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Abstract.

The Aerosol Chemistry Model Intercomparison Project (AerChemMIP) was endorsed by the Coupled-Model Intercompar-
ison Project 6 (CMIP6) and was designed to quantify the climate and air quality impacts of aerosols and chemically reactive
gases. AerChemMIP provided the first consistent calculation of Effective Radiative Forcing (ERF) for a wide range of forc-

5 ing agents, which was a vital contribution to the sixth Assessment Report of the Intergovernmental Panel on Climate Change
(AR®6). It supported the quantification of composition-climate feedback parameters and the climate response to short-lived
climate forcers (SLCFs), as well as enabling the future impacts of air pollution mitigation to be identified, and the study of
interactions between climate and air quality in a transient simulations. Here we review AerChemMIP in detail, and assess
the project against its stated objectives, its contribution to the CMIP6 project, and to the wider scientific efforts designed to

10 understand the role of aerosols and chemistry in the Earth System. We assess the successes of the project, and the remaining
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challenges and gaps. We conclude with some recommendations that we hope will provide input to planning for future MIPs in
this area. In particular, we highlight the necessity of sufficient ensemble size for the attribution of regional climate responses,

and the need for coordination across projects to ensure key science questions are addressed.

1 Introduction

The goal of the Coupled Model Intercomparison Projects (CMIP), used to inform successive generations of Intergovernmental
Panel on Climate Change (IPCC) assessments, is to provide attribution and understanding of climate changes in the past, for
the present day, and in future projections. Here we use ‘climate’ as writ large, encompassing the Earth system, particularly
the atmospheric composition of greenhouse gases (GHG), chemically active trace gases and aerosols. Model assessment in
a multi-model context, core to the CMIPs, is a necessary part of this process, establishing both the accuracy of models in
matching observations and their consistency in projecting change, thus enabling confidence in climate actions. An essential
element of CMIPs is not just presenting the model spread, but also in providing critical diagnostics so that we can understand
the cause of model differences and identify better modelling approaches.

The IPCC released the Sixth Assessment Reports (AR6) over the period 2021-2023 based on and informed by the 6" Phase
of CMIP (CMIP6). CMIP6 defined a series of common experiments including, the DECK (Diagnostic, Evaluation and Char-
acterization of Klima; Eyring et al., 2016) and historical experiments, standardised input datasets to drive model experiments
(input4MIPs), sponsored infrastructure activities, such as input4dMIPs and the Earth System Grid Federation (ESGF), and en-
dorsed a host of sub-MIPs focused on specific science questions. The design of the DECK provided experiments for assessing
internal model variability (piControl), calculating climate sensitivity (abrupt-4xCO2 and IpctCO?2), and providing data for
comparison with observations (AMIP). Alongside the coupled transient historical experiment, these simulations represented
the ‘entry card’ for CMIP6.

In this paper, we review the Aerosol and Chemistry MIP (AerChemMIP; Collins et al., 2017), one of the endorsed MIPs of
CMIP6, examining its requested experiments, model participation, and the overall contribution to our understanding of the role
of short-lived climate forcers (SLCFs) in climate change, including chemistry-aerosol-climate couplings and feedbacks. The
criteria for the endorsed MIPs were set by CMIP6 (Meehl et al., 2014; Eyring et al., 2016; Stouffer et al., 2017) such that they
needed to address one or more of three broad scientific questions: (Q1) How does the Earth System respond to forcing? (Q2)
What are the origins and consequences of systematic model biases? (Q3) How can we assess future climate changes given
climate variability, predictability and uncertainties in scenarios? AerChemMIP addressed all of these questions, to varying

degrees.

2  AerChemMIP - objectives

A primary objective for AerChemMIP was to diagnose and document forcings and climate responses to changes in aerosols
and GHGs, such as ozone and methane, in the CMIP6 models (Collins et al., 2017). The AerChemMIP experiments enabled



45

50

55

60

65

70

75

https://doi.org/10.5194/egusphere-2024-2528
Preprint. Discussion started: 5 September 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

the assessment of the role of SLCFs, i.e., aerosols and chemically reactive gases, in historical and future climate change, as
well as a more robust quantification of climate sensitivities to chemistry and aerosol changes based on the current generation
of comprehensive Earth System Models (ESMs) (Thornhill et al., 2021a). The focus of AerChemMIP on SLCFs was due to
the findings of the IPCC 5'" Assessment Report (ARS) that SLCFs were the main source of uncertainty in estimates of the
effective radiative forcing (ERF). SLCF contributions to anthropogenic forcing include changes in aerosols and their precursors;
methane; tropospheric ozone, formed from sunlight, nitrogen oxides (NO,,), carbon monoxide, volatile organic compounds
and methane; and stratosphere ozone levels, which are affected by ozone-depleting substances (ODSs). These have contributed
significantly to past climate change, with a combined PI-to-PD GHG forcing from short-lived GHGs such as methane and
tropospheric ozone, estimated in ARS to be similar to that of carbon dioxide, and cooling from the direct and indirect effects
of aerosol of a similar magnitude.

Taken together, anthropogenic aerosols act to cool the climate, and have offset around a third of GHG-driven warming since
1850 (Szopa et al., 2021a). They have also accounted for the largest component of uncertainty in anthropogenic radiative
forcing through successive IPCC assessment reports, reflecting, amongst other issues, diverse approaches to modelling aerosol
processes and their interaction with the climate system, and difficulties in using observations to constrain aerosol forcing
(Boucher et al., 2013; Bellouin et al., 2020; Forster et al., 2021). CMIP5 brought a significant advance in the representation
of aerosol-climate interactions, with two thirds of models including a representation of aerosol-cloud interactions, and more
models including interactive aerosol schemes (Wilcox et al., 2013; Ekman, 2014). In CMIP6, a new generation of ESMs came
online with structural changes such as two-moment aerosol schemes; online interactive biogenic volatile organic compound
(BVOC) emissions, which serve as ozone and aerosol precursors; and ocean biogeochemistry describing e.g., sulfur-containing
aerosol precursor species, such as dimethyl sulfide (DMS) with implications for the natural background aerosol state. This
change in the background state has the potential to have a large impact on the calculation of PI-to-PD radiative forcing from
anthropogenic sulfate aerosol (Carslaw et al., 2013).

Of the reactive gases, methane and ozone were of primary interest for AerChemMIP. Methane is an important GHG, and
atmospheric concentrations have increased by a factor of ~2.5 since PI times (e.g., Skeie et al., 2023). It serves as a precur-
sor to tropospheric ozone and stratospheric water vapor, and as a sink for the hydroxyl radical, with a significant impact on
tropospheric oxidising capacity and therefore the lifetimes of several climate forcers (e.g., halocarbons, and methane itself).
Accurate simulation of atmospheric methane trends from emissions remains a challenge, as there exist a variety of anthro-
pogenic and natural sources such as wetlands, which are capable of responding to climate change, and for this reason, as in
CMIP5, many of the CMIP6 models used prescribed model lower boundary conditions for historical and future simulations,
produced from integrated assessment models.

Tropospheric ozone is an important SLCF. It is a GHG that has its largest radiative impact in the upper troposphere/lower
stratosphere (UT/LS). High surface levels of ozone are associated with adverse effects on human health and vegetation (e.g.,
Anenberg et al., 2009; Emberson, 2020). It is therefore important to attribute the causes of increases since PI times and under-
stand its evolution in the future with changing climate and precursor emissions. CMIP6 was the first CMIP in which significant

number of modelling centres included interactive tropospheric and stratospheric ozone in their flagship models, with whole
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atmosphere chemical schemes allowing the effect of stratospheric changes on tropospheric chemistry to be attributed (Steven-
son et al., 2020; Zeng et al., 2022). Biogenic VOCs serve as ozone precursors, and their emissions are dependent on climate
state. All models bar one used in the CMIP6 assessment for tropospheric ozone had some form of online isoprene emissions,
with some including more detailed treatments (monoterpene emissions, the effect of carbon dioxide (COs) inhibition, and/or a
larger suite of online BVOC emissions) (Griffiths et al., 2021).

The AerChemMIP science questions, as set out in Collins et al. (2017) using the nomenclature of near-term climate forcers

(NTCFs), subsequently renamed in AR6 to SLCFs, were:

Al. How have anthropogenic emissions contributed to global radiative forcing and affected regional climate over the

historical period?

A2. How might future policies (on climate, air quality, and land use) affect the abundances of NTCFs and their climate

impacts?

A3. How do uncertainties in historical NTCF emissions affect radiative forcing estimates?

A4. How important are climate feedbacks to natural NTCF emissions, atmospheric composition, and radiative effects?

As a CMIP6-endorsed MIP, AerChemMIP was designed to build on the DECK and historical experiments, particularly
the historical coupled atmosphere-ocean and the atmosphere-only AMIP experiments, and to interface with future scenario
simulations coordinated by ScenarioMIP (O’Neill et al., 2016). AerChemMIP experiments were sorted into Tiers according
to priority, with the Tiers loosely tied to the science questions: Tier 1 experiments aimed to answer questions Al and A2,
Tier 2 experiments addressed A4 with Tiers 1-3 aiming to answer A3. The AerChemMIP requested additional diagnostics to
complement analyses of CMIP and ScenarioMIP experiments.

The calculation of ERFs, addressing A1, was an important focus of AerChemMIP. When the concept of ERF was introduced
in ARS Working Group 1 (WG1), ERFs for historical GHGs, natural forcings, aerosols, and ozone were inferred from coupled
transient simulations by removing the effect of the surface temperature response (Forster et al., 2013). ERF contributions from
ozone and aerosols were diagnosed in offline calculations (Shindell et al., 2013), based on changes in composition derived
in the Atmospheric Chemistry and Climate MIP (ACCMIP; Lamarque et al., 2013). The model configurations participating
in ACCMIP were in many cases different from those in CMIP5 in terms of both resolution and complexity of chemistry
and aerosols which resulted in ACCMIP not being able to fully describe the forcings in the coupled models. The systematic
approach for calculating ERFs due to individual SLCF species in AerChemMIP represents a significant advance for CMIP6
over the CMIPS5 approach.

AerChemMIP aimed to draw on the skills and interests of the atmospheric chemistry, aerosol, and radiative forcing com-
munities to address research questions of mutual interest. The community coalesced around semiannual “TriMIP” meetings
(reviewed in Fiedler et al. (2024)), involving meetings of the Precipitation Driver and Response Model Intercomparison Project
(PDRMIP; Myhre et al., 2017), the Radiative Forcing Model Intercomparison Project (RFMIP; Pincus et al., 2016), and
AerChemMIP. These three MIPs shared many interests and scientific goals, but with different foci and approaches (Fiedler
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et al., 2024). AerChemMIP was designed to advance the understanding of the role of SLCFs in transient climate change, and
the magnitude of the climate response to realistic forcings. PDRMIP investigated the role of various drivers of climate change
for mean and extreme precipitation changes. It included a range of present-day equilibrium experiments with large, idealised
perturbations in either emissions or concentrations of well-mixed GHGs (WMGHGs), SLCFs, or natural forcings. The appli-
cation of such large forcings resulted in clear signals that advanced our physical understanding of the climate response to these
forcings. However, information from such idealised experiments can be difficult to apply to the real world, and PDRMIP was
complemented by AerChemMIP in this regard.

RFMIP aimed to provide foundational understanding of the Earth system response to forcing, and described a range of ex-
periments for the quantification of the ERF of individual or groups of forcing agents. Quantifying ERF was a common goal
between AerChemMIP and REMIP, albeit with different approaches. They were aligned to calculate ERFs due to historical
changes in GHGs, aerosols, and land use. Both MIPs included timeslice experiments designed to calculate the 2014 vs. 1850
ERF due to SLCFs (piClim-control and piClim-aerO3 in REMIP and piClim-control and piClim-NTCF in AerChemMIP),
and the transient ERF for the historical period (piClim-histaerO3 for REMIP, and histSST and histSST-piNTCF for AerChem-
MIP). AerChemMIP also added the simulations needed to calculate PI-to-PD and transient historical ERFs for individual
species, such as methane (CH4) and sulfur dioxide (SO2). While the timeslice experiments for the 2014 vs. 1850 ERF due
to SLCFs were identical in RFMIP and AerChemMIP, the experimental designs were different for the transient experiments.
For transient experiments, preindustrial SSTs and sea-ice concentrations were prescribed for RFMIP compared to SSTs and
sea-ice concentrations from the historical experiment for AerChemMIP. AerChemMIP also used the ‘everything but’ design,
while REMIP used the single forcing approach taken by the Detection and Attribution MIP (DAMIP; Gillett et al., 2016).

AerChemMIP coupled-transient-attribution experiments, addressing the role of historical or future emissions changes, were
grouped into species categories (hist-piNTCF, -piO3, -1950HC) to keep down computational cost, while the less expensive
prescribed SST experiments were performed over a wider range of forcings to quantify preindustrial (PI) to present-day (PD)
and historical transient ERF due to changes in the individual forcing agents. This ‘everything but’ approach meant that any non-
linearities arising due to a warming climate were captured in the AerChemMIP experiments, making them a useful counterpoint
to the DAMIP single forcing experiments. These were designed to be used in optimal fingerprinting approaches for detection
and attribution, involving a linear regression of historical climate observations onto corresponding models. The DAMIP ap-
proach assumed that the climate responses to single forcings can be combined linearly, an assumption that often breaks down

at regional scales and can be tested by a comparison between AerChemMIP and DAMIP experiments.

3 Contributions and successes

At the time of writing, there are 12 published articles in the special issue of Atmospheric Chemistry and Physics (Shonk et al.,
2020; Stevenson et al., 2020; Zanis et al., 2020; Wilcox et al., 2020; Turnock et al., 2020; Allen et al., 2020; Mortier et al.,
2020; Griffiths et al., 2021; Glif et al., 2021; Thornhill et al., 2021a; O’Connor et al., 2021; Zhang et al., 2021a), with some
early synthesis reports also contributed (Forster et al., 2016). While it is difficult to completely separate AerChemMIP from
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the wider CMIP6 publications, a further 22 articles mention AerChemMIP [Web of Science, 2024-07-26]. Articles highlighted
the role of oxidants (Karset et al., 2018; O’Connor et al., 2021; Griffiths et al., 2021), aerosol processes (Zhang et al., 2021a),
and the role of methane (Stevenson et al., 2020; O’Connor et al., 2022).

The number of experiments (37) and the number of simulated model and ensemble years (1,265 for Tier 1, 1,369 for Tier
2, and 270 for Tier 3) made AerChemMIP the largest of the CMIP6-endorsed MIPs. Despite this, there was good uptake by
modelling centres, with up to 19 models performing at least one of the AerChemMIP experiments. Table 1 shows details of
the data available via the ESGF archive in August 2024. Over the historical period, the coupled atmosphere-ocean general
circulation model (AOGCM) experiments are well represented with more than ten models performing hist-piNTCF and hist-
piAer. In general, experiments targeting historical aerosol emissions received the most effort (Figure 1). The average number
of models per experiment was seven, and for coupled hist-AOGCM experiments, there was an average of three ensembles
per experiment. The AerChemMIP research questions were at the cutting edge of the capability of the current generation of
climate models, and participation reflected model capability e.g. models using offline chemistry were necessarily excluded from
experiments, such as hist-piO3, limiting the number of models running this experiment to five. These five ESMs (UKESM1-0-
LL, MRI-ESM2-0, GISS-E2.1-G, CESM2-WACCM and GFDL-ESM4) with interactive chemistry in fact ran the majority of
the experiments of which they were capable, contributing to all AerChemMIP tiers. The experiment with the lowest number of
participating models was piClim-NH3, run only by IPSL-CM6A-LR-INCA and GISS-E2.1-G, which are two of only a small
number of CMIP6 models to feature online ammonia emissions and to treat explicitly the formation of ammonium-containing
aerosol. While the absolute number of participating models is a useful metric, the statistics do inevitably reflect the number
of models capable of running a given experiment. In this sense, AerChemMIP enjoyed very pleasing success with community

members contributing data to nearly every experiment that their models were capable of running.
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Figure 1. The AerChemMIP experiments, and the number of models used to perform them (orange bars), based on the availability of data

in the ESGF archive in August 2024. Blue bars show the number of publications using each experiment to date, according to the Web of

Science.
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AerChemMIP within CMIP6 provided several key points of analysis to inform AR6. These included: quantitative under-
standing of the role of anthropogenic drivers in historical oxidising capacity; an assessment of emissions-based effective ra-
diative forcings for SLCFs, together and individually; an improved estimate of forcing by ozone-depleting substances using
an observational constraint; assessment of climate and air quality impacts due to mitigation of SLCFs (in particular the role
of methane); a more robust quantification of non-CO5 biogeochemical-climate feedbacks; and several evaluations including
tropospheric ozone, stratospheric ozone and water vapour, and air quality. The work informed quantification and improved un-
derstanding of model biases (e.g., UKESM1 response to ozone-depleting substances (Morgenstern et al., 2020); surface ozone
biases (Liu et al., 2022); historical temperature biases (Zhang et al., 2021a)) and the development of emulators. It continued
the use of fixed SST and coupled simulations for quantifying responses on different timescales pioneered in PDRMIP, demon-
strated the value of a consistent set of aerosol and gas phase experiments for attribution, and improved links to other projects
such as the Chemistry Climate Model Initiative (CCMI) which used the CMIP6 scenarios for its projections of ozone recovery.

For AerChemMIP and RFMIP, PD vs. PI ERF calculations for individual species (concentrations or emissions) were based
on a common protocol of 30-year timeslice experiments driven by fixed monthly climatological (1850) SSTs and sea ice, as
recommended by Forster et al. (2016). These simulations could be performed for more forcing agents, with more models,
compared to transient simulations and enabled the ERFs to be diagnosed directly, in the absence of slow climate responses and
feedbacks, rather than being inferred. The piClim-X experiments in AerChemMIP consisted of a control experiment (piClim-
control) that had all WMGHG concentrations and SLCF emissions at 1850 levels, and individual experiments where one
species (or group of species) were changed to 2014 levels. Some groups found it necessary to extend the piClim-X experiments
to 45 years to allow stratospheric concentrations of WMGHGs sufficient time to spin up (O’Connor et al., 2021). As shown
in Table 1, the -CH4 and halocarbon (-HC) chemistry experiments have received the most effort. For experiments requiring
online chemistry, participating centres were more likely to perform piClim-X experiments than the analogous histSST-piX
experiments.

The ERFs from the piClim-X experiments were analysed by Thornhill et al. (2021b) and more recently by Kalisoras et al.
(2023) from the online radiation diagnostics. The ERFs were further broken down into instantaneous radiative forcings (IRFs)
and adjustment terms due to temperature (tropospheric and stratospheric), water vapour, surface albedo, and clouds using
offline radiative kernels. Using this approach, the separation of the ERF due to aerosols into aerosol-radiation interactions (ari)
and aerosol-cloud interactions (aci) showed reasonable agreement with the double-call radiation diagnostics for aerosol and
cloud forcing based on the methodology of Ghan (2013). A notable result of the analysis of the adjustment terms was that for
some models (UKESM1 in particular) there was a significant contribution to the ERFs for ozone precursors (such as CH4 and
NO,) from changes in cloud radiative effects. This was further explored in O’ Connor et al. (2021, 2022) who concluded that it
was due to changes in atmospheric oxidising capacity and hence changes in gas-phase (rather than aqueous-phase) oxidation
of SO5 and aerosol size distribution. Oshima et al. (2020) also estimated the present-day ERFs from individual anthropogenic
agents comprehensively and suggested the importance of the interactions of aerosols with ice clouds over the tropics and

possible important role of black carbon (BC) in Arctic surface warming.
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AerChemMIP found that NO,, emissions made the largest contribution to the PI-to-PD tropospheric ozone forcing (Thornhill
et al., 2021b), whereas ACCMIP had found that the largest contribution was from methane (Stevenson et al., 2013), although
part of this difference in the attribution of the ozone forcing may be related to the difference in NO,, emissions between CMIP5
and CMIP6. The NO,, emissions used in CMIP6 from the Community Emission Data System (CEDS; Hoesly et al., 2018) are
smaller than the CMIPS5 estimates until the mid-20th century. This is largely because of explicit representation of the lower
NO, emissions from biomass fuels in early periods, which combusts at lower temperatures as compared to coal. In 1970, CEDS
NO,, emissions began to diverge from CMIPS5 estimates, generally becoming larger due to waste, transportation, and energy
sectors. CEDS emissions remain about 10% larger than those of CMIPS5 in 1980 and 1990. Both global estimates increase and
start to flatten around 1990. However, CEDS values flatten until 2000 and then increase again, while CMIP5 values decrease
from 1990 to 2000. IPCC also noted that differences in modelling protocol may have an effect.

In terms of ozone, many more models included a representation of chemistry in the stratosphere and these whole atmosphere
schemes enabled the calculation of ERFs from stratospheric ODSs such as halocarbons and nitrous oxide (N2O), and a more
complete calculation of the ERFs from tropospheric ozone precursors, from which the production of ozone often extends into
the lower stratosphere. AerChemMIP was not able to isolate an ERF due solely to ozone changes as the diagnosed ERFs
included changes in WMGHGs (CH4, NoO, ODSs) and impacts on aerosols. In future MIPs, prescribed ozone experiments or
methods for isolating ozone radiative effects might be needed (Collins and O’Connor, in prep.).

The halocarbon ERFs diagnosed in AerChemMIP showed significant reductions compared to that expected from the direct
greenhouse effect with a range of -0.18 to 0.32 W m~2 (Thornhill et al., 2021b). This strong reduction in ERF compared
to RF is partly attributed by Morgenstern et al. (2020) to negative cloud responses in the southern hemisphere. Moreover,
AerChemMIP models span a wide range of simulated ozone depletion. Morgenstern et al. (2020) found that there was a strong
correlation between the modelled historical total ozone column (TOC) change and the halocarbon ERF. The observed TOC
trend was used to generate an emergent constraint on the halocarbon ERF of -0.05 to 0.13 W m~2, a much narrower range than
from Thornhill et al. (2021b), but still with a chance of a negative ERF. Despite the uncertainty, largely the result of a large low
bias in a single model’s ozone field, the claim that the Montreal Protocol had a positive climate benefit still holds.

As well as radiative diagnostics, the piClim-X experiments provide information on how the SLCFs influence atmospheric
composition. These include impacts on ozone concentrations and the oxidants that destroy methane and thereby control its
lifetime. The effect of N3O on the methane lifetime (through depletion of tropical upper stratospheric ozone) is larger in the
AerChemMIP models than had previously been estimated. This AerChemMIP result led to a slight reduction in the global
warming potential (GWP) of N, O as assessed in IPCC ARG (Forster et al., 2021) although partially compensated by a positive
ozone forcing through the contribution of N5O to tropospheric and lower stratospheric ozone production.

AerChemMIP also analysed the radiative effects of natural species: dust, sea salt, DMS, BVOCs, lightning NO,,, and biomass
burning. Since emissions of these species are generally prognostic within climate models, rather than prescribed, emissions
were doubled compared to the piClim-control instead of prescribing 2014 emissions, as was done for anthropogenic emissions.
For dust emissions, there was little agreement even on the sign of the ERF (Thornhill et al., 2021a), reflecting the diverse dust

emission rates across models, which are largely due to difference in the near-surface wind (Zhao et al., 2022), and diversity in
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simulated dust properties (Kok et al., 2021). For BVOC emissions, the models agreed that the negative ERF from increased
organic aerosols dominated over the positive contribution from increased ozone production. These experiments were used
to derive forcing efficiencies (per mass emitted) for the natural species, and, in combination with the DECK abrupt-4xCQO2
experiment, to calculate climate feedback parameters (W m~2 K1) due to biogeochemical processes (Thornhill et al., 2021a).
The dominant aerosol and chemistry feedbacks were found to be negative.

The quantification of ERFs by species is essential information in attributing climate change to the emissions of different
pollutants that can be used by policy-makers to target mitigation of specific emissions. The results from AerChemMIP were
used to derive the contributions of emissions of different species to the PI-to-PD forcing (Figure 6.12, Szopa et al., 2021a)
and global surface temperature (Figure SPM2c) for IPCC ARG . This work also forms the basis for updates to climate change
indicators (Forster et al., 2023).

Figure 2 shows the application of AerChemMIP piClim-X experiments in the attribution of drivers of historical climate
change. AerChemMIP provided experiments and underpinning data for each species apart from the CO5 forcing from CO2
emissions, as indicated by the hatching. These data contribute to Figure SPM.2 of IPCC (2021).

Using piClim-X experiments, studies looked at the so-called “fast” circulation responses to aerosols, i.e., the responses that
are independent of SST changes (e.g., Amiri-Farahani et al., 2020; Zanis et al., 2020). As expected, the fast PI-to-PD response
to all aerosols included continental cooling, especially in the Northern Hemisphere, with the largest cooling over East Asia and
India. Interestingly, however, multi-model mean Arctic winter warming occurred (albeit with large inter-model variability),
consistent with warm air advection associated with intensification of the Icelandic Low and an anticyclonic anomaly over
southeastern Europe (Zanis et al., 2020). The corresponding fast precipitation responses were largest in the tropics and generally
associated with a precipitation decrease over continental regions, consistent with weakening of the monsoons of east Asia,
Africa and the Americas (Zanis et al., 2020). Amiri-Farahani et al. (2020) used piClim-2xfire simulations to investigate the fast
atmospheric circulation response to fire emissions, including anomalous ascent and upper-level divergence over the African
continent. Previous analyses of idealized PDRMIP (Myhre et al., 2017) simulations have shown the utility of decomposing the
climate responses into fast and slow components, particularly for precipitation. For example, the global mean fast precipitation
response scales with the change in atmospheric absorption (e.g., due to black carbon) and the slow response scales with the
change in surface temperature (Samset et al., 2016; Liu et al., 2018). A similar decomposition has also been used to understand
precipitation responses to methane shortwave absorption under both idealized and realistic methane perturbations (Allen et al.,

2023, 2024b).
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Attributed temperature change from emissions, 1750 to 2019
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Figure 2. Attributed change in near-surface temperature for 1750-2019 from emitted species. Data is replotted from Figure 6.12 of the
IPCC AR6 Working Group 1 (Szopa et al., 2021b; Blichner and Berntsen, 2023). Assessments that were derived directly or indirectly from

AerChemMIP experiments are shown unhatched.
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The transient historical prescribed SST (histSST) experiments were designed principally to calculate transient ERFs. They
were used to attribute historical changes in ERF to individual forcing agents, and in calculations of changes to the Earth’s
energy budget and integrated radiative forcing. The histSST experiments also found wider application, with experiments such
as histSST-1950HC and histSST-piCH, allowing attribution of the effect of historical emissions and/or concentrations on
atmospheric composition. Stevenson et al. (2020) used these experiments to identify the drivers of hydroxyl (OH) change over
the historical period, examining the effect of changing ODSs and ozone precursor emissions on methane levels, via changes to
the methane sink, and the strength of methane chemical feedbacks. An analysis of the linearity of the total change in methane
over the historical period vs. that in the individual attribution experiments indicated the potential role of climate change,
higher global temperatures and the increase in OH derived from increased humidity, but their analysis suggests the utility of a
separate experiment to identify the climate-driven, rather than emissions-driven, changes in composition. Subsequently, Zeng
et al. (2022) used the histSST experiments to determine the role of emissions changes on both stratospheric and tropospheric
composition, focusing on the ozone response. In this case, histSST-piN20 was crucial, despite being available in a smaller
number of models, for assessing the role of long-lived GHGs, and changes to stratospheric temperatures, on ozone levels.
The climate (i.e. CO2)-driven change in ozone was calculated similar to Stevenson et al. (2020) as the residual between
histSST and the sum of relevant histSST single- or multi-forcing attribution experiments. The analysis by Zeng et al. (2022)
contributed to the World Meteorological Organization (WMO) assessment of the recovery of stratospheric ozone [2023]. In
CMIP6, O’Connor et al. (2021) identified the need for separate histSST-piVOC and histSST-piNOx to disentangle the drivers
of e.g., tropospheric ozone change, similar to piClim-VOC and piClim-NOx (O’Connor et al., 2021). Experiments such as
these are useful in transient experiments where the timing of emissions changes can be used to identify drivers of e.g., ozone
production efficiency, against a changing set of emissions.

Figure 3 shows analysis of the ozone burdens in various AerChemMIP experiments (Griffiths et al., 2023) for four of the
models employing online chemistry. Here the AerChemMIP experiments isolate the response to a consistent perturbation to
the anthropogenic emissions of e.g., ozone precursors applied to each model. Data availability prevents a full comparison
across each experiment, but there are data available for histSST-piNTCF, histSST-1950HC and histSST experiments for all
four models, while three also feature histSST-piO3 and histSST-piCH4. It can be seen that GFDL-ESM4 and MRI-ESM2-0
show similar responses to historical changes in concentrations of methane and halocarbon species, and that most models except
UKESM1 show an increase in ozone due to historical emissions (via the NTCF experiment). While further work is required to
understand the origin of these differences, the figure highlights the usefulness of the idealised histSST-piX for understanding

the origin of model diversity.
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Figure 3. Ozone burdens in histSST-X AerChemMIP experiments taken from models using online chemistry. Burdens were calculated using

the online tropopause as in Griffiths et al. (2021).

Single forcing experiments have been used in multiple generations of CMIP, through the Detection and Attribution MIP
(DAMIP; Gillett et al., 2016), to quantify the proportion of an observed trend likely to be driven by a particular forcer. However,
this rests on the assumption that the climate response to individual forcers, or groups of forcers, can be combined linearly to
reproduce the total climate response. This assumption doesn’t always hold, especially for regional climate (Steptoe et al., 2016;
Deng et al., 2020; Aizawa et al., 2022), and even the forcings themselves do not combine linearly (O’Connor et al., 2021). The
‘everything but’ approach used in the AerChemMIP hist-piX experiments accounts for nonlinearities in the climate response
to single forcers (for example, changes in cloud properties in a warming world affecting aerosol-cloud interactions), and so is
better suited for process studies. Simpson et al. (2023) recently highlighted the potential importance of this experimental design
choice (i.e., all-but-one versus single forcer) on the anthropogenic aerosol-forced climate response in CESM1 and CESM2. In
CESM2, the choice was found to be very important, due to differences related to the state dependence of cryospheric albedo
feedbacks and non-linearity in the Atlantic Meridional Overturning Circulation (AMOC) response to forcing, but it had less of
an influence on the derived response to aerosol forcing in CESM1.

Fully coupled transient simulations enable the impacts of SLCFs, aerosols, and halocarbons (hist-piNTCF, -piAer, and -
1950HC) on surface temperature, the hydrological cycle, and atmospheric and oceanic circulation to be assessed. Although
these experiments were Tier 1 and 2, six models performed the simulations in time to be used for the IPCC ARG6 report.
Ultimately, the modelling centres’ contributions increased to ten models for hist-piAer and eleven for hist-piNTCF, but the
ensemble size from participating models remains small, with a majority of centres only providing a single member for these
experiments. Unfortunately, this is not sufficient for use in attribution studies of regional climate change, or of changes in
the atmospheric or oceanic circulation. Compared to global/hemispheric scales, detecting and attributing a regional climate
response is generally more difficult due to a smaller signal to noise (i.e., internal climate variability) ratio, and community
uptake of the AerChemMIP simulations has been limited as a result. More ensemble members are available for some of the
similar DAMIP experiments, such as hist-aer. However, the AerChemMIP experiments have been used to attribute global- and
hemispheric-scale climate trends to SLCFs. Zhang et al. (2021a) showed that the common bias of CMIP6 ESMs overestimating
the magnitude of mid-twentieth century cooling was primarily due to the higher aerosol burden in these models compared to

their physical model counterparts. Using the difference between the historical and hist-piAer experiments, Zhang et al. (2021a)
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confirmed that the bias was driven by high aerosol burdens, rather than high sensitivities to aerosol forcing, as had previously
been speculated. In a separate publication, Zhang et al. (2021b) used the same experiments to show that the dominant influence
of anthropogenic aerosols on the terrestrial carbon sink is due to the increase in diffuse radiation from an increase in aerosol
emissions leading to an increase in photosynthesis, rather than due to the aerosol influence on temperature, precipitation, or the
amount of incident shortwave radiation at the surface.

The hist-piAer experiments have been used to confirm the main processes behind features of PD climate. Diamond et al.
(2022) discuss the current asymmetry between northern hemisphere (NH) and southern hemisphere (SH) albedo, which they
find to be a transient feature of global climate. The NH is more reflective in clear skies, but the SH is more cloudy. However, the
difference in continental coverage between the hemispheres is offset by the larger extent of Antarctic ice compared to the Arctic,
so that PD asymmetry in clear-sky albedo is dominated by aerosol (confirmed by a comparison between the historical and hist-
piAer experiments). The hist-piNTCF experiments have also been useful for investigating where emissions or processes do not
play a major role in climate change. DeRepentigny et al. (2020) used the experiments to indicate that SLCFs are not important
for the timing of the occurrence of an ice-free Arctic (in CESM2), or the deceleration of the rate of PD ice loss in their model.
The initial occurrence of an ice-free Arctic in the near-future is instead primarily controlled by internal variability, while the
rate of sea ice decline on longer timescales is determined by CO5 concentrations. Zeng et al. (2022) use a comparison between
the histSST-piX experiments and hist-piNTCF to confirm that coupling to an interactive ocean has little impact on simulated
ozone trends, confirming the utility of fixed SST experiments for studying atmospheric composition. Similarity in methane
lifetimes between the historical and histSST experiments was noted by Stevenson et al. (2020).

The ability to use the difference between the historical and hist-piX experiments to isolate the role of a set of forcers in
climate trends is also useful for model evaluation. Moseid et al. (2020) evaluated global and regional trends in downwelling
shortwave radiation at the surface between 1961 and 2014, comparing model output from the historical simulation to surface
observations. CMIP6 models generally performed well compared to observations over Europe, but poorly over China. Using
hist-piAer, Moseid et al. (2020) demonstrated that this was due to incorrect SO, emission trends over China.

Future climate and air pollution was targeted using the Shared Socioeconomic Pathway 3-7.0 (SSP3-7.0, Rao et al., 2017;
Riahi et al., 2017) - a ‘regional rivalry’ scenario without climate policy and weak air pollution mitigation policies. ScenarioMIP
contributed the AOGCM coupled ssp370 experiments (40 models, 379 experiments) as a baseline for understanding the role
of aerosols and chemistry in a future climate (O’Neill et al., 2016). AerChemMIP provided complementary ssp370SST exper-
iments for transient ERF calculations, and a coupled AOGCM ssp370-lowNTCF experiment to attribute the role of aerosols
and gaseous emissions, excluding methane, on climate and composition (Allen et al., 2020). For most short-lived precursor
species for air quality and aerosol climate forcing, including NO,, CO, CH4, NMVOCs, SO2, BC and OC, the emissions or
surface boundary conditions in the SSP3-7.0 scenario were substantially higher than those in the most extreme warming sce-
nario considered by CMIP6 (SSP5-8.5). For the purposes of attributing the impact of emissions changes, this scenario offered
the strongest signal and therefore the greatest potential for attribution. For the purposes of policy development, simulations
were required until 2055 with most models extending to 2100. Land-use changes were separately assessed via the Land Use

MIP (LUMIP; Lawrence et al., 2016) experiment, ssp370-ssp126Lu.
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To isolate the effects of air pollution mitigation policy, the SSP3-7.0-lowNTCF scenario uses the same socio-economic
scenario and the same emissions drivers as SSP3-7.0, but with ‘strong’ air pollution mitigation policies. In the case of air
pollutant species (e.g., SOg, BC, OC, NO,,), the emissions factors used in the sustainability pathway SSP1 were adopted
(Gidden et al., 2019). SSP3-7.0-lowNTCF was designed so that the reduced NTCF emissions relative to SSP3-7.0 came only
from changes in air quality policy, neglecting changes coming from simultaneous changes in climate policy. The decrease in air
pollutant species emissions is due to swift ramping up of end-of-pipe measures for air pollution control, not from the reduction
in co-emissions accompanying the CO> emissions also seen in SSPI. The result was that, under SSP3-7.0-lowNTCF, global
emissions of all aerosols and gaseous precursors decrease, particularly by mid-century by ~30-50%: reductions comparable
to those seen in SSP2-4.5 (Wilcox et al., 2023). In contrast, the corresponding emissions under SSP3-7.0 generally increase
(weakly) by mid-century by ~10% (Allen et al., 2021).

Subsequent to the publication of Collins et al. (2017), further experiments were developed to attribute the role of individual
SLCFs, such as the coupled AOGCM experiment ssp370-lowNTCFCH4, addressing the additional role of methane mitiga-
tion (Allen et al., 2021), and ssp370pdSST employing future emissions, but prescribing a PD climatology of SSTs and sea
ice, to characterise the effect of future climate change on composition (Zanis et al., 2022). For completeness, these experi-
ments are included in Table 1, despite not being assigned a Tier in Collins et al. (2017), using their designation on ES-DOC
(https://search.es-doc.org/). These experiments were critical for drawing two conclusions relating to SLCFs in the IPCC ARG6:
1) changes in future air pollution are more likely to be driven by changes in anthropogenic emissions than climate change; and
2) controls on SLCF emissions, particularly methane, are important for meeting climate goals with simultaneous air quality
benefits.

Allen et al. (2021) used the AOGCM ssp370 and ssp370-lowNTCF experiments, together with the additional ssp370-
lowNTCFCH4 experiment, to investigate air quality benefits and climate impacts from SLCF mitigation. Coupled AOGCM
experiments allowed the effect of SLCF on surface temperature and precipitation to be derived, finding significant perturbations
to the hydrological cycle and highlighting the beneficial role of methane concentration reductions in counteracting the warming
and wetting effects from aerosol reductions. Similar work by Shim et al. (2021) focuses on air quality in Asia, as does Li
et al. (2022) which focuses on both air quality and climate in Asia. Zanis et al. (2022) used the ssp370SST and ssp370pdSST
experiments to derive the change in surface ozone with increasing temperature, the “ozone-climate penalty,” showing an overall
negative relationship between surface ozone and global temperature change, the result of large rates of ozone destruction
over marine areas, with increases in ozone over the polluted regions of South and East Asia. The o3ste diagnostic output, a
stratospheric ozone tracer intended to map stratosphere to troposphere exchange, was shown to be useful for identifying the
role of circulation changes, particularly increased stratosphere-to-troposphere transport of ozone as the level of ODSs decrease
in the future, on future ozone levels. Brown et al. (2022) used ssp370SST and ssp370pdSST to identify the emissions and
chemistry drivers of the ozone-climate penalty in Africa and South America, including lightning NO, changes, changes in
the formation of NO,, reservoirs such as isoprene nitrate and peroxyacetyle nitrate (PAN), and temperature-driven changes
in the emissions of BVOCs such as isoprene. A difference in the sign of the ozone-climate penalty was noted, depending

on background NO,, levels, and highlighting the need for detailed chemical diagnostics when considering air quality/climate
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change interactions. The coupled AOGCM experiments were also used to investigate the effects of SLCF mitigation on the
AMOC, showing that future reductions in aerosol and ozone precursors alone induces end-of-century weakening of the AMOC,
but this weakening is offset if methane reductions are applied (Hassan et al., 2022).

Figure 4 shows an illustration of how AerChemMIP data may be used for combined air quality/climate co-benefit studies.
The figure shows that non-methane NTCF (NMNTCF) mitigation (aerosols and precursor gases only) improves air quality
(both particulate matter with a diameter of less than 2.5 yum (PM2.5) and ozone), but at the expense of climate warming.
Methane mitigation yields global cooling (a climate benefit) as well as improved ozone-related air quality with minor changes
in PM2.5. All-NTCF mitigation (methane as well as aerosols and precursor gases) yields both a climate benefit (cooling, but

less than that under methane mitigation) as well as an air quality benefit in terms of both PM2.5 and ozone.
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Figure 4. Global annual mean 2090-2099 relative to 2014-2005 mitigation response scatterplots. Surface temperature [K] versus surface
(a) PM2.5 [pug m~3] and (b) ozone [ppb] for five AerChemMIP models (as designated in the legend by symbols) and the corresponding
multi-model mean (MMM) under non-methane near-term climate forcer mitigation (NMTNCEF; black); all-NTCF mitigation (red); and
methane-only mitigation (CH4; blue). Error bars represent the 95% confidence interval, estimated as twice the standard error. In the case of
multiple realizations (UKESM1-0-LL, MRI-ESM2-0 and GISS-E2-G each performed 3 realizations per simulation), the symbol represents

the model mean.

As mentioned above, AerChemMIP contributed to the development of the WGI IPCC ARG, being referenced in the Summary
for Policymakers, Chapters 4, 6, 7, and the Atlas, as well as contributing important assessment/evaluation papers that underpin
the Report. Furthermore, the AerChemMIP experiments allowed the attribution of historical surface temperature changes to
composition changes by comparing the CMIP historical experiment to the AerChemMIP hist-piAer experiment, and to attribute

radiative forcing to individual components, using 6 models (ESGF now shows near-surface temperature (tas) from 10 models).
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The AerChemMIP data contributed to the development of emulators. The contributions to PD ozone forcing from CHy,
NO,, N5O, halocarbons, CO and VOCs, and climate, are derived from AerChemMIP piClim-X single forced experiments
(Thornhill et al., 2021b, a) and the coupled CMIP6 historical experiment (Skeie et al., 2020). This relationship was used in
AR6 Working Group 1 Chapter 7 to derive the historical ozone forcing time series. AerChemMIP also allowed an evaluation
of the sensitivity of methane’s chemical lifetime to reactive gases and climate (Thornhill et al., 2021a, b). The histSST-piAer
experiment, along with REMIP’s piClim-histaer, allowed diagnosis of historical aerosol forcing from emissions of SOy, BC
and OC, which was used to construct time series of historical aerosol forcing (both ARI and ACI components) for AR6 (Smith
et al., 2021). All of these emissions- and burden-derived relationships are now incorporated into the FalR reduced-complexity
climate model (Smith et al., 2018; Leach et al., 2021). Furthermore, methane’s contribution to ozone forcing and the methane
lifetime self-feedback factor were used in computation of emissions metrics for methane in AR6 such as GWP (Forster et al.,
2021). The ssp370-lowNTCF simulations were also used to supplement ScenarioMIP and DAMIP simulations in the training
of machine-learning based emulators participating in the ClimateBench benchmark dataset (Watson-Parris et al., 2022).

In summary, AerChemMIP provided significant advances, notably coupled transient experiments and the attribution of the
role of SLCFs in radiative forcing and climate changes, enabled keystone analyses of air quality, and identification of the

interactions of climate and air quality.

4 AerChemMIP - challenges and gaps
4.1 Timelines

The design of CMIP6, with no hard deadlines for data release, meant that modelling centres were free to deliver data as
it became available. However, the IPCC Assessment Report timeline process was again very tight, making preparation for
CMIP6 challenging. This was constrained further by the late release of the forcing datasets needed to perform simulations, and
the cost of data processing to Climate Model Output Rewriter (CMOR) standards. Data came on-stream over the period 2019-
2021, and, across AerChemMIP, only a quarter of the models eventually delivering data had done so by the end of June 2019,
with three quarters delivering by the December 2019 submission deadline for papers to be included in AR6. With hindsight, it
may have been better for key experiments to have been identified early and for the data to address assessment-relevant scientific
questions to be available sooner.

Although the availability of model documentation and description was improved for CMIP6 relative to CMIP5 with the
advent of ES-DOC, data for many models was published ahead of model documentation. This meant that it was difficult to
use these models in process studies as modelling centres needed to be contacted directly to obtain information, e.g., which

parameterization schemes had been used for aerosol microphysics.
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4.2 Coordination across MIPs

In its preparation, AerChemMIP assumed extensive collaboration with DECK, the CMIP historical experiments, RFMIP, and
ScenarioMIP. The piControl, historical, and ssp370 experiments provided baselines for the AerChemMIP experiments, and
provided SST and sea-ice fields for experiments where these were prescribed, while complementary experiments for calculating
ERFs for WMGHGs, land use, and natural forcing came from RFMIP.

DAMIP and AerChemMIP proposed similar coupled historical experiments, and closer integration with DAMIP’s comple-
mentary hist-X experiment would have been beneficial. At the time of writing, six models have contributed data from both
DAMIP hist-Aer and AerChemMIP hist-piAer. Given the demands on modelling centres, it was perhaps prohibitively costly
to ask for both variants (hist-X and hist-piX) for an attribution experiment, but it would certainly have been preferable to
have both variants available. The hist-piX experiment design avoids the assumption of linearity that underpins the analysis of
hist-X experiments. For many of the species considered by AerChemMIP, a degree of nonlinearity is expected in the climate
response as the world warms, related to changing reaction rates or changes in cloud distribution and properties. However, for
the quantification of the effect of such nonlinearities, these “everything but” style experiments need to be paired with single
forcing simulations, requiring better overlap between model participation in DAMIP and AerChemMIP. Diamond et al. (2022)
used the AerChemMIP hist-piAer as a substitute for missing DAMIP hist-GHG experiments, in order to include UKESM1 and
MPI-ESM-1-2-HAM in their investigation of delayed eastern equatorial Pacific warming, but without further analysis of the
linearity of the response to changing aerosol emissions in a warming world it is difficult to know how sound this assumption

is, especially as the degree of linearity is likely to be model-dependent (Simpson et al., 2023).
4.3 Coordinated variable request

There was a lack of consistent diagnostics across participating models in CMIP6, even for standard Tier 1 variables. This raised
some challenges for analysis of the AerChemMIP data, effectively making a small (6-7 model) ensemble even smaller, and
limiting the utility of the experiments. Consistent output variables over all models and all scenarios would have allowed larger
ensembles to be used in analysis: models were sometimes rejected from studies for not including (Tier 1) variables of interest
(Griffiths et al., 2021).

SSP3-7.0, a pathway involving weak air quality control measures, was chosen as a future baseline by AerChemMIP. From
a policy perspective, it is clear that diagnostic data from other SSPs with stronger air quality measures, such as SSP2-4.5
(middle of the road) and SSP1-1.9 (sustainability), would have been useful. AerChemMIP specified priority variables and their
domain and frequency for the historical and ssp370 experiments, and it was envisaged that a similar level of detail would be
provided by other centres for other ScenarioMIP experiments. Given the pressure on data processing and data archival, some
centres omitted the AerChemMIP diagnostics from other ScenarioMIP experiments, prohibiting comparative analysis of e.g.,
chemical and aerosol processes. In particular, the inclusion of air quality diagnostics in the ssp245 experiment would have
allowed a more direct comparison between CMIP6 studies and those based around the ECLIPSE experiments, which use an

RCP4.5 baseline. Improved availability of air quality diagnostics over a wide range of future emission pathways would have
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enabled better understanding of the future interactions of climate change and air quality, and these diagnostics merit inclusion
in a wider variety of scenarios by all centres in future MIP eras. At present, attribution of the drivers of air quality changes
in future scenarios other than SSP3-7.0 in a multi-model sense is still lacking, due in part to the lack of data to perform such
analyses, although Turnock et al. were able to perform analyses across the various SSPs for surface ozone and PM2.5 (Turnock

et al., 2020).
4.4 Experiment design

AerChemMIP encouraged participating models to include interactive aerosol, and online tropospheric and stratospheric chem-
istry schemes, which meant that it was only possible for a small subset of CMIP6 models to perform all AerChemMIP ex-
periments (Table 1). The bulk of AerChemMIP data comes from 11 models: BCC-ESM1, CESM2-WACCM, CNRM-ESM
(interactive stratosphere only), EC-Earth3-AerChem, GFDL-ESM4, GISS-E2, MIROC6-SPRINTARS, MPI-ESM1.2, MRI-
ESM2, NorEMS2 and UKESM1, of which MPI-ESM1.2 and NorESM2 use offline chemistry. Although similar to the number
(seven) of models participating in the chemistry model intercomparison projects of Hemispheric Transport of Air Pollution
(HTAP) Phase 2 and the Air Quality Model Evaluation International Initiative (AQMEII), this represents approximately 15%
of the 70 models, and model variants, contributing to CMIP6. Within this small subset, there is large variance between model
results, and it becomes difficult to construct, and have faith in, reliable multi-model means. In this situation, identifying outliers
also becomes challenging.

In addition to expanding the range of scenarios with AerChemMIP diagnostics, it is useful in each scenario to specify
additional complementary experiments, similar to the ssp370-pdSST which was used as a complement to ssp370SST (Turnock
et al., 2022), so as to be able to determine ozone-climate penalties, and to assess the linearity of the climate response. This is
similar to the RFEMIP piClim-histaerO3 (historical) experiment, but for the future. Additional experiments to address the role

of methane in future climate and air quality are needed to more completely address the role of SLCFs in climate change.
4.5 Ensemble size

A single member of a coupled transient simulation is insufficient to identify where differences between models are due to
differences in the response to forcing, as opposed to internal variability or other structural differences between the models.
AerChemMIP requested at least three ensemble members per coupled experiment. However, these were not always performed,
with some centres submitting only one member per experiment. Unfortunately, this makes it impossible to identify forced re-
sponses in transient experiments with realistic forcing, and meant that while these simulations could be used for the AerChem-
MIP model ensemble as a whole, they could not be used to understand inter-model differences. Small ensemble sizes more
generally present difficulties for the analysis of regional climate responses, which are key for AerChemMIP-related issues, such
as air quality, and also for climate extremes. Recent work by Fiore et al. (2022) used a 15 member initial condition ensemble
to examine the role of ensemble size in simulating atmospheric composition trends and separating forced trends from inter-

nal variability, demonstrating that on multi-decadal timescales, the two are comparably important in some regions. Monerie

20



495

500

505

510

515

520

https://doi.org/10.5194/egusphere-2024-2528
Preprint. Discussion started: 5 September 2024 G
© Author(s) 2024. CC BY 4.0 License. E U Sp here

et al. (2021) examined the role of ensemble size in identifying regional precipitation trends, and concluded that 10 members

represent a good balance between regional information and computational expense.
4.6 Diagnostics

There is a need for all MIPs to carefully review requested diagnostics for future MIPs to ensure that they are well-designed
to address science goals, and that diagnostics are delivered in a standard format. For AerChemMIP, diagnostics relating to the
ozone budget and tropopause (e.g., dynamical tropopause) were needed and there was a shortage of output for aerosol optical
properties (Fiedler et al., 2024).

In the case of tropospheric ozone, ozone production and destruction rates, o3prod and o3loss, were specified in CMIP6 to
cover only a portion of the ozone budget. They are, by definition, insufficient to infer stratospheric ozone input to the tro-
posphere, as the budget closure cannot be guaranteed, making the quantitative equivalence of a residual budget term with
stratospheric input impossible. This is especially true as models include additional chemistry, such as tropospheric halogen
chemistry, that will strongly influence our interpretation of which reactions should be included in 03prod and o3loss. Further-
more, subsetting some reactions was in practice prone to human error in implementation. The CCMI diagnostic do3chm, the
tendency due to chemistry, is strongly encouraged for future MIPs. Whereas production (P) and loss (L) terms isolated are
preferable, operator tendencies (i.e., net P — L) are much more straightforward to code as a diagnostic and are therefore less
prone to implementation errors, while still containing valuable information. The increasing adoption of whole-atmosphere on-
line chemistry models, which allows a consistent treatment of ozone chemistry and removes the need for boundary conditions
or prescribed ozone fields, is a significant advantage.

New diagnostic output of WMO thermal tropopause height/pressure was available in CMIP6, which allowed the separate
evaluation of tropospheric and stratospheric ozone. The tropopause introduces strong variations in stratospheric ozone column
between models, which are less pronounced when an ozonopause is used (as in CMIP5), it may be advantageous to perform
whole atmosphere evaluation and assessment in the future. For the diagnosis of stratosphere-troposphere transport, a diagnostic
tropopause is probably more useful, e.g., a potential vorticity based or blended tropical/extra-tropical tropopause definition.
Tracer-tracer correlations are also useful here to understand downward transport, and synthetic tracers would add significant
value, e.g., €90 (Abalos et al., 2017; Prather et al., 2011).

Given the difficulty in consistently defining the tropopause, it may be wise to consider assessment of model performance
against e.g., total column ozone, and Earth Observation (EO) products that target the UT/LS region where the radiative forcing
of ozone is largest. Tropospheric ozone burden and column should be treated as less reliable quantities for intercomparison and
assessment until such time as reliable diagnostic output is available, and their derivation from EO products is less problematic
(Gaudel et al., 2018). It was regrettable that some centres did not provide tropopause output, preventing calculations of burdens

and other useful diagnostics.
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4.7 Emulators and impact assessments

Consideration of the experimental design for the development of flexible and comprehensive emulators, whether a physical
reduced complexity model (Smith et al., 2018) or machine learning based (Watson-Parris et al., 2021), requires many similar
considerations as for answering the fundamental questions addressed above, but also presents other challenges. For example,
the use of idealised, single forcing experiments, to isolate individual contributions to radiative forcing and composition, can
be very valuable in this setting either for training or validation. In order to ensure that the emulator is interpolating between
simulations rather than extrapolating beyond them (in emissions, concentration or forcing) it is valuable to have data points at
the extrema of the relevant space. In this regard, very high emissions scenarios (such as SSP5-8.5), very ambitious scenarios
(such as SSP1-1.9) and other corner cases (such as SSP3-7.0-lowNTCF) are extremely useful, regardless of their realism, as is
participation in single-forcing experiments by a diversity of models. However, while such scenarios have very different global
mean emissions, they do not explore very different spatial distributions of emissions, which are so important for aerosol and
other short lived chemical species. Sampling this space is the focus of the Regional Aerosol MIP (RAMIP, Wilcox et al. (2023))
which, with the aid of large ensembles, will ensure robust signals.

While AerChemMIP has shone a light on model diversity in e.g., aerosol forcing, sampling the process uncertainty explic-
itly within each model would provide valuable insights into the contribution to this spread from structural versus parametric
uncertainty (Lee et al., 2011). While sampling full parametric uncertainty requires hundreds of simulations, simple scalings of
the aerosol indirect effect, for example, would allow useful determination of the role of such processes in inter-model diversity
and persistent discrepancies with observations. Such ensembles can also be incorporated into the emulators described above to

more fully capture model uncertainties, and potentially constrain them with energy budget considerations.

5 Planning and designing future aerosol and chemistry MIPs

So far we have considered the success of AerChemMIP’s objectives and its support of wider CMIP goals, as well as identifying
some remaining areas for future study. In this section, we present some reflections by the AerChemMIP community on future

CMIP and AerChemMIP activities, addressing this from the perspective of the the CMIP, sub-MIP and modelling centre level.
5.1 Coordination across MIPs

CMIP is comprised of various specialist sub-MIPs such as AerChemMIP. It is to be expected that new sub-MIPs will arise and
evolve over time and may eventually be folded into the standard DECK or core experiments. The recent proposal of a ‘Fast
Track’ for CMIP7, incorporating experiments previously in AerChemMIP/RFMIP exemplifies this. The CMIP project brings
essential early-stage planning and coordination for the community, provides crucial oversight and enables cross-cutting activi-
ties such Fast Track, Task Teams for supporting CMIP activities, such as forcing updates, defining standard data requests and
designing simulations. From our perspective, an important role for CMIP remains in providing oversight of and coordination

between the individual participating MIPs. This coordination across MIPs is vital as each sub-MIP forms a part of the CMIP
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landscape, and CMIP needs to ensure its underpinning goals and science questions are being addressed. It is also important
to ensure that each sub-MIP integrates well with other MIPs, avoiding duplication of effort and enabling the best possible
exploitation of modelling efforts.

Coordination is needed in several areas: firstly, by working with the community to define key science questions; secondly,
by working with sub-MIPs to define key experiments and required analyses; thirdly, by identifiying priority variables, such
as the IPCC priority variable list, which is also useful for prioritising data processing and availability; lastly, by coordinating
experiments, protocols and diagnostic output across modelling centres to standardise data delivery. CMIP can also coordinate
the community review that is critical to ensure experiments meet community needs, address open science questions and achieve
buy in from modelling centres e.g., covidMIP where specific science questions motivated quick turnaround.

The task of model evaluation, which aims to build and improve confidence in climate model projections, is an important
part of CMIP activities. While AR6 did not in this cycle feature a chapter devoted to the evaluation of climate models, instead
moving this work within the individual chapters as required, the importance of assessing and evaluating the components of
individual climate models and the overall performance of ESMs remains clear. Future versions of CMIP are expected to
continue to assess model performance and to quantify the causes of the diversity in model projections. The preceding phases
of CMIP show that the progressive evolution of climate models and model capability necessarily changes what evaluation is
possible, how this assessment should be done and modifies the evaluation and assessment requirements and metrics. Effective
model evaluation requires the supporting MIPs to be mindful of the progress of the state of the field and it should be expected
that the evaluation activities may change further over time. As ESMs become increasingly complex, understanding sources of
intermodel diversity requires more effort as there are more processes included and the coupling between them is likely stronger.
Additionally, as ESMs evolve the structural differences between models may play an increasing role in driving intermodel
differences. As model complexity and the treatment of feedbacks increases, understanding and attributing differences becomes
more challenging and more important.

In addition to model evaluation, an important goal of CMIP is to understand the evolution of ESMs. This requires some
consistency in experimental design and diagnostic data across the various phases of CMIP. The use of Digital Object Identifiers
associated with climate model datasets through CMIP6 is a welcome step forward. In CMIP6, the adoption of CF-compliant
formats and the use of CMOR functions to reprocess model output allowed the archiving of consistent output between models
and a better interface to evaluation code such as ESMValTool (Schlund et al., 2023). ESMValTool and other model evaluation
frameworks such as PCMDI (Lee et al., 2024) provide an important piece of infrastructure for model evaluation, and it would be
helpful for the community to standardize further around these tools, as it enables the distribution of model evaluation methods,
multi-model comparison and traceability of model performance across MIP eras. In this regard, researchers may wish to port
their evaluation scripts from the CMIP6 Github repository to ESMValTool and other standardised evaluation platforms. Use
of ESMValTool or similar models during model development would provide a traceable picture of model evolution between
release versions.

It is essential for model evaluation, intercomparison, and process studies that a single and, above all, comprehensive source

of information on MIPs, models, and simulations is available. The ES-DOC service provided by CMIP (https://search.es-
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doc.org/) has proved to be very valuable. The ES-DOC format was initiated in the fifth phase of CMIP as a metadata repository
to provide such information (Guilyardi et al., 2013), and was then extended for use in CMIP6 (Balaji et al., 2018; Pascoe et al.,
2020). ES-DOC improves our understanding of model data, increases the value of data for use in the future, and, by making ear-
lier work more findable, potentially minimizes the need to re-run models. In AerChemMIP, ES-DOC was used to successfully
document new model simulations (e.g., ssp370-lowNTCFCH4; Allen et al. (2021)) that were proposed after the publication
of the AerChemMIP protocol paper (Collins et al., 2017). The Errata system (https://errata.es-doc.org/static/index.html) also
worked well for reporting errors in the simulations. For example, when UKESM1 atmosphere-only simulations were found to
have a bug, an issue notice was raised to document that data and the relevant experiments were to be withdrawn from the ESGF
and replaced. While ES-DOC also aimed to provide standard information on models, this was less successful. In some cases,
model information provided by modelling centres did not appear on ES-DOC. In other cases, the information available was not
sufficiently detailed from an AerChemMIP perpsective, was available but difficult to find, or incorrect. It would be beneficial,
for example, to have standard and more consistent information on the chemistry/aerosol schemes used, and to connect better
to the individual model description and evaluation papers. In general, high quality, useful, and perhaps even overly explicit,
model description papers are required. Although there were improvements over CMIP5, it was still unfortunately common in
ARG for model description papers to appear after the data had been uploaded to ESGF, leaving a gap in information when
preparing multi-model assessments, identifying outliers, and generating high-confidence projections. Where model compo-
nents were common across several generations of a model, even basic details about this component tended to be omitted from
the description paper of the CMIP6 model version. While including such information would make a description paper cumber-
some and cause problems with plagiarism checks by journals, such details are important for process studies, and for weighting
multi-model ensembles to avoid dominance by a particular model family and closely related models, and would be a valuable
addition to ES-DOC.

Improving the search facility (e.g., by component, or by process), making the questionnaire provided to modelling centres
less opaque, making the repository straightforward and accessible to correct or update, and better communication with mod-
elling centres and MIPs would all be beneficial. ES-DOC is being re-visited for CMIP7 and the new CMIP International Project
Office (IPO) will help to provide a forum for improved communication. Together, these improvements should facilitate multi-
model assessments and decrease the burden on centres responding to the questionnaire or to clarifying questions by scientists
involved in model evaluation. However, sufficient resources will be required to overcome the technical challenges identified
and to fully meet user needs.

To align with the principles of findability, accessibility, interoperability, and reusability (FAIR), it may ultimately be neces-
sary for ESGF or similar repositories to consider archiving source code. It may be helpful if model description papers could
feature a minimum, standardised set of information, and it may be necessary to make model descriptions machine-readable or
to expand the ES-DOC requirements. Trawling the model literature for intercomparison/process papers is difficult and time-

consuming and leads to large amounts of duplicated effort.
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5.2 The AerChemMIP project

In preparing for the next phase of an Aerosols and Chemistry MIP, it is expected that the underpinning science questions will be
reviewed along with the criteria for participating models, the experiment designs and the diagnostic data request. It is however
envisaged that the next phase of CMIP will feature a second phase of AerChemMIP, with the focus remaining on the role of
aerosols and chemistry in the Earth system and climate change.

It will be necessary for ScenarioMIP, AerChemMIP and CMIP to coordinate in defining future scenarios and to define
trajectories for SLCFs in support of the CMIP science questions. For AerChemMIP, SSP3-7.0 was chosen as the future baseline
and provided high signal-to-noise in counterfactual experiments involving strong air quality interventions. Recent work has
highlighted that focus on a single scenario may limit the usefulness of climate change projections in impact assessments. This
is particularly relevant in the context of SLCFs, as future aerosol/precursor emissions scenarios span a large range, including
minimal changes through the entire 21st century (e.g., SSP3-7.0) to rapid reductions over the next three decades (e.g., SSP1-
1.9) that are comparable to the growth of emissions over the entire industrial era (e.g., Persad et al., 2023). In addition to these
global emissions differences, we also note the importance of large diversity in regional SLCF emissions.

In light of the CMIP7 commitment to halve its carbon emissions relative to CMIP6, the ensemble size and the volume of
output diagnostics needs to be considered alongside other sources of experimental cost such as model resolution and the model
complexity (Fiedler et al., 2024). In this light, for future MIPs it may be fruitful to revisit the goals of experiments and intended
analyses and energy/storage requirements.

For diagnosing ERFs, piClim-X timeslice experiments are required, and for understanding climate responses, coupled
atmosphere-ocean hist-piX experiments should be retained. Transient ERFs can be calculated from the histSST-piX experi-
ments. Combined experiments targeting SLCFs are clearly beneficial, although additional single forcing experiments are useful
for understanding drivers. Clearly some tradeoff and accommodations need to be made in a MIP addressing both reactive gases
and aerosols - piNTCF and piAer experiments, piNOx and piVOC experiments have all been useful but any expansion in
experiment number should be considered in light of the stated aim to keep the CMIP computational expense to a minimum.
Diagnosis of model senstivities and response to forcings, performed in AerChemMIP with single-forcing experiments, may be
possible with an expanded set of diagnostics rather than these dedicated attribution experiments. This should be considered.

It may be necessary to consider experiment design and the participating models in tandem. As noted above, the number of
ESMs participating in AerChemMIP using online chemistry may be a concern in the future in light of the decreased partici-
pation in CMIP6. In terms of representation of aerosol, there was a wide range of complexity in the treatment of aerosol and
aerosol-cloud interactions in CMIP6, but the representation of aerosol processes was generally not a barrier to participation
in AerChemMIP. However, only a small number of ESMs featured online chemistry: ACCMIP, for CMIP5, featured 15 atmo-
spheric chemistry models in its assessment of tropospheric ozone, while only five models were able to be used in CMIP6 ozone
assessments. The low number of online chemistry models introduced challenges in evaluation and robustly identifying outliers.
Future CMIP experiments aiming to address the role of aerosols and reactive trace gases such as AerChemMIP should aim to

achieve greater participation, perhaps beyond ESMs, across the modelling community, and to reverse the declining trend in
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participation. For the purposes of AerChemMIP, it may be beneficial to consider if models not meeting the DECK entry-card
could be included as they are a valuable additional resource for understanding the origins of inter-model diversity. In ACCMIP,
chemical transport models (CTMs) were included using time-slice approaches and/or offline meteorology.A future chemistry-
focused MIP remains an attractive prospect, and has been the subject of recent discussions (Archibald et al., 2022). This should
focus on both PI and PD conditions, with the objective of understanding the sources of model spread in both periods, and in
quantifying model skill. In evaluating model skill, observations are essential making the AMIP DECK period of 1979-2015,
designed to cover the post-satellite era, the most valuable.

Models of Intermediate Complexity could be useful for longer transient experiments and idealised forcings. As we discuss
above, there is a need to include more processes, both to assess the role of processes missing from ESMs and to understand
how structural differences impact future predictions. For this purpose, experiments over limited periods of the historical or
future periods may be useful, particularly if coupled with higher quality (process-level or time resolution) diagnostics. The
value from these experiments would be amplified if all centres/models chose the same period e.g., 2050s. This also reduces
additional storage and processing overheads, and makes it easier to re-run models.

CMIP6 showed that evaluation and assessment of coupled ESMs is an increasing challenge, particularly for atmospheric
composition. In planning for future phases of AerChemMIP, the presence of ESMs featuring online atmospheric chemistry,
the increasing use of online components for natural or biogenic sources of ozone and aerosol precursors is to be expected and
encouraged, as they provide more realistic treatment of Earth system feedbacks. Certainly, in CMIP6, interactive descriptions
of ocean biogeochemistry, land surface feedbacks and emissions of biogenic species were increasingly common. Moreover,
CMIP6 showed that the inter-model range of natural/biogenic sources of ozone and aerosol precursors is now large, and is a
key driver in intermodel diversity, particularly in the PI period, both in ozone, sinks for methane such as OH, and, as BVOCs
can also oxidize to form secondary organic aerosol (SOA), the large range in BVOC emissions also contributes to intermodel
diversity in SOA. Future projections of atmospheric composition using ESMs will depend sensitively on the response of these
natural emissions, and other processes, to climate. The AerChemMIP piClim-2x experiments which target natural sources
of SLCFs will be useful here, and should be expanded as required, for instance if online methane or fire-related emissions
become standard. Expanding these types of simulations to coupled transient experiments would be useful and would allow
insight on the climate impacts associated with dust, fires, sea salt, etc. in a multi-model context. It will also be essential to
perform intercomparison and evaluation of these natural emissions, and the response to climate change of emissions such as
NO, from natural sources such as lightning (Finney et al., 2016; Murray et al., 2013), or wetland methane emissions, will
need further investigation, and may merit separate intermodel comparison exercises, such as done for wetland CH4 emissions
(WETCHIMP, Melton et al., 2013).

AerChemMIP provided three tiers of experiments, and various sets of experiments across the period 1850-2100. Practically,
it was found that not all experiments required the same effort to set up and process, with variants of experiments, e.g., piClim-
SO2 and piClim-NOx, requiring relatively less effort to set up than e.g., ssp370pdSST and ssp370-lowNTCF, with the longer
transient experiments requiring significantly more supervision during execution compared to the time slice experiments. Within

centres, experiments motivated by new and targeted science questions clearly received significant additional effort. Incorpo-
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rating these ‘bottom-up’ designs of experiments, and making clear how proposed experiments have the ability to address and
respond to current and emerging science questions will be beneficial to future MIPs.

It may also be more fruitful to produce mid- to large-ensembles for a smaller number of experiments, than a large number of
experiments with a small (<5 member) number of ensembles. As mentioned above, it would be advantageous to develop new
MIP experiments in tandem with the design for their diagnostic output required for their analysis, and also to provide criteria
for verification of required output. This is a critical point to avoid missing diagnostics or experiments, potentially limiting the
usefulness of experiments and reducing the value of potentially costly experiments. As an example, attribution of dynamical
responses in AerChemMIP coupled transient experiments is often a challenge due to small ensemble size - as the number
of ensemble members increases, it becomes easier to distinguish weak signals and the effects of structural uncertainty from
internal model variability. The viable ensemble size for analysis needs to be considered both when designing and performing
experiments. AerChemMIP requested three ensembles for each of the coupled transient hist-piX experiments, but these were
not delivered by all participating models. It is now clear that a larger ensemble size is required to characterise regional climate
responses, especially regional precipitation changes (Monerie et al., 2021). With this in mind, MIPs focussed on attribution
typically request larger ensembles: DAMIP requested five members per experiment for CMIP6, and the RAMIP requested ten.
However, if the focus is on composition and/or forcing, fewer experiments are required, although timeslice experiments longer
than 30 years are required for many species.

Given the size of the ensemble in the historical and SSP simulations used as the AerChemMIP baselines, there is an opportu-
nity to expand the AerChemMIP ensemble member size, so that the experiments provide clearer climate information at spatial
and temporal scales where internal variability is large, and so that more robust conclusions about the role of model structural
uncertainty can be drawn.

To verify the presence of required output, an AerChemMIP variable request, i.e. a list of required diagnostics, may be useful.
This should additionally list the analyses that they underpin. For instance, it may be necessary to document a consistent method
for generation of PM2.5 concentrations, or to specify which species are necessary to be output at high time resolution, such
as planetary boundary layer height and dry deposition fluxes, for as full an understanding as possible of future air pollution
and its drivers. One option may be to ensure better coordination between ScenarioMIP and AerChemMIP to ensure that the
AerChemMIP diagnostic data request is present in all ScenarioMIP experiments, for at least five ensemble members, ideally

more.
5.3 Modelling centres

In understanding model evolution, traceability is essential. Finally, we encourage modelling centres to use their model descrip-
tion papers to document the differences/changes with respect to an existing model or model description paper. Understanding
how models have changed also requires the availability of codebases to interested researchers.

It is also necessary for modelling centres to document as clearly as possible the origin of variant data. A standard approach
for identifying model variants needs to be adopted for CMIP7. This was inconsistent in CMIP6, resulting in model variants

being used incorrectly by authors. CMIP naming conventions support the identification of model variants through use of a
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physics code in ensemble member names: the p1’ in 'rlilplfl’, for example. For CMIP6, there was a burden on the user to
establish what these codes meant, and how the data should be treated to take this into account, as conventions differed between
centres. For example, pl and p2 variants of CanESMS included stochastic perturbations and could be combined into a single
CanESMS5 ensemble. However, for GISS-E2, the p codes indicate the use of different aerosol and chemistry schemes, and these
variants should be treated as different models. When models variants are using different modules, this would be better reflected
in the use of different model names rather than different physics versions, which was the widely adopted approach to indicating

different model resolution, for example, in CMIP6 (e.g., NorESM2-LM vs. NorESM2-MM).

6 Conclusions

The AerChemMIP Project, endorsed by CMIP6, has led to significant progress in our understanding of the role of aerosols and
reactive gases in the climate system, both from a historical perspective and extending out into the future, and has worked well
alongside PDRMIP and RFMIP.

The design of AerChemMIP focused on the effect of composition changes. Radiative forcing was calculated using a com-
parison between perturbation and control atmosphere-only timeslice experiments, a protocol common with RFMIP. The role of
historical emissions changes was examined in "all-but-one" transient atmosphere-only attribution experiments allowing radia-
tive forcing to be calculated and the role of the drivers of composition changes to be deduced. Counterfactual coupled transient
atmosphere-ocean experiments produced important data on the climate response to historical emissions. Transient experiments
investigating the future SSP3-7.0 pathway allowed insight into the role of SLCFs in future climate and air quality.

The resulting literature based on AerChemMIP compares very well against questions A1 ("How have anthropogenic emis-
sions contributed to global radiative forcing and affected regional climate over the historical period?” and A2 ("How might
future policies (on climate, air quality and land use) affect the abundances of SLCFs and their climate impacts?’) with the
piClim-X in particular being targeted at A1, and ssp370 and ssp370-lowNTCF experiments targeting A2. The effect on global
climate (A1/A2) was well-characterised (e.g., Allen et al., 2020; Thornhill et al., 2021a, b; Allen et al., 2021) but, as we note
above, the coupled transient experiments were generally only performed with small ensemble sizes, which limited their scope.

AerChemMIP performed perhaps less well against A3 ("How do uncertainties in historical SLCF emissions affect radiative
forcing estimates?), at least in time for AR6. The original aim in Collins et al. (2017) was to scale the ERFs from all the
piClim experiments with the emission uncertainty to quantify the contribution from emission uncertainty to the NTCF forcing
uncertainty. This task is still feasible and could be identified as a remaining task for future MIPs. Some effort was made to
bound the effect of emissions changes through the ssp370-lowNTCF. In future MIPS, uncertainties in anthropogenic emissions
estimates, which were not provided for CMIP6, would be a welcome addition for this task, although the size of such a task
is certainly daunting, particularly in coupled experiments. However, there is work being done to look into the sensitivity of
models to uncertainties in emissions (e.g., Booth et al., 2018; Fyfe et al., 2021; Ahsan et al., 2023; Holland et al., 2024).

AerChemMIP performed well against the objectives of question A4 (’A4. How important are climate feedbacks to natural

NTCF emissions, atmospheric composition, and radiative effects?’) via the piClim-2x experiments. However, the use of the
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DECK abrupt-4xCO2 and piControl simulations to quantify how these natural emissions change with climate needs to be
improved. In particular, there is a need to separate the radiative effects of CO5 from the biophysical effects of CO5 in any new
experiments in a consistent way, due to the impact of future CO» on biogeochemical feedbacks (e.g., Arora et al., 2020; Allen
et al., 2024a).

The AerChemMIP contributions to AR6 were mainly through Chapter 6 ("Short-lived Climate Forcers", Szopa et al., 2021b)
and Chapter 7 ("The Earth’s Energy Budget, Climate Feedbacks and Climate Sensitivity", Forster et al., 2021). For example,
the piClim-X experiments were instrumental in being able to construct the emission-based forcing bar chart and (figures 6.12,
TS.15) and from these to drive attributions of the historical temperature rise (figures TS.15 and SPM.2). Such contributions
came both through the AerChemMIP specific experiments and through the AerChemMIP specific diagnostics. For instance, the
historical ozone RF was diagnosed from the historical simulations, using the ozone mixing ratio on model levels: a diagnostic
requested by AerChemMIP.

AerChemMIP contributed not just to AR6 but to ongoing research efforts. The database of experiments is rich, both in terms
of experiments, participating models and the sophistication of the treatment of chemistry and aerosols and their role in the
climate system. These data form a part of the climate data landscape and are enabling new analyses to be performed. We hope
that this legacy of AerChemMIP also enables future work on the role of aerosols and short-lived reactive gases in the climate

system.

Data availability. All of the data from the CMIP and AerChemMIP simulations analysed in this study have been published on the Earth
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