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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 micro
::::::
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-5

pacts on convective clouds and climate. However, new state-of-the-art climate models running on exascale supercomputers

are capable of representing these scales. In this study, we use the kilometre-scale
:::::::::
Icosahedral

:::::::::::::
Nonhydrostatic

:::::::
(ICON)

:
earth

system model ICON to explore , for the first time, the global
::
to

::::::
explore

:::
the

:::::::::::
global-scale

:
response of clouds and precipita-

tion to anthropogenic aerosol via aerosol-cloud-interactions
:::::::::::
aerosol-cloud

:::::::::
interactions

:
(ACI) and aerosol-radiation-interactions

::::::::::::::
aerosol-radiation

:::::::::
interactions

:
(ARI). In our month-long simulations

:::::::::
simulations

::::
over

:::
30

::::
days, we find that the aerosol impact10

::::::
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 behaviour suggests that the findings of isolated case studies

from regional simulations may not be representative,
:::::::
globally

:::::::::::
representative

:
and that ARI and ACI processes should both be

accounted for
::::::::::
interactively

::::::::::
represented

:
in modelling studies. The simulations also

:::
We

:::
also

:::::::
observe

::::::::::
pronounced

::::::
diurnal

::::::
cycles15

::
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. Differences in internal variability between the simulations makes large-scale comparison

difficult after the initial 10 – 15 days. Longer
:::::::
Isolating

:::::::::::::
kilometre-scale

::::::
aerosol

::::::::
responses

:::::
from

::::::
internal

:::::::::
variability

::::
will

::::::
require

:::::
longer

:
averaging periods or ensemble simulationswill be beneficial for perturbation experiments in future kilometre-scale20
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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;25

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 (Gliß

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 (CCN) or ice-nuclei (IN)
::
or30

:::::::::::
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 ACI35

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.40

A fundamental limitation of current Earth System Models (ESMs) , capable of interactively representing the atmosphere,

oceans, land, and cryosphere, is their resolution, which ranges from tens to hundreds of kilometres. On these scales, fundamen-

tal climate processes, such as clouds or mesoscale
::::::::
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., 2018)
::::::::
convective

:::::::
memory

:::::::::::::::::::::::::::::
(Colin et al., 2019; Tan et al., 2018)45

, 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 ability to50

respond to regional drivers remain unclear , and they do not satisfy
::::::
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 controls 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 widespread55

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 DYnamics60

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 features65

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 the70

warm-topped cloud liquid water path (LWP) response to perturbations of the aerosol optical depth (AOD) in the NICAM

model
:::::::::::::
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 cloud75

types, or
::
nor

:
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-convection80

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 well-defined idealized anthropogenic aerosol

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

:::::::::::::
Nonhydrostatic

:::::::
(ICON)

model (Hohenegger et al., 2023) coupled to the
:::::
simple

::::::
plume

:::::::::::::
implementation

::
of

:::
the

::::
Max

::::::
Planck

:::::::
Institute

::::::
Aerosol

:::::::::::
Climatology85

::::::
version

:
2
::
(MACv2-SPglobal plume model

:
)
:::::::::::::::::
(Stevens et al., 2017).

3



2 Methodology

In this sectionthe modelandits relevantparameterizationschemesareintroduced.The modelusedfor representingglobal

distributionsof naturalandanthropogenicaerosolsis presented,andparameterizationsandmethodsfor linking the aerosol

to cloud microphysicsandradiationschemesaredescribed.Finally, we outline the simulationsthat we usefor isolatingthe90

impactof anthropogenicaerosolsonclimate.

2.1 Model description and setup

The
:::
We

:::
use

:::
the ICON model intheSapphirecon�gurationusedhere

::
its

:::::::
Sapphire

::::::::::::
con�guration,

:::::
which is designed for kilometre-

scale simulations of the Earth system.Themodelis only brie�y describedhere.A detailed description and evaluationis
:::
are

presented by Hohenegger et al. (2020, 2023)
::
and

::::
only

::::::
brie�y

::::::::
described

::::
here. The atmosphere is solved with the non-hydrostatic95

model from Zängl 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).For the atmospheric�ow a
:::
The

::::::::::
atmosphere

::
is

:::::::
modeled

::::
with

:
non-hydrostaticequationsetis solved,which conserves

:::::::
equations

:::
for

:::
the

:::::::::::
conservation

::
of

:
mass, momentumand

energy,
:
,

:::
and

::::::
energy

:
as well as parameterization schemes for the unresolved physical processes. The equations are discretized100

on an icosahedral-based mesh and integrated with a two-level predictor-corrector scheme.

Three
:::::
ICON

::::::::
includes

:
parameterization schemes for radiation (Pincus et al., 2019), cloud microphysics (Baldauf et al.,

2011), and turbulence (Smagorinsky, 1963)imposeadditionaltendencieson theprognosticvariables.Dueto its computational

complexity,the radiationschemeis calledlessfrequently(12 min) thanthecloudmicrophysicsandturbulenceschemes(40

s). .
:
Turbulence is parameterized with the Smagorinsky scheme even though turbulent eddies are only partially resolved at105

the kilometre-scale (Dipankar et al., 2015; Hohenegger et al., 2023; Smagorinsky, 1963).As describedin the next section,

idealizedanthropogenicaerosolsarecoupledto boththeradiationandcloudmicrophysicsschemein orderto representeffects

from ARI andACI. Thedropletnumberconcentration,Nd , is usedin thecloudmicrophysicsschemeto calculateprecipitation

ratesandin theradiationschemeto determineaneffectiveradius.In our modelcon�guration Nd is not coupledbetweenthe

two schemes,thereforewe refer to Nd separatelyin eachschemeusingthenotationNd;cld (cloudmicrophysics)andNd;rad110

(radiation).

Radiation is parameterized withthe RRTM
:
a

:
radiative transfer scheme from Pincus et al. (2019). The scheme computes

radiative properties and radiative �uxes over 14 shortwave bandsfrom 820 to 50000cm� 1 and 16 longwave bandsfrom 10

to 3250cm� 1. The optical properties of clouds are sensitive to
:::
the

:::::
cloud

::::::
droplet

:::::::
number

::::::::::::
concentration,Nd , which follows a

prede�ned vertical pro�le115

Nd;rad =

8
><

>:

Nd;top + ( Nd;sfc � Nd;top )exp
�

1 � (p=800hPa)2
�

; p < 800 hPa

Nd;sfc; else

4



whereNd;top andNd;sfc arethenumberconcentrationatthetopandbottomof theatmosphere,andonly usedfor thecalculation

of Nd;rad . In our con�guration,Nd;top is setto 20 cm� 3 andNd;sfc is dependenton theaerosolopticaldepthasexplained
::
is

::::::::
discussed

::::::
further

:
in Sect.2.2. Note that the ice crystal effective radius is dependenton ice water contentalone,whereas

cloud dropleteffective radius(r e� ) is dependenton the cloud watercontent,Nd;rad , anda scalingfactor that accountsfor120

the width of the dropletdistribution (seeEq. 7 in Stevens et al. (2013)).
::::
2.2.1.

:
Cloud microphysics are parameterized with

the one-moment scheme from Baldauf et al. (2011). The scheme computes the masses of sixwater
::::::::::
hydrometeor

:
classes:

water vapour, cloud water,andcloud iceaswell as
::::
cloud

::::
ice, rain, snow, and graupel. The classes interact based on param-

eterized processes including condensation and autoconversion of cloud droplets to rain, the latter of whichdependson Nd ,

i.e., qaut � N � 2
d;cld (Seifert and Beheng, 2006). Note that the numberconcentrationsin the radiationandcloud microphysics125

schemesarenot necessarilythe sameasthey areusedto tunethe radiative�uxes andcloud water.
::::::
follows

:::
the

::::::::::
description

::::::::::
qaut � N � 2

d ::::::::::::::::::::::
(Seifert and Beheng, 2006).

:

In our experiments
:::::::::
simulations, we usethe the R02B09 grid layout, which correspondsto a horizontal grid spacing

:
a

::::::::
horizontal

:::::::::
resolution

:
of approximately 5km . In the vertical, the con�guration has

:::
km

::::
with

:
90 levels from the surface to

75km, with
:::
km

::::::::::::
corresponding

::
to

:
a vertical resolutionrangingfrom �

::
of

:::::
about

:
25 to � 1200m , increasingwith altitude.A130

terrain-followinghybrid coordinateformulation(SLEVE; Leuenberger et al. (2010)) is used,anda Rayleighdampinglayeris

appliedto thetop levels
:::::
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)135

:::
and

::
is

::::
well

:::::
suited

:::
for

::::
our

:::::
study. The simulations are initialized using the ERA5 meteorological reanalysis and run for a40

day
::::::
40-day

:
period, similar to the DYAMOND protocol (Stevens et al., 2019), which includes a10 dayspin-upperiod

::::::
10-day

:::::
period

::
of

:::::::
spin-up. The prescribed oceanic properties are �xed at mean September values for the year 2016. The month of

September is chosen due to the pronounced biomass burning activity that occurs in this monthacrossthe globe
::::::
around

:::
the

:::::
world (van der Werf et al., 2017). This provides us with a largeglobal-meanaerosolperturbation(fromboth absorbingand140

scatteringaerosol),helpingto maximizethesignal,andalsoprovidesvaluableinformationon theroleof absorbingaerosolsin

theclimatesystem,whichremainakeysourceof uncertainty(Bond et al., 2013; Sand et al., 2021; Williams et al., 2022)
:::::
global

::::
mean

:::::::
aerosol

::::::::::
perturbation. The use of �xed,monthly-mean

:::::::
monthly

:::::
mean sea surface temperatures and sea ice reduces the

noise due to atmosphere-ocean coupling andpermits
::::::
allows us to focus on the rapid response of the atmosphere and climate to

the aerosol perturbation, without the confounding effects of sea surface temperature changes. Aerosol perturbations, described145

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

In this study,anthropogenicaerosols are representedin anidealizedsettingusingthe
::::
using

:::
the

::::::
simple

::::::
plume

:::::::::::::
implementation

::
of

:::
the Max Planck Institute Aerosol Climatology version2 SimplePlumemodel(

:::::::::::::::::::::::::::
(Stevens et al., 2017, MACv2-SP)

:
,

:::::
which

::
is150
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::::
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-SPfrom Stevens et al. (2017)) with

somemodi�cations.
::
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

::
in155

:::::
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; Gliß et al., 2021)

:
.

2.2.1
:::::::::::::::
Aerosol-radiation

:::::::::::
interactions

:::
ARI

::::::
effects

::::
are

:::::::
included

::
in

::::
the

:::::
ICON

::::::::
radiation

:::::::
scheme.

:
MACv2-SPcomprisesa numberof user-prescribedplumes,each

:
,

::::::::
described

::
in

:::
full

:::
by

:::::::::::::::::
Stevens et al. (2017)

:
,

:::::::
provides

:::
the

::::::
model

::::
with

:::
3D

:::::
�elds

:::
of

::::::
aerosol

:::::::::
extinction

:::
that

:::
are

:::::::::
prede�ned

:::
at

:::
the160

::::::::
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 characterized by parameters that control its horizontal and vertical distribution,

aerosol concentration and optical properties, annual cycle, andlong-termforcing. We usethe standardsetupof MACv2-SP

to representanthropogenicsourcesof �ne-mode aerosolfrom ninesourcelocationswith four plumescapturing
::::::::::
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.165

::::
Each

::::::
plume

::
is

:::::::::::
representative

:::
of

:::::
either

::::::::
industrial

::
or

:
biomass burning emissions,and�ve capturingindustrialemissions.The

nineplumesarecon�gured to reproducetheaerosolopticaldepth(AOD) from theMax PlanckInstituteAerosolClimatology

(Kinne et al., 2013)for theyear2005andareextrapolated(asa time-dependentforcing) for usebetweentheyear
::::::
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

:::::::::::
anthropogenic

::::::::
sources.

:::
The

:::::
latter

:::
are

::::::::::
represented

::
by

:::::::
scaling

:::
the

:::::
plume

:::::::
aerosol

::::::::::::
concentrations

::::::::::
year-to-year

::::::::
(between

:
1850to170

2016.

Climatologiesof satelliteretrieved(a) SeptembermeanAOD550nm (for 2010- 2015)measuredby Platnick et al. (2015)

and(b) annualmeanNd over theocean(for cloud tops< 3.2 km) estimatedby Grosvenor et al. (2018). Panel(c) showsthe

idealizedmodelAOD (top row) andNd;cld (bottomrow) in eachof the4 experiments.

We modify two aspectsof MACv2-SP: the anthropogeniccontributionto biomassburning plumesand the relationship175

betweentheAOD andclouddropletnumberconcentration.In thestandard
:
–

:::::
2016)

::
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,the

::
we

::::::
adjust

:::
the

::::::
natural

::::
and

::::::::::::
anthropogenic

::::::::::::
contributions

::
of

:::
the

:
biomass burning

plumes (North Africa, South America, Southeast Asia,SouthcentralAfrica)havenaturalprocessesaccounting
:::
and

::::::
South180

::::::
Central

:::::::
Africa).

::
In

:::
the

:::::::
standard

::::::::::
MACv2-SP

:::::
setup

:::
for

:::
the

::::::::::
present-day

:::::::
climate,

::::::
natural

:::::::
sources

:::::::
account for 60% of the plume

AOD, and anthropogenicactivities accounting
::::::::
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 sim-

ulations, we
:::::
reduce

:::
the

::::::
natural

:::::::::::
contribution

::
in

:::
the

:::::::
biomass

::::::
burning

::::::
plumes

:::
to

::
25

::
%

:::
and

:
enhance the anthropogeniccomponent

6



::::::::::
contribution to 75 %, which is consistent with higher estimates

::::::::::::::::::::::::::::::::::::
(Lauk and Erb, 2009, and references therein) and should pro-185

vide a stronger signal in response to our perturbations.Thespatialdistributionof the

2.2.2
::::::::::::
Aerosol-cloud

::::::::::
interactions

:::
ACI

::::::
effects

:::
are

:::::::
included

::
in

:::
the

:::::
ICON

::::::::
radiation

::::::
scheme

:::::
(cloud

::::::
optical

:::::::::
properties)

::::
and

::::
cloud

:::::::::::
microphysics

:::::::
scheme

:::::::::::::
(autoconversion

::::
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 concentrationis calculatedas

:::::
(Nd ).

::::::::
Therefore

:::
we

:::
use

:::
the

:::::::
variable

::::::
names

::::::
Nd;rad190

:::
and

::::::
Nd;cld ::

to
:::::::::
distinguish

:::::::
between

:::
the

::::::::
treatment

::
of

:::
Nd::

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

:::::::::::
concentration

:::::::
Nd;rad ,

::::
and

:
a
:::::::
scaling

:::::
factor

::::
that

:::::::
accounts

:::
for

::::
the

:::::
width

::
of

:::
the

:::::::
droplet

::::::::::
distribution

::::::::::::::::::::::
(Stevens et al., 2013, Eq. 7)

:
.

:::::
Nd;rad:::::::

follows
:
a
:::::::::
prede�ned

::::::
pro�le

::
in

:::
the

::::::::
radiation

::::::
scheme

:

N d = aN lnd;rad
:::

(bN � + 1p
:
);=:

8
><

>:

Nd;rad � top + ( Nd;rad � sfc � Nd;rad � top )exp
�

1 � (p=800hPa)2
�

; p < 800 hPa

Nd;rad � sfc; else
(1)195

:::::
where

:::::::::
Nd;rad � top ::::

and
::::::::
Nd;rad � sfc:::are

:::
the

:::::::
number

:::::::::::
concentration

::
at

:::
the

:::
top

:::
and

::::::
bottom

::
of

:::
the

::::::::::
atmosphere

:::
and

::
p

:
is

:::
the

::::::::
pressure.

::
In

:::
the

::::::
default

:::::
ICON

:::::::::::
con�guration

::::::::::
Nd;rad � top :

is
:::
set

::
to

:::
20

:::::
cm� 3

:::
and

:::::::::
Nd;rad � sfc ::

is
::
set

::
to

::::
120

:::::
cm� 3

::::
over

::::
land

:::
and

:::
80

:::::
cm� 3

::::
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

::::::::
dependent

::::
ACI

::::::
scaling

::::::
factor,

:::
f N ,

::::
that

:::::::
modi�es

:::
the

:::::
global

::::::::::
distribution

::
of

:::::::::
Nd;rad � sfc::::::::::

(Nd;rad � top ::
is

::::
kept

:::::::
constant

::
at

::
20

:::::::
cm� 3).

::::::::
Following

:::
the

::::::::
approach

::
of

::::::::::::::::::::::::
(Stevens et al., 2017, Eq. 15),

:::
f N ::

is
:::::::::
determined

:::::
using

:
200

f N =
ln(bN � PD + 1)
ln(bN � PI + 1)

;
::::::::::::::::::

(2)

where� is theAOD,
:::
� PI :::

and
::::
� PD :::

are
:::
the

:::::
AOD

::
in

:::
the

:::::::::::
pre-industrial

:::
and

::::::::::
present-day

:::::::
climates

:::::
from

::::::::::
MACv2-SP andaN and

bN areprede�nedparameters
:
is

:
a
:::::::::
prede�ned

:::::::::
parameter

:::
that

::::::::
describes

:::
the

:::::::::
sensitivity

::
of

:::
Nd::

to
:::::
AOD

::::::::::::::::::::::
(Nd;cld = aN ln(bN � + 1) ,

::::::::::::::::
Stevens et al. (2017)

:
). In the defaultsetupasdescribedby Stevens et al. (2017)

:::::::::
MACv2-SP

:::::
setup,aN andbN aredetermined

usingMODIS retrievalsof �ne-modeaerosolovertheoceanregions,with
:::
have

:
values of 60 cm� 3 and20,respectively.

:::
20. This205

provides averyweaksensitivityofNd toAOD (180cm� 3 for AOD of 1.0)
::::::::
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 cm� 3. We thereforereplacethedefaultvalueswith thosepresentedby Herbert et al. (2021)

usingin-situobservationsovertheAmazonrainforestto determinearelationshipbetweenNd andAOD, providingvaluesof
::
In210

:::
this

:::::
study,

:::
we

::
set

:::
the

::::::
values

::
of

:::
aN :::

and
:::
bN ::

to 410 cm� 3 and 5for aN andbN . Thisrelationship
:
,
:::::
taken

::::
from

:::::::::::::::::
Herbert et al. (2021)

:
.

::::
This provides more sensitivity than the originalusedin Stevens et al. (2017), but as we show in Fig. 1 results in a present day

distribution ofNd consistent with observations.

The global distribution of aerosolsis representedusing the MACv2-SP plume model,which is interfacedto the ICON

radiationschemeandrepresentsshortwaveeffectsof ARI. Longwaveeffectsareneglectedfor anthropogenicaerosols,which215

7



arepredominantlysub-micronsized.In orderto representACI in oursimulationswemakesomeminormodi�cations.Following

theapproachof Stevens et al. (2017), therelationship(??) of AOD andNd is usedto determinef N :
In

:::
the

::::::
default

::::::
ICON

:::::
setup,

::
the

:::::::::::
microphysics

:::::::
scheme

::::
uses

:
a

:::::::::
prede�ned

:::::
value

::
for

:::
the

:::::
cloud

::::::
droplet

:::::::
number

:::::::::::
concentration

:::::::
(Nd;cld )

:::
that

::
is

:::::::
spatially

:::::::::
invariable.

:::
We

:::
use

:::
this

:::
for

:::
our

:::
PI

:::::::::
distribution

:::
of

::::::
Nd;cld ,

:::::
which

:::
we

:::
set

::
to

::
80

::::::
cm� 3.

:::
We

::::::::
represent

::::
ACI

::::::
effects

::
in

:::
the

:::::::::::
microphysics

:::::::
scheme

::::
using

:::
the

::::
ACI

::::::
scaling

:::::
factor

:::
f N:::::

from
::::::::::
MACv2-SP, as220

f N =
Nd

Nd;1850
=

ln(bN (� 1850 + � sp) + 1)
ln(bN � 1850 + 1)

;

whereNd;1850 andNd arethe
::::::::
calculated

::::::
above.

::::::::
Applying

:::
f N ::

to
:::
the pre-industrialand

::::::::::
distribution

::
of

:::::
Nd;cld::::::::

provides
:
a present-

daydropletnumberconcentrationsand� 1850 and� sp arethepre-industrialandsimple-plumeaerosolopticaldepths.In other

words,the changein Nd from the year1850(representingthe pre-industrialatmosphere)to present-dayis determinedfrom

the changein � over the sametime period.The spatiallyvarying factor f N is incorporatedinto the cloud microphysicsand225

radiationschemes.First, thefactormodi�es thenumberconcentrationusedto calculatetheautoconversionrate,i.e.,f N Nd;cld ,

asoutlinedin Sect.2.1.Second,thefactormodi�es thesurfacenumberconcentrationandis usedto calculatethecloudoptical

properties,i.e., f N Nd;sfc. Notethat
:::::::::
distribution

:::
that

::
is

::::::::
spatially

::::::::
consistent

::::
with

:::
the

::::::::::::
anthropogenic

:::::::::::
contributions

::
in

:
thenumber

concentrationat thetopof atmosphere(Nd;top ) remainsunchanged.As outlinedin Sect.2.1,theradiationschemeusesNd;rad

to calculater e� ::::::::::
MACv2-SP

::::::
plumes.230

2.3 Experiments
:::::::::::
Simulations

Simulationsare designedto quantify the impact of anthropogenicaerosolson climate.The set of simulationsare
::
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 a climatologyof aerosolsfrom
:::::::::
MACv2-SP

:::::::
aerosols

:::
for

:::
the

::::
year

:
1850,describedby Kinne (2019), representingthe

::::
with

:::::
Nd;cld::::

and
:::::::::
Nd;rad � sfc ::

at
::::::
default

:
pre-industrialatmosphericloadingof aerosol.

:::::
values

:::::
(Sect.

::::
2.2).

:
A second simulation235

(PD) is performedwith the
:::
run

::::
with MACv2-SPplumemodelactive,producinga distributionof aerosolsrepresentativeof

anthropogenicaerosolsin the
:::::::
aerosols

:::
for

:::
the

::::
year

::::
2016

::::
and

:::
the

:::::::
spatially

:::::::
varying

:::
ACI

:::::::
scaling

:::::
factor

:::
f N :::::

(Sect.
:::::
2.2.2)

:::::::
applied

::
to

:::::
Nd;cld::::

and
:::::::::
Nd;rad � sfc.

:::::
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,

::::::
PDARI , :::::::::

MACv2-SP
:::::::
aerosols

:::
for

:::
the

::::
year 2016) atmosphere.Weprescribetime-independentperturbationsof aerosolsto remove240

theuncertaintiesassociatedwith aerosolmicrophysicalprocesses(Gliß et al., 2021; Sand et al., 2021)andinsteadfocusonthe

impactof a �xed aerosolburdenon theclimate.
::
are

:::::
used

:::
but

:::
the

::::::
scaling

:::::
factor

:::
f N ::

is
:::
not

:::::::
applied;

::::
this

::::::
isolates

::::
ARI

:::::::
effects.

::
In

::
the

:::::
�nal

:::::::::
simulation,

::::::
PDACI ,:::the

::::
ACI

::::::
scaling

:::::
factor

:::
f N ::

is
::::::
applied

:::
but

::::::::::
MACv2-SP

:::::::
aerosols

:::
are

::::
kept

::
at

:::::
1850

::::::
values;

:::
this

:::::::
isolates

:::
ACI

:::::::
effects.

In the radiationscheme,Nd;sfc is set to 120 cm� 3 over land and 80 cm� 3 over oceans– the default settingin ICON.245

In the microphysicsscheme,we use a constantNd;cld of 80 cm� 3 for the PI; this may not capturethe distribution of

naturally occurringaerosolbut providesa lower limit consistentwith valuesover remoteregions(Grosvenor et al., 2018),

which are likely to be morerepresentativeof the PI atmosphere.MACv2-SPis coupledindependentlyto the radiationand
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Table 1.Description of each simulation.

Simulation name ARI characteristics ACI characteristics

PI (Pre-industrial; 1850)
AOD at pre-industriallevels

::::::::
MACv2-SP

:::::
aerosol

:::
for

::::
1850

Nd;rad ::::::::
Nd;rad � sfc :

and Nd;cld at pre-

industrial levels

PD (Present-day; ARI+ACI)
AOD increasedby � sp :::::::::

MACv2-SP
:::::
aerosol

::
for

::::
2016

:

Nd;rad ::::::::
Nd;rad � sfc and Nd;cld increased

by
:::
ACI

::::::
scaling

::::
factor

:
f N

PDARI (Present-day; isolate ARI)
AOD increasedby � sp :::::::::

MACv2-SP
:::::
aerosol

::
for

::::
2016

:

Nd;rad ::::::::
Nd;rad � sfc :

and Nd;cld at pre-

industrial levels

PDACI (Present-day; isolate ACI)
AOD at pre-industriallevels

::::::::
MACv2-SP

:::::
aerosol

:::
for

::::
1850

Nd;rad ::::::::
Nd;rad � sfc and Nd;cld increased

by
:::
ACI

::::::
scaling

::::
factor

:
f N

Figure 1.
:::::::::::
Climatologies

::
of

::::::
satellite

:::::::
retrieved

:
(

:
a)

::::::::
September

:::::
mean

::::::::
AOD550nm ::::

(for
::::
2010

:
-

:::::
2015)

:::::::
measured

::
by

::::::::::::::::
Platnick et al. (2015)

:::
and

:
(
:
b

:
)

:::::
annual

::::
mean

:::
Nd::::

over
:::
the

::::
ocean

::::
(for

::::
cloud

::::
tops

:
<

::::::
3.2 km)

::::::::
estimated

::
by

:::::::::::::::::
Grosvenor et al. (2018)

:
.
::::
Panel

::
(c

:
)
:::::
shows

:::
the

:::::::
simulated

:::::
AOD

::::
from

::::::::
MACv2-SP

::::
(top

::::
row)

:::
and

:::::
Nd;cld ::::::

(bottom
::::
row)

::
in

:::
each

::
of

:::
the

:
4
::::::::::
simulations.

cloud microphysicsschemes,which providesmeansto isolatethe role of ARI andACI. In the ARI simulation(PDARI), the

plumemodelonly in�uencestheaerosolopticalpropertiesin theradiationscheme,whilst in theACI simulation(PDACI), the250

plumemodelin�uencesthedropletnumberconcentrationsin thecloudmicrophysicsandradiationschemes.
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Figure 1 shows that the
::::::::
simulated spatial distributions of AOD andNd;cld acrosstheexperimentsare consistent with present-

day observations. In thePI, aerosolsare con�ned to naturalsourcesand are dominatedby dust emissionsover Northern

Africa, biomassburningoverSouthAmericaandCentralAfrica, andsea-saltemissionsover theoceans.Thedropletnumber

concentrations(Nd;cld andNd;rad ) areunaffectedby the scalingfactor f N . In the PD
::
PD

::::
run, anthropogenic aerosols are255

primarily centred over regions with pronounced industrial emissions of sulphate (South and East 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 Continent).Nd;cld andNd;rad areincreasedby thescalingfactorf N

andreach
::
in

:::
the

:::
PD

:::
run

::::::
reaches

:
maximum concentrations of about 320 cm� 3 over 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 reportNd260

:::::
Nd;cld :

values exceeding 300 cm� 3 over East Asia and around 200 cm� 3 off 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.In

ourPDsimulations,the
:
A

::::::::::
comparison

:::::::
between

::::::::
simulated

::::
and

:::::::
observed

:::
Nd:::::::

(limited
::
to

:::
the

::::::
ocean)

:::::
yields

::::::
similar

:::::
means

::::
(105

::::
and

:::
103

::::::
cm� 3)

:::
but

:
a

::::
low

:::::::::
correlation

:::::::::
coef�cient

::
of

::::
0.34.

:::::
This

:
is

::
in

::::
part

::::
due

::
to

::::
high

::::::::
simulated

::::::
values

::::
over biomass burning regions

areparticularlyevidentaswe aresimulatingthemonthof September.Thereis a low biasover theEasternPaci�c andNorth265

Atlantic, demonstratingunder-representativeemissionsoverNorthAmerica.Studiesindicateaerosolsin theseregionshavean

signi�cant effectsontheseasurfacetemperature(Dagan et al., 2020; Fiedler and Putrasahan, 2021; Heede and Fedorov, 2021)

; aswe areusinga �xed seasurfacetemperatureclimatologywe do not believethis biaswill havea signi�cant impacton the

results
:::
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

::::::
�uxes270

:::
and

::::
bulk

:::::
cloud

::::::::
properties

::::
that

:::
are

:::::::
spatially

:::::::::
consistent

::::
with

:::
the

::::::::
dominant

::::::
sources

::
of

::::::
global

::::::::::::
anthropogenic

::::::
aerosol

::::::
forcing.

3 Global response

A snapshotof the model total column
::::::::
Snapshots

:::
of

:::
the

::::
total

:
water path (TWP)and precipitation(P) on day 36 of the

PD simulationat 14:00 UTC is shownin Fig. ?? with an increasingfocus over centralAfrica and the SoutheastAtlantic

Ocean.Although the resolutionis still relatively low, the �gure demonstratesthe ability of ICON to reproducea variety of275

globally importantcloud features,including the widespreadregionsof marinestratocumulusover the subtropicaloceans,

extratropicalcyclonesin theNorthwestPaci�c, the inter-tropicalconvergencezone(ITCZ) , andlong �lament-like fronts in

themid-latitudes.Figure??b showsanexampleof stratocumulus-to-cumulustransitionasair is advectedawayfrom thecoast

of Africa, whilst Fig. ??c displaysconvectionoccurringover within Congobasin,with numerousdeep-convectivecells and

thepropagationof asquall-linealongtheedgeof a largecold-poolin thecentreof theimage.280

Snapshotof thetotalwaterpath(TWP)onSeptember26at14:00UTC for (a) thewholeglobe,(b) Africa andtheSoutheast

Atlantic, and(c) theCongobasinin CentralAfrica. Panel(c) alsoincludestheprecipitationfor ratesabove0.001mm h� 1. The

backgroundimagein all panelsis theSeptemberBlueMarbletopographicalcompositefrom NASA (2024).
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