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Abstract. Aerosol induced absorption of shortwave radiation can modify the climate through local atmospheric heating, which
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As shown in Table 2 there are differences in mixing assumptions. A few models assume fully externally mixed aerosols, while
most models assume partly internal mixing, using different mixing rules for calculating the refractive indices. For models with

external mixing, it is straightforward to estimate species-specific absorption. The mass absorption coefficient (MAC) for any

species is estimated using Mie theory and is a function of density, size distribution and the imaginary component of the complex

refractive index at a given wavelength. For models with internal mixing, the estimated absorption per species is more

conceptually difficult because the sum of the absorption for each species does not always equal to the total absorption by the

internal mixture. For this study, the models with internal mixing, when possible, have used the same method for estimated

species-specific absorption; by removing the target species and estimating the total absorption between the control run and the

run with the species removed. This is an appropriate and accurate approach for particles that have a single absorbing species

since the absorbing compound causing all the absorption. However, for particles having two or more absorbing species, this

method causes changes the size distribution of the other absorbing aerosols and thus may yield an inaccurate result for

absorption of an individual aerosol. For instance, for ECHAM-SALSA, removing OA reduced the size of BC, since it is

internally mixed with OC. The volume absorption cross section then increased. and the same amount of BC became more

absorptive, resulting in a negative OA absorption. Therefore, for some models the individual aerosol absorption is not reported

or is calculated offline.

All models have reported all-sky AAOD. A comprehensive description of the AeroCom Phase III models is given in Glif3 et
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studies (although there are a few exceptions for model versions; ECMWE-IFS and Oslo-CTM3, and new runs described below

for the models with internal mixing: ECHAM-HAM, GFDL and NorESM2, but with the same model version).

Table 1: AeroCom Phase III model description
Model Label for model and simulation setup

Resolution References
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CAMS5-ATRAS CAM5-ATRAS_AP3-CTRL 1.9 x 2.5, 30 levs Matsui (2017); Matsui and Mahowald, (2017)

EC-Earth3-AerChem-met2010_AP3-
EC-Earth3 2.0 x 3.0, 34 levs
CTRL2019
ECHAM6.3-HAM2.3-met2010_AP3-CTRL 1.9 x 1.9, 47 levs

ECHAM-HAM Tegen et al. (2019)

ECHAM-SALSA = ECHAM6.3-SALSA2.0-met2010_AP3-CTRL 1.9 x 1.9, 47 levs

ECMWF-IFS-CY46R1-CAMS-CTRL-

Kokkola et al. (2018)

ECMWF-IFS met2010_ AP3-CTRL 0.4 x 0.4 Rémy et al. (2019)

EMEP EMEP_rv4_33_Glob-CTRL 0.5 x 0.5, 20 levs Simpson et al. (2012)

GEOS GEOS-i33p2-met2010_AP3-CTRL 1.0 x 1.0, 72 levs Colarco et al. (2010)

GFDL GFDL-AM4-met2010_AP3-CTRL 1.0 x 1.2, 33 levs Zhao et al. (2018)

GISS-OMA GISS-ModelE2p1p1-OMA_AP3-CTRL 2.0 x 2.5,40 levs  (Bauer et al, 2020; Koch, 2001)

GISS-MATRIX GISS-ModelE2p1p1-MATRIX_AP3-CTRL 2.0 x 2.5, 40 levs (Bauer et al, 2008)

van Noije et al. (2014); van Noije et al. (2020 7,,,,,{ Deleted: submitted
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INCA

INCA_AP3-CTRL

1.3 x 2.5, 79 levs

(Balkanski et al., 2004; Schulz et al., 2009)

NorESM2 NorESM2-met2010_AP3-CTRL 0.9 x 1.2, 32 levs Kirkev&g et al. (2018); Seland et al. (2020)
2.25 x 2.25, 60
OsloCTM3 0OsloCTM3v1.02-met2010_AP3-CTRL | Myhre et al. (2007); Lund et al.. (2018)
evs
SPRINTARS MIROC-SPRINTARS_AP3-CTRL 0.6 x 0.6, 56 levs Takemura et al. (2005)
Bergman et al., (in preparation); van Noije et al.
TM5 TM5-met2010_AP3-CTRL2019 2.0 x 3.0, 34 levs
(submitted)
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B04  Table 2: Overview of the mixing

ptions in the model

EC-Earth3

ECHAM-HAM

Model Mixing assumptions - Method for splitting absorption into
individual contributions (if internally mixed): c
ratio
T T T T 1
CAM5-ATRAS or internally mixed BC, BC makes the core and non- Absorption per species is calculated from the 1.4

BC species make the shell (shell is assumed to be

mixed well). For pure BC, BC refractive index is used

for optical calculations. For BC free (non-BC) particles,
all non-BC species are assumed to be mixed well

using volume-averaged refractive index.

Sulfate, ammonium-nitrate, organic aerosols, sea salt,
and water are treated as homogeneous mixtures
described by the Bruggeman mixing rule. Maxwell-
Garnett mixing rule for BC and dust present in

mixture.

All species can occur as internal mixtures. Internal and

difference of absorption between optical (Mie
and all aerosol species except the target species.

This is done using offline optical calculations in a
simulation.

YAbsorption per species is calculated from the 1.4

ECHAM-SALSA

ECMWF-IFS

EMEP

GEOS

GFDL

external mixing of log-normal modes using volume
weighting of refractive indices (alternative mixing
rules Bruggeman and Maxwell-Garnett available but

have limited impact).

All species can occur as internal mixtures. Internal and
external mixing using volume weighting of refractive
indices.

External mixing

External mixing

External mixing

All aerosols externally mixed, except for SO4 and BC
which are internally mixed by volume weighting of
refractive indices, including hygroscopic growth of SO4

difference of absorption between simulations

considering all aerosolpecies and all aerosol

epecies except the target species.
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Clouds (OPAC, Hess et al.,1998). However, Bond and Bergstrom (2006) suggested avoiding using this value because it was

originally drawn from incomplete graphitized carbon; it is too low and represents none of the possible refractive indices.

BC density varies from 1 to 2.3 g cm™ are used in the models. Most models that use the OPAC values for imaginary index also

use the OPAC value for density, which is 1 g cm™, except SPRINTARS that has the highest density among the models (2.3 g

c¢m). Although Bond and Bergstrom (2006) recommend a value of 1.8 g cm™ for BC density based on observations, apparently
only 2 models (CAMS-ATRAS and NorESM?2) adapted that value, despite that freshly emitted BC is often non-spherical

(Bond et al., 2013). However. to apply Mie theory in the calculation of BC MAC, spherical BC particles must be assumed.

The actual choice of refractive indexes and density plays a minor role since it should be constrained by BC MAC recommended

value of 7.5 m? g’'. In models having a BC MAC for external mixed BC much lower than 7.5 m? g'! the aerosol optical

properties should be updated based on current knowledge.

We have estimated externally mixed BC MAC using Mie theory (size distribution, density, and refractive index) for the models

where this was possible. This is shown in the right most panel in Fig 4. For the two models with external mixing, the MAC
value defined by the model (BC AAOD/BC load) is slightly higher (4-10%) compared to MAC estimated by Mie Theory. For

the models with internal mixing, the model-calculated MAC value is much higher compared to the one using Mie theory (40-

60%). This illustrates the additional absorption due to the internal mixing.
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Figure 6 shows the global mean OA AAOD, OA MAC, OA mass load, OA density, and dry OA refractive index at 550 nm

for the 10 AeroCom III models. The models with grey shading have externally mixed OA. Again, the OA AAOD in the models

with internal mixing is higher than the models with external mixing (mean 0.00065 vs. 0.00045), however GFDL and GISS-

OMA have the second and third highest AAOD, respectively. OA load varies from 1.55-5.85 mg m™ and the spread is large
(1.3).

OsloCTM3 divides OA into a mix of absorbing and non-absorbing species, which is why the imaginary part of the refractive

index is large compared to the other models. GISS-OMA has the second highest imaginary parts in the OA refractive index.

to implicitly account for some browniness in OA (Tsigaridis and Kanakidou, 2018). The rest of the models use the value

0.0055i.
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lowest dust AAOD (ECHAM-HAM, SPRINTARS and NorESM2) simulate much lower Jight absorption by dust over the

Sahara Desert and Atlantic outflow region (not shown).

Figure 8 shows the global mean dust AAOD, dust MAC, dust mass load, dust density, and dust imaginary refractive index fo

the same models. The models with grey shading have externally mixed dust. SPRINTARS and NorESM2 have the lowest dust

mass column burden compared to the other models, gvhich in combination with relatively small MAC values yield rather low
AAOQOD, while in ECHAM-HAM ¢ghe simulated dust load is among the largest, but very low MAC were applied in the model.
The low dust loadings for NorESM and SPRINTARS are due to both fheir short lifetime of dust (1.9 and 2.3 days compared

to model mean 43 days) and lower dust emissions compared to the other models.
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Jhe spread in AAOD for BC, OA and dust is large amongst the AeroCom models. Even though the models have used the same

emissions, the range in BC mass load is substantial [0.13-0.51] mg m™. To look more into how the variability in emissions,

lifetime,and MAC yalues explain the variability in AAOD gwe have calculated ‘partial sensitivities’ as shown in Fig. 9. The

partial sensitivities are calculated by dividing the variable (emissions/lifetime/MAC) in each model by the AeroCom model-
mean, multiplied with the AAOD AeroCom ynodel-mean for each species. For BC, the variability in emissions, is small and

does not explain much of the variability in BC AAOD. The difference in lifetime (and burden) in the models, on the other

hand, explain as much of the BC AAOD spread as the difference in BC MAC values. For OA and dust, the variability in

emissions can explain part of the spread in AAOD, together with the variability in lifetime (for OA, lifetime variability also

includes variability in SOA). The spread in MAC values can explain most of the spread in AAOD,for OA and dust.
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Figure 10 shows the contribution from BC, OA, and dust to aerosol absorption at A = 440 nm, 550 nm, and 870 nm for the five
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also find low correlation (0.2) between the imaginary refractive index and mass absorption coefficients in the models vm

internal mixing. Five models still use the OPAC value of 0.44i for the imaginary component of the refractive index for BC, a

value that has been suggested to avoid as it has been found to be lower than indicated by more recent observations (Bond and

Bergstrom, 2006).

A key question raised in this paper, and elsewhere in the literature, is how the total aerosol absorption optical depth simulated

by a global climate model can be subdivided into species or sources. We have presented results using analysis techniques and

methodologies in common use by the aerosol community today but acknowledge that there is no unique way to do this. As

documented above, the main technique is to compare simulations with all species included, to one with emissions of one

particular species (e.g., BC) excluded. However, in modern climate models, the results obtained by doing this for all species
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mean properties of climate simulated by the model in non-linear ways. Even when nudging the climate to a specific

meteorology, as done by many models, the two climate representations will not be the same. This is particularly true for dust.

which is a major component of the global climate system. Secondly, the approach alters the size distributions represented in
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non-linear responses to the removal of a single species. For instance, for ECHAM-SALSA, removing OA reduces the size of

BC, since it is internally mixed with OC. The volume absorption cross section then increased, and the same amount of BC

became more absorptive, resulting in a negative OA absorption. These are all known limitations of present global climate

modelling, made more marked by the evolution of ever more complex aerosol representation. It does not invalidate the

approaches taken in this publication, and in other, related analyses in the recent literature, but it must be kept in mind when

interpreting the results. We encourage further discussions among the global aerosol modelling community on how to best

diagnose per-species properties such as AAOD using the latest generation of climate models.

The model diversity in AeroCom III is as large as in AeroCom [ and II. We have shown that the removal rates and MAC are

causing the large spread of AAOD for all three absorbing species. The removal rates depend on the model parameterization of

wet and dry depositions and the MAC values depend on the imaginary refractive index, particle density, size distributions, and

microphysical properties such as mixing state and hygroscopic growth. We suggest future AeroCom model experiments to

thoroughly diagnose the reasons for diversity, such as using the more updated, observation-based particle density. effective

size, and refractive indices, and performing sensitivity experiments, We suggest that the optical calculations need more testing
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e.g., in a box model, or by exchanging optical calculations among models. A first step towards improved climate simulations

of the effect of absorbing aerosols is to update the aerosol optical property scheme where externally mixed BC MAC is lower

than 7.5 m”> ¢! and AAE of OA is around 1 or lower. On the other hand: The observational constraints for models, coming

from diverse sources of measurements, need to be formulated in a more consistent way. Values reported from measurements

(eg MAC, AAOD, absorption coefficient) need to be associated with remarks on spatial and temporal representativity.

variability on time scales relevant for models (days to seasons), and other aerosol characteristics deemed necessary (size

composition, mixing state).
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