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Abstract. Aerosol induced absorption of shortwave radiation can modify the climate through local atmospheric heating, which 24 

affects lapse rates, precipitation, and cloud formation. Presently, the total amount of aerosol absorption is poorly constrained, 25 

and the main absorbing aerosol species (black carbon (BC), organic aerosols (OA) and mineral dust) are diversely quantified 26 

in global climate models. As part of the third phase of the AeroCom model intercomparison initiative (AeroCom Phase III) we 27 

here document the distribution and magnitude of aerosol absorption in current global aerosols models and quantify the sources 28 

of intermodel spread, highlighting the difficulties of attributing absorption to different species. 15 models have provided total 29 

present-day absorption at 550 nm (using year 2010 emissions), 11 of which have provided absorption per absorbing species. 30 

The multi-model global annual mean total absorption aerosol optical depth (AAOD) is 0.0054 [0.0020 to 0.0098] (550 nm) 31 

with range given as the minimum and maximum model values. This is 28% higher compared to the 0.0042 [0.0021 to 0.0076] 32 

multi-model mean in AeroCom Phase II (using year 2000 emissions), but the difference is within one standard deviation which 33 

in this study is 0.0023 (0.0019 in Phase II). Of the summed component AAOD, 60 % (range 36-84%) is estimated to be due 34 

to BC, 31 % (12-49%) is due to dust and 11% (0-24%) is due to OA, however the components are not independent in terms of 35 

their absorbing efficiency, and in models with internal mixtures of absorbing aerosols, a major challenge is the lack of a 36 
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common and simple method to attribute absorption to the different absorbing species. Therefore, when possible, the models 53 

with internally mixed aerosols in the present study have performed simulations using the same method for estimating 54 

absorption due to BC, OA and dust, namely by removing it and comparing runs with and without the absorbing species. We 55 

discuss challenges of attributing absorption to different species, we compare burden, refractive indices, and density, and we 56 

contrast models with internal mixing to models with external mixing. The model mean BC mass absorption coefficient (MAC) 57 

value is 10.1 [3.1 to 17.7] m2 g-1 (550 nm) and the model mean BC AAOD is 0.0030 [0.0007 to 0.0077]. The difference in 58 

lifetime (and burden) in the models explain as much of the BC AAOD spread as the difference in BC MAC values. The 59 

difference in spectral dependency between the models is striking. Several models have an absorption Ångstrøm exponent 60 

(AAE) close to 1, which likely is too low given current knowledge of spectral aerosol optical properties. Most models do not 61 

account for brown carbon and underestimate the spectral dependency for OA. 62 

1 Introduction 63 

Aerosols directly affect the energy budget of the atmosphere by interacting with solar radiation. While all aerosols scatter 64 

shortwave radiation, some also absorb it, which in turn modifies the thermal structure of the surrounding air masses 65 

(McCormick and Ludwig, 1967). This localized atmospheric heating can lead to rapid changes in dynamics, clouds, and 66 

precipitation (Hansen et al., 1997; Ackerman et al., 2000). The concentrations of (absorbing) aerosols vary greatly temporally 67 

and spatially, due to their diverse and intermittent emission sources (e.g., forest fires) and short atmospheric lifetimes (days to 68 

1–2 weeks). The ability of an aerosol to absorb solar radiation depends on its composition, mixing state, component refractive 69 

indices, size and shape, which can also change during its lifetime. The dominant absorbing aerosol is black carbon (BC), 70 

followed by mineral dust and organic carbon-based aerosols (OA) or brown carbon (BrC). The three absorbing species are 71 

rarely observed as single species (Fierce et al., 2016), while many models are not able to fully mix the aerosols and therefore 72 

treat them as separate species in an idealized way with their own life cycles and optical properties.  73 

BC, emitted from incomplete combustion processes, is a particularly strong absorber of solar radiation and absorbs across the 74 

entire solar spectrum (Bond et al., 2013). BC quickly mixes with other aerosols and often becomes coated. This process 75 

enhances the effective absorptivity of BC over time and is often referred to as ‘aging’ (Cappa et al., 2012). Some climate 76 

models use a constant enhancement factor of 1.5 to define absorption of aged BC relative to freshly emitted BC (Bond and 77 

Bergstrom, 2006). Internally mixed BC has greater absorption than externally mixed BC (Haywood and Shine, 1995; Fuller et 78 

al., 1999; Bauer et al., 2010). This is because the internal mixtures have larger geometrical cross-sectional areas than the BC 79 

inclusions within the mixtures (Stier et al. 2006).  80 
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 106 
Figure 1: Per-species mass absorption coefficient (MAC) as function of wavelength, from observations and radiative transfer 107 
calculations. BC, BrC and dust can be seen to have separable properties, which underlies the usage of these species as emitted, 108 
transported and radiatively active particle types in most global climate models. Size distributions for BC and BrC had a radius and 109 
sigma of 0.04 μm and 1.5 for BC, and 0.05 μm and 2.0 for BrC, while for mineral dust, they used observed sizes from the DABEX 110 
aerosol campaign (Osborne et al., 2008). Aerosol densities were 1.2, 1.8, and 2.6 g cm−3, for BrC, BC, and dust, respectively. Grey 111 
circles (triangles) illustrate MAC values for fresh (coated and uncoated) BC where the Mie calculations have been scaled to achieve 112 
the recommended MAC of 7.5 m2 g−1 at 550 nm (Bond and Bergstrom, 2006) .  Adapted from Samset et al. (2018). 113 

Mineral dust is one of the most abundant aerosols by mass, which is close to 60-70% of the dry mass from the multi-model 114 

estimates in the internationally coordinated Aerosol Comparisons between Observations and Models (AeroCom) Phase I and 115 

III study (Textor et al., 2007, Gliß et al., 2021). However, dust has a much lower imaginary part of the refractive index 116 

compared to BC and absorbs less per mass (Sokolik and Toon, 1999). Absorption also depends on particle size distribution. 117 

While fine dust particles mostly scatter solar radiation, coarse dust also absorbs moderately in the visible and near-infra-red 118 

spectrum (Ryder et al., 2013; 2018). Models tend to substantially underestimate (or even neglect) the amount of coarse dust 119 

particles (with diameter ≥ 5 µm) in the atmosphere and very large particles are rarely represented in models (Adebiyi and Kok, 120 

2020; Kok et al., 2017). This bias may imply that models underestimate the absorption by mineral dust, at least in the long-121 

wave spectrum (Lacagnina et al., 2015). However, the constraints in the current dust emissions schemes make the models 122 

reproduce dust optical depth reasonably well (Ridley et al. 2016), with a consistent regional seasonal cycle when compared 123 

with satellite observations, and AERONET local measurements tend to be well reproduced over dusty stations (Pu and Ginoux, 124 

2018; Checa-Garcia et al, 2020).  Absorption also varies strongly with dust mineralogical composition, which depends on the 125 
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parent soil — specific deserts typically have different fractions of mineral types. Iron oxides (hematite and goethite) are 148 

minerals that enhance the absorption, while other minerals have weaker absorption. Dust absorption also has a distinct 149 

wavelength dependence, something that is missing in most climate models (e.g., Perlwitz et al., 2015).  150 

Organic aerosols (OA) are complex mixtures of directly emitted particulate organic matter containing carbon-carbon bonds 151 

from anthropogenic, biomass burning and biogenic sources as well as chemically produced secondary OA. OA is highly 152 

reflective, but it can also include weakly absorbing organic compounds (Andreae and Gelencsér, 2006). The absorptivity of 153 

organic aerosols decreases rapidly from UV to visible wavelengths (Kirchstetter et al., 2004). The ratio of OA to organic 154 

carbon (OC) varies in the models and it is usually between 1.4 up to 2.2 (Tsigaridis et al. 2014). BC is often coated with OA 155 

and a strict separation between the two aerosol types is difficult to make (Jacobson et al., 2000).  156 

Figure 1 illustrates how the dependence of the mass absorption coefficient (MAC) on wavelength differs between these three 157 

major species of absorbing aerosols (Samset et al. 2018). It shows both observations (shaded bands) and Mie calculations made 158 

using parameters from recent literature. Here, the rapid decrease in absorption with wavelength for OA compared to BC and 159 

dust is apparent. The brown shaded areas correspond to organic aerosols that are “washed" with solvents to extract the 160 

absorbing organic aerosols from the non-absorbing organic aerosols and are often referred to as brown carbon (BrC). For BC, 161 

the figure also shows additional MAC values (gray circles) where the Mie calculations have been scaled to achieve the value 162 

of 7.5 m2 g−1 at 550 nm recommended in Bond and Bergstrom 2006, as well as range of values found in the literature for 163 

coated BC and collapsed, uncoated BC. For further details, see Samset et al. (2018).  164 
 165 
The AeroCom assesses state-of-the-art aerosol modelling to better understand global aerosols and their impact on climate 166 

(https://aerocom.met.no) (Schulz et al., 2006; Kinne et al., 2006; Textor et al., 2007; Koch et al., 2009). The models use a 167 

common protocol and are encouraged to use identical emission inventories for prescribed emissions. In the previous AeroCom 168 

phase II experiment, the total direct radiative forcing was estimated at −0.27 W m−2 from 16 models. (Myhre et al., 2013). The 169 

present-day absorption aerosol optical depth (AAOD) at 550 nm was estimated at 0.0042, with a range of [0.0021, 0.0076] 170 

(Samset et al., 2018). Table S1 in supplement provides numbers for the individual models used in AeroCom Phase II. In this 171 

study we use the term absorption optical depth to describe aerosol absorption and not atmospheric absorption, which is the 172 

difference between radiative fluxes between the TOA and the surface (in W m-2). The latter depends on clouds and surface 173 

albedo in the models (Stier et al., 2013). 174 

Gliß et al. (2021) made an overall evaluation of the optical properties in AeroCom Phase III with comparison of a wide range 175 

of remote sensing and in-situ observations. They found that most models underestimate total column AOD as well as “dry” 176 

(i.e., below RH < 40%) surface scattering and absorption coefficients, suggesting that aerosol loadings might be 177 

underestimated. A comparison with AERONET measurements of the Ångström Exponent (AE) suggested that models 178 
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overestimate size or underestimate the fine mode fraction, but the separation into fine (< 1 μm diameter) and coarse mode (> 210 

1 μm) AOD indicated that the same behaviour does not apply for this specific size segregation.    211 

Since the total aerosol absorption depends on the composition, size and shape of aerosols, all of which vary greatly with space 212 

and time, the magnitude of aerosol absorption is highly uncertain, both from a measurement perspective and in general 213 

circulation models (Haywood and Shine, 1995; Cooke and Wilson, 1996; Moosmüller et al., 2009). Models that assume 214 

internal mixing of aerosols can calculate the absorption enhancement based on the mixing state, but these calculations are 215 

approximate (using mixing rules or the assumptions of a concentric core/shell structure) (Stier et al., 2007). These calculations 216 

rely on reliable representations of the aerosol mixing state as well as on underlying assumptions in the calculation of the optical 217 

properties, such as the use of effective medium approximations or core/shell models (c.f. Stier et al., 2007).  218 

To further investigate these issues, we here present aerosol absorption simulated with 15 state-of-the-art aerosol models from 219 

AeroCom Phase III. We aim to better quantify the sources of model spread by separating absorption per species (BC, OA, and 220 

dust) and investigate regional and seasonal differences. For models with internally mixed aerosols, it is conceptually difficult 221 

to report separate absorption by species. In this study, the models with internally mixed aerosols have estimated the absorption 222 

by individual species using the same method when possible; by removing an absorbing species and comparing the absorption 223 

in simulations with and without that species.  224 

2 Methods 225 

2.1 AeroCom models 226 

Table 1 and 2 summarises the models used in this paper. The models have provided monthly mean values for 2010 using the 227 

same prescribed anthropogenic and biomass burning emission datasets when possible and with fixed sea surface temperatures. 228 

Some models also applied atmospheric nudging to 2010 meteorology. Anthropogenic fossil fuel, biofuel and biomass burning 229 

emissions are from the Community Emission Data System (CEDS) (Hoesly et al., 2018) and from the historical global biomass 230 

burning emissions for CMIP6 (van Marle et al., 2017). It is only BC emissions among the absorbing species that are consistent 231 

among the models. The global multi-model mean 2010 BC emissions amount to 9.6 Tg yr-1 (model range 9.1 to 9.8 Tg yr-1), 232 

while dust emissions, which in most models are calculated online based on modeled climate and land surface properties, range 233 

(globally averaged) from 848–5646 Tg yr-1 with a multi-model mean of 1771 Tg yr-1, and OA emissions vary from 48–158 Tg 234 

yr-1 with a multi-model mean of 91.4 Tg yr-1.  Like BC, the OA emissions input files are the same in the models, but differences 235 

occur because the emissions are treated differently in the models, i.e., different OA/OC ratios (see Table 2) and the fact that 236 

some models include marine emissions, and a few models also include SOA emissions (even though SOA are not primary 237 

emissions). 15 models have provided total absorption at 550 nm and 11 models have provided absorption split into BC, dust, 238 

and OA.  239 
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As shown in Table 2 there are differences in mixing assumptions. A few models assume fully externally mixed aerosols, while 264 

most models assume partly internal mixing, using different mixing rules for calculating the refractive indices.  For models with 265 

external mixing, it is straightforward to estimate species-specific absorption. The mass absorption coefficient (MAC) for any 266 

species is estimated using Mie theory and is a function of density, size distribution and the imaginary component of the complex 267 

refractive index at a given wavelength. For models with internal mixing, the estimated absorption per species is more 268 

conceptually difficult because the sum of the absorption for each species does not always equal to the total absorption by the 269 

internal mixture. For this study, the models with internal mixing, when possible, have used the same method for estimated 270 

species-specific absorption; by removing the target species and estimating the total absorption between the control run and the 271 

run with the species removed. This is an appropriate and accurate approach for particles that have a single absorbing species 272 

since the absorbing compound causing all the absorption. However, for particles having two or more absorbing species, this 273 

method causes changes the size distribution of the other absorbing aerosols and thus may yield an inaccurate result for 274 

absorption of an individual aerosol. For instance, for ECHAM-SALSA, removing OA reduced the size of BC, since it is 275 

internally mixed with OC. The volume absorption cross section then increased, and the same amount of BC became more 276 

absorptive, resulting in a negative OA absorption. Therefore, for some models the individual aerosol absorption is not reported 277 

or is calculated offline.    278 

 279 

All models have reported all-sky AAOD. A comprehensive description of the AeroCom Phase III models is given in Gliß et 280 

al. (2021). Note that the same “AeroCom control” model experiment was used in the present study  as by Gliß et al. (2021) 281 

and that the aerosol life cycle properties (emissions, lifetime, burden) and optical properties are consistent between the two 282 

studies (although there are a few exceptions for model versions; ECMWF-IFS and Oslo-CTM3, and new runs described below 283 

for the models with internal mixing; ECHAM-HAM, GFDL and NorESM2, but with the same model version).     284 

 285 
Table 1: AeroCom Phase III model description  286 

Model Label for model and simulation setup Resolution References 

CAM5-ATRAS CAM5-ATRAS_AP3-CTRL 1.9 × 2.5, 30 levs Matsui (2017); Matsui and Mahowald, (2017) 

EC-Earth3  
EC-Earth3-AerChem-met2010_AP3-

CTRL2019 
2.0 × 3.0, 34 levs  van Noije et al. (2014); van Noije et al. (2020) 

ECHAM-HAM  ECHAM6.3-HAM2.3-met2010_AP3-CTRL  1.9 × 1.9, 47 levs Tegen et al. (2019) 

ECHAM-SALSA ECHAM6.3-SALSA2.0-met2010_AP3-CTRL 1.9 × 1.9, 47 levs Kokkola et al. (2018) 

ECMWF-IFS  
ECMWF-IFS-CY46R1-CAMS-CTRL-

met2010_AP3-CTRL 
0.4 × 0.4 Rémy et al. (2019) 

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

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

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

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

GISS-MATRIX  GISS-ModelE2p1p1-MATRIX_AP3-CTRL 2.0 × 2.5, 40 levs (Bauer et al, 2008) 
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INCA INCA_AP3-CTRL 1.3 × 2.5, 79 levs (Balkanski et al., 2004; Schulz et al., 2009) 

NorESM2 NorESM2-met2010_AP3-CTRL 0.9 × 1.2, 32 levs Kirkevåg et al. (2018); Seland et al. (2020) 

OsloCTM3  OsloCTM3v1.02-met2010_AP3-CTRL 
2.25 × 2.25, 60 

levs 
Myhre et al. (2007); Lund et al.. (2018) 

SPRINTARS  MIROC-SPRINTARS_AP3-CTRL 0.6 × 0.6, 56 levs Takemura et al. (2005) 

TM5 TM5-met2010_AP3-CTRL2019 2.0 × 3.0, 34 levs 
Bergman et al., (in preparation); van Noije et al. 

(submitted) 

 302 
 303 
Table 2: Overview of the mixing assumptions in the models 304 

Model Mixing assumptions      Method for splitting absorption into 
individual contributions (if internally mixed): 

OA/O
C 
ratio 

CAM5-ATRAS For internally mixed BC, BC makes the core and non-

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. 

Absorption per species is calculated from the 

difference of absorption between optical (Mie 

theory) calculations considering all aerosol species 

and all aerosol species except the target species. 

This is done using offline optical calculations in a 

simulation. 

1.4 

EC-Earth3  

 

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. 

- 1.6 

ECHAM-HAM  All species can occur as internal mixtures. Internal and 

external mixing of log-normal modes using volume 

weighting of refractive indices (alternative mixing 

rules Bruggeman and Maxwell-Garnett available but 

have limited impact). 

Absorption per species is calculated from the 

difference of absorption between simulations 

considering all aerosol species and all aerosol 

species except the target species. 

1.4 

ECHAM-SALSA 

 

All species can occur as internal mixtures. Internal and 

external mixing using volume weighting of refractive 

indices. 

The aerosol absorption optical depth is weighted by 

volume and the imaginary part of the refractive 

index of individual compounds. 

1.4 

ECMWF-IFS  External mixing - 1.8 

EMEP  External mixing - 1.25 

FF, 

1.67 

BB  

GEOS  External mixing - 1.8 

GFDL All aerosols externally mixed, except for SO4 and BC 

which are internally mixed by volume weighting of 

refractive indices, including hygroscopic growth of SO4 

Absorption per species is calculated from the 

difference of absorption between simulations 

1.4 
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considering all aerosol species and all aerosol 

species except the target species. 

GISS-OMA  External mixing. Dust coating with sulfate and nitrate 

only affects dust lifetime. BC absorption amplification 

of 1.5. OC refractive index slightly absorbing to 

represent BrC. 

- 1.4 

GISS-MATRIX  All aerosols are internally mixed, by tracking 

populations defined by mixing state 

- 1.4 

INCA External mixing except BC in soluble mode which is 

internally mixing with SO4. Maxwell-Garnett mixing 

rule to compute its refractive index (Wang, R et al 

2016). 

In the mixing rule the volume fraction of BC 

inclusions and the refractive index of the non-

absorbing soluble species change according to the 

simulated composition of the soluble accumulation 

mode and atmospheric relative humidity. 

1.4 

NorESM2 Internal and external mixing. Maxwell-Garnett is used 

for calculation of refractive index of internal mixing of 

BC with other components, otherwise volume mixing 

is used for internal mixtures of non-BC aerosols; 

sulfate, sea-salt, organic matter, and dust. 

Absorption per species is calculated from the 

difference of absorption between simulations 

considering all aerosol species and all aerosol 

species except the target species. 

1.4 for 

FF, 

2.6 for 

BB. 

OsloCTM3  BC internal mixing with scattering aerosols. Internal 

mixing of BC and OA from biomass burning. External 

mixture for other aerosols. 

All absorption between BC and scattering aerosols is 

due to BC. Calculations are made offline. 

1.8 for 

SOA; 

1.6-

1.8 for 

FF; 

2.6 for 

BB. 

SPRINTARS  External mixing, except 50% of BC from fuel sources 

is internally mixed with OC. The volume weighting of 

refractive indices is assumed for the internal mixture. 

BC AAOD is calculated assuming all BC is externally 

mixed 

 1.6 F; 

2.6 

BB. 

TM5 Internal mixing of components in particles within the 

same mode, external mixing of particles in different 

modes. Internal mixing of sulfate, ammonium-nitrate, 

organic aerosols, sea salt, and water described by the 

Bruggeman mixing rule. The Maxwell Garnett mixing 

rule to describe BC and dust as inclusions embedded 

in the mixture. 

- 1.6 
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3 Results 348 

In this section we first present model results of the total AAOD at 550 nm and the AAOD contributions from BC, OA and 349 

dust, with a comparison of MAC, mass density, column load, and refractive index, followed by a discussion about the 350 

absorption Ångström exponent.   351 

3.1 Total AAOD in AeroCom Phase III 352 

Figure 2 shows the total AAOD at 550 nm for the 15 AeroCom Phase III models. AAOD values for all the models are given 353 

in Table S2 in the Supplement. The multi-model global annual mean is 0.0054, with a standard deviation of 0.0023. The multi-354 

model mean is 28% higher than the previous multi-model mean in AeroCom Phase II (using emissions for year 2000) (Samset 355 

et al., 2018). In AeroCom Phase II, the multi-model mean (using 14 models) is 0.0042, with a range from 0.0021 to 0.0076 356 

and a standard deviation of 0.0019. The model range in total AAOD in AeroCom Phase III (0.0078) is larger than in Phase II 357 

(0.0055), but the spread (here defined as range/mean) is similar (1.5 and 1.3). The global mean AAOD for the different models 358 

in AeroCom Phase II is given in Table S1 in Supplement. The global mean values range from 0.0020 (SPRINTARS) to 0.0098 359 

(GISS-MATRIX). The two models differ substantially in their treatment of aerosol absorption. In SPRINTARS, the aerosols 360 

are externally mixed. In GISS-MATRIX all aerosols are internally mixed, and populations are tracked by mixing state. Also, 361 

the imaginary part of the refractive index of BC differs considerably (1.75 + 0.44i for SPRINTARS and 1.85 + 0.71i for GISS-362 

MATRIX), as discussed further in section 3.2. 363 

The spread in total AAOD is particularly large at NH mid latitudes. The seasonal cycle has maximum values during August 364 

and September, which is linked to biomass burning in South America and Southern Africa, along with dust plumes from the 365 

Saharan desert. The annual mean geographical distribution shows strong absorption over Central Africa, linked to biomass 366 

burning, and maxima in China and India, which are linked to anthropogenic emissions.  367 
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 416 
Figure 2: Total AAOD at λ = 550 nm from the models; annual global mean, annual zonal mean, the global seasonal cycle and annual 417 
mean spatial distributions. The models with grey shading have externally mixed BC. Values for global mean AAOD are given in 418 
Supplement Table S2. 419 

 420 

3.2 Absorption of BC, OA, and dust 421 

The relative contribution of the total absorption (in terms of AAOD) from BC, OA and dust 422 
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varies from model to model. Absorption of BC accounts for on average 60% of total absorption [with a range 36-84%]. The 438 

absorption of OA accounts for 11% [0-24%]. Dust absorption accounts for 31% [12-49%].  439 

 440 
Figure 3: BC AAOD at λ = 550 nm from the individual models; annual global mean, annual zonal mean, the global seasonal cycle 441 
and annual mean spatial distributions.  442 

Figure 3 shows the AAOD for BC at λ = 550 nm for 11 models. Most models yield a maximum in absorption during August 443 

and September. This is linked to the biomass burning season in Southern Africa and South America. The anthropogenic signal 444 

in China and India is apparent all year round. The multi-model global mean is 0.0030. Here, the AeroCom models show a 445 

large range in values from 0.0007 (SPRINTARS) to 0.0077 (ECHAM-SALSA) and the spread (range/mean) is 2.3. 446 
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 539 
Figure 4: Global mean BC AAOD, BC MAC [m2 g-1], BC mass load [mg m-2], BC mass density [g cm-3], BC refractive index 540 
(imaginary), and external mixing BC MAC (estimated with Mie theory). The models with grey shading have externally mixed BC. 541 
Values for each of the bars are given in Supplement Table S3. 542 

Figure 4 shows the global mean BC AAOD, BC MAC, BC mass load, BC density, and BC refractive index for the same 543 

models. The models with grey background shading have externally mixed BC. ECHAM-SALSA has the highest BC burden 544 

(0.51 mg m-2) and longest lifetime (9.6 days, see Gliss et al., 2021) among the models. For ECHAM-SALSA the BC burden 545 

and lifetime has been shown to be very sensitive to wet deposition and assumptions on the mixing of BC with other compounds 546 

(Holopainen et al., 2020). The models with the longest lifetime of BC also place more BC aloft, where there is less wet 547 

deposition, compared to the other models (Fig. S1). Despite using the same emissions, BC burden varies from 0.13-0.51 mg 548 

m-2 and the spread is 1.4. The models that assume external mixing (EMEP, GEOS, GISS-OMA and SPRINTARS) generally 549 

yield the lowest BC AAOD (mean 0.0015 vs. 0.0043 for the models with internal mixing). This is as expected because 550 

internally mixed BC has greater geometrical cross-sectional areas than the actual BC inclusions within the mixture.  551 

We define BC MAC here as the global mean BC AAOD divided by the global mean column load of BC. The BC MAC values 552 

range from 3.1 m2 g-1 (SPRINTARS) to 17.7 m2 g-1 (GFDL). The model-mean BC MAC value is 10.1 m2 g-1.  Earlier proposed 553 

BC MAC values vary between 7.5 m2 g-1 (550 nm) for freshly generated BC and 11 m2 g-1 for aged BC (Bond and Bergstrom, 554 

2006). Zanatta et al. (2016) reported near-surface values for Europe between 9.1 to 20 m2 g-1 (converted to 550 nm). Lower 555 

BC MAC values (550 nm), down to 5.7, are found in the Arctic (Yttri et al. 2014). We have gathered all available 556 

observations/estimates of BC MAC in the literature and converted them to their respective values at λ = 550 nm by assuming 557 

that the absorption Ångstrøm exponent (AAE) equals 1 (see Supplementary Table S6 for values and references). The average 558 

of all observed values in this study is 10.9 m2 g-1 and the standard deviation is 3.1 m2 g-1. Although the models show column-559 

integrated global mean values, which are not co-located with the locations and time of the observations, the BC MAC from 560 

SPRINTARS is lower than the lowest value in the observed BC MAC range, resulting in the lowest BC AAOD among all 561 

models. 562 

The real part and imaginary part of the refractive index indicates scattering and absorption, respectively, with higher values 563 

corresponding to stronger scattering or absorption. Five models (GFDL, INCA, OsloCTM3, GEOS and SPRINTARS) use an 564 

imaginary refractive index of 0.44 at 550 nm for BC, stemmed from the database of the Optical Properties of Aerosols and 565 
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Clouds (OPAC, Hess et al.,1998). However, Bond and Bergstrom (2006) suggested avoiding using this value because it was 627 

originally drawn from incomplete graphitized carbon; it is too low and represents none of the possible refractive indices.    628 

BC density varies from 1 to 2.3 g cm-3 are used in the models. Most models that use the OPAC values for imaginary index also 629 

use the OPAC value for density, which is 1 g cm-3, except SPRINTARS that has the highest density among the models (2.3 g 630 

cm-3). Although Bond and Bergstrom (2006) recommend a value of 1.8 g cm-3 for BC density based on observations, apparently 631 

only 2 models (CAMS-ATRAS and NorESM2) adapted that value, despite that freshly emitted BC is often non-spherical 632 

(Bond et al., 2013). However, to apply Mie theory in the calculation of BC MAC, spherical BC particles must be assumed. 633 

The actual choice of refractive indexes and density plays a minor role since it should be constrained by BC MAC recommended 634 

value of 7.5 m2 g-1. In models having a BC MAC for external mixed BC much lower than 7.5 m2 g-1 the aerosol optical 635 

properties should be updated based on current knowledge.  636 

We have estimated externally mixed BC MAC using Mie theory (size distribution, density, and refractive index) for the models 637 

where this was possible. This is shown in the right most panel in Fig 4. For the two models with external mixing, the MAC 638 

value defined by the model (BC AAOD/BC load) is slightly higher (4-10%) compared to MAC estimated by Mie Theory. For 639 

the models with internal mixing, the model-calculated MAC value is much higher compared to the one using Mie theory (40-640 

60%). This illustrates the additional absorption due to the internal mixing.      641 

 642 
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 643 
Figure 5: OA AAOD at λ = 550 nm from the models; annual global mean, annual zonal mean, the global seasonal cycle and annual 644 
mean spatial distributions. The models with grey shading have externally mixed OA. 645 

Figure 5 shows the absorption of OA at 550 nm for 10 models. The global model-mean OA AAOD is 0.00053 with a range 646 

[0.00020 to 0.00090] and a spread of 1.3. The maximum values of OA absorption are linked to the biomass burning season in 647 

the southern hemisphere in July, August, and September. Unlike for BC, part of the spread of OA absorption can be linked to 648 

a high diversity in OA emissions (48 - 246 Tg) since the models have different parameterizations applied to ratio of OA to 649 

organic carbon (OC), secondary organic aerosol formation, and marine OA emissions (see also Fig 9 and discussion below).  650 
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 672 
Figure 6: Global mean OA AAOD, OA MAC [m2 g-1], OA mass load [mg m-2], OA density [g cm-3], and OA refractive index 673 
(imaginary) 550 nm. The models with grey shading have externally mixed OA. Values for each bar are given in Supplement Table 674 
S4. 675 

Figure 6 shows the global mean OA AAOD, OA MAC, OA mass load, OA density, and dry OA refractive index at 550 nm 676 

for the 10 AeroCom III models. The models with grey shading have externally mixed OA. Again, the OA AAOD in the models 677 

with internal mixing is higher than the models with external mixing (mean 0.00065 vs. 0.00045), however GFDL and GISS-678 

OMA have the second and third highest AAOD, respectively. OA load varies from 1.55-5.85 mg m-2 and the spread is large 679 

(1.3).   680 

OsloCTM3 divides OA into a mix of absorbing and non-absorbing species, which is why the imaginary part of the refractive 681 

index is large compared to the other models.  GISS-OMA has the second highest imaginary parts in the OA refractive index, 682 

to implicitly account for some browniness in OA (Tsigaridis and Kanakidou, 2018). The rest of the models use the value 683 

0.0055i. 684 
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 686 
Figure 7: Dust AAOD at λ = 550 nm from the models; annual global mean, annual zonal mean, the global seasonal cycle, and annual 687 
mean spatial distributions. The models with grey shading have externally mixed dust. 688 
Figure 7 shows the absorption (in terms of AAOD) by mineral dust for 11 models. The global model-mean dust AAOD is 689 

0.0013 (550 nm) which is approximately half of the BC AAOD. The values range from 0.0006 to 0.0021, and the spread is 690 

lower compared to BC and OA (1.0). Dust emissions in the models are a function of wind speed and soil wetness/humidity 691 

and the surface bareness. Current models do not implement explicit mineralogy, and thus do not account for the dependence 692 

of aerosol optical properties on soil properties with different mineral fractions. The models show a maximum in dust absorption 693 

over the largest sources in Sahara and deserts in East Asia, peaking during April, May, and June. The three models with the 694 
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lowest dust AAOD (ECHAM-HAM, SPRINTARS and NorESM2) simulate much lower light absorption by dust over the 709 

Sahara Desert and Atlantic outflow region (not shown).  710 

Figure 8 shows the global mean dust AAOD, dust MAC, dust mass load, dust density, and dust imaginary refractive index for 711 

the same models. The models with grey shading have externally mixed dust. SPRINTARS and NorESM2 have the lowest dust 712 

mass column burden compared to the other models, which in combination with relatively small MAC values yield rather low 713 

AAOD, while in ECHAM-HAM the simulated dust load is among the largest, but very low MAC were applied in the model. 714 

The low dust loadings for NorESM and SPRINTARS are due to both their short lifetime of dust (1.9 and 2.3 days compared 715 

to model mean 4.3 days) and lower dust emissions compared to the other models.716 

 717 
Figure 8: Global mean dust AAOD, dust MAC [m2/g], dust mass load [mg/m2], dust density [g/cm3], and dust refractive index 718 
(imaginary). The models with grey shading have externally mixed dust. Values for each bar are given in Supplement Table S5. 719 

The spread in AAOD for BC, OA and dust is large amongst the AeroCom models. Even though the models have used the same 720 

emissions, the range in BC mass load is substantial [0.13-0.51] mg m-2. To look more into how the variability in emissions, 721 

lifetime and MAC values explain the variability in AAOD we have calculated ‘partial sensitivities’ as shown in Fig. 9. The 722 

partial sensitivities are calculated by dividing the variable (emissions/lifetime/MAC) in each model by the AeroCom model-723 

mean, multiplied with the AAOD AeroCom model-mean for each species. For BC, the variability in emissions is small and 724 

does not explain much of the variability in BC AAOD. The difference in lifetime (and burden) in the models, on the other 725 

hand, explain as much of the BC AAOD spread as the difference in BC MAC values. For OA and dust, the variability in 726 

emissions can explain part of the spread in AAOD, together with the variability in lifetime (for OA, lifetime variability also 727 

includes variability in SOA). The spread in MAC values can explain most of the spread in AAOD for OA and dust.       728 
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 927 

Figure 9: Partial sensitivity of AAOD to variation in emission, lifetime, and MAC for BC, OA and dust for each model. The 928 
sensitivities are calculated by dividing the variable in each model by the AeroCom model-mean multiplied with the AAOD AeroCom 929 
model-mean. 930 

3.3 Absorption at λ=440 nm and λ=870 nm 931 

Figure 10 shows the contribution from BC, OA, and dust to aerosol absorption at λ = 440 nm, 550 nm, and 870 nm for the five 932 

models providing results per species at these wavelengths (CAM5-ATRAS, ECHAM-HAM, GFDL, INCA and OsloCTM3). 933 

The absorption is higher for 440 nm compared to 870 nm for all the species, which is in accordance with observations (Dubovik 934 

et al., 2002), even though the spectral dependence of OA is notably low. The relative contribution from dust is higher for 440 935 

nm compared to 870 nm. The relative contribution from OA is slightly larger for 870 nm, while for BC it is slightly lower for 936 

440 nm compared to 870 nm.  937 
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 954 
Figure 10: Global mean AAOD at λ = 440, 550 and 870 nm for each model split into BC (black), OA (orange) and dust (red); absolute 955 
values on the left and relative values on the right. 956 

Figure 11 shows the AAE split into BC, OA, and dust for the five models (CAM5-ATRAS, ECHAM-HAM, GFDL, INCA 957 

and OsloCTM3) with absorption per species at λ = 440 nm and λ = 870 nm. Since most BC particles are in the fine mode with 958 

wavelength-independent index of refraction over the visible spectrum, AAE is expected to be 1 for externally mixed BC, but 959 

this may not be true for internally mixed, aged BC (Bergstrom et al., 2002; Schuster et al., 2016b). In the five models, BC 960 

AAE is around 1 (0.9-1.3). OA, on the other hand, has much stronger spectral dependence compared to BC, as can be seen in 961 

Fig 1, which enhances the absorption at shorter wavelengths. As OA’s MAC decreases sharply with wavelength, the AAE is 962 

shown to be much larger than 1 (Olson et al., 2015; Russel et al., 2010; Török et al., 2018). Given equal particle sizes, AAE 963 

for OA will therefore be larger than for BC. However, modelled AAE for OA is much lower than 1 (0.3-1.0), except for one 964 

model (OsloCTM3) which has an AAE for OA of 16.1. This is because the absorption for OA near 870 nm is close to zero in 965 

this model (Fig 10).  Fig. 11 shows that the spectral dependence for OA in the models (except OsloCTM3) is weak. This 966 

strongly contrasts with observations, both from laboratory studies and over observational sites, which finds stronger spectral 967 

dependence for OA than BC (e.g., Bond, 2001; Kirchstetter et al., 2004; Schnaiter et al., 2006). Most AeroCom models (except 968 

OsloCTM3 and GISS-OMA) have not updated their OA refractive indices according to current understanding based on 969 

measurements.  970 

Modelled AAE for dust is around 2 (2.0-2.2). For dust particles AAE is suggested to be larger than 1, but the uncertainties are 971 

larger compared to BC (Samset et al., 2018; Linke et al., 2006). Schuster et al. (2016b) argue that it is difficult to separate 972 
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AAE of dust and BC/OA, because AAE is also affected by size and published values of AAE of pure dust vary from less than 1007 

0 to larger than 3 depending on the relative fractions of hematite and goethite.  1008 

 1009 
Figure 11: Global mean aerosol absorption Angstrom exponent based on total AAOD at λ = 440 nm and λ = 870 nm split into BC, 1010 
OA, and dust.  1011 

4 Summary and discussion 1012 

15 different aerosol models that participated in AeroCom Phase III have reported total aerosol absorption optical depth 1013 

(AAOD) and for the first time 11 of these models have reported in a consistent experiment the contributions to AAOD from 1014 

BC, dust, and OA. In summary, we have documented that: 1015 

- The global multi-model mean total AAOD is 0.0054, which is 28% higher than in AeroCom Phase II, but still within 1016 

one standard deviation. The models show a maximum in areas with biomass burning, over large industrial areas and 1017 

over the Sahara Desert.   1018 

- The models that report absorption per species yield AAOD contributions of 60% due to BC [range of 36% to 84%], 1019 

31% [12 - 49]% due to dust and 11% [0 - 24]% due to OA (average contribution) at 550 nm. The total AAOD is less 1020 

variable between the models (spread 1.5) than BC AAOD (2.3). 1021 
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- The global multi-model mean BC AAOD is 0.0030 [range 0.0007 - 0.0077]. The seasonal cycle follows the biomass 1102 

burning season in Africa and South America. The multi-model annual mean BC MAC value is 10.1 m2 g-1 [3.1 – 1103 

17.7] m2 g-1. Near-surface observations of BC MAC values 550 nm from various locations vary between 5.7 up to 1104 

20.0 with an average of 10.9 m2 g-1 and a standard deviation of 3.1 m2 g-1. 1105 

- Globally averaged dust AAOD at 550 nm is approximately half that of BC (dust AAOD peaks for lower wavelengths). 1106 

The global multi-model mean dust AAOD is 0.0013 [range 0.0006 to 0.0021].  1107 

- The global multi-model mean OA AAOD is 0.0005 [range 0.0002 to 0.0009]. Of the five models which reported OA 1108 

absorption for 440 and 870 nm, four show very weak spectral dependence, in contrast to observations. We recommend 1109 

the AeroCom models to update their OA refractive indices based on available measurements which include BrC.  1110 

The substantial spread in BC absorption (2.3) is due to differences in mass load [0.13-0.51] mg m-2 (note that emissions were 1111 

equal), BC densities [1.0-2.3] and refractive indices. The difference in lifetime (and burden) in the models explain as much of 1112 

the BC AAOD spread as the difference in BC MAC values. There is a relatively large variability in BC lifetime (ranging from 1113 

3 to 9 days in the AeroCom models, see Gliss et al. (2021)). The lifetime and mixing state are coupled, as enhanced mixing 1114 

reduces lifetime (Stier et al., 2006). Different aerosol mixing assumptions and the associated optical calculations in the models 1115 

add to the uncertainties in absorption. Some models use Maxwell Garnett mixing rules (INCA, NorESM2, TM5), some use 1116 

volume averaging (ECHAM-HAM, ECHAM-SALSA), while others use a core-shell mixing (CAM5-ATRAS). Still, Stier et 1117 

al. (2007) compared different mixing rules using a consistent setup in one single model (ECHAM5- HAM) and found a 1118 

moderate influence of the mixing rules (10%). This was found to be weaker than the uncertainties in the imaginary index. We 1119 

also find low correlation (0.2) between the imaginary refractive index and mass absorption coefficients in the models with 1120 

internal mixing. Five models still use the OPAC value of 0.44i for the imaginary component of the refractive index for BC, a 1121 

value that has been suggested to avoid as it has been found to be lower than indicated by more recent observations (Bond and 1122 

Bergstrøm, 2006).  1123 

A key question raised in this paper, and elsewhere in the literature, is how the total aerosol absorption optical depth simulated 1124 

by a global climate model can be subdivided into species or sources. We have presented results using analysis techniques and 1125 

methodologies in common use by the aerosol community today but acknowledge that there is no unique way to do this. As 1126 

documented above, the main technique is to compare simulations with all species included, to one with emissions of one 1127 

particular species (e.g., BC) excluded. However, in modern climate models, the results obtained by doing this for all species 1128 

cannot be expected to sum up to the total AAOD. Firstly, a simulation without absorbing aerosols alters the dynamics and 1129 

mean properties of climate simulated by the model in non-linear ways. Even when nudging the climate to a specific 1130 

meteorology, as done by many models, the two climate representations will not be the same. This is particularly true for dust, 1131 

which is a major component of the global climate system. Secondly, the approach alters the size distributions represented in 1132 

the model, which in turn alters the overall aerosol refractive index and scattering properties as well, and thus the regional 1133 

pattern of climate forcing. Finally, as discussed above, many recent models use internal mixing of aerosols, which leads to 1134 
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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 1182 

BC, since it is internally mixed with OC. The volume absorption cross section then increased, and the same amount of BC 1183 

became more absorptive, resulting in a negative OA absorption. These are all known limitations of present global climate 1184 

modelling, made more marked by the evolution of ever more complex aerosol representation. It does not invalidate the 1185 

approaches taken in this publication, and in other, related analyses in the recent literature, but it must be kept in mind when 1186 

interpreting the results. We encourage further discussions among the global aerosol modelling community on how to best 1187 

diagnose per-species properties such as AAOD using the latest generation of climate models.  1188 

The model diversity in AeroCom III is as large as in AeroCom I and II. We have shown that the removal rates and MAC are 1189 

causing the large spread of AAOD for all three absorbing species. The removal rates depend on the model parameterization of 1190 

wet and dry depositions and the MAC values depend on the imaginary refractive index, particle density, size distributions, and 1191 

microphysical properties such as mixing state and hygroscopic growth. We suggest future AeroCom model experiments to 1192 

thoroughly diagnose the reasons for diversity, such as using the more updated, observation-based particle density, effective 1193 

size, and refractive indices, and performing sensitivity experiments. We suggest that the optical calculations need more testing 1194 

e.g., in a box model, or by exchanging optical calculations among models. A first step towards improved climate simulations 1195 

of the effect of absorbing aerosols is to update the aerosol optical property scheme where externally mixed BC MAC is lower 1196 

than 7.5 m2 g-1 and AAE of OA is around 1 or lower. On the other hand: The observational constraints for models, coming 1197 

from diverse sources of measurements, need to be formulated in a more consistent way. Values reported from measurements 1198 

(eg MAC, AAOD, absorption coefficient) need to be associated with remarks on spatial and temporal representativity, 1199 

variability on time scales relevant for models (days to seasons), and other aerosol characteristics deemed necessary (size, 1200 

composition, mixing state). 1201 
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