also generated the time history of ERF shown in AR6 WGI Figure 2.10
and discussed in Chapter 2 (Gulev et al., 2021). Only the concentration-based estimates are updated this year. The emission-
based estimates relied on specific chemistry climate model integrations and a consistent method of applying updates to these

would need to be developed in the future.

Each IPCC report has successively updated both the method of calculation and the time history of different warming and
cooling contributions, measured as ERFs. Both types of updates have contributed to a significantly changed forcing estimate
between successive reports. For example, Forster et al., (2021) updated the methodology to exclude land-surface temperature
related adjustments from the forcing calculation, which generally increased estimates. At the same time GHG levels increased
and the time history of aerosol forcing was revised, overall leading to a higher total ERF estimate in AR6 compared to ARS.

These IPCC updates flow from an assessment of varied literature and also rely on updates to concentrations and/or emissions.

There is no published regularly updated total ERF indicator outside of the IPCC process, although the European Copernicus
programme has trialed such a product (Bellouin et al., 2020). For radiative forcing, NOAA annually updates estimates for the
main GHGs, calculating radiative forcing (RF) using the set of formulas to estimate RFs from concentrations (Montzka, 2022).
Updated RF formulas were employed in AR6 (Forster et al., 2021) and these updated expressions are also employed here in
Supplementary Material, Sect. 4.

The ERF calculation follows the methodology used in AR6 WGI (Smith et al., 2021). 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 uncertainties
are reported as 5-95% ranges and provided in square brackets. The only significant methodological change compared to AR6
is for the volcanic ERF estimate. Firstly, the preindustrial baseline data has been improved by switching to a new longer record

of stratospheric aerosol optical depth before 1750 (Sigl et al, 2022). Secondly, choices have also been made to include the
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January 2022 eruption of Hunga Tonga-Hunga Ha’apai as an exceptional positive ERF perturbation from the increase in
stratospheric water vapour (Millan et al., 2022; Sellito et al., 2022; Jenkins et al., 2023). The methods are all detailed in
Supplementary Material, Sect. 4.

The summary results for the anthropogenic constituents of ERF and solar irradiance in 2022 relative to 1750 are shown in
Figure 2a. In Table 3 these are summarised alongside the equivalent ERFs from AR6 (1750-2019) and ARS (1750-2011).
Figure 2b shows the time evolution of ERF from 1750 to 2022.

Total anthropogenic ERF has increased to 2.91 [2.19 to 3.63] W m= in 2022 relative to 1750, compared to 2.72 [1.96 to 3.48]
W m=2 for 2019 relative to 1750 in AR6. The main contributions to this increase are from increases in greenhouse gas
concentrations and a reduction in the magnitude of aerosol forcing. Decadal trends in ERF have increased markedly and are

now over 0.6 W m= per decade. These are discussed further in the discussion and conclusions (Sect. 12).

The ERF from well-mixed GHGs is 3.45 [3.14 to 3.75] W m= for 1750-2022, of which 2.25 W m= is from CO,, 0.56 W m=
from CH,, 0.22 W m= from N;O and 0.41 W m* from halogenated gases. This is an increase from 3.32 [3.03 to 3.61] W m= for
1750-2019 in AR6. ERFs from CO,, CH. and N,O have all increased since the AR6 WG1 assessment for 1750-2019 owing to

increases in atmospheric concentrations.

The total aerosol ERF (sum of the ERF from aerosol radiation interactions (ERFari) and aerosol cloud interactions (ERFaci))
for 1750-2022 is -0.98 [-1.58 to -0.40] W m= compared to -1.06 [-1.71 to -0.41] W m= assessed for 1750-2019 in AR6 WGI.
This continues a trend of weakening aerosol forcing due to reductions in precursor emissions. Most of this reduction is from
ERFaci which is determined to be -0.77 [-1.33 to -0.23] W m* compared to -0.84 [-1.45 to -0.25] W m* in AR6 for 1750-2019.
ERFari for 1750-2022 is -0.21 [-0.42 to 0.00] W m2, marginally weaker than the -0.22 [-0.47 to 0.04] W m= assessed for 1750-
2019 in AR6 WGI (Forster et al., 2021). The largest contributions to ERFari are from SO, (primary source of sulphate aerosol;
-0.21 W m?), BC (+0.12 W m?), OC (-0.04 W m=?) and NH.: (primary source of nitrate aerosol; -0.03 W m=). ERFari is not
weakening as fast as ERFaci due to reductions in the warming influence of BC cancelling out some of the reduced sulphate

cooling. ERari also includes terms from CH., N.O and NH; which are small but have all increased.

Ozone ERF is determined as 0.48 [0.24 to 0.72] W m= for 1750-2022, similar to the AR6 assessment of 0.47 [0.24 to 0.711 W

m= for 1750-2019. Land use forcing and stratospheric water vapour from methane oxidation are unchanged (to two decimal

places) since AR6. The decline in BC emissions from 2019 to 2022 has reduced ERF from light absorbing particles on snow

and ice from 0.08 [0.00 to 0.18] W m= for 1750-2019 to 0.06 [0.00 to 0.14] W m= for 1750-2022. We determine from
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provisional data that aviation activity in 2022 had not yet returned to pre-COVID levels. Therefore, ERF from contrails and
contrail-induced cirrus is lower than ARG, at 0.05 [0.02 to 0.09] W m+ in 2022 compared to 0.06 [0.02 to 0.10] W m=in 2019.

The headline assessment of solar ERF is unchanged, at 0.01 [-0.06 to +0.08] W m= 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 2022 solar ERF
of 0.06 [-0.02 to +0.14] W m=. 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~.

For volcanic ERF, updating of the pre-industrial dataset for stratospheric aerosol optical depth (SAOD) increased the sAOD
over 500 BCE to 1749 CE, resulting in a larger difference to post-1750 sAOD and resulting in a volcanic ERF difference of
+0.015 W m* compared to AR6 (see Sect. 4 in the Supplementary Material). In addition, the earlier Holocene was more
volcanically active than the period after 500 BCE, further increasing the mean sAOD baseline. Taking the longer baseline
period into account in the new preindustrial dataset, post-1750 ERF is further increased by 0.031 W m=. The net effect is that
volcanic forcing after 1750 has increased by +0.046 W m= compared to AR6 due to dataset updates and by account of the fact
that the post-1750 period was less volcanically active on average than the early Holocene which is now used in the ERF

calculation.
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(b) Time evolution of effective radiative forcing 1750-2022
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Figure 2: Effective radiative forcing from 1750-2022. (a) 1750-2022 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. (b) Time
evolution of ERF from 1750 to 2022. Best estimates from major anthropogenic categories are shown along with solar and volcanic
forcing (thin coloured lines), total (thin black line) and anthropogenic total (thick black line). 5-95% uncertainty in the

anthropogenic forcing is shown in shaded grey. Note solar forcing in 2022 is a single-year estimate.

Table 3: Contributions to anthropogenic effective radiative forcing (ERF) for 1750-2022 assessed in this section.

Forcer 1750-2022 1750-2019 1750-2011(ARS5) Reason for change from AR6
(ARO6)
W m? W m?
W m?
CO; 2.25 2.16 1.82 Increases in GHG concentrations
[1.98 to 2.52] [1.90 to 2.41] [1.63 to 2.01]
CH4 0.56 0.54 0.48
[0.45 to 0.67] [0.43 to 0.65] [0.43 to 0.53]
N,O 0.22 0.21 0.17
[0.19 to 0.25] [0.18 to 0.24] [0.14 to 0.20]




interactions

[-0.42 to 0.00]

[-0.30 to -0.10]

[0.47 to 0.04]

[-0.30 to -0.10]

[-0.95 to 0.05]

Aerosol-cloud interactions -0.77 -0.84 -0.45
[-1.33 to -0.23]  [-1.45 to -0.25] [-1.2 to 0.0]
Land use -0.20 -0.20 -0.15

[-0.25 to -0.05]

Halogenated GHGs 0.41 0.41 0.36
[0.33 to 0.49] [0.33 to 0.49] [0.32 to 0.40]

Ozone 0.48 0.47 0.35 Changes in precursor emissions and

chemically active GHGs; net effect

[0.24 to 0.72] [0.24 to 0.71] [0.21 to 0.67] almost cancels

Stratospheric water vapour 0.05 0.05 0.07
[0.00 to 0.10] [0.00 to 0.10] [0.02 to 0.12]

Aerosol-radiation -0.21 -0.22 -0.45 Reduction in aerosol and aerosol

precursor emissions

Light-absorbing particles 0.06 0.08 0.04 Reduction in BC emissions
on snow and ice
[0.00 to 0.14] [0.00 to 0.18] [0.02 to 0.09]
Contrails and aviation- 0.05 0.06 0.05 As of 2022, global aviation activity has
induced cirrus not yet returned to pre-COVID19 levels
[0.02 to 0.09] [0.02 to 0.10] [0.02 to 0.15]
Total anthropogenic 291 2.72 2.3 Increase in GHG concentrations and
reduction in aerosol emissions
[2.19 to 3.63] [1.96 to 3.48] [1.1 to 3.3]
Solar irradiance 0.01 0.01 0.05
[-0.06 to 0.08] [-0.06 to 0.08] [0.0 to 0.10]

All values are in W m? and 5-95% ranges are in square brackets. As a comparison, the equivalent assessments from AR6 (1750-

2019) and ARS (1750-2011; Myhre et al., 2013b) 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. 2a. Volcanic ERF is excluded due to the sporadic
480 nature of eruptions.
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5. Global surface temperature

AR6 WGI Chapter 2 assessed the 2001-2020 globally averaged surface temperature change above an 1850-1900 baseline 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 were also
given in AR6 SYR (Lee et al., 2023). The AR6 SYR estimates match those given here. We describe the update in detail and

provide further quantification and comparisons.

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 atmospheric
temperatures just above the surface are used. These choices, and others, affect temperature change estimates and contribute to
uncertainty (IPCC AR6 WGI Chapter 2, Cross Chapter Box 2.3, Gulev et al., 2021). The methods chosen here closely follow
AR6 WGI and are presented in Supplementary Material, Sect. 5. Confidence intervals are taken from ARG as only one of the
employed datasets regularly updates ensembles (see Supplementary Material, Sect. 5).

Based on the updates available as of February 2023 (which were reported in the AR6 SYR), the change in global surface
temperature from 1850-1900 to 2013-2022, using the same underlying data sets and methodology as AR6, is 1.15 [1.00-1.25]
°C, an increase of 0.06 °C within two years from the 2011-2020 value reported in the AR6 Working Group I report (Table 4).
The change from 1850-1900 to 2003-2022 was 1.03 [0.87-1.13] °C, 0.04 °C higher than the earlier value reported in AR6
WGI. These changes 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-square linear 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 in
the order of 0.025 °C per year under most scenarios (Lee et al., 2021).

Table 4: Estimates of global surface temperature change from 1850-1900 [very likely 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] 1.15 [1.00 to 1.25]

(to 2011-2020) (to 2013-2022)
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Global, most recent 20 years

Land, most recent 10 years

Ocean, most recent 10 years

0.99 [0.84 to 1.10]

(to 2001-2020)

1.59 [1.34 to 1.83]

(to 2011-2020)

0.88 [0.68 to 1.01]

(to 2011-2020)

1.03 [0.87 to 1.13]

(to 2003-2022)

1.65 [1.36 to 1.90]

(to 2013-2022)

0.93 [0.73 to 1.04]

(to 2013-2022)

505
———T T 77— T

1.2
=9 i
(U -
g 08¢f
o & [
s= |

1
o 06¢F
2w i
= © -
-— |
%;_ o 04r
q) -
E -Z o 2 ~
S& 02f
q) =

L
0.0

-0.2 - -
1850 1875 1900 1925 1950 1975 2000 2025
Figure 3. Annual (thin line) and decadal (thick line) means of global surface temperature (expressed as a change from the 1850-1900
reference period).
510 Note that the temperatures for single years include considerable variability and are influenced by natural forcings such as the

El Nifio-Southern Oscillation and sporadic volcanic eruptions that might either cool or warm the climate for short periods
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(Jenkins et al., 2023). At current warming rates individual years may exceed warming of 1.5°C several years before a long-

term mean exceeds this level (Trewin, 2022).

6. Earth Energy Imbalance

The Earth energy imbalance (EEI) assessed in Chapter 7 of AR6 WGI (Forster et al., 2021), provides a measure of accumulated
additional energy (heating) in the climate system, and hence plays a critical role in our understanding of climate change. 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 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 to the Earth system such as sea level rise, ocean warming, ice loss, rise
in temperature and water vapour in the atmosphere, and permafrost thawing (e.g., Cheng et al., 2022; von Schuckmann et al.,

2023a), with adverse impacts for ecosystems and human systems (Douville et al., 2021; IPCC, 2022).

On decadal timescales, changes in global surface temperatures (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 more 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 found increased confidence in the assessment of changes 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).

ARG6 estimated with high confidence that EEI increased from 0.50 [0.32-0.69] W m= during the period 1971-2006 to 0.79
[0.52-1.06] W m* during the period 2006-2018 [very likely range] (Forster et al., 2021). The contributions to increases in the
Earth heat inventory throughout 1971-2018 remained fairly 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). The increase in EEI (Figure 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). Drivers for the most recent period (i.e., past two decades) are both the increases in effective radiative
forcing (Sect. 4) as well as climate feedbacks, such as cloud and sea ice changes. The degree of contribution from the different

drivers are uncertain and still under active investigation.

While changes in EEI have been effectively monitored at the top-of-atmosphere by satellites since the mid-2000s, we rely on

estimates of OHC change to determine the absolute magnitude of EEI, and its evolution on inter-annual to multi-decadal time
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series. The ARG assessment of ocean heat content change for the 0-2000 m layer was based on global annual mean time series
from five ocean heat content datasets: IAP (Cheng et al., 2017); Domingues et al., (2008); EN4 (Good et al., 2013); Ishii et al.,
(2017); NCEI (Levitus et al., 2012). Four of these datasets routinely provide updated OHC time series for the BAMS State of
the Climate report, and all are used for the GCOS Earth heat inventory (von Schuckmann et al., 2020; 2023a) and the annual
WMO global state of the climate. The uncertainty assessment for the 0-2000 m layer used the ensemble method described by
Palmer et al. (2021) that separately accounts for parametric and structural uncertainty. The >2000 m OHC change and
associated uncertainty was assessed based on trend analysis of the available hydrographic data following Purkey and Johnson
(2010). All five of the datasets used for the 0-2000 m OHC assessment are now updated at least annually and should in principle
support an AR6 assessment time series update within the first few months of each year. There is potential to increase the
observational ensemble used in the assessment by supplementing this set with additional data products that are also available
annually for future updates. There is also a potential to update the uncertainty estimate after a more comprehensive

understanding of the error sources.

Estimates of EEI should also account for the other elements of the Earth heat inventory, i.e., the atmospheric warming, the
latent heat of global ice loss, and heating of the continental land surface (Forster et al., 2021; Cuesta-Valero et al., 2021; 2022;
Steiner et al., 2020; Nitzbon et al., 2022a; Vanderkelen et al., 2020; Adusumilli et al., 2022). Some of these components of the
Earth heat inventory are routinely updated by a community-based initiative reported in von Schuckmann et al. (2020; 2023a).
However, in the absence of annual updates to all heat inventory components, a pragmatic approach is to use recent OHC

change as a proxy for EEI, scaling the value up as required based on historical partitioning between Earth system components.

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. Time series of heating associated with loss of ice and warming of the atmosphere and continental
land surface are obtained from the recent Global Climate Observing System (GCOS) initiative (von Schuckmann et al., 2023b;
Adusumilli et al., 2022; Cuesta-Valero et al., 2023; Vanderkelen and Thiery, 2022; Nitzbon et al., 2022b; Kirchengast et al.,
2022). We use the original AR6 time series ensemble OHC time series for the period 1971-2018 and then switch to a smaller
four-member ensemble for the period 2019-2022. We “splice” the two sets of time series by adding an offset as needed to
ensure that the 2018 values are identical. The AR6 heating rates and uncertainties for the ocean below 2000 m are assumed to
be time-constant. 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 m, 700-2000 m, and below 2000 m. 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 consistency with AR6 (Forster et al.,
2021).
23



575 A full propagation of uncertainties across all heat inventory components depends on the specific choice of time-period and
different estimates are not directly comparable. Therefore we take a simple pragmatic approach, using the total ocean heat
content uncertainty as a proxy for the total uncertainty, since this term is two orders of magnitude larger than the other terms
(Forster et al., 2021). In order to provide estimates of the EEI up to the year 2022, we scale up the values of OHC change in
2021 and 2022 to reflect the about 90% contribution of the ocean to changes in the Earth heat inventory. The EEI is then

580 simply computed as the difference in global energy inventory over each period, converted to units of W m= using the surface
area of the Earth and the elapsed time. The uncertainties in the global energy inventory for the end-point years are assumed to

be independent and added in quadrature, following the approach used in AR6 (Forster et al., 2021).

Table 5: Estimates of the Earth energy imbalance (EEI) for AR6 and the present study

Time Period | Earth energy imbalance (W m?)

Square brackets are [90 % confidence
intervals]

IPCC ARG 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]

1975-2022 - 0.65 [0.48 to 0.81]

2010-2022 - 0.89 [0.63 to 1.15]
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In our updated analysis, we find successive increases in EEI for each 20-year period since 1973, with an estimated value of
0.44 [0.05 to 0.83] W m= during 1973-1992 that almost doubled to 0.82 [0.60 to 1.04] W m= during 2003-2022 (Figure 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 of deep (700-2000m) ocean warming since the 1990s (Cheng et al. 2019, 2022). The model simulations qualitatively

590 agree with the observational evidence (e.g. Gleckler et al., 2016; Cheng et al. 2019), further suggesting more than half of the
OHC increase since the late 1800s occurs after the 1990s.. For 1973-1992 the contribution by ocean vertical layer was 66%,
28% and 1% for 0-700 m, 700-2000 m and >2000 m, respectively. During 2013-2022 the corresponding layer contributions
were 50%, 33% and 8%.

595 The update of the AR6 assessment periods to end in 2022 results in systematic increases of EEI of 0.08 W m= for 1975-2022
relative to 1971-2018 and 0.10 W m= for 2010-2022 relative to 2006-2018 (Table 5).
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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
600 the figure legend; b) Estimates of the Earth energy imbalance for IPCC ARG assessment periods, for consecutive twenty-year
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periods, and the most recent decade. Shaded regions indicate the very likely range (90% confidence interval). Data use and approach
are based on the AR6 methods, and further described in Sect. 6.

7 Human-induced global warming

Human-induced warming, also known as anthropogenic warming, refers to the component of observed global surface
temperature increase over a specific period (for instance, from 1850-1900 as a proxy for pre-industrial climate to the last
decade) attributable to both the direct and indirect effects of human activities, which are typically grouped as follows: well-
mixed greenhouse-gases (consisting of CO,, CH., N.O, and F- gases), and other-human forcings (consisting of aerosol radiation
interaction, aerosol cloud interaction, black carbon on snow, contrails, ozone, stratospheric H.O, and land use) (Eyring et al.,
2021). While total warming, the actual observed temperature change potentially resulting from both natural climate variability
(internal variability of the climate system, and the climate response to natural forcing) and human influences, is the quantity
directly related to climate impacts and therefore relevant for adaptation, mitigation efforts focus on human-induced warming
as the more relevant indicator for tracking progress against climate stabilisation targets. Further, as the attribution analysis
allows to disentangle human-caused warming from possible contributions from solar and volcanic forcing and internal
variability (e.g. related to El Nifio/La Nina events), it avoids misperception about short-term fluctuations in temperature. An
assessment of human-induced warming was therefore provided in two reports within the IPCC’s 6th assessment cycle: first in
SR1.5in 2018 (Chapter 1 Sect. 1.2.1.3 and Figure 1.2 (Allen et al., 2018), summarised in SPM A.1 and Figure SPM.1 (IPCC,
2018)) and second in AR6 in 2021 (WGI Chapter 3 Sect. 3.3.1.1.2 and Figure 3.8 (Eyring et al., 2021), summarised in WGI
SPM A.1.3 and Figure SPM.2 (IPCC, 2021b)).

7.1.1 Warming period definitions in the IPCC Sixth Assessment Cycle

ARG defined the current human-induced warming relative to the 1850-1900 baseline as the decade-average of the previous 10-
year period (see AR6 WGI Chapter 3). This paper provides an update of the 2010-2019 period used in the AR6 to the 2013—
2022 decade. SR1.5 defined current human-induced warming as the average of a 30-year period centred on the current-year
assuming the recent rate of warming continues (see SR1.5 Chapter 1). This definition is currently almost identical to the
present-day single-year value of human-induced warming, differing by about 0.01°C (see results in Sect. 7.4); the attribution
assessment in SR1.5 was therefore provided as single-year warming. This section also updates the SR1.5 single-year approach

by providing a year 2022 value.
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7.1.2 Estimates of global surface temperature: GMST and GSAT

AR6 WGI (Chapter 2 Cross-Chapter Box 2.3, Gulev et al., 2021) described how global mean surface air temperature (GSAT),
as is typically diagnosed from climate models, is physically distinct from the global mean surface temperature (GMST)
estimated from observations, which generally combine measurements of near-surface temperature over land, and in some cases
over ice, with measurements of sea surface temperature over the ocean. Based on conflicting lines of evidence from climate
models, which show stronger warming of GSAT compared to GMST, and observations, which tend to show the opposite,
Gulev et al. (2021) assessed with high confidence that long-term trends in the two indicators differ by less than 10%, but that
there is low confidence in the sign of the difference in trends. Therefore, with medium confidence, in AR6 WGI Chapter 3
(Eyring et al., 2021), the best estimates and /ikely ranges for attributable warming expressed in terms of GMST were assessed
to be equal to those for GSAT, with the consequence that the AR6 warming attribution results can be interpreted as both GMST
and GSAT. While, based on the WGI Chapter 2 (Gulev et al., 2021) assessment, WGI Chapter 3 (Eyring et al., 2021) treated
estimates of attributable warming in GSAT and GMST from the literature together, without any rescaling, we note that climate-
model based estimates of attributable warming in GSAT are expected to be systematically higher than corresponding estimates
of attributable warming in GMST (see e.g. Cowtan et al., 2015; Richardson et al., 2018; Beusch et al., 2020; Gillett et al.,
2021). Therefore, given an opportunity to update these analyses from ARG, it is more consistent, and more comparable with
observations of GMST, to report attributable changes in GMST using all three methods (described in Sect. 7.2). The SR1.5
assessment of attributable warming was given in terms of GMST, which is continued here. In line with Sect. 2 and AR6 WGI,

we adopt GMST as the estimate of global surface temperature.

7.2 Methods

Both SR1.5 and AR6 drew on evidence from a range of literature for their assessments of human-induced warming, before
selecting results from a smaller subset to produce a quantified estimate. While both the SR1.5 and AR6 assessments used the
latest Global Warming Index (GWI) results (Haustein et al., 2017), AR6 also incorporated results from two other methods,
Regularised Optimal Fingerprinting (ROF) (as in Gillett et al., 2021) and Kriging for Climate Change (KCC) (as in Ribes et
al., 2021). In ARG, all three methods gave results consistent not only with each other, but also results from AR6 WGI Chapter
7 (see WGI Chapter 7 Supplementary Material (Smith et al., 2021; Figure 3.8 of AR6 WGI Chapter 3 (Eyring et al., 2021; and
Supplementary Material Sect. 7 Figure 1), though the results from Chapter 7 were not included in the AR6 final calculation
because they were not statistically independent. Of the methods used, two (Gillett et al., 2021; Ribes et al., 2021) relied on
CMIP6 DAMIP (Gillett et al., 2016) simulations which ended in 2020, and hence require modifications to update to the most
recent years. The other two methods (Haustein et al., 2017; Smith et al., 2021) are updatable, and can also be made consistent

with other aspects of the AR6 assessment and methods. The three methods used in the final assessment of contributions to
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warming in AR6 are used again with revisions for this annual update, and are presented in Supplementary Material, Sect. 7

with any updates to their approaches described in Sect. 7.2.

7.3 Updated estimates of human-caused warming to date
7.3.1 Updated estimate using the AR6 WGI methodology

Factoring in results from all three methods, AR6 WGI Chapter 3 (Erying et al., 2021) defined the /likely (66% - 100%
probability interval) range for each warming component as the smallest 0.1°C-precision range that enveloped the 5th to 95th
percentile ranges of each method. In addition, a best estimate was provided for the human-induced (Ant) warming component,
calculated as the mean of the 50th percentile values for each method. Best estimates were not provided in AR6 for the other
components (well-mixed greenhouse gases (GHG), other human forcings (OHF), natural forcings (Nat)), with their values in
AR6 WGI Figure SPM.2(b) simply being given as the midpoint between the lower and upper bound of the /ikely range, and
therefore not directly comparable with the central values given for human-induced and observed warming. In order to make a
meaningful and consistent comparison, and provide meaningful insight into interannual changes, an improvement is made in

this update: the multi-method-mean best estimate approach is extended for all warming components.

7.3.2 Updated estimate using the SR1.5 methodology applied to the AR6 WGI datasets

While a variety of literature was drawn upon for the assessment of human-induced warming in SR1.5 Chapter 1 (Allen et al.,
2018), only one method, the Global Warming Index (GWI), was used to provide a quantitative assessment of the 2017,
‘present-day’, level of human-induced warming. The latest results for this method were provided in Haustein et al. 2017, which
gave a central estimate for human-induced warming in 2017 of 1.01°C with 5-95% range of (0.87°C to 1.22°C). SR1.5 then
accounted for methodological uncertainty by rounding this value to 0.1°C precision for its final assessment of 1.0°C and
assessing the 0.8°C to 1.2°C range as a /ikely range. No assessment of the contributions from other components was provided

due to limitations in the GWI approach at the time.

While it is possible to continue the SR1.5 assessment approach of using a single method (GWI) rounded to 0.1°C-precision,
for the purpose of providing annual updates this is insufficient; (i) 0.1°C-precision is too coarse to capture meaningful inter-
annual changes to the level of present-day warming, (ii) using different selections of methods prevents meaningful comparison
between the results for decadal mean and present-day warming calculations, and (iii) using the mean of multiple methods
increases the robustness of the results. These points are simultaneously addressed in this update by adopting the latest multi-
method assessment approach, as established in WGI AR®6, for both the AR6 decadal mean warming update and the SR1.5

present-day single-year warming update. Further, where SR1.5 only provided an assessment for human-induced warming,
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updates in available attribution methods since SR1.5 mean that it is now also possible to provide a fully-consistent assessment
for all warming components. As with the attribution assessment in SR1.5, this update reports values in Table 6(b) for single-
year present-day attributable warming, (as discussed in Sect. 7.1.1), with a comparison to results calculated using the SR1.5

trend based definition also provided below in Sect. 7.4.

7.4 Results

Results are summarised in Table 6 and Figure 5. WGI ARG results for 2010-2019 are quoted in Table 6(a), compared with a
repeat calculation using updated methods and datasets, and finally updated for the 2013-2022 period. Results from SR1.5 are
quoted in Table 6(b) for the 2017 level of human-induced warming, compared with a repeat calculation using the updated
selection of methods and datasets (see Sect. 7.2) and the WGI AR6 multi-method assessment approach (see Sect. 7.3.2), and
finally updated for 2022. Method-specific contributions to the assessment results, along with timeseries, are given in

Supplementary Material Sect. 7.

The repeat calculations for attributable warming in 2010-2019 exhibit good correspondence with the results in WGI AR6 for
the same period, (see also Supplementary Material Sect. 7), with an exact correspondence in the best estimate and /ikely range

of human-induced warming (Ant).

The repeat calculation 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 methods and observational data (see above). The updated
results for warming contributions in 2022 are also higher than in 2017 due to five additional years of anthropogenic forcing.
A repeat assessment using the SR1.5 trend-based definition (see Sect. 7.1.1) leads to results that are very similar to the single-

year results reported in Table 6(b), with 0.02°C differences at most.

The attribution assessment in WGI AR6 concluded that, averaged for the 2010-2019 period, all observed warming was human-
induced, with solar and volcanic drivers and internal climate variability estimated not to make a contribution. This conclusion
remains the same for the 2013-2022 period. Generally, whatever methodology is used, the best estimate of the human-caused

warming to date is (within small uncertainties) equal to the observed warming to date.

Table 6: Updates to assessments in the 6th IPCC 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 /ikely range in brackets, and reported as Global Mean Surface Temperature.
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Definition &J (a) IPCC ARG Attributable Warming Update (b) IPCC SR1.5 Attributable Warming Update
Average value for previous 10-year period Value for single-year period
Period & | (i) 2010-2019 (ii) 2010-2019 (iii) 2013- (i) 2017 (ii) 2017 (iii) 2022
Quoted from Repeat calculation | 2022 Quoted from | Repeat calculation | Updated value
ARG Chapter 3 | using the updated | Updated value | SRI1.5 to using the using updated
Sect. 3.3.1.1.2 methods and using updated Chapter 1 updated methods methods and
Component (¥ Table 3.1 datasets methods and Sect. 1.2.1.3 | and datasets datasets
datasets
Observed 1.06 (0.88 to 1.07 (0.89to 1.22) | 1.15(1.00 to
1.21) * 1.25) *
Anthropogenic 1.07 (0.8 to 1.3) | 1.07 (0.8 to 1.3) 1.14 (0.9 to 1.0 (0.8 to 1.13 (0.9 to 1.3) 1.26 (1.0 to
1.4) 1.2) 1.6)
Well-mixed 1.40** (1.0 to 1.33 (1.0 to 1.8) 1.40 (1.1 to N/A 1.38 (1.1 to 1.8) 1.49 (1.1 to
greenhouse gases | 2.0) 1.8) 2.0)
Other human -0.32** (-0.8 to | -0.26 (-0.7 to 0.1) | -0.25 (-0.7 to N/A -0.25(-0.7 t0 0.1) -0.24 (-0.7 to
forcings 0.0) 0.1) 0.1)
Natural forcings | 0.03** (-0.1to | 0.05 (-0.1 to 0.1) 0.04 (0.0 to N/A 0.04 (-0.1 t0 0.2) 0.03 (-0.1 to
0.1) 0.1) 0.1)

Results from the 6th IPCC 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 to see how methodological
and dataset updates alone would change previous assessments. Assessments for the updated periods are reported in columns labelled
(iii). Table 6.1(a): * Updated GMST observations, quoted from Sect. 5 of this update, are marked with an asterisk, with very likely
ranges given in brackets. ** 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, as discussed in Sect. 7.3.1); 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.
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Observed Warming Contributions to observed warming expressed in terms of two IPCC warming definitions

(a) Decade-average warming  (b) AR6 Update: Decade-average warming contributions (c) SR1.5 Update: Present-day warming contributions
given by observations assessed from attribution studies assessed from attribution studies
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Figure S: Updated assessed contributions to observed warming relative to 1850-1900, cf. AR6 WGI SPM.2. Results for all time
periods in this figure are calculated using updated datasets and methods. The 2010-2019 decade-average assessed results repeat the
ARG6 2010-2019 assessment, and the 2017 single-year assessed results repeat the SR1.5 2017 assessment. For each double bar the
lighter and darker shading refers to the earlier and later period respectively. The 2013-2022 decade-average and 2022 single-year
results are the updated assessments for AR6 and SR1.5 respectively. Panel (a) shows updated observed global warming from Sect.
5, expressed as total GMST, due to both anthropogenic and natural influences. Whiskers give the very likely range. Panel (b) and
Panel (c) show updated assessed contributions to warming, expressed as global mean surface temperature, from natural forcings
and total human-induced forcings, which in turn consists of contributions from well-mixed greenhouse-gases, and other human
forcings. Whiskers give the likely range.
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8 Remaining carbon budget

ARG assessed the remaining carbon budget (RCB) in Chapter 5 of its WGI report (Canadell et al., 2021) for 1.5°C, 1.7°C and
2°C thresholds (see Table 7). They were also reported in its Summary for Policy Makers (Table SPM2, IPCC, 2021b). These

are updated in this section using the same method with transparently described updates.

ARS (IPCC, 2013) assessed that global surface temperature increase is close to linearly proportional to the total amount of
cumulative CO, 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 CO. that can ever be emitted, also known as the carbon budget. When expressed relative to a recent reference

period, this is referred to as the remaining carbon budget (Rogel;j et al., 2018).

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, (ii) the transient climate response to
cumulative emissions of CO, (TCRE), (iii) the zero emissions commitment (ZEC), (iv) the temperature contribution of non-
CO:. 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 incorporation of factor (v) was further considered by Lamboll
and Rogelj (2022).

Of these factors, only factor (i) (human-induced warming) lends itself to a regular and systematic annual update, the decade-
long period, 2010-2019, was used in WGI AR6. Up-to-date historical CO. emissions from the middle of this period until the
start of the RCB are required to have an as up to date RCB estimate as possible.

Other factors can be updated but depend on new evidence and insights being published rather than an additional year of
observational data becoming available. Factor (iv) (temperature contribution of non-CO. emissions) depends both on the
available mitigation scenario evidence and the assessment of non-CO. warming. Additional scenario evidence has become
available through the publication of the scenario database supporting the AR6 WGIII report (Byers et al., 2022) which is taken

into account in this update.

The RCB for 1.5°C, 1.7°C and 2°C warming levels are re-assessed based on the most recent available data. Estimated RCBs
are reported below. They are expressed both relative to 2020 to compare to AR6 and relative to the start of 2023 for estimates
based on the 2013-2022 human-induced warming update. Note that between the start of 2020 and the end of 2022, about 122
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GtCO:; have been emitted (Sect. 2). Based on the variation in non-CO, emissions across the scenarios in AR6 WGIII scenario
database, the estimated RCB values can be higher or lower by around 200 GtCO. depending on how deeply non-CO. emissions
are reduced. The impact of non-CO. emissions on warming includes both the warming effects of other greenhouse gases such
as methane and the cooling effects of aerosols such as sulphates. The impacts of these are assessed using a climate emulator
(MAGICC, Meinshausen et al., 2011), which was updated to capture recent updates more accurately from the AR6 WGIII
report, but whose results were not captured in the AR6 WGI carbon budget estimates. This emulator update increased the
estimate of the importance of aerosols, which are expected to decline with time in low emissions pathways (Rogelj et al.,
2014), causing a net warming, and decreasing the remaining carbon budget. The AR6 WGII version of MAGICC is used here.
If instead, the FalR emulator were used, this would give reduced non-CO. warming and a larger carbon budget (Lamboll and

Rogelj, 2022).

Table 7: Updated estimates of the Remaining Carbon Budget for 1.5°C, 1.7°C and 2.0°C, for five levels of likelihood, considering
only uncertainty in TCRE.

Historical cumulative CO; emissions (1850 - 2390 (£ 240; likely (66%-100% probability) range)

2019) AR6 WGI Table SPM.2

Remaining carbon budgets Base Estimated remaining carbon budgets from the beginning of base year

Case / update year (GtCOy)

Likelihood of limiting global warming to 17% 33% 50% 67% 83%

temperature limit.

1.5°C from AR6 WGI 2020 900 650 500 400 300
+ AR6 emulator update 2020 750 500 400 300 200
+ as above with AR6 scenario update 2020 750 500 400 300 200
+ as above with warming update (2013- 2023 500 300 250 150 100

2022) (best estimate)

1.7°C from AR6 WGI 2020 1450 1050 850 700 550
+ AR6 emulator update 2020 1250 900 700 600 450
+ as above with AR6 scenario update 2020 1300 950 750 600 500
+ as above with warming update (2013- 2023 1100 800 600 500 350

2022) (best estimate)
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2°C from AR6 WGI 2020 2300 1700 1350 1150 900

+ AR6 emulator update 2020 2050 1500 1200 1000 800

+ as above with AR6 WGIII scenario 2020 2200 1650 1300 1100 900
update

+ as above with warming update (2013- 2023 2000 1450 1150 950 800
2022) (best estimate)

Estimates start from AR6 WGI estimates (first row for each warming level), updated with the latest scenario information from AR6
WGIII (second row for each warming level), and an update of the anthropogenic historical warming which is estimated for the 2013-
2022 period (third row for each warming level). Estimates are expressed relative to either the start of year 2020 or 2023. The
probability includes only the uncertainty in how the Earth immediately responds to carbon, not long-term committed warming or
uncertainty in other emissions. All values are rounded to the nearest 50 GtCO..

Updated RCB estimates presented in Table 7 for 1.5°C, 1.7°C and 2.0°C of global warming are smaller than AR6, and
geophysical 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., 2022a). The GCB updates have previously started from the AR6 WGI
estimate and subtracted the latest estimates of historical CO. emissions. The RCB estimates presented here consider the same
updates in historical CO. emissions from the GCB as well as the latest available quantification of human-induced warming to

date and a reassessment of non-CO, warming contributions.

If the single year human-induced warming until 2022 (Sect. 7) was used directly in the RCB calculation, this would lead to
similar remaining carbon budgets estimates to those from the decadal average approach used here; the 50% likelihood estimates
would be unchanged although other likelihoods alter somewhat because the spread due to TCRE uncertainty starts 5 years
later. However, we choose to only show the decadal calculation as this was assessed to be the best estimate for human-induced

warming and the method adopted in AR6 WGI.

The RCB for limiting warming to 1.5°C is becoming very small. It is important, however, to correctly interpret this information.
RCB estimates consider projected reductions in non-CO, emissions that are aligned with a global transition to net zero CO.
emissions. These estimates assume median reductions in non-CO. emissions between 2020-2050 of CH4 (50%) N20O (25%)
and SOz (77%). If these non-CO. greenhouse gas emission reductions are not achieved the RCB would be smaller (see
Supplementary Material Sect. 8). Note that the 50% RCB is expected to be exhausted a few years before the 1.5°C global

warming level is reached.

34



810

815

820

825

830

835

9. Examples of climate and weather extremes: maximum temperature over land

Climate and weather extremes belong to the most visible human-induced climate changes. Within AR6 WGI, a full chapter
was dedicated to the assessment of past and projected changes in extremes on continents (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 averaged changes in climate extremes, e.g., the mean
increase of annual minimum and maximum temperatures on land (AR6 WGI Chapter 11, Figure 11.2, Seneviratne et al., 2021)
or the area affected by certain types of extremes (AR6 WGI Chapter 11, Box 11.1, Figure 1, Seneviratne et al., 2021; Sippel
et al., 2015). In contrast to global surface temperature, extreme indicators are less established. They are therefore expected to
be subject to improvements, reflecting advances in understanding and better data collection. Indeed, such efforts are planned
within the World Climate Research Programme (WCRP) Grand Challenge on Weather and Climate Extremes, which will
likely inform the next iteration of this study.

As part of this first update, we provide an upgraded version of the analysis in Figure 11.2 from Seneviratne et al., 2021. Like
the analysis of global mean temperature, the choice of data sets is based on a compromise on the length of the data record, the
data availability, near-real time updates and long-term support. As the indicator (in its current form) averages over all available
land grid points, the spatial coverage should be high to obtain a meaningful average, which further limits the choice of datasets.
The HadEX3 dataset (Dunn et al., 2020), which is used for Figure 11.2 in Seneviratne et al. (2021), is static and does not cover
years after 2018. We therefore additionally include the Berkeley Earth Surface Temperature dataset (building off Rohde et al.
2013), and the fifth generation ECMWF atmospheric reanalysis of the global climate (ERAS; Hersbach et al., 2020). Berkeley
Earth data currently enable an analysis of annual indices up to 2021 while ERAS is updated daily with a latency of about 5

days (and the final release occurs after 2—-3 months).

Our proposed climate indicator of changes in temperature extremes consists of land-averaged annual maximum temperatures
(TXx), (excluding Antarctica). For HadEX3 we select the years 1961-2018, to exclude years with insufficient data coverage,
and require at least 90% temporal completeness, thus applying the same criteria as for Figure 11.2 (Seneviratne et al., 2021).
Berkeley Earth provides daily maximum temperatures, and we require more than 99% data availability for each individual
year and grid, such that years with more than four missing days are removed. Based on this criterion, Berkeley Earth covers at
least 95% of the global land area from 1955 onwards. ERAS, on the other hand, has full spatiotemporal coverage by design,
and hence the entire currently available period of 1950 to 2022 is used. The annual maximum temperature is then computed
for each grid cell, and a global area-weighted average is calculated for all grid cells with at least 90% temporal completeness

in the respective available period (1955-2021 and 1961-2018 for Berkeley Earth and HadEX3, while ERAS is again not
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affected by this criterion). We thus enforce high data availability to adequately calculate global land averaged TXx across all
three datasets, but their coverage is not identical which introduces minor deviations in the estimated global land averages. The

resulting TXx timeseries are then computed as anomalies with respect to a baseline period of 1961-1990.

To express the TXx as anomalies with respect to 1850-1900 we add an offset to all three datasets. The offset is based on the
Berkeley Earth data and is derived from the linear regression of land mean TXx to the annual mean global mean air temperature
over the period 1955 to 2020. The offset is then calculated as the slope of the linear regression times the global mean

temperature difference between the reference periods 1850-1900 and 1961-1990 (see Supplementary Material, Figure 4).

Our climate has warmed rapidly in the last few decades, which also manifests in changes in the occurrence and intensity of
climate and weather extremes. We visualise this with land-averaged annual maximum temperatures (TXx) from three different
datasets (ERAS, Berkeley Earth and HadEX3), expressed as anomalies with respect to the pre-industrial baseline period of
1850-1900 (Figure 6). 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 decreases (Wild et al.,
2005). Together with strongly increasing greenhouse gas emissions (Sect. 2), this explains why human-induced climate change
has emerged at an even greater pace in the last four decades than previously. For example, land-averaged annual maximum
temperatures have warmed by more than 0.5 °C in the past 10 years (1.72 °C with respect to pre-industrial conditions)
compared to the first decade of the millennium (1.22 °C; Table 8). Since the offset relative to our pre-industrial baseline period
is calculated relative to 1961-1990, within the latter period, temperature anomalies align by construction but can diverge
afterwards. In an extensive comparison 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 ERAS exhibiting especially high correlations to HadEX3 among all regularly updated datasets.

This suggests that both our choice of datasets and approach to calculate anomalies does not affect our conclusion — the
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intensity of heatwaves across all land areas has unequivocally increased since pre-industrial times.

Land average annual maximum temperature anomaly

207 —— ERAS
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Anomaly w.r.t. 1850-1900 (°C)

Figure 6: Time series of observed temperature anomalies for land average annual maximum temperature (TXx) for ERAS (1950-
2022), Berkeley Earth (1955-2021), 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 0.53°C is added
to obtain TXXx values relative to 1850-1900. Note that while the HadEX3 numbers are the same as shown in Seneviratne et al. (2021)
Figure 11.2, these numbers were not specifically assessed.

Table 8: Anomalies of land average annual maximum temperature (TXXx) for recent decades based on HadEX3 and ERAS.

Period Anomaly w.r.t. 1961-1990 (°C)| Anomaly w.r.t. 1850-1900 (°C)
HadEX3 ERAS ERAS

Period

2000-2009 0.72 0.69 1.23

2009-2018 1.01 1.02 1.55

2010-2019 - 1.11 1.64

2011-2020 - 1.12 1.65
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|2012-2021| - 118 1.71

The anomalies with respect to 1850-1900 are derived by adding an offset of 0.53°C. Note that while the HadEX3 numbers are the
same as shown in Seneviratne et al. (2021) Figure 11.2, these numbers were not specifically assessed.

10. Dashboard data visualisations

The Climate Change Tracker (https://climatechangetracker.org/), a platform hosting a range of publicly available

climate data, aims to provide a range of audiences with a reliable, user-friendly means of tracking and understanding climate

change and its progression.

Building on the existing platform, a bespoke “dashboard” places a number of the updated IPCC-consistent indicators of climate
change set out above in the public domain. This bespoke dashboard is primarily aimed at policymakers involved in UNFCCC

negotiations, but the ultimate intention is to reach and inform a much wider audience.

The dashboard initially focuses on three key indicator sets: greenhouse gas emissions (Sect. 2); human-induced global warming
(Sect. 7); and the remaining global carbon budget (Sect. 8), bringing together and presenting up-to-date information crucial to
effective climate decision-making in a findable, accessible, traceable and reproducible way. In addition, the Climate Change
Tracker provides standardised application programming interfaces (APIs), dashboards and charts to embed in third-party apps
and websites. All data is traceable to the github repository employed for this paper (Sect. 11).

In time, and with feedback from the user community, the initial set of indicators displayed by the dashboard may be expanded

to include others alongside their rates of change.

11. Code and data availability

The carbon budget calculation is available from https://github.com/Rlamboll/AR6CarbonBudgetCalc. The code and

data used to produce other indicators is available in repositories under https://github.com/Climatelndicator. All data is

available from https://doi.org/10.5281/zen0do.7969114 (Smith et al., 2023). Data is provided under a CC-BY 4.0

Licence.
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12. Discussion and conclusions

The first year of the Global Climate Change (IGCC) initiative has built from the AR6 report cycle to provide a comprehensive
update of the climate change indicators required to estimate the human induced warming and the remaining carbon budget.
Table 9 presents a summary of the headline figures from each section compared to that given in the AR6 assessment. The main
substantive data change since ARG is that land-use CO. emissions have been revised down by around 2 GtCO.. However, as
CO:. ERF and human induced warming estimates 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 GtCO,, less than the 50 GtCO,

rounding precision.

Table 9: Summary of headline results and methodological updates from the Indicators of Global Climate Change (IGCC) initiative.

Climate Indicator | AR6 2021 | This 2023 | Explanation of changes Methodological updates
assessment assessment
Greenhouse  gas | 2010-2019 2010-2019 average: | The change from ARG is due to | CO,-LULUCF emissions
emissions average: a systematic downward revision | revised down. PRIMAP-hist
53 £ 5.6 GtCO.e in CO,-LULUCF and CH4 | used in place of EDGAR for
ARG WGIII | 56 + 6 estimates. Real-world emissions | CH; and N2O emissions,
Chapter 2: Dhakal | GtCO.e* 2012-2021 average: | have slightly increased. | atmospheric measurements
et al. (2022); see Average emissions in the past | taken for F-gas emissions.
also Minx et al 54 £5.3 GtCO:e decade grew at a slower rate | These changes reduce estimates
(2021) than in the previous decade. | by around 3 GtCQ.e (Sect. 2)
Note following convention,
ODS F-gases are excluded from
the total.
Greenhouse  gas | 2019: 2022: Continued and increasing | Updates based on NOAA data
concentrations emissions as AGAGE not yet available for
CO,, 410.1 [£ | CO,, 417.1 [+ 0.4] 2022. To make an ARG6-like
ARG6 WGI Chapter | 0.36] ppm ppm product, N,O scaled to
2: Gulev et al approximate NOAA-AGAGE
(2021) CH.,, 1866.3 [+ | CH,, 19119 [+ 3.3/ average (Sect. 3)
3.2] ppb ppb
N.O, 332.1 [+ | N.O, 3359 [+ 0.4]
0.7] ppb ppb
Effective radiative | 2019: 2022: Overall substantial increase | Minor update in aerosol
forcing change and high decadal rate of | precursor method for improved
since 1750 2.72 [1.96 to | 2.91 [2.19 to 3.63] W | change, arising from increases | future estimates - had no impact
3.48] W m» m? in greenhouse gas
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AR6 WGI Chapter
7: Forster et al.
(2021)

concentrations and reductions
in aerosol precursors

at quoted accuracy level (Sect.
4

Global mean | 2011-2020 2013-2022 An increase of 0.06 °C within | Methods match AR6 (Sect. 5)

surface average: average: two years, indicating a high

temperature decadal rate of change

change above | 1.09 [0.95 to | 1.15[1.00-1.25] °C

1850-1900 1.20] °C

AR6 WGI Chapter

2: Gulev et al

(2021)

Earth’s energy | 2006-2018 2010-2022. Substantial increase in energy | Ocean heat content timeseries

imbalance average: average: imbalance estimated based on | extended from 2018 to 2022

increased rate of ocean heating. | using 4 of the 5 AR6 datasets.

AR6 WGI Chapter | 0.79 [0.52- | 0.89 [0.63 to 1.15] W Other heat inventory terms

7: Forster et al. | 1.06] W m> m? updated following von

(2021) Schuckmann et al
(2023). Ocean heat content
uncertainty is used as a proxy
for total uncertainty. Further
details in Sect. 6.

Human induced | 2010-2019 2013-2022 An increase of 0.07 °C within | The three methods for the basis

global  warming | average: average: three years, indicating a high | of the AR6 assessment are

since preindustrial decadal rate of change retained, but each has new

1.07 [0.8 to | 1.14[0.9 to 1.4] °C input data (Sect. 7)
AR6 WGI Chapter | 1.3] °C

3: Eyring et al
(2021)

Remaining carbon

From the start

From the start of

The 1.5°C budget is becoming

Methods match AR6 (Sect. 8)

budget for 50% | of 2020: 2023: very small. The RCB can
likelihood of exhaust before the 1.5°C
limiting global | 500 GtCO: 250 GtCO:. threshold is reached due to
warming to 1.5°C having to allow for future non-
CO: warming.
AR6 WGI Chapter
5: Canadell et al.
(2021)
Land average | 2009-2018 2013-2022 average: Rising at a substantially faster | HadEX3 data used in AR6
maximum average: rate compared to global mean | replaced with reanalysis data
temperature surface temperature employed in this report which is

more updatable going forward.
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change compared | 1.55°C 1.74 °C Adds 0.01 °C to estimate (Sect.
to pre-industrial. 9)

AR6 WGI Chapter
11: Seneviratne et
al., 2021

Figure 7 summarises contributions to warming, repeating Figure 2.1 of the AR6 Synthesis Report (Lee et al., 2023). It
highlights changes since the assessment period in ARG WGI. Table 9 also summarises methodological updates.
905
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Since AR6 WGI (2021), humans had added to global warming
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Figure 7. The causal chain from emissions to resulting warming of the climate system. Emissions of GHG have increased rapidly
over recent decades (panel a). These emissions have led to increases in the atmospheric concentrations of several GHGs including
the three major well-mixed GHGs (panel b). The global surface temperature (shown as annual anomalies from an 1850-1900
baseline) has increased by around 1.15°C since 18501900 (panel c). The human-induced warming estimate over the last decade is a
close match to the observed warming (panel d). Whiskers show 5% to 95% ranges. Figure is modified from AR6 SYR with a zoom
on the period 2000 to 2022 for the upper two panels (Figure 2.1, Lee et al., 2023).
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It is hoped that this update can support the science community in its collection and provision of reliable and timely global
climate data. In future years we are particularly interested in improving SLCF updating methods to get a more accurate estimate
of short-term ERF changes. The work also highlights the importance of high-quality metadata to document changes in
methodological approaches over time. In future years we hope to improve the robustness of the indicators presented here but
also extend the breadth of indicators reported through coordinated research activities. For example, we could begin to make
use of new satellite data inversion techniques to infer recent emissions. We are particularly interested in exploring how we
might update indicators of regional climate extremes and their attribution, which are particularly relevant for supporting actions

on adaptation and loss and damage.

Generally, scientists and scientific organisations such as WMO and IPCC 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 dataset homogeneity
between their use in one IPCC report and the next. We can also provide information and testing to motivate updates in methods

that future IPCC reports might choose to employ.

Figure 8 shows decadal trends for the attributed warming and ERF. The most recent trends were unprecedented at the time of
ARG6 and have increased further since then (red markers), showing that human activities are consistently causing global
warming recently of more than 0.2 °C per decade. As nations and businesses forge climate policies and take meaningful action,
the latest available evidence shows that global actions are not yet at the scale to manifest a substantive shift in the direction of
global human influence on the Earth’s energy imbalance and the resulting global warming. Indeed, our results point to the
opposite: the evidence shows continued increase in cumulative CO2 emissions, increased emissions of other GHGs, and gains
in air quality at the expense of the loss of the cooling effect from aerosols. Both AR6 WGI and WGIII reports highlighted the
benefits of short-term reductions in methane emissions to counter the loss of aerosol cooling and further improve air quality -
however, at the global scale, methane emissions are at their highest level and rising (see Table 1). Policy makers, civil society
and the scientific community require monitoring data and analyses from rigorous, robust assessments available on a regular
basis. These results illustrate how assessments such as ours provide a strong "reality check" based on science and real-world

data.
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Figure 8: Decadal trends in human-induced warming - left axis, and anthropogenic effective radiative forcing (ERF) - right axis.
These are computed from the GlobalWarming Index human-induced warming estimate shown in Supplementary Material Sect. 7
and Figure 2b respectively. The red points mark three additional years since the AR6 time series for these indicators ended in 2019.

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 volcanic 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=, averaged over the last 12 years. This also has implications for the committed response of slow
components in the climate system (glaciers, deep ocean, 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 could halve warming rates over the next 20 years.
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(McKenna et al., 2021). Table 1 shows that although global GHG emissions are at a long term high, their rate of increases
have slowed. Depending on the societal choices made in this critical decade, a continued series of these annual updates could

track a change in direction for the human influence on climate.
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