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Abstract.

Anthropogenic aerosols are a primary source of uncertainty in future climate projections. Changes to aerosol concentra-
tions modify cloud radiative properties, radiative fluxes, and precipitation from the miere-micro- to the global scale. Due to
computational constraints, we have been unable to explicitly simulate cloud dynamics in global-scale simulations, leaving
key processes, such as convective updrafts, parameterized. This has significantly limited our understanding of aerosol im-
pacts on convective clouds and climate. However, new state-of-the-art climate models running-on-exaseale-supercomputers
are capable of representing these scales. In this study, we use the kilometre-scale Icosahedral Nonhydrostatic (ICON) earth

system model ICON-to-explorefor-thefirst-time;—the—global-to explore the global-scale response of clouds and precipita-
tion to anthropogenic aerosol via aeresel-cloud-interactions-acrosol-cloud interactions (ACI) and aerosol-radiation-interactions

aerosol-radiation interactions (ARI). In our menth-leng-simulatiens-simulations over 30 days, we find that the aerosol impact
impacts on clouds and precipitation exhibits—exhibit strong regional dependence, highlighting the complex interplay with at-
mospheric dynamics. The impact of ARI and ACI on clouds in isolation shows some consistent behaviour, but the magnitude
and additive nature of the effects are regionally dependent. This behavieur-suggests that the findings of isolated case studies
from regional simulations may not be representative;-globally representative and that ARI and ACI proeesses-should both be
aceounted-for-interactively represented in modelling studies. Fhestmutations-atso-We also observe pronounced diurnal cycles
in_the response of cloud microphysical and radiative properties, suggesting a limitation of using polar-orbiting satellites to

uantify or constrain aerosol-climate interactions on the diurnal scale. The simulations highlight some limitations that need
to be considered in future studies. Differences-in-internal-variability between-the-simulations-makeslarge-seale-comparison

diffieult-after-the-initial H0—15-days—Tonger-Isolating kilometre-scale aerosol responses from internal variability will require
longer averaging periods or ensemble simulationswi tetalf i i i i
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model-simulations. It would also be beneficial to use interactive aerosols and assess the sensitivity of the conclusions to the
cloud microphysics scheme.

1 Introduction

Aerosols and their impact on Earth’s climate remain a key uncertainty for anthropogenic climate change. On the global scale,
they act to primarily cool the climate, partially offsetting the warming induced by greenhouse gases (Bellouin et al., 2020;
Forster et al., 2021; Watson-Parris and Smith, 2022). On the regional scale, they influence clouds, precipitation, and fluxes
of radiation throughout the atmosphere. However, the magnitude of their global and regional impact remains uncertain (Glif§
et al., 2021; Myhre et al., 2018; Sand et al., 2021; Williams et al., 2022).

Aerosols modify the atmosphere via two pathways: aerosol-cloud interactions (ACI) and aerosol-radiation interactions
(ARI). ACI considers the role that aerosols play in their ability to act as cloud condensation nuclei {€EN)-eriee-nuelei-Njyor
ice-nucleating particles, thus directly influencing the distribution of cloud droplets or ice particles, and modifying the radiative
properties of clouds and precipitation processes. ARI considers the impact that aerosols have via their radiative properties
on scattering and absorption, thereby modifying the fluxes of radiation at the surface and top-of-atmosphere (TOA) and the
vertical heating profile. Both ACI and ARI can interact with cloud dynamics, leading to circulation and precipitation changes.

Quantifying aerosol effects on global and regional climate is challenging due to the microphysical scales on which ACI
and ARI processes fundamentally act upon, which cannot be explicitly represented in global models. A-primary-An important
source of uncertainty arises in the inability for models to sufficiently represent the turbulent motions that drive the vertical
transport of energy and water, which has important implications for the formation and evolution of shallow and deep-convective
clouds, their diurnal cycle, and interactions between the cloud-scale and the large-scale environment. This limits our ability to
accurately quantify their role in the present and future climates.

A fundamental limitation of current Earth System Models (ESMs) —eapable-of-interactively representing-the-atmosphere;
oceans; land;-and-eryosphereis their resolution, which ranges from tens to hundreds of kilometres. On these scales, fundamen-
tal climate processes, such as elouds-or-mesoseale-mesoscale convective systems or ocean eddies remain unresolved and need to

be parameterized. This requires the use of convection parameterizations, introducing significant uncertainties due to structural

limitations such as locality (Wang et al., 2022), lack of memory(Tan-et-al;2048)convective memory (Colin et al., 2019; Tan et al., 2018)

, or the inability to accurately represent convective organisation and mesoscale convective systems (Mapes and Neale, 2011;
Shamekh et al., 2023). ESMs also generally have very simplified representations of convective microphysics, as they do
not explicitly represent vertical motions and associated cooling rates. A wide range of aerosol effects on convective clouds
have been proposed that cannot be represented in these highly parameterized configurations. Limited-area—Regional high-
resolution models provide useful process insights (Marinescu et al., 2021), but their global representativeness and-abilityte

may not be applicable to other regions (Williams et al., 2023). Regional simulations may also not sufficiently represent the
interaction between the large-scale eontrols-on-the-availability-of-energy-and-water-vapour-thermodynamic environment and
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the regional scale (Dagan et al., 2022). Previous work using limited-area simulations with kilometre-scale resolution has shown
that aerosols have the potential to significantly modify the diurnal cycle of convection and cloud evolution over widespread
regions (Herbert et al., 2021; Liu et al., 2020; Hodzic and Duvel, 2018). This is supported by observations showing aerosol
perturbations can significantly modify widespread properties of clouds through changes to the development and evolution of
convection (Herbert and Stier, 2023; Jiang et al., 2018; Koren et al., 2004; Yu et al., 2007).

A new generation of global kilometre-scale models is now being developed to run on scales that explicitly simulate convec-
tion — a significant step towards a more realistic representation of the Earth system (Palmer and Stevens, 2019). The DYnamics
of the Atmospheric general circulation Modeled On Non-hydrostatic Domains (DYAMOND) initiative (Stevens et al., 2019)
has brought together a number of these next generation models to explore their capabilities and has demonstrated that many
dynamical features in the Earth System are better reproduced with resolved convection. As such, this has greatly improved the
realism (Ban et al., 2021; Kendon et al., 2019) and predictive skill (Weber and Mass, 2019) of regional precipitation magnitudes
and timings across the tropics and midlatitudes. It has also been shown to improve the representation of global scale features
such as the Madden-Julian Oscillation (Savarin and Chen, 2022), demonstrating the benefits of employing these models when
studying global-scale teleconnections and patterns.

Although much focus has been on convective processes and associated precipitation, the role of aerosols in these new config-
urations remains currently poorly understood. Many of the new generation modelling frameworks include some representation
of aerosol, though their role in the climate system have only been touched upon. Sato et al. (2018), for example, studied the
warm-topped cloud liquid water path (LWP) response to perturbations of the aerosol optical depth (AOD) in the NCAM
that using an explicit representation of cloud microphysics on a global scale produced a negative LWP-AOD relationship,
in agreement with satellite observations, that was not replicated in a coarser global model. The study demonstrates that ACI
effects on a global-scale are sensitive to the representation of cloud processes, but did not extend the analysis to other cloud
types, ernor consider ARI effects. It is well established that ARI can impact convective processes over land (Andreae et al.,
2004; Bukowski and van den Heever, 2021; Herbert et al., 2021; Hodzic and Duvel, 2018; Jiang et al., 2018; Koren et al., 2008;
Park and van den Heever, 2022) and ocean (Gordon et al., 2018; Williams et al., 2022). Therefore, it is important to understand
its role alongside the improved representation of convection in these new-generation models.

The emergence of next-generation km-scale Earth System Models provides a unique opportunity to study aerosol-convection
interactions and the interactions with the large-scale environment. However, at least initially, the uncertainty in explicitly
simulated aerosols will remain significant, making it difficult to disentangle the complex cloud response from differences in
the aerosol representation. Therefore, in this study, we examine the impact of wel-defined-idealized anthropogenic aerosol

perturbations on the climate using global storm-resolving simulations with the FEON-ICOsahedral Nonhydrostatic ICON

model (Hohenegger et al., 2023) coupled to the simple plume implementation of the Max Planck Institute Aerosol Climatolo
version 2 (MACv2-SPglobal-plame-model) (Stevens et al., 2017).



2 Methodology
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model from Zangl et al. (2015) and Iand is represented with the dynamrc vegetation model JSBACH (Reick et al., 2013). We
run the model irmnatmosphere-only mode, with oceanic properties (sea surface temperature and seaice) prescribed following

100 eﬂergy,, andenergyas well as parameterrzatron schemes for the unresolved physrcal processes. The equations are discretizec

105 s)-. Turbulence is parameterized with the Smagorinsky scheme even though turbulent eddies are only partially resolved at
the kilometre-scale (Dipankar et al., 2015; Hohenegger et al., 2023; Smagorrnsky A@@@seﬂbedrkthenextseenen
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Radiation is parameterized withe-RRTM-a radiative transfer scheme from Pincus et al. (2019). The scheme computes
radiative properties and radiative uxes over 14 shortwave bémais-820te-50000cm-1-and 16 Iongwave banétsm-10
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water vapour, cloud wate&ﬂekeleuel—measwelkasg!ouq:gce, rain, snow, and graupel. The classes interact based on param-
eterized processes including condensation and autoconversion of cloud droplets to rain, the latter depdvielpn-Ny;

the aerosol perturbation, without the confounding effects of sea surface temperature changes. Aerosol perturbations, describe
in the following section, are held at mean September values for the year 2016 to produce a consistent aerosol perturbation
throughout the simulations.

2.2 Aerosol representation
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185 contribution to 75 %, which is consistent with higher estimdtesik and Erb, 2009, and references therein) and should pro-

vide a stronger signal in response to our perturbati®hsspatialdistributionof-the

2.2.2 Aerosol-cloudinteractions
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with observations over land (Hudson and Yum, 2001; McCoy et al., 2018; M|Ies et al., 2000; Squires, 1958) and in the presence
of convective updrafts (Braga et al., 2021; Gryspeerdt et al., 2023; Machado et al., 2018; Pringle et al., 2009) that show
concentrations in excess of 300 cfn W [
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four simulationsto explorethe role of aerosolson cloudsand climate (outlined in Table 1). A control simulation (PI) is
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Table 1. Description of each simulation.

Simulation name

ARI characteristics

ACI characteristics

PI (Pre-industrigt-850)

PD (Present-dgyARHACH

PDari (Present-day; isolate ARI)

PDaci (Present-day; isolate ACI)

aeroso[or 1850

industrial levels

Naras—Ndirad st @and Ng;ag increased

MACV2-SP(top.row) andN;cia (b
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Europe) and biomass burning emissions from agricultural activities in heavily forested regions in the southern hemisphere

(South America, South-Central Africa, and the Maritime Continé¥f) ¢y andNgmgareinereasedythesealingfactorfy-
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A-snapshetef-the-medettotal-column-Snapshotof the total water path (TWP)and-preeipitation{P)-en-day-36-of-the
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