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Abstract: We investigate the effective radiative forcing (ERF) of anthropogenic aerosols using simula-
tions from seven Earth System Models participating in the Coupled Model Intercomparison Project
Phase 6 (CMIP6). The ERF of individual aerosol species (black carbon, organic carbon, sulphates)
is quantified along with the all-aerosol ERF and decomposed into its aerosol-radiation interactions
(ARI), aerosol-cloud interactions (ACI) and surface albedo (ALB) components, using the method
proposed by Ghan in 2013. We find that the total anthropogenic aerosol ERF at the top of the atmo-
sphere (TOA) is negative, mainly due to aerosol-cloud interactions. Sulphates exhibit a strongly
negative ERF especially over industrialized regions of the Northern Hemisphere, such as Europe,
North America, East and South Asia, while black carbon exerts a positive ERF predominantly over
East and South Asia.

Keywords: effective radiative forcing; anthropogenic aerosols; CMIP6; AerChemMIP; Earth System
Models; ERF decomposition; aerosol-radiation interactions; aerosol-cloud interactions; Ghan method

1. Introduction

Aerosols are a suspension of small particles that have a relatively short lifetime and
hence are heterogeneously distributed in the atmosphere [1-4]. Aerosols modify the planet’s
radiative budget directly through scattering and absorption of incoming solar shortwave
(SW) and terrestrial longwave (LW) radiation [1,2], and indirectly by changing cloud
properties, as aerosols can efficiently serve as cloud condensation nuclei (CCN) and ice
nucleating particles (INPs) [1,2,5,6]. The direct processes are referred to as aerosol-radiation
interactions (ARI), and the indirect processes as aerosol-cloud interactions (ACI).

Radiative forcing offers a metric for quantifying the way that human activities and
natural agents perturb the energy flow into and out of the Earth’s climate system [7]. In
the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change
(IPCC), the Effective Radiative Forcing (ERF; measured in W m~2) is used to quantify
the energy that is lost or gained by the Earth-Atmosphere system following an imposed
perturbation [8]. ERF is defined as the change in the net downward radiative flux at the top
of the atmosphere (TOA) after allowing both tropospheric and stratospheric temperatures,
clouds, water vapor, and certain surface properties, which are not coupled to global surface
air temperature changes, to adjust [8]. It is important to note that ERFs can be attributed to
changes in a forcing agent itself, or to components of emitted gases (e.g., precursor gases),
even if these components do not cause a direct radiative effect themselves [8].
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In our study, the spatial distribution and temporal variability of aerosol ERF are
examined using two consistent multi-model ensembles, which are consisted of Earth
System Models (ESMs) participating in the Coupled Model Intercomparison Project Phase
6 (CMIP6) [9]. We use the method developed by Ghan [10] to decompose ERF into its
ARI, ACI, and surface albedo (hereafter denoted as ALB) components for all aerosols and
certain anthropogenic sub-types (black carbon, organic carbon, and sulphates) separately.
Furthermore, we investigate the evolution of transient ERF throughout the historical
period (1850-2014) on global scale and over certain emission regions of the Northern
Hemisphere (NH).

2. Data and Methodology

The ERF caused by aerosols was estimated with the use of simulations from seven
different CMIP6 [9] ESMs (Table 1).

Table 1. CMIP6 ESMs used in this work. Each experiment has a variant label ryi, p.fq, where a is the
realization index, b is the initialization indeXx, c is the physics index, and d is the forcing index.

Model piClim Variant Label histSST Variant Label
CNRM-ESM2-1 rlilp1f2 -
EC-Earth3-AerChem - rlilp1fl
GFDL-ESM4 rlilplfl rlilplfl
MPI-ESM-1-2-HAM rlilp1fl rlilp1fl
MRI-ESM2-0 rlilplfl -
NorESM2-LM rlilplfl rlilplfl
UKESM1-0-LL rlilpl1f4 rlilp1f2

The present-day aerosol ERF was quantified using an ensemble of six ESMs (Table 1;
middle column). These models performed five time-slice experiments (Table 2) that covered
a period of at least 30 simulation years with a climatology of sea surface temperatures (SSTs)
and sea ice cover (SIC) fixed to the year 1850: one control experiment (piClim-control)
and four perturbation experiments (piClim-aer, piClim-SO,, piClim-OC, piClim-BC). The
piClim-control experiment uses fixed 1850 values for aerosols and aerosol precursors, while
piClim-SO;, piClim-OC, and piClim-BC experiments use precursor emissions correspond-
ing to the year 2014 for sulfur dioxide (which is the precursor of sulphates), organic carbon
(OC), and black carbon (BC), respectively. In the piClim-aer experiment, the anthropogenic
aerosol precursor emissions are set to 2014 values.

Table 2. List of fixed-SST experiments. The year indicates that emissions or concentrations are fixed
to that year, while “Hist” means that concentrations or emissions evolve as for the CMIP6 “historical”
experiment [9] (for more information see Collins et al. [11]).

. Aerosol CFC/ Ozone
Experiment N20 CH, Precursors HCFC Precursors
piClim-control 1850 1850 1850 1850 1850
piClim-aer 1850 1850 2014 1850 1850
o 1850 (non-SO5)
piClim-50, 1850 1850 2014 (SO,) 1850 1850
. 1850 (non-OC)
piClim-OC 1850 1850 2014 (OC) 1850 1850
i s 1850 (non-BC)
piClim-BC 1850 1850 2014 (BC) 1850 1850
histSST Hist Hist Hist Hist Hist

histSST-piAer Hist Hist 1850 Hist Hist
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The transient aerosol ERF during the historical period (1850-2014) was estimated
using an ensemble comprised of five ESMs (Table 1; right column), which performed
simulations covering the 1850-2014 period. The histSST and the histSST-piAer experiments
share the same forcings as the “historical” experiment [9], with prescribed SSTs and SIC, but
histSST-piAer uses aerosol precursor emissions of the year 1850 [11]. In order to compare
the aerosol ERF between the piClim-aer and the histSST experiments, the last 20 years of
the historical period (1995-2014) were chosen.

The ERF was calculated following the method by Ghan [10]. ERF was split into
three main components: (a) ERFari, which represents the aerosol-radiation interactions
(Equation (1)), (b) ERFaci, which accounts for aerosol-cloud interactions (Equation (2)),
and (c) ERFalb, which is mostly due to the contribution of aerosol-induced surface albedo
changes (Equation (3)). As a result, the sum of ERFari, ERFaci, and ERFalb gives an
approximation of the overall aerosol ERF (Equation (4)):

ERFari = A (F — Faf), D

ERFaci = A (Faf — Fcsaf), 2)
ERFalb = AFcsaf, 3)

ERFtotal = ERFari + ERFaci + ERFalb, 4)

where F is the net radiative flux at the TOA, Faf is the flux calculated ignoring absorption
and scattering by aerosols, Fcsaf is the flux calculated neglecting absorption and scattering
by both aerosols and clouds, and A is the difference between the perturbation and the
control experiments. Here, piClim-control was subtracted from piClim-aer, piClim-SO,,
piClim-OC, and piClim-BC, respectively, to estimate the present-day anthropogenic aerosol
ERFE while histSST-piAer was subtracted from histSST to calculate the transient ERF.

3. Results

The multi-model ensemble global mean values for ERFtotal and its decomposition
into ERFari, ERFaci, and ERFalb are presented for every experiment in Table 3.

Table 3. Global mean values of ERFtotal, ERFari, ERFaci, and ERFalb for the multi-model ensemble
for each experiment used in this study.

Experiment ERFtotal ERFari ERFaci ERFalb
piClim-aer —1.04 —0.04 —-1.05 0.05
piClim-SO, —-1.09 —0.32 —0.81 0.04
piClim-OC —0.32 —0.08 —0.26 0.01
piClim-BC 0.20 0.39 —0.20 0.01
histSST —-1.33 —0.04 —-1.35 0.06

In Figure 1, the global mean ERF due to all aerosols based on piClim-aer and histSST
(averaged over 1995-2014) experiments is presented. Both experiments exhibit a common
spatial pattern for ERF at TOA. Aerosols induce a negative ERFtotal globally, mainly over
the NH. The most negative values are detected over East and South Asia, whereas the
most positive values can be found over reflective continental surfaces. ERFaci dominates
ERFtotal on a global scale and exhibits a pattern almost identical to that of ERFtotal. ERFari
is slightly negative globally, while the global mean ERFalb is slightly positive, peaking over
the Himalayas and the Indian Peninsula.
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Figure 1. (a,e) ERFtotal, (b,f) ERFari, (c,g) ERFaci, and (d,h) ERFalb pattern at TOA for piClim-aer
(top row) and histSST (bottom row). Colored areas without markings indicate robust changes, while
“/” and “X” symbols indicate non-robust changes and conflicting signals, respectively.

The decomposition of ERFtotal for piClim-BC, piClim-OC, and piClim-SO; is pre-
sented in Figure 2.
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Figure 2. (a,e,i) ERFtotal, (b,f,j) ERFari, (c,g k) ERFaci, and (d,h,1) ERFalb pattern at TOA for piClim-
SO, (top row), piClim-OC (middle row), and piClim-BC (bottom row). Colored areas without
markings indicate robust changes, while “/” and “X” symbols indicate non-robust changes and
conflicting signals, respectively.

BC induces a positive global mean ERFtotal at TOA, peaking mainly over East and
South Asia. The BC ERFtotal is driven by ERFari, which is positive all over the globe.
Sulphates cause a negative global mean ERFtotal over the NH, especially over emission
sources and downwind regions. As in the all-aerosol experiments, sulphate ERFaci drives
the bulk of ERFtotal caused by sulphates. OC exerts a less negative global mean ERFtotal
than sulphates, with negative peaks over Southeast Asia.

In Figure 3, the time evolution of ERFtotal and its components during the 1850-2014
period are shown for the entire globe and for five regions of interest from the IPCC AR6
ATLAS [12], namely East North America (ENA), Mediterranean (MED), West and Central
Europe (WCE), South Asia (SAS), and East Asia (EAS), the boundaries of which are shown
in the embedded map.
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Figure 3. Time evolution of the ERF components during 1850-2014. The results are shown for the
histSST experiment on global scale (a), and over WCE (b), MED (c), ENA (d), SAS (e), and EAS (f).

Globally, aerosol ERF reaches its negative peak around 1980, with a trend towards
more positive values by the end of the historical period. The dominant role of ERFaci is
prominent, as it closely follows ERFtotal, while ERFari and ERFalb undergo much smaller
changes. During the mid-1970s and early 1980s ERFtotal receives its most negative values
over ENA, WCE, and MED. ERFtotal exhibits a strongly decreasing trend over EAS, while
it shows a continuous increase in magnitude over SAS since the 1930s.

4. Conclusions

The ERF caused by anthropogenic aerosols was investigated using fixed-SST simula-
tions from seven different ESMs participating in CMIP6 [9]. The total ERF was split into
three main components (ERFari, ERFaci, ERFalb) using the method by Ghan [10]. All-
aerosol ERFtotal is globally negative, mainly over the NH, with pronounced negative peaks
over aerosol emission sources and downwind regions. Sulphates cause a negative ERFtotal
globally and drive the spatial distribution of the all-aerosol radiative forcing at TOA. The
OC ERFtotal is also negative, but much weaker in magnitude than the sulphate ERFtotal.
On the other hand, BC exerts a globally positive ERFtotal driven by a strong ERFari all over
the globe. Finally, changes in transient ERF were investigated on global scale and over five
NH regions of interest during the 1850-2014 period. ERFtotal shows an increasing trend
after 1980 over ENA, WCE, and MED, whereas ERFtotal shows a continuous decreasing
trend over SAS and EAS after the 1950s.
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