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Abstract. Anthropogenic aerosols are a primary source of uncertainty in future climate projections. Changes to aerosol con-
centrations modify cloud radiative properties, radiative fluxes, and precipitation from the 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 impacts on
convective clouds and climate. However, new state-of-the-art climate models are capable of representing these scales. In this
study, we use the kilometre-scale Icosahedral Nonhydrostatic (ICON) earth system model to explore the global-scale response
of clouds and precipitation to anthropogenic aerosol via aerosol-cloud interactions (ACI) and aerosol-radiation interactions
(ARI). In our simulations over 30 days, we find that the aerosol impacts on clouds and precipitation exhibit strong regional
dependence, highlighting the complex interplay with atmospheric 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 suggests
that the findings of isolated case studies from regional simulations may not be globally representative and that ARI and ACI
should both be interactively represented in modelling studies. We also observe pronounced diurnal cycles in the response of
cloud microphysical and radiative properties, suggesting a limitation of using polar-orbiting satellites to quantify or constrain
aerosol-climate interactions on the diurnal scale. The simulations highlight some limitations that need to be considered in future
studies. [solating kilometre-scale aerosol responses from internal variability will require longer averaging periods or ensemble
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
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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 or ice-nucleating par-
ticles, 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 ACT 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. An important source of uncer-
tainty 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) is their resolution, which ranges from tens to hundreds
of kilometres. On these scales, fundamental climate processes, such as mesoscale convective systems or ocean eddies remain
unresolved and need to be parameterized. This requires the use of convection parameterizations, introducing significant uncer-
tainties due to structural limitations such as locality (Wang et al., 2022), lack of 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. Regional high-resolution
models provide useful process insights (Marinescu et al., 2021), but their global representativeness remains unclear as the role
of aerosols in one location may not be applicable to other regions (Williams et al., 2023). Regional simulations may also not
sufficiently represent the interaction between the large-scale thermodynamic environment and 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 mod-
ify 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
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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 feature:
such as the Madden-Julian Oscillation (Savarin and Chen, 2022), demonstrating the bene ts 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 con g
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 Non-
hydrostatic Icosahedral Atmospheric Model (NICAM) model with 14 km horizontal resolution. The authors found 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, nor cor
sider 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 signi cant, making it dif cult to disentangle the complex cloud response from differences in
the aerosol representation. Therefore, in this study, we examine the impact of idealized anthropogenic aerosol perturbations or
the climate using global storm-resolving simulations with the ICOsahedral Nonhydrostatic (ICON) model (Hohenegger et al.,
2023) coupled to the simple plume implementation of the Max Planck Institute Aerosol Climatology version 2 (MACv2-SP)
(Stevens et al., 2017).

2 Methodology
2.1 Model description and setup

We use the ICON model in its Sapphire con guration, which is designed for kilometre-scale simulations of the Earth system.
A detailed description and evaluation are presented by Hohenegger et al. (2020, 2023) and only brie y described here. The
atmosphere is solved with the non-hydrostatic model from Zangl et al. (2015) and land is represented with the dynamic
vegetation model JSBACH (Reick et al., 2013). We run the model in an atmosphere-only mode, with oceanic properties (sea
surface temperature and sea ice) prescribed following the atmospheric model intercomparison project AMIP (Taylor et al.,
2012). The atmosphere is modeled with non-hydrostatic equations for the conservation of mass, momentum, and energy a:
well as parameterization schemes for the unresolved physical processes. The equations are discretized on an icosahedral-bas
mesh and integrated with a two-level predictor-corrector scheme.
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ICON includes parameterization schemes for radiation (Pincus et al., 2019), cloud microphysics (Baldauf et al., 2011), and
turbulence (Smagorinsky, 1963). Turbulence is parameterized with the Smagorinsky scheme even though turbulent eddies ar
only partially resolved at the kilometre-scale (Dipankar et al., 2015; Hohenegger et al., 2023; Smagorinsky, 1963). Radiation
is parameterized with a radiative transfer scheme from Pincus et al. (2019). The scheme computes radiative properties anc
radiative uxes over 14 shortwave bands and 16 longwave bands. The optical properties of clouds are sensitive to the cloud
droplet number concentratiohy, which follows a prede ned vertical pro le and is discussed further in Sect. 2.2.1. Cloud
microphysics are parameterized with the one-moment scheme from Baldauf et al. (2011). The scheme computes the masses (
six hydrometeor classes: water vapour, cloud water, cloud ice, rain, snow, and graupel. The classes interact based on paramete
ized processes including condensation and autoconversion of cloud droplets to rain, the latter of which follows the description
Gut N, 2 (Seifert and Beheng, 2006).

In our simulations, we use a horizontal resolution of approximately 5km with 90 levels from the surface to 75 km corre-
sponding to a vertical resolution of about 25 to 400 m (Hohenegger et al., 2023, G_AO_5km setting). This con guration of
ICON does not explicitly resolve the smallest scales of convection (< 5 km) but has been shown to reproduce observed diurnal
and seasonal cycles of tropical precipitation (Segura et al., 2022). Given that ESMs tend to use spatial resolutions of tens to
hundreds of kilometres, this makes a marked improvement in our ability to resolve many aspects of convection (Done et al.,
2004; Prein et al., 2013) and is well suited for our study. The simulations are initialized using the ERA5 meteorological reanal-
ysis and run for a 40-day period, similar to the DYAMOND protocol (Stevens et al., 2019), which includes a 10-day period of
spin-up. The prescribed oceanic properties are xed at mean September values for the year 2016. The month of September i
chosen due to the pronounced biomass burning activity that occurs in this month around the world (van der Werf et al., 2017).
This provides us with a large global mean aerosol perturbation. The use of xed, monthly mean sea surface temperatures and
sea ice reduces the noise due to atmosphere-ocean coupling and allows us to focus on the rapid response of the atmosphe
and climate to the aerosol perturbation, without the confounding effects of sea surface temperature changes. Aerosol perturba
tions, described in the following section, are held at mean September values for the year 2016 to produce a consistent aerosc
perturbation throughout the simulations.

2.2 Aerosol representation

In this study, aerosols are represented using the simple plume implementation of the Max Planck Institute Aerosol Climatology
version 2 (Stevens et al., 2017, MACv2-SP), which is used in ICON to represent aerosols in the radiation scheme. We extend
this to the cloud microphysics scheme to link changes in aerosol to the warm-rain process. The prescribed elds of aerosol
provided by MACv2-SP are non-interactive and spatially invariable, but magnitudes are temporally variable. This is a simpli ed
representation, but provides a means to robustly isolate the role of aerosols in the climate system (Fiedler et al., 2019, 2017)
without the added complexity of aerosol microphysical processes, which are themselves an important source of uncertainty in
ESMs and high-resolution simulations (White et al., 2017; Sand et al., 2021; Vogel et al., 2022; Regayre et al., 2018; Mann
et al., 2014, Gli et al., 2021).
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2.2.1 Aerosol-radiation interactions

ARI effects are included in the ICON radiation scheme. MACv2-SP, described in full by Stevens et al. (2017), provides the
model with 3D elds of aerosol extinction that are prede ned at the beginning of the simulation. The elds are represented as
nine plumes spatially consistent with the dominant sources of global anthropogenic aerosol emissions. Each plume is charac:
terized by parameters that control its horizontal and vertical distribution, aerosol concentration and optical properties, annual
cycle, and year-to-year variations. The plumes extend from the surface to the top of the model atmosphere and generally
peak between 2 and 5 km. Each plume is representative of either industrial or biomass burning emissions, de ned by the
single-scattering albedo (0.93 or 0.87 at 500 nm) applied to the aerosol eld, and includes contributions from natural and an-
thropogenic sources. The latter are represented by scaling the plume aerosol concentrations year-to-year (between 1850 — 201
to match the historical period. More details on this can be found in Stevens et al. (2017) and Kinne et al. (2013). Changing the
date of the simulation from a pre-industrial climate (1850) to present-day climate (2016) results in a change in the prescribed
elds of aerosol extinction in MACv2-SP.

In our con guration of MACv2-SP, we adjust the natural and anthropogenic contributions of the biomass burning plumes
(North Africa, South America, Southeast Asia, and South Central Africa). In the standard MACv2-SP setup for the present-
day climate, natural sources account for 60% of the plume extinction and anthropogenic sources for 40%. These gures are
uncertain (Hamilton et al., 2018) and may substantially underestimate the anthropogenic contribution (Lauk and Erb, 2009).
In our simulations, we reduce the natural contribution in the biomass burning plumes to 25 % and enhance the anthropogenic
contribution to 75 %, which is consistent with higher estimates (Lauk and Erb, 2009, and references therein) and should provide
a stronger signal in response to our perturbations.

2.2.2 Aerosol-cloud interactions

ACI effects are included in the ICON radiation scheme (cloud optical properties) and cloud microphysics scheme (autoconver-
sion rate) using global distributions of AOD provided by MACv2-SP. The two schemes are not coupled and employ different
assumptions about the cloud droplet number concentragi. (Therefore we use the variable namég;ag andNgy.qq to
distinguish between the treatmentif§ in the two schemes.

In the radiation scheme, the vertical pro le of cloud droplet effective radius is dependent on the cloud water content, the
cloud droplet number concentratidhy.(.q , and a scaling factor that accounts for the width of the droplet distribution (Stevens

etal., 2013, Eq. 7Ng.raq follows a prede ned pro le in the radiation scheme
8
2 Nd;rad top +(Nd;rad sfc Nd;rad top )exp 1 (p:800hPa)2 ;o p< 800 hPa
Ng:rad (P) = > (1)
* Nd:rad sfes else
whereNg;rad twp andNg;rad stc are the number concentration at the top and bottom of the atmosphepésathe pressure.
In the default ICON con guratiomNg;rad top IS S€t to 20 cm?3 andNg.rad sfc is set to 120 cm? over land and 80 cn?® over

oceans. These are the values we use for the pre-industrial climate. For ACI effects in the present-day climate we use a spatially
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dependent ACI scaling factdry , that modi es the global distribution d¥g:.raq  sic (Nd:rad top iS kept constant at 20 cm).
Following the approach of (Stevens et al., 2017, Eq. fiB)is determined using
fy = In(by pp +1) :
In(by pr +1)
where p; and pp are the AOD in the pre-industrial and present-day climates from MACv2-SHyarid a prede ned
parameter that describes the sensitivitjNgfto AOD (Ng4.cia = an In(by  +1), Stevens et al. (2017)). In the default MACv2-
SP setupay andby have values of 60 cn? and 20. This provides a relatively weak sensitivity, which may be inconsistent with

&)

observations over land (Hudson and Yum, 2001; McCoy et al., 2018; Miles 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 cf In this study, we set the values af andby to 410 cm 2 and 5, taken from Herbert
et al. (2021). This provides more sensitivity than the original, but as we show in Fig. 1 results in a present day distribution of
Ng consistent with observations.

In the default ICON setup, the microphysics scheme uses a prede ned value for the cloud droplet number concentration
(Ng.ciq) that is spatially invariable. We use this for our PI distributiorNgf ¢4 , Which we set to 80 ce. We represent ACI
effects in the microphysics scheme using the ACI scaling fagiofrom MACv2-SP, as calculated above. Applyifg to
the pre-industrial distribution dfl 4.4 provides a present-day distribution that is spatially consistent with the anthropogenic
contributions in the MACv2-SP plumes.

2.3 Simulations

We use four simulations to explore the role of aerosols on clouds and climate (outlined in Table 1). A control simulation (PI)
is run with MACv2-SP aerosols for the year 1850, Wil.ciy andNg.rad sic at default pre-industrial values (Sect. 2.2). A
second simulation (PD) is run with MACv2-SP aerosols for the year 2016 and the spatially varying ACI scalind §actor
(Sect. 2.2.2) applied thlg.c.a andNg.rag sic- This represents the present-day climate with ARI and ACI effects associated
with anthropogenic aerosol. A third and fourth simulation of the present-day climate are used to isolate ACI and ARI effects.
In the third simulation, Pk, MACv2-SP aerosols for the year 2016 are used but the scaling fiagt®s not applied; this
isolates ARI effects. In the nal simulation, R, the ACI scaling factof y is applied but MACv2-SP aerosols are kept at
1850 values; this isolates ACI effects.

Figure 1 shows that the simulated spatial distributions of AODMpg,y are consistent with present-day observations. In
the PD run, anthropogenic aerosols are centred over regions with pronounced industrial emissions of sulphate (South and Eaxs
Asia, North America, and Europe) and biomass burning emissions from agricultural activities in heavily forested regions in
the southern hemisphere (South America, South-Central Africa, and the Maritime Contihggg).in the PD run reaches
maximum concentrations of about 320 cfrover East Asia. The spatial distribution and range is consistent with present-day
climatologies presented by Grosvenor et al. (2018) and McCoy et al. (2018), who Kepgytvalues exceeding 300 cm
over East Asia and around 200 cfoff the coasts of the industrial regions of Asia (Fig. 1b). Elevated values are also evident
over the Southeast Atlantic Ocean downwind of the African biomass burning regions. A comparison between simulated and
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Table 1. Description of each simulation.

Simulation name ARI characteristics ACI characteristics

PI (Pre-industrial) MACvV2-SP aerosol for 1850 Nd:rad sic and Ng.cq at pre-industrial
levels

PD (Present-day) MACV2-SP aerosol for 2016 Nd:rad sic andNg.qq increased by ACI
scaling factoff y

PDari (Present-day; isolate ARI) MACv2-SP aerosol for 2016 Nd:rad sic and Ng.qq at pre-industrial
levels

PDaci (Present-day; isolate ACI) MACv2-SP aerosol for 1850 Nd:rad sic andNg.qq increased by ACI

scaling factoff y

Figure 1. Climatologies of satellite retrieved) September mean AQEb.m (for 2010 - 2015) measured by Platnick et al. (2015) d)d (
annual meamNy over the ocean (for cloud tops < 3.2 km) estimated by Grosvenor et al. (2018). Epsieb\s the simulated AOD from

MACvV2-SP (top row) andNg.cq (bottom row) in each of the 4 simulations.

observed\ 4 (limited to the ocean) yields similar means (105 and 103 ¥ybut a low correlation coef cient of 0.34. This
is in part due to high simulated values over biomass burning regions that are not re ected in annual mean observations, but
also due to regional variability that MACv2-SP does not capture. Despite the poor correlation, our idealized representation of
aerosols provides appropriate perturbations to the radiative uxes and bulk cloud properties that are spatially consistent with
the dominant sources of global anthropogenic aerosol forcing.

Snapshots of the total water path (TWP) response (PD - PI) from ve time periods during the simulations are shown in

Fig. 2. The limited length of our simulations poses some issues, as it is dif cult to disentangle internal variability from the






