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Abstract
Anthropogenic aerosol emissions are expected to change rapidly over the coming decades, driving
strong, spatially complex trends in temperature, hydroclimate, and extreme events both near and
far from emission sources. Under-resourced, highly populated regions often bear the brunt of
aerosols’ climate and air quality effects, amplifying risk through heightened exposure and
vulnerability. However, many policy-facing evaluations of near-term climate risk, including those
in the latest Intergovernmental Panel on Climate Change assessment report, underrepresent
aerosols’ complex and regionally diverse climate effects, reducing them to a globally averaged offset
to greenhouse gas warming. We argue that this constitutes a major missing element in society’s
ability to prepare for future climate change. We outline a pathway towards progress and call for
greater interaction between the aerosol research, impact modeling, scenario development, and risk
assessment communities.

1. Anthropogenic aerosols as a unique driver of climate change

Anthropogenic aerosols—the particulate air pollutants that make up a major component of atmospheric
haze—play an important role in the evolution of both air quality and global climate change. Anthropogenic
emissions of aerosols and their precursors have continuously changed through the historical era and are
expected to continue to rapidly evolve over the coming decades (figure 1). Currently, the net effect of aerosols
cools the Earth’s surface by around 0.4◦ C, offsetting part of the global warming due to increased
atmospheric concentrations of greenhouse gases (GHGs). Since the 1970s, however, the geographical
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Figure 1. The range of expected near-term emissions changes in the shared socioeconomic pathways (SSPs) for the two main
species of anthropogenic aerosol (colored lines) through mid-21st century is comparable in magnitude to total historical
emissions growth (black line). The SSP future emissions scenarios are used in the sixth Climate Model Intercomparison Project, a
key dataset for the IPCC’s Sixth Assessment Report.

distribution of emissions has shifted substantially: transitioning from a locus over North America and
Europe to one over Asia [1]. In the last decade, emissions from China have slowed markedly, bringing
improvements in air quality and human health [2]. However, China and India both remain major emitters.
Aerosol emissions in many low and middle-income countries, including much of Africa and Southeast Asia,
are projected to increase with future industrialization, depending on socio-economic factors and technology
choices [3]. The range of potential global trajectories of anthropogenic aerosol emissions by the mid-21st
century, as captured by the shared socioeconomic pathways (SSPs) future emissions scenarios employed in
the current generation of climate model projections, is comparable to the growth of emissions over the entire
industrial era (figure 1). Future aerosol induced climate forcing, therefore, constitutes a major source of
uncertainty in near-term climate change—globally and regionally.

The global and regional implications of anthropogenic aerosol changes are known to be distinct from
those of GHGs. For instance, the global hydrological sensitivity—i.e. the precipitation change per unit of
temperature change—to aerosol emissions (3%/K for sulfate and−3%/K for black carbon) is twice as large as
the sensitivity to CO2 (1.5%/K) [4, 5], due to their differing interactions with short- and longwave radiation
and with clouds and circulation. Temperature and precipitation extremes have also recently been recognized
to be more sensitive to changes in aerosol forcing than to an equivalent change in GHG forcing [6–8].

This builds on progress in our understanding of the interactions between anthropogenic aerosols,
radiation, and clouds, and their effect on the climate at local, regional, and hemispheric scales [9–11].
Atmospheric concentrations and radiative effects of aerosols are highly heterogeneous in space and time [12]
and influence the climate system via different mechanisms than do GHGs [13]. Anthropogenic aerosols have
driven the sign of observed trends in global-mean temperature, monsoon rainfall, and the location of the
tropical precipitation belt over substantial portions of the historical period. They have played a dominant
role in many wet and dry extreme events, particularly since the 1950s [14–17] (figure 2). However, in
contrast to monotonically increasing GHG forcing, the influences of spatially heterogeneous and
decadally-varying short-lived aerosols are more difficult to separate from internal climate variability on
decadal timescales and thus more difficult to distinguish in historical observations. The term ‘aerosols’ also
encompasses many species (including black carbon, organic carbon, and sulfates, among others) that may
have offsetting or compounding effects at the global and regional scale; intricacies that remain
under-constrained in both models and observations. Additionally, recent work suggests that the climate
response to concurrent regional aerosol emission changes is nonlinear; the sum of the responses to individual
regional emissions changes is not equal to the response to total emissions changes across all regions, so that
dedicated simulations may be required to fully understand their effects [18]. Finally, while GHGs are
long-lived in the atmosphere, aerosols have lifetimes of days to weeks. This means that changes in aerosol
emissions have more immediate climate effects than do changes in GHG emissions. These factors conspire to
make anthropogenic aerosols a unique and important driver of regional climate change, as has now been
widely identified in observations and earth system models (ESMs) [19, 20]. In short, the evolving emissions
of anthropogenic aerosols—whether increasing, declining, or geographically redistributing—will remain a
major driver of changes in the climate system for at least the next several decades [21–23].

To date, most policy decisions targeting aerosol emissions, such as the U.S. and European Clean Air Acts
and China’s Air Pollution Prevention and Control plan, have been motivated by mitigating aerosols’ chemical
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Figure 2. Aerosols are present in high amounts over many populated regions and currently influence weather and climate around
the globe, both co-located with aerosol emissions and far afield. (a) Aerosol optical depth fromMODIS (2016–2021). Green
hatching shows grid cells with population>100 ppl km−2. (b) Anomalies in maximum five-day precipitation amount (RX5day)
due to anthropogenic aerosol reductions following RCP8.5 emissions, for 2031–2050 relative to 1986–2005, based on large
ensemble simulations with and without the inclusion of time-evolving anthropogenic aerosol emissions in the NCAR CESM1
model. Gray hatching shows where the anomalies are significant at the 5% level. Based on Zhao et al [39]. (c) Documented
remote impacts of Asian (green hatching, icons, and arrows, including depicted changed in Walker Circulation) and European
(purple hatching, icons, and arrows) regional aerosol emissions on temperature and precipitation are schematically depicted
based on results from recent studies [21, 40–48]).

and air quality impacts, rather than by concerns about their climate damages. Poor air quality due to aerosol
emissions reduces life spans globally by an average of 20 months, rivaling the global impact of cigarette
smoking [24]. Air pollution related health risk is also affected by climate change; co-exposure to poor air
quality and extreme heat, for example, have a greater impact on mortality than does the sum of their
individual effects [25]. This focus on aerosols’ air quality-related risks, however, means that the current
terminology of the climate science-policy interface is ill-suited for targeting aerosol-induced climate risks
and motivates our focus here on aerosols’ climate-mediated societal risks.

In current climate policy discussions, aerosols are typically put under the umbrella of short-lived climate
forcers (SLCFs). This term is used to describe substances with a short atmospheric lifetime relative to CO2

and other long-lived GHGs. It encompasses a wide variety of emissions and trace gases, of which aerosols are
a key component. However, aerosols differ from gaseous SLCFs, such as methane and tropospheric ozone,
because of their very short lifetimes (∼1 week), stronger regional heterogeneity, and distinct atmospheric
thermodynamic and cloud microphysical effects. Another commonly used but challenging term appearing in
discussions of synergies between climate and air quality is SLCPs or short-lived climate pollutants, which
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refers to the subgroup of SLCFs whose increased emissions have a warming climate effect (e.g. methane,
ozone, and black carbon aerosol) [26]. However, the SLCP nomenclature neglects an important aerosol
component, since the major anthropogenic aerosol emission type—sulfur dioxide, which forms sulfate
aerosols via chemical reactions in the atmosphere—has a cooling effect.

Given the strong documented influence of aerosol emissions on regional climate change, uncertainties in
future aerosol emissions and their impacts hamper robust prediction of decadal climate and near-term
climate risks [27]. Even for global mean surface temperatures, estimates of the response to future aerosol
reductions still span an order of magnitude, reaching a 1 K increase by 2050 in models with high sensitivity
to aerosol changes [6, 22, 28–30]. In the future scenarios in which anthropogenic aerosol emissions decline
rapidly, these reductions are typically found to account for 30% to 50% of the total warming over the coming
2–3 decades [22, 31, 32]. The highly heterogeneous nature of aerosol forcing and response means that
regional effects can be even stronger [28].

Differences in regional aerosol emission pathways have been linked to significant differences in how
climate, both near to and far from emission changes, will evolve over the next several decades. This includes
the Asian summer and winter monsoon [33, 34], temperature extremes over Europe and China [35], East
and West African rainfall [36], and Arctic climate [37] (figure 2). While air quality concerns are projected to
drive down emissions in many (but not all) regions (figure 1), potentially avoiding 2 million premature
deaths per year [30], the rate at which these changes occur will be determined by diverse technological,
economic, political, and social factors [38].

2. Aerosols and the standard climate risk framework

Despite a solid knowledge base and the recognized magnitude and diversity of potential effects, the regional
climate implications of aerosol emissions are obscured in key steps of the standard framework that has been
developed by the scientific community to evaluate near-term climate risk across applications, from the
Intergovernmental Panel on Climate Change (IPCC) assessment reports to local decision-making (figure 3).
The regional heterogeneity of aerosol emissions is represented in historical emission inventories and in the
integrated assessment models (IAMs) that produce the future emission scenarios used in international
climate modeling efforts. Aerosols’ geographically resolved climate effects are also explicitly, albeit
imperfectly, simulated by full-complexity climate and earth system models (ESMs). However, this geographic
complexity in aerosols’ climate effects is rapidly lost in translation when moving towards discussions of
regional climate risk.

Initially, projected emissions are typically generated by IAMs without directly modeling air pollution
levels or local climate implications. This means that the socio-economic impacts, and associated policy
responses, do not feed back into the resulting scenario [49]. This may limit the sophistication, realism, and
range of regional aerosol trajectories that are represented in the emissions scenarios used by ESMs.

Next, ESM projections of climate responses to changes in emissions are often either downscaled
(increased in resolution) and/or bias-corrected for direct use in local to regional scale climate planning or
impact models (e.g. [50, 51]) or used to train statistical emulators or simple climate models which produce a
broader range of climate projections for use in impact models, damage functions, or cost-benefit analysis. In
the latter case, statistical emulators and simple climate models frequently only consider global-mean
temperature effects or simple linear scalings. These do not capture the prominent effects of aerosol changes
on regional climate or the difference in their effects compared to GHGs’. In the former case, the regional
climate models (RCMs) typically used to dynamically downscale ESM output often neglect aerosol processes
altogether, introducing major biases ([52, 53] figure 4). While RCMs with fully interactive aerosols exist [54],
they are typically not used in dynamical downscaling exercises due to the greater computational expense.
Meanwhile, statistical approaches to downscaling and bias-correction assume that statistical relationships
present in the historical period will persist in the future. This is an untested assumption for all forced climate
signals but is particularly problematic for aerosol-driven climate signals, as regional aerosol-driven effects
can change in sign depending on the pattern of emissions and do not increase monotonically with aerosol
amount [12, 55].

Finally, these tools are used in the impact models and social cost calculations that inform investments
and planning. If these impact and social cost estimates are not designed with aerosol-driven climate risk in
mind, they may neglect the unique pathways via which aerosol emissions generate geographically diverse
societal impacts [56]. This reliance of key parts of our risk modeling toolkit on simplified climate projections
that neglect spatially heterogeneous effects of aerosols (as well as land use and other complex forcings) runs
the risk of setting up a feedback loop in which regional aerosol emissions are not viewed as important and
hence are not broadly considered in scenario design, impact model development and, ultimately, climate risk
assessments.
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Figure 3. The standard framework via which earth system model climate projections are processed for use in near-term climate
risk estimates fails to adequately capture the effects of regional aerosol emissions. Green text depicts the various tools that are used
to translate climate projections into risk estimates, green arrows indicate the direction of information flow, and orange text and
arrows illustrate how regional aerosol effects are obscured at each step in this translation, resulting in blind spots in our near-term
climate risk estimates, highlighted in blue text.

3. Consequences of the omission of aerosols from climate risk assessments

A stark example of the challenges created by neglect of aerosol effects is seen in near-term projections from
RCMs used for dynamical downscaling. While RCMs with interactive aerosols do exist [54], the RCMs used
for downscaling efforts often neglect aerosol processes altogether, and therefore cannot downscale the full set
of processes present in the ESMs. For example, over Europe, ESMs project an increase in surface solar
radiation (SSR) or ‘brightening’. However, the lack of time varying aerosols in most RCMs lead them to
project a decrease in SSR, causing local inconsistencies as large as 30 W m−2 and thus missing the
‘brightening’-driven enhanced warming [57]. Boe et al [52] estimate that RCMs are consequently 1.5–2 K
cooler than ESMs by the end of the century and project a mean decrease in precipitation of only 5%
compared to 20% in ESMs. This limitation is a wider RCM issue, beyond projections, leading to both
climatological biases [58, 59] and underestimation of historical trends [60, 61].

Figure 4 shows that current-generation RCMs fail to capture the warmest, and therefore most potentially
damaging, of recent ESM-based climate projections. RCM simulations conducted as part of the
Euro-CORDEX (COordinated Regional climate Downscaling EXperiment) project consistently
underestimate near-future temperatures over Europe compared to the parent ESMs used to drive the RCMs
(figure 4, left panel). The RCMs either lack any representation of aerosol changes or represent only simplified
changes compared with the complexity and magnitude of changes simulated within the parent ESMs. In
contrast, pairs of ESM-RCM simulations with consistent aerosol changes and physics (figure 4; right panel)
produce broadly equivalent temperature projections. Users of CORDEX regional projections, therefore, are
generally not exposed to potential higher end warming due to the limited aerosol representation in these
simulations. This means that they may provide an overly optimistic picture of projected changes if used to
inform adaptation planning.
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Figure 4. Comparison of regional projections of surface temperature change between RCMs and their driving ESMs shows the
consequences of underrepresentation of aerosol processes in RCMs. Projected changes in summer temperature are shown for a
central European domain (5 W to 30 E, 42–52 N) for 2041–2060 relative to 1996–2005 across a range of ESMs and RCMs.
Euro-CORDEX RCM Projections are shown in green dots. Projections from fifth Climate Model Intercomparison Project
(CMIP5) generation ESMs are shown in orange dots, and the subset of ESMs that provided boundary conditions to the
Euro-CORDEX RCMs are shown in orange triangles. In contrast, pairs of ESM-RCM simulations with consistent aerosol changes
and physics (UKCP18 GCM and RCMs; right panel) produce broadly equivalent temperature projections.

This documented lack of incorporation of the spatial heterogeneity of aerosol effects in commonly used
tools and metrics has contributed to an underappreciation of the role of evolving aerosol emissions in
near-term climate impacts, climate risk, and climate policy. A critical example is the IPCC Sixth Assessment
Report (AR6), which is the primary conduit for scientific knowledge into international climate change
negotiations and policy-making. AR6 does not broadly consider patterns of changes in anthropogenic
aerosols or their unique effects relative to GHGs when quantifying climate impact drivers [62], despite the
documented potential effects on near-term temperature and precipitation trends [63, 64]. While SSPs used
in the most recent IPCC report sample a greater range of potential near-future aerosol emission pathways,
both globally and regionally, than did the previous generation of scenarios [3, 38], they represent only a
small fraction of the wider range of possibilities implied by current and potential technological and
geopolitical trends [36, 65]. While the global climate influence of aerosol emissions is thoroughly discussed
by Working Group 1 [64, 66, 67], including in the context of SLCFs [68], there is little to no assessment of
aerosol literature in the chapters on regional climate change, hazards and extreme events. A positive example
is a dedicated treatment of aerosol effects on regional precipitation and monsoon characteristics [63], which
enabled high-level conclusions to be pulled through to the Summary for Policymakers and Technical
Summary, but even here there is little connection to the regional assessments of climate risk. The Working
Group 2 and 3 contributions to the AR6 only assess regional aerosol effects in terms of air quality [69, 70]
and as a perturbation to the global carbon budget [71, 72]. Hence, specific aerosol-driven risks—for
example, the potential for rapid acceleration of climate extremes in areas with aggressive near-term
phasedown of aerosol emissions combined with high GHG-driven warming [73]—are not assessed and
hence not passed on to stakeholders and policy makers.

Such under-appreciation of regional aerosol effects in near-term climate risks is particularly problematic,
given the disproportionate impacts that aerosols have on the already vulnerable. The ability of developed
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countries to invest in improving air quality means that heavily polluting activities have been generally shifted
into developing regions [74, 75]. As a result, currently under-resourced populations are disproportionately
exposed to high aerosol concentrations and their attendant air quality and localized climate effects (figure 2).
Additional effects of aerosols on climate can result from teleconnections that also disproportionately impact
vulnerable regions in the tropics and subtropics. For example, the remote effect of Northern mid-latitude
aerosols on tropical rainfall has been implicated in the late 20th century Sahel drought and concurrent
weakening of the South Asian monsoon [44, 45, 76]. The regional climate effects of historical and
present-day aerosol emissions already create societal impacts for vulnerable regions. Future aerosol
reductions, though critical due to their air quality benefits, will also disproportionately exacerbate climate
risks for these vulnerable communities.

4. The way forward

Groundbreaking work remains to be done to reduce uncertainties around aerosols’ regional climate effects.
ESMs have known biases in their simulation of how aerosols are distributed regionally compared with
observations—observations which are themselves uncertain and limited in both space and time. There is a
clear need for both a continuation of existing observational time series, such as optical depths from satellites
[77] and optical properties estimated from surface stations [78], as well as new measurement programs to
constrain abundances and chemical interactions and to facilitate the development of improved
parameterizations. Examples of developments that would aid the field include systematic aircraft
measurement campaigns [79] and remote sensing of aerosol shortwave absorption [80].

Another challenge is the incomplete knowledge of anthropogenic aerosol emissions. The quantification
of aerosols’ effect on climate relies critically on spatially and temporally resolved emission inventories. These
are typically developed using bottom-up approaches and depend on national information about economic
and industrial activity, fuel use, and associated emission factors. Such information can, in turn, be highly
uncertain and difficult to compile. While there are ongoing efforts to develop air pollution inventories in
many countries, no globally consistent framework for reporting currently exists [81], resulting in
geographically variable data availability and quality. Consequently, there is a wide range in the existing
gridded global emission inventories, in terms of both temporal trends and absolute magnitudes, which
contributes to uncertainty in historical aerosol-driven climate effects [82–84]. Improving emissions
inventories, especially in regions where they have known issues, such as sub-Saharan Africa and south Asia,
would enhance the utility of ESMs for both air quality and climate modeling studies. As recently outlined by
Smith et al, an important step towards the development of comparable, consistent, and transparent estimates
of aerosol (and, more generally, SLCF) emissions is the establishment of a common methodology. Such work
has been initialized through the IPCC Task Force on National GHG Inventories, which was recently tasked
with producing a methodology report on SLCFs [85]. Considering this work in coordination with existing
GHG reporting may offer additional benefits, e.g. for assessing synergies between air pollution and climate
mitigation strategies [81]. Notably, natural aerosols—e.g. from biogenic sources, wildfire emissions, or
mineral dust—remain an understudied and under-observed aspect of the climate system [86–89], though
their sources may themselves have a non-negligible anthropogenic component [90, 91].

Current ESMs also continue to produce strikingly different regional responses to aerosol emissions,
though recent and planned community efforts are building greater consensus. Past and ongoing Model
Intercomparison Projects (MIPs) and joint model-observation initiatives, such as the Precipitation Drivers
and Response MIP (PDRMIP [92]), AeroCom initiative [93], Radiative Forcing MIP (RFMIP [94]), and
Aerosol Chemistry MIP (AerChemMIP [95]) are helping build comprehensive understanding of the drivers
of model differences and ways to leverage observations to improve model representation of aerosol processes.
The recently initiated Regional Aerosol MIP [96] will apply this framework to quantify the contribution of
regional aerosol emission changes to uncertainty in near-term climate change. The ESM development and
regional aerosol-climate community must work together to continue improving the quantification of
physical hazards associated with regional aerosol changes, including continued investment in aerosol process
representation in ESMs and reduction of ESM biases.

The above uncertainties and knowledge gaps, however, do not reduce the imperative to incorporate the
known regionally heterogeneous effects of aerosol emissions more comprehensively into policy facing
toolkits. Inclusion of aerosols within these frameworks is critical to refining and extending current
knowledge and to breaking the feedback loops (figure 3) that reduce investment in addressing knowledge
gaps. As explicitly shown in the case of RCMs (figure 4), continuing to neglect aerosol effects, even if they
introduce additional uncertainty, risks relying on overconfident, if not plainly biased, climate risk
projections. This can in turn lead to short-sighted or poorly informed decision-making in policy [97].
Following best practices on communicating uncertainty will be particularly important in this context [98].
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Integrating regional aerosol effects fully into our assessments of near-term climate risk will require
concerted effort within, and stronger links between, the aerosol research, impact, risk, and scenario
development communities, as well as related communities such as those working on air quality, health, and
visibility. Building on recent efforts, we believe meaningful progress is both necessary and possible on a short
time scale.

A key way forward, consistent with the evolution of IPCC methodology in the AR6, is the development of
aerosol aware, computationally efficient emulators capable of reproduce regional climate features and
variability. Emulators, statistical representations of the climate system trained on ESM simulations, are
increasingly being used to circumvent the inevitable limit on the number of scenarios that can be run
through full ESMs [99]. However, because current emulators are generally not capable of retaining the
complexity of regional aerosol effects represented by ESMs, reliance on emulators will discount regional
aerosol effects. Regionally resolving emulators capable of capturing heterogeneous climate responses to
regional aerosol changes are already being developed, allowing the inclusion of regional aerosol effects in the
simple climate models that translate ESM results for large parts of the climate impact and risk community
[100, 101]. Here, the required functionality is an ability to represent diverse, yet realistic, evolutions of
emissions of scattering and absorbing aerosols in different regions, beyond the combinations existing in
widely studied pathways such as the main SSP realizations, in combination with a prescribed level of
GHG-induced warming. The emulator should be able to rapidly produce a statistical sample of regional
weather conditions, taking into account both local and remote effects of the resulting combined GHG and
aerosol forcing [102–104]. The output of such emulators could be valuable in, for example, improving
aerosol-specific statistical downscaling methodologies that account for the time-varying and
pattern-dependent effects of aerosols and a range of other impact applications.

A valuable opportunity for linking aerosol studies to air quality and health impacts, and to joint
influences with other SLCFs, is in chemical transport modeling (CTMs). CTMs are built around detailed
representation of both aerosols and chemically active gases, have interactive atmospheric chemistry schemes,
and are often used for studying air pollution distributions, long-range transport, and forecasting. In
addition, they are generally driven by real meteorological data, taken from reanalysis, and are typically less
resource-intensive to run than ESMs. A key drawback is that, when run in isolation, CTMs do not capture
couplings and feedbacks from the simulated species on weather and climate. However, increasingly, CTMs
are incorporated as atmospheric chemistry modules in ESMs, which may then be referred to as
chemistry-climate models. Although computationally more costly, this, combined with methods such as
nudging, offers new and improved opportunities to study air quality and climate in a more integrated
framework. A recent example is the use of chemistry-climate ensemble simulations to study the role of
natural variability in ozone concentration trends [105], though these efforts have been emerging for the last
decade or more [106].

Increased implementation of aerosol processes in regional models will also be valuable, given their use
across decision-making applications. While plans for downscaling of sixth Climate Model Intercomparison
Project (CMIP6) are still being finalized, advances in RCM representation of aerosol and inclusion of their
time evolved changes are still at their infancy and currently look likely to be incremental rather than
transformational. Within the CORDEX context, open inclusion of diverse modeling groups has traditionally
been a central part of how CORDEX works, as this allows ownership, production, and understanding of
regional climate projections to accrue to groups geographically closer to where these RCM simulations are
applied. A side effect of this, however, is that contributing groups may make use of modeling tools that are
several generations behind state-of-the-art ESMs in their aerosol representation. Recently developed
Regional ESMs present an opportunity to counteract this drawback [54, 107]. Adoption of these will need
both community buy-in and wider dissemination of these new modeling tools to participating groups.

Finally, such novel, aerosol-aware modeling approaches will need to be operationalized and adopted by a
wider community. Assumptions about the drivers of regional aerosol emissions in IAMs, which have
confined the range of future aerosol emissions trajectories in the scenarios used in the IPCC reports, need to
be interrogated, inter-compared, and refined. More comprehensive representation of regional aerosol
emissions and their effects in the ESM-emulator-IAM ecosystem (figure 3) will enable quantification of a
wider range of possible hazards from aerosol changes, which will need to be incorporated into the impact
models used by various communities to translate physical hazards into regional climate risk. Aerosol-driven
climate risks will then need to be integrated into policy and stakeholder discussions to ensure that scientific
advances translate into improved societal outcomes. All of this will require the creation of new spaces for
interaction among these communities and resources to facilitate knowledge transfer and co-creation of
solutions. A timely opportunity is the current design and development of the CMIP7 ensemble and core
simulation request. Here, aerosol differences can easily be given even better representation than in previous
generations of CMIP, perhaps with a particular focus on aerosol effects on near-term climate change as is
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done in the Regional Model Intercomparison Project (RAMIP) [96]. Such a design would unlock subsequent
opportunities for analyzing regional hazard evolution, conditioned on the chosen balance between regional
aerosol emissions and global GHG forcing, and novel opportunities for tuning regionally resolved,
aerosol-aware emulators for wider community usage.

Strong and rapid changes in regional aerosol emissions will continue to influence global and regional
climate in the coming decades: accelerating GHG-driven warming in some regions, counteracting it in
others, and interacting with natural variability to further stress human and ecological systems in a climate
that is already outside previous experience [108]. The tools and processes we use to quantify climate risk,
however, currently fail to fully capture the regionally heterogeneous and rapidly evolving climate effects of
aerosols. Meaningful progress is possible through concerted interaction between the aerosol-climate, impact
assessment, and policy communities, focusing on updating our modeling frameworks to enable climate risk
estimates that incorporate the latest knowledge on regional aerosol-climate interactions. Achieving this goal
is urgently needed if we are to avoid dangerous surprises in the coming decades of rapid climate change.
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