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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 such absorption is poorly constrained, and 25 

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

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. 15 models have provided total present-day absorption at 550 nm, and 11 of these models have provided 29 

absorption per absorbing species. The multi-model global annual mean total absorption aerosol optical depth (AAOD) is 30 

0.0056 [0.0020 to 0.0097] (550 nm) with range given as the minimum and maximum model values. This is 31% higher 31 

compared to 0.0042 [0.0021 to 0.0076] in AeroCom Phase II, but the difference/increase is within one standard deviation 32 

which in this study is 0.0024 (0.0019 in Phase II). The models show considerable diversity in absorption. Of the summed 33 

component AAOD, 57 % (range 34-84%) is estimated to be due to BC, 30 % (12-49%) is due to dust and 14% (4-49%) is due 34 

to OA, however the components are not entirely independent. Models with the lowest BC absorption tend to have the highest 35 

OA absorption, which illustrates the complexities in separating the species. The geographical distribution of AAOD between 36 
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the models varies greatly and reflects the spread in global mean AAOD and in the relative contributions from individual 37 

species. The optical properties of BC are recognized as a large source of uncertainty.  The model mean BC mass absorption 38 

coefficient (MACBC) value is 9.8 [3.1 to 16.6] m2 g-1 (550 nm). Observed MAC values from various locations range between 39 

5.7-20.0 m2 g-1 (550 nm). Compared to retrievals of AAOD and absorption Ångstrøm exponent (AAE) from ground-based 40 

observations from the Aerosol Robotic Network (AERONET) stations, most models underestimate total AAOD and AAE. 41 

The difference in spectral dependency between the models is striking.   42 

1 Introduction 43 

Aerosols directly affect the energy budget of the atmosphere by interacting with solar radiation. While all aerosols scatter 44 

shortwave radiation, some also absorb it, which in turn modifies the thermal structure of the surrounding air masses 45 

(McCormick and Ludwig, 1967). This localized atmospheric heating can lead to rapid changes in dynamics, clouds and 46 

precipitation (Hansen et al., 1997; Ackerman et al., 2000). The concentrations of (absorbing) aerosols vary greatly temporally 47 

and spatially, due to their diverse and intermittent emission sources (e.g., forest fires) and short atmospheric lifetimes (days to 48 

1-2 weeks). The ability of an aerosol to absorb solar radiation depends on its composition, mixing state, component refractive 49 

indices, size and shape, which can also change during its lifetime. The dominant absorbing aerosol is black carbon (BC), 50 

followed by mineral dust and organic carbon-based aerosols (OA) or brown carbon (BrC). The three absorbing species are 51 

rarely observed as single species, while many models are not able to fully mix the aerosols and therefore treat them as separate 52 

species in an idealized way with their own life cycles and optical properties.  53 

BC, emitted from incomplete combustion processes, is a particularly strong absorber of solar radiation and absorbs across the 54 

entire solar spectrum (Bond et al., 2013). BC quickly mixes with other aerosols and often becomes coated. This process 55 

enhances the effective absorptivity of BC over time and is often referred to as ‘aging’ (Cappa et al., 2012). Some climate 56 

models use a constant enhancement factor of 1.5 to define absorption of aged BC relative to freshly emitted BC (Bond and 57 

Bergstrom, 2006). Models that include internal mixing of aerosols can calculate the absorption enhancement based on the 58 

mixing state, but these calculations are approximate (using mixing rules or the assumptions of a co-centric core/shell structure) 59 

(Stier et al. 2017). 60 

However, these calculations rely on reliable representations of the aerosol mixing state as well as on assumptions in the 61 

calculation of the radiative properties itself, such as effective medium approximations or core/shell models (c.f. Stier et al, 62 

2007).  63 
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 64 
Figure 1: Per-species mass absorption coefficient (MAC) as function of wavelength, from observations and radiative transfer 65 
calculations. BC, BrC/OA and dust can be seen to have separable properties, which underlies the usage of these species as emitted, 66 
transported and radiatively active particle types in most global climate models. Adapted from Samset et al (2018). 67 

Mineral dust is one of the most abundant aerosols by mass and in AeroCom Phase I and III close to 60-70% of the dry mass 68 

(Textor et al., 2006, Gliß et al., 2021), but has a much lower imaginary part of the refractive index compared to BC and absorbs 69 

less per mass (Sokolik and Toon, 1999). Absorption also depends on particle size distribution. While fine-dust particles mostly 70 

scatter solar radiation, coarse dust also absorbs moderately in the visible and near-infra-red spectrum. Models tend to 71 

substantially underestimate (or even neglect) the amount of coarse dust particles (with diameter ≥ 5 µm) in the atmosphere and 72 

very large particles are rarely represented in models (Adebiyi and Kok, 2020; Kok et al., 2017). This bias may imply that 73 

models underestimate the absorption by mineral dust, at least in the long-wave spectrum (Lacagnina et al., 2015). However, 74 

the constraints in the current dust emissions schemes makes the models reproduce dust optical depth reasonably well (Ridley 75 

et al. 2016), with a consistent regional seasonal cycle when compared with satellite observations, and AERONET local 76 

measurements well compared over dusty stations (Pu and Ginoux, 2018; Checa-Garcia et al, 2020).  Absorption also depends 77 

on dust mineralogical composition, in which different minerals absorb stronger or weaker and have a distinct wavelength 78 

dependence, something that is missing in most climate models (e.g., Perlwitz et al., 2015). Iron oxides (hematite and goethite) 79 

are minerals that enhance the absorption. The presence of these minerals depends on the parent soil, and specific deserts have 80 

different fractions of minerals. 81 
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Carbonaceous aerosols can also include weakly absorbing organic compounds (Andreae and Gelencsér, 2006). The 82 

absorptivity of organic aerosols decreases rapidly with increasing wavelength in the solar to UV spectrum (Kirchstetter et al., 83 

2004), as shown in Fig. 1. BC is often coated with these organic aerosols and a thorough conceptual separation between the 84 

two aerosol types is difficult (Jacobson et al., 2000). Since the total aerosol absorption depends on the composition, size and 85 

shape of aerosols, all of which vary greatly, the magnitude of aerosol absorption is highly uncertain, both from a measurement 86 

perspective and in general circulation models (Haywood and Shine, 1995; Cooke and Wilson, 1996; Moosmüller et al., 2009).  87 
 88 
The multi-model initiative ‘Aerosol Comparisons between Observations and Models’ (AeroCom) assesses state-of-the-art 89 

aerosol modelling to better understand global aerosols and their impact on climate (https://aerocom.met.no) (Schulz et al., 90 

2006; Kinne et al., 2006; Textor et al., 2007; Koch et al., 2009). The models use a common protocol and are encouraged to use 91 

identical emission inventories for prescribed emissions. In the previous AeroCom phase II experiment, the total direct radiative 92 

forcing was estimated at −0.27 Wm−2 from 16 models. (Myhre et al., 2013). The present-day absorption aerosol optical depth 93 

(AAOD) at 550 nm was estimated at 0.0042, with a range of [0.0021, 0.0076] (Samset et al., 2018). Table S1 in supplement 94 

provides numbers for the individual models used in AeroCom Phase II. In this study we use the term absorption to describe 95 

absorption optical depth and not atmospheric absorption, which is a convergence of radiative fluxes between the TOA and the 96 

surface (in Wm-2). The latter depends on clouds and surface albedo in the models (Stier et al 2013; Randells et al. 2013). 97 

Gliß et al. (2021) compared modelled optical properties in AeroCom Phase III with a wide range of remote sensing and in-situ 98 

observations. They found that most models underestimate total column AOD as well as “dry” (i.e., below RH<40%) surface 99 

scattering and absorption coefficients, suggesting that aerosol loadings might be underestimated. A comparison with 100 

AERONET measurements of the Ångström Exponent (AE) suggested that models overestimate size or underestimate the fine 101 

mode fraction, but the separation into fine (< 1 um) and coarse mode (> 1 um) AOD indicated that the same behaviour does 102 

not apply for this specific size-segregation.    103 

To further investigate these issues, we here present aerosol absorption in 15 state-of-the-art aerosol models from AeroCom 104 

Phase III. We aim to better quantify the sources of model spread by separating absorption per species (BC, OA, and dust) and 105 

investigate regional and seasonal differences.  106 

2 Methods 107 

2.1 AeroCom models 108 

Table 1 and 2 summarises the models used in this paper. The models have provided monthly mean values for 2010 and 1850 109 

using the same prescribed anthropogenic and biomass burning emission datasets when possible and with fixed sea surface 110 

temperatures. Some models also applied atmospheric nudging to 2010 meteorology. Anthropogenic fossil fuel, biofuel and 111 
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biomass burning emissions are from the Community Emission Data System (CEDS) (Hoesly et al., 2018) and from the 112 

historical global biomass burning emissions for CMIP6 (van Marle et al., 2017). It is only BC emissions among the absorbing 113 

species that are consistent among the models. The global model-mean 2010 BC emissions amount to 9.6 Tg/yr (model range 114 

9.1 to 9.8 Tg/yr), while dust emissions, which are calculated online in most models based on modeled climate, range from 848 115 

- 5646 Tg/yr with a model-mean of 1771 Tg/yr and OA emissions vary from 48 - 158 Tg/yr with a model-mean of 91.4 Tg/yr.  116 

The differences in primary OA emissions are caused by different OA/OC ratios (see Table 2) and the fact that some models 117 

include marine emissions and a few models also include SOA emissions (even though SOA is not primary emissions).  15 118 

models have provided total absorption at 550 nm and 11 models have provided absorption split into BC and dust (OA). As 119 

shown in Table 2 there are differences in mixing assumptions. A few models assume fully externally mixed aerosols, while 120 

most models assume partly internal mixing, using different mixing rules for calculating the refractive indices. An overview of 121 

the refractive indices separated into the real and imaginary parts for BC, OA, and dust in the AeroCom models are shown in 122 

Fig. 2. The real part of the refractive index indicates scattering (and increased scattering for high values) while high values of 123 

the imaginary index indicate (high) absorption. OsloCTM3 divide OA into a mix of absorbing and non-absorbing species 124 

(which is why the imaginary part of the refractive index is relatively large). Most models have reported clear-sky AAOD, 125 

while some models have assumed all-sky conditions (EMEP, GEOS, GFDL, and OsloCTM3). The AeroCom model mean was 126 

computed by regridding the models on a 2°×3° resolution before averaging. A comprehensive description of the AeroCom 127 

Phase III models is given in Gliß et al. (2021). Note that the same “AeroCom control” model experiment was used in the 128 

present study and Gliß et al. (2021) and that the aerosol life cycle properties (emissions, lifetime, burden) and optical properties 129 

are consistent in between the two studies.     130 

 131 
Table 1: AeroCom Phase III model description  132 

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. (submitted) 

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 

lev

s 

Colarco et al. (2010) 
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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) 

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) 

 133 

 134 

 135 
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Figure 2: Refractive index (real part (left) and imaginary part (right) for the AeroCom models for BC (black bars), OA (orange) 136 
and dust (red). Note the different axes on the right panel. EMEP has bulk mass and does not calculate refractive index.  The numbers 137 
are also given in Table S2 in Supplement. 138 

 139 
Table 2: Overview of the mixing assumptions in the models 140 

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

OA/O
C 
ratio 

CAM5-ATRAS Core-shell for internally-mixed BC particles; Volume 

mixing for pure BC and BC free particles. 

Absorption per species is calculated from the 

difference of absorption between optical (Mie 

theory) calculations considering all aerosols species 

and all aerosol species except the target species. 

1.4 

EC-Earth3  

 

Sulfate, ammonium-nitrate, organic aerosols, sea salt, 

and water 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  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). 

Component absorption aerosol optical depth is 

approximated from total aerosol absorption optical 

depth through volume and imaginary part of the 

refractive index weighting of individual compounds. 

1.4 

ECHAM-SALSA 

 

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 

The volume of BC, SO4 and ambient RH in each grid 

cell every 3 hours is used to extract the closest 

values of Qext, SSA, ASYM from a look-up table to 

calculate the radiative fluxes 

1.4 

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

only affects dust lifetime. BC absorption amplification 

of 1.5. 

- 1.4 

GISS-MATRIX  Internal mixing, by tracking populations defined by 

mixing state 

- 1.4 
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INCA External mixing except BCin 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 specie 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. 

The fraction of the aerosol extinction (scattering 

and/or absorption) for a given species and size-bin 

is reported by computing the volume fraction of 

aerosol species in aerosol particle volume (without 

water) in that particular size-bin using the following 

densities (dust = 2650 kg/m3, sea salt = 1600 / 

SO4 = 1769 / BC = 1500 / POM = 1500) 

1.4 for 

FF, 

2.6 for 

BB. 

OsloCTM3  BC internal mixing with non-scattering species. 

Internal mixing of BC and OA from biomass burning. 

External mixture for other aerosols. 

All absorption is linked to BC 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 Sulfate, ammonium-nitrate, organic aerosols, sea salt, 

and water treated as homogeneous mixtures 

described by the Bruggeman mixing rule. Maxwell–

Garnett mixing rule for BC and dust present in 

mixture. 

- 1.6 

 141 

2.2 Observational data 142 

We have compared modelled BC MAC with available observations found in literature (see Supplement for a complete list). 143 

We define MAC in the models as the global mean BC AAOD at λ = 550 nm divided by the global mean column load of BC. 144 

All observations have been converted to λ = 550 nm by assuming that the absorption Ångstrøm exponent (AAE) equals 1.   145 

Total AAOD and AAE is compared to retrieved data from ground-based stations in the Aerosol Robotic Network (AERONET) 146 

version 2.0 (https://aeronet.gsfc.nasa.gov/) (Holben et al. 1998; 2006; Dubovik et al., 2000). We have selected the AERONET 147 

stations that have at least 25% daily coverage (i.e., at least 7 days) to compute AERONET monthly means from daily values. 148 
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3 Results 149 

In this section we first present model results of the total aerosol absorption optical depth (AAOD) at 550 nm and the AAOD 150 

contributions from BC, OA and dust, followed by a comparison of the mass absorption coefficient (MAC) for BC to observed 151 

values, a discussion about the absorption Ångström exponent, and a comparison with AERONET AAOD.   152 

3.1 Total AAOD in AeroCom Phase III 153 

Figure 3 shows the total AAOD at 550 nm for the 15 AeroCom Phase III models. The global mean values range from 0.0020 154 

(SPRINTARS) to 0.0097 (GISS-MATRIX) (Fig. 3a). The two models differ substantially in their treatment of aerosol 155 

absorption. In SPRINTARS, the aerosols are externally mixed. In GISS-MATRIX all aerosols are internally mixed, and 156 

populations are tracked by mixing state. Also, their imaginary parts of the refractive index vary a lot (1.75 + 0.44i for 157 

SPRINTARS and 1.85 + 0.71i for GISS-MATRIX (Fig. 2). AAOD values for all the models are given in Table 3. The multi-158 

model mean is 0.0056, with a standard deviation of 0.0024. The multi-model mean is 31% higher compared to the previous 159 

multi-model mean in AeroCom Phase II (using emissions for year 2000) (Samset et al., 2018). In AeroCom Phase II, the model 160 

mean (using 14 models) is 0.0042, with range 0.0021 to 0.0076 and standard deviation 0.0019. The model range in total AAOD 161 

in AeroCom Phase III (0.0077) is larger than in Phase II (0.0055), but the spread (here defined as range/mean) is similar (1.5 162 

and 1.3). AAOD for the different models in AeroCom Phase II is given in Table S1 in Supplement.  163 

The spread is particularly large at NH mid latitudes (Fig. 3b). The seasonal cycle has maximum values during August and 164 

September, which is linked to biomass burning (Fig. 3c). The annual mean geographical distribution (Fig. 3d) shows strong 165 

absorption over Central Africa, linked to biomass burning, and a maximum in China and India linked to anthropogenic 166 

emissions. Geographical distributions of AAOD for all seasons are shown in the Supplement. In July, August and September, 167 

the onset of the biomass burning season in South America and Southern Africa is apparent, along with dust plumes from the 168 

Saharan desert. A weaker maximum is seen in several of the models in February and March linked to biomass burning in 169 

central Africa.  170 

 171 

 172 

 173 
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 174 
Figure 3: Total AAOD at λ = 550 nm from the models; (a) annual global mean, (b) annual zonal mean (c) the global seasonal cycle 175 
and (d) annual mean spatial distributions.  176 

 177 
Table 3. Total, BC, OA and dust AAOD at 550 nm, BC MAC (550 nm), BC burden, and BC, OA and dust lifetime   178 
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Total 

AAOD 
BC AAOD OA AAOD 

Dust 

AAOD 
BC MAC 

BC 

Burden 

BC 

lifetime 

OA 

lifetime 

Dust 

lifetime 

CAM5-ATRAS 0.0034 0.0021 0.00062 0.0009 9.1 0.23 4.5 6.1 3.0 

EC-Earth3 0.0067 - - - - 0.45 8.7 9.3 3.9 

ECHAM-HAM 0.0042 0.0035 0.00018 0.0006 10.2 0.34 6.4 6.0 6.0 

ECHAM-SALSA 0.0091 0.0077 0.00037 0.0011 15.0 0.51 9.6 8.2 7.0 

ECMWF-IFS     0.0055 - - - - 0.20 3.9 4.3 1.4 

EMEP 0.0025 0.0014 - 0.0011 10.4 0.13 2.2 4.3 3.2 

GEOS     0.0040 0.0016 0.00041 0.0020 7.8 0.21 4.1 4.6 5.4 

GFDL     0.0084 0.0051 0.00087 0.0022 16.6 0.31 5.9 4.1 3.5 

GISS-MATRIX     0.0097 - - - - 0.22 4.2 5.1 7.8 

GISS-OMA     0.0081 0.0022 0.00071 0.0021 10.0 0.22 4.2 6.3 5.4 

INCA     0.0042 0.0021 0.00022 0.0018 7.5 0.28 5.5 6.0 4.5 

NorESM2     0.0039 0.0011 0.00155 0.0006 5.2 0.33 6.4 6.2 1.9 

OsloCTM3     0.0055 0.0037 0.00020 0.0017 12.4 0.23 4.4 5.3 3.4 

SPRINTARS     0.0020 0.0007 0.00030 0.0007 3.1 0.23 5.1 3.4 2.3 

TM5 0.0064 - - - - 0.44 8.6 8.8 4.0 

          

Mean 0.0056 0.0028 0.00054 0.0013 9.8 0.29 5.6 5.9 4.2 

Median 0.0055 0.0021 0.00039 0.0011 10.0 0.23 5.1 6.0 3.9 

          
BC MAC in [m2 g-1]; BC burden in [mgm-2], lifetime in days. The mean and median in this table is calculated from the global mean of each model (in this table), and is not the same 179 
as the AEROCOM-MEDIAN field shown in Fig 3, 6,7 and 8.  180 
 181 
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 182 
Figure 4: AeroCom AAOD at λ = 550 nm at the nearest grid point compared to AERONET retrieved AAOD averaged over stations 183 
requiring 25% daily coverage to compute AERONET monthly means from daily values (shown in the map). 184 

Figure 4 shows a comparison between the AeroCom total AAOD at the nearest grid point to retrieved AERONET AAOD from 185 

sun photometers at the stations that have at least 25% daily coverage to compute AERONET monthly means from daily values 186 

(i.e., at least 7 days, stations shown in the map) for year 2010. The AERONET mean AAOD is 0.046. All models except GISS-187 

MATRIX show lower values, even though a few models are close to this value. The AeroCom model average is 0.035 (range 188 

0.015-0.077) at the selected AERONET sites. Months with no observations are excluded prior to averaging.  Seasonal cycle 189 

at 6 stations influenced by dust (Canary Islands), biomass burning (South America) and industrial emissions (China close to 190 

Beijng) is shown in Supplement Fig. S2. 191 

Some caution needs to be exercised when comparing AAOD from models with AERONET. To minimize the uncertainties in 192 

the retrieval of AAOD Level 2, AOD is required to be larger than 0.4 at 440 nm and the solar zenith angle must be larger 193 

than 50° (Dubovik et al. 2000). This means that AERONET AAOD is skewed towards high aerosol loadings. Since model 194 

data are available only at monthly resolution, a corresponding exclusion of days with low AOD could not be done here. Another 195 

limitation of this comparison is the coarse resolution of the model data (1°×1° resolution, but there are also models with lower 196 
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resolutions that were interpolated) compared to point measurements from AERONET with a narrow field of view. This 197 

complicates a comparison since AERONET sites generally are located close to aerosol sources, and this may cause a global 198 

representation error up to 30 % (Wang et al., 2018). However, using a high-resolution simulation of global aerosols, Schutgens 199 

(2020) found a much smaller bias of 9 %. 200 

3.2 Absorption of BC, OA and dust 201 

The relative absorption varies between BC, OA and dust in the models. Figure 5 shows the distribution of total absorption 202 

between the three species. The models with internally mixed aerosols have different methods for splitting the total absorption 203 

into individual contributions (Table 2). For internal mixtures, this is conceptually difficult (and the approximations described 204 

above have strong limitations). The component AAODs are therefore not independent. Absorption of BC accounts for on 205 

average 57% of total absorption [with a range 34-84%]. The absorption of OA accounts for 14% [4-49%]. The models with 206 

the smallest portion of BC absorption (NorESM2, SPRINTARS and GISS-OMA) have the highest portion of OA absorption. 207 

GISS-OMA has one of the highest imaginary parts in the OA refractive index across all models, to implicitly account for some 208 

browniness in OA (Tsigaridis and Kanakidou, 2018). Dust absorption accounts for 30% [12-49%].  209 

The thin bar represents the total AAOD. For four models (CAM5-ATRAS, GFDL, NorESM2 and SPRINTARS), the total 210 

AAOD deviates from the sum of BC, OA, and dust AAOD. In CAM5-ATRAS, the reason for the deviation is that AAOD per 211 

species is calculated from the difference of absorption between optical calculations considering all aerosols species and all 212 

aerosol species except the target species. In NorESM2 the additional absorption is from sea-salt and sulfate (mixed with BC, 213 

dust and OA). In GFDL BC is internally mixed with SO4, so the additional absorption is due to SO4 (mixed with BC), including 214 

hygroscopic growth. This part is marked with grey color in the BC absorption bar. In SPRINTARS, the individual contribution 215 

is calculated assuming external mixture.  216 

 217 
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 218 
Figure 5: Global mean AAOD at λ = 550 nm for BC (black), OA (orange) and dust (red); absolute values on the left and relative 219 
values on the right. The thin bar shows the total AAOD. The grey area in GFDL is BC mixed with SO4. 220 

Figure 6 shows the AAOD for BC at 550 nm for 11 models. The multi-model global mean is 0.0028. Here, the AeroCom 221 

models show a large range in values from 0.0007 (SPRINTARS) to 0.0077 (ECHAM-SALSA). ECHAM-SALSA has the 222 

highest BC burden (0.51 mg m-2, see Table 3) and longest lifetime (9.6 days) among the models, while the BC burden in 223 

SPRINTARS is in the lower range (0.3 mg m-2). For ECHAM-SALSA the BC burden and lifetime has shown to be very 224 

sensitive to wet deposition and assumptions on the mixing of BC with other compounds (Holopainen et al., 2020). The models 225 

with the longest lifetime of BC also place more BC aloft compared to the other models (Fig. S4). The spread in BC burden is 226 

lower between the models compared to the spread in BC AAOD (relative standard deviation for BC burden is 0.38 compared 227 

to 0.66 for BC AAOD) (Fig. S4). The models that assume external mixing (EMEP, GEOS, GISS-OMA and SPRINTARS) 228 

generally show the lowest BC absorption, except NorESM2, however this model report part of the BC absorption as SO4 and 229 

sea-salt absorption since these two species are partly internally mixed with OA and dust, (following old AeroCom protocol 230 

recommendations, https://aerocom.met.no/protocol_expl.html), and this is not reported in Fig. 6. For GFDL we have here 231 

shown the value for BC only, and not BC mixed with SO4 (grey bar in Fig 5), and in Table 3 the total value is shown (0.0051). 232 

Most models show maximum absorption during early autumn (Fig. 6 (c). This is linked to the biomass burning season in 233 

Southern Africa and South America. The anthropogenic signal in China and India is apparent all year round.  234 
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 235 
Figure 6: BC AAOD at λ = 550 nm from the models; (a) annual global mean, (b) annual zonal mean (c) the global seasonal cycle and 236 
(d) annual mean spatial distributions.  237 

Figure 7 shows the absorption of OA at 550 nm for 10 models. The global model-mean is 0.00054 with a range [0.00018 to 238 

0.00155]. The global model-median is considerably lower than the mean; 0.00039 (Table 3). NorESM2 has a much larger 239 

absorption of OA compared to the other models. This is also the model with the second smallest absorption of BC. This is due 240 

to internal mixing of BC and OA in the model, where NorESM2 typically places more weight on OA relative to other models. 241 
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This illustrates the complexities of dividing between OA and BC (and dust) in models where aerosols are internally mixed. 242 

The maximum values of OA absorption are linked to the biomass burning season in the southern hemisphere in late summer 243 

and autumn. Part of the spread of OA absorption can be linked to a high diversity in OA emissions (48 - 246 Tg) since the 244 

models have different parameterizations applied to ratio of OA to organic carbon (OC) and to secondary organic aerosol 245 

formation and marine emissions, in addition to different refractive indices and mixing assumptions. 246 
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 247 
Figure 7: OA AAOD at λ = 550 nm from the models; (a) annual global mean, (b) annual zonal mean (c) the global seasonal cycle and 248 
(d) annual mean spatial distributions.   249 

Figure 8 shows the absorption of mineral dust for 11 models. The global model-mean dust AAOD is 0.0013 (550 nm) which 250 

is approximately half of the BC AAOD. The values range from 0.0006 to 0.0022. Dust emissions in the models are a function 251 
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of wind speed and soil wetness/humidity and vegetation type. Current models do not implement explicit mineralogy, otherwise 252 

optical properties would depend on soil properties with different mineral fractions. The models show a maximum in dust 253 

absorption over the largest sources from Sahara and deserts in East Asia, peaking during spring and summer. The three models 254 

with the lowest dust AAOD (ECHAM-HAM, SPRINTARS and NorESM2) show much lower dust absorption over the Sahara 255 

Desert and Atlantic outflow region during spring (Fig. S6). SPRINTARS and NorESM2 have the lowest dust mass column 256 

burden compared to the other models, while this is not the case for ECHAM-HAM (Fig. S8). The low dust loadings for 257 

NorESM and SPRINTARS are due to both the short lifetime of dust (1.9 and 2.3 days compared to model mean 4.3 days) and 258 

lower dust emissions compared to the other models. 259 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



19 
 

 260 
Figure 8: Dust AAOD at λ = 550 nm from the models; (a) annual global mean, (b) annual zonal mean (c) the global seasonal cycle 261 
and (d) annual mean spatial distributions. 262 

 263 
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3.3 BC MAC values 264 

Figure 9 shows the global mean MACBC values in the AeroCom models. We define MAC here as the global mean BC AAOD 265 

divided by the global mean column load of BC. The MACBC values range from 3.1 m2 g-1 (SPRINTARS) to 16.6 m2 g-1 266 

(GFDL). Due to varying amounts of non-absorbing components (e.g., SO4) attached to BC particles, it is difficult to report a 267 

clearly defined value of MACBC for models with internal mixing. GFDL and NorESM2 have two reported MACBC values. The 268 

lighter coloured bar for GFDL represents absorption of BC mixed with SO4. This is in line with how the other models with 269 

internal mixing report absorption for BC (e.g., OsloCTM3). For NorESM2 the lighter coloured bar represents absorption of 270 

BC+OA+dust mixed with SO4 and sea salt (which in the model does not mix internally with dust). The model-mean MACBC 271 

value is 9.8 m2 g-1. (and 8.4 m2 g-1 if the conservative estimates for NorESM2 and GFDL are used).  272 

An earlier proposed MACBC value is 7.5 m2 g-1 (550 nm) for freshly generated BC and up to 11 m2 g-1 for aged BC (Bond and 273 

Bergstrom, 2006). Zanatta et al. (2016) suggested near-surface values for Europe between 9.1 to 20 m2 g-1 (converted to 550 274 

nm). Lower MACBC values (550 nm), 5.7, are found in the Arctic (Ytrri et al. 2014). The black dots in Fig 8 shows all available 275 

observations/estimates of MACBC converted to λ = 550 nm (see Methods). The average of all selected values in this study is 276 

10.9 m2 g-1 and a standard deviation of 3.1 m2 g-1.  Please note that the models show column integrated global mean values, 277 

and they are not co-located with the locations of the observed MACBC values. Assuming that the model values and observed 278 

values are still comparable (which is not obvious), SPRINTARS and NorESM2 are located outside the observed MACBC range.  279 

MAC values for OA and dust are much lower than for BC (0.15 and 0.04 model mean respectively, see Fig. S8 in 280 

Supplementary). 281 
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 282 

Figure 9: Global mean MACBC values at λ=550 nm for each model as atmospheric column integrated values. *OsloCTM3 is for BC 283 
from fossil fuels and biofuels only. The vertical striped line is the model mean. GFDL and NorESM2 have two reported MAC values 284 
(explanation in text). Black dots represent available observations in literature for various locations (converted to 550 nm). A list of 285 
the near-surface observations with references is found in the Supplement (Table S2).  286 

Figure 10 shows the variability in emissions, lifetime, and MAC with respect to AAOD of BC, OA, and dust for the AeroCom 287 

models. These ‘partial sensitivities’ are calculated by dividing the variable (emissions/lifetime/MAC) in each model by the 288 

AeroCom mean multiplied with the AAOD AeroCom mean. For BC, the variability in AAOD (p_AAOD) cannot be explained 289 

by different emissions, but in differences in MAC (which depends on both the aerosol microphysics scheme and on the method 290 

for estimating/approximating component specific AAODs) and lifetime, where especially two models (ECHAM-SALSA and 291 

EMEP) differ from the rest. For OA, some of the variability in AAOD can be explained by different emissions, lifetime, and 292 

MAC. For dust, the differences in lifetime and MAC are slightly higher than the variability in AAOD, suggesting there are 293 

compensating effects.  294 

 295 
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 296 

Figure 10: Partial sensitivity of AAOD to variation in emission, lifetime, and MAC for BC, OA and dust for each model. The 297 
sensitivities are calculated by dividing the variable in each model by the AeroCom mean multiplied with the AAOD AeroCom mean.   298 

3.4 Absorption at λ=440 nm and λ=870 nm 299 

Eight models (CAM5-ATRAS, ECHAM-HAM, GEOS, GFDL, INCA, SPRINTARS, NorESM2 and OsloCTM3) have also 300 

reported total absorption at λ=440 nm and ten models (the above plus GISS-MATRIX and GISS-OMA) have reported total 301 

absorption at λ=870 nm. The global, zonal, and seasonal mean is shown in Fig. S7 in Supplement. The model mean AAOD at 302 

440 nm is 0.0060 [0.0025 – 0.0115]. The model mean AAOD at 870 nm is 0.0028 [0.0014 – 0.0047].  303 

Figure 11 shows the contribution from BC, OA and dust to aerosol absorption at λ = 440 nm, 550 nm and 870 nm for the five 304 

models providing results per species at these wavelengths. The absorption is higher for 440 nm compared to 870 nm for all the 305 

species, which is in accordance with observations (Dubovik et al., 2002), even though the spectral dependence OA is notably 306 

low. The relative contribution from dust is higher for 440 nm compared to 870 nm. The relative contribution from OA is 307 

slightly larger for 870 nm, while for BC is it slightly lower for 440 nm compared to 870 nm.  308 
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 309 
Figure 11: Global mean AAOD at λ = 440, 550 and 870 nm for each model split into BC (black), OA (orange) and dust (red); absolute 310 
values on the left and relative values on the right.  311 

 312 

 313 
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 314 

Figure 12: Aerosol absorption Ångström exponent based on total AAOD at λ = 440 nm and λ = 870 nm calculated from monthly 315 
means requiring 25% daily coverage to compute AERONET monthly means from daily values. For GISS-OMA and GISS-MATRIX 316 
the AAE was calculated based on λ = 550 nm and λ = 870 nm. 317 

Figure 12 shows the aerosol absorption Ångström exponent (AAE) which expresses the spectral dependence of AAOD. The 318 

AERONET AAE is computed from a retrieval of a size distribution and complex refractive index that is constrained by direct 319 

sun radiance measurements. The AAE in the AeroCom models has been calculated with AAOD at λ = 440 nm and λ = 870 nm 320 

(see Methods) in the nearest grid cell to AERONET stations requiring 25% daily coverage (i.e., at least 7 days) to compute 321 

AERONET monthly means from daily values. The spectral dependence varies quite substantially between the models ranging 322 

from 0.9 to 1.6, with an average 1.3. AAE from the AERONET sites is 1.6. Since BC particles are small (less than 50 nm) 323 

with wavelength-independent index of refraction over the visible spectrum, AAE is expected to be 1 for externally mixed BC, 324 

but this may not be true for internally mixed, aged BC (Bergstrom et al., 2002; Schuster et al., 2016). Organic aerosols’ MAC 325 

decreases sharply with wavelength and the AAE is shown to be larger than 1 (Olson et al., 2015). For dust particles AAE is 326 

suggested to be larger than 1, but the uncertainties are larger compared to BC (Samset et al., 2018; Linke et al., 2006). Schuster 327 

et al. (2016) argue that it is difficult to separate AAE of dust and BC/OA, because AAE is also affected by size and published 328 

values of AAE of pure dust vary from less than 0 to larger than 3 depending on the relative fractions of hematite and goethite.  329 
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Figure 13 shows the AAE split into BC, OA, and dust for the five models (CAM5-ATRAS, ECHAM-HAM, GFDL, INCA 330 

and OsloCTM3) with absorption per species at λ = 440 nm and λ = 870 nm. BC is around 1 (0.9-1.3), dust is around 2 (2.0-331 

2.2), while OA is much lower than 1 (0.3-1.0), except for one model (OsloCTM3) which has a AAE for OA 16.1. This is 332 

because the absorption for OA near 870 nm is close to zero in this model. OA has stronger spectral dependence compared to 333 

BC (see Fig 1), which enhances the absorption at shorter wavelengths. Given equal particle sizes, AAE for OA will therefore 334 

be larger than for BC. However, Fig. 10 shows that the spectral dependence for OA in these models (except OsloCTM3) is 335 

weak. This contrasts with observations, both from laboratory studies and over observational sites, which finds stronger spectral 336 

dependence for OA than BC (e.g., Bond, 2001; Kirchstetter et al., 2004; Schnaiter et al., 2006). Many of the AeroCom models 337 

have not updated their OA refractive indices to include BrC. BrC is mostly responsible for the spectral dependence. 338 

 339 
Figure 13: Global mean aerosol absorption Angstrom exponent based on total AAOD at λ = 440 nm and λ = 870 nm split into BC, 340 
OA, and dust. 341 

3.5 Anthropogenic AAOD 342 

Figure 14 shows the anthropogenic total AAOD, here defined as changes in total AAOD between 1850 and 2010 for the 11 343 

models reporting AAOD for 1850. The global mean total AAOD change 2010 - 1850 is 0.0024 [0.0008 – 0.0047]. The 344 

geographical pattern is very similar among the models, which is expected due to their similar changes in anthropogenic and 345 

biomass burning emissions. However, the spread in global mean numbers is quite high (1.7). Global mean total AAOD in 1850 346 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



26 
 

is 0.003 [range 0.0012 to 0.0065], and the spread is quite high (1.8 and standard deviation; 0.0015) (Figure S9 in Supplement). 347 

This means that some part of the variability between the AeroCom models can be attributed to preindustrial/natural aerosols. 348 

  349 
Figure 14: Change in total AAOD λ = 550 nm between 1850 and 2010 from the models; (a) annual global mean, (b) annual zonal 350 
mean (c) the global seasonal cycle and (d) annual mean spatial distributions. 351 

 352 

 353 
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4 Summary and discussion 354 

15 different aerosol models from AeroCom Phase III have reported total aerosol absorption optical depth (AAOD) and for the 355 

first time 11 (10) these models have reported in a consistent experiment the contributions to AAOD from BC, dust and organic 356 

aerosol. 357 

- The global model mean (median) total AAOD is 0.0056 (0.0055), which is 31% higher than in AeroCom Phase II, 358 

but within one standard deviation. The models show a maximum in areas with biomass burning, over large industrial 359 

areas and over the Sahara Desert. Compared to retrieved AAOD from AERONET stations, the models yield lower 360 

absorption. The AERONET mean AAOD is 0.046 while the AeroCom model mean is 0.035 (range 0.015-0.077) at 361 

these selected AERONET sites.  For comparison, the global mean total AOD (absorption + scattering) for the same 362 

models is 0.129 [range 0.097 – 0.156]. The correlation between global mean AAOD and AOD is 0.6.  363 

- The anthropogenic total AAOD (changes in AAOD between 1850 and 2010) is 0.0024, which is 42% the total AAOD.   364 

- The spectral dependence varies substantially between models. The multi-site averaged AAE from the AERONET 365 

sites is 1.6 while the respective averages for the individual models range from 0.9 to 1.5. 366 

- The models that report absorption per species yield AAOD contributions of 58% due to BC [range of 34% to 84%], 367 

28% [12 - 44]% due to dust and 14% [4 - 49]% due to OA (average contribution). Models with the lowest BC 368 

absorption have the highest OA absorption, illustrating the complexities in separating the species and mixing 369 

assumptions in models where internal mixtures are assumed depending on how BC AAOD is calculated. However, 370 

the absorption of BC and OA is not additive (Fig 5). The total AAOD is less variable (spread 1.4) than BC AAOD 371 

and OA AAOD (both has spread 2.5). 372 

- The global model mean (median) BC AAOD is 0.0028 (0.0021) [range 0.0007 - 0.0077]. The seasonal cycle follows 373 

the biomass burning season in Africa and South America. The model annual mean BC MAC value is 8.6 m2 g-1 a [3.1 374 

– 15.0] m2 g-1. Near-surface observations of BC MAC values 550 nm from various locations vary between 5.7 up to 375 

20.0 with an average of 10.9 m2 g-1 and a standard deviation of 3.1 m2 g-1. 376 

- Globally averaged dust AAOD at 550 nm is approximately half that of BC (dust AAOD peaks for lower wavelengths). 377 

The global model mean (median) dust AAOD is 0.0013 (0.0011) [range 0.0006 to 0.0021].  378 

- The global model mean (median) OA AAOD is 0.0005 (0.0004) [range 0.0002 to 0.0016]. Of the five models which 379 

reported OA absorption for 440 and 870 nm, four of them show very weak spectral dependence, in contrast to 380 

observations. We recommend the AeroCom models to update their OA refractive indices based on available 381 

measurements.  382 

 383 

The AeroCom models have similar BC emissions, but we still find a substantial spread in BC absorption. This can be explained 384 

by a relatively large variability in both BC lifetime (ranging from 4 to 9 days) and the vertical distribution in the atmosphere. 385 

The lifetime and mixing state are coupled, as enhanced mixing reduces lifetime (Stier et al. 2006). Different aerosol mixing 386 
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assumptions and the associated optical calculations in the models add to the uncertainties in absorption. Some models use 387 

Maxwell-Garnett mixing rules (INCA, NorESM2, TM5), some use volume averaging (ECHAM-HAM, ECHAM-SALSA), 388 

while others use a core-shell mixing (CAM5-ATRAS).  Stier et al. (2007) compared different mixing rules using a consistent 389 

setup in one single model (ECHAM5- HAM) and found a moderate influence of the mixing rules (10%). This was found to be 390 

weaker than the uncertainties in the imaginary index. We also find very little correlation between the imaginary index and 391 

mass absorption coefficients. For BC just three different refractive indices are used by the models, while the spread is not 392 

related to this choice. There are also differences in how models with internal mixing diagnose the aerosol species absorption 393 

contributions. Some models calculate component absorption by differences between simulations with and without the specific 394 

component included (CAM-ATRAS), while others use volume weighting, either by the relative volume of each component in 395 

the mixture (GFDL) or by volumes at size-bin-level (NorESM2). It should be noted that this issue is related to the separation 396 

of aerosol radiative properties into individual components and does not affect the actual radiative aerosol properties applied in 397 

the models forcing calculation. We recommend that the role of size and mixing rules and diagnostic procedures should be 398 

investigated in more detail to understand the differences in mass absorption coefficients.  399 

Schulz et al. (2006) calculated the normalized BC RF per BC AAOD for AeroCom Phase I (model average 153 with standard 400 

deviation 64). Using these numbers combined with our estimates for mean BC AAOD 2010-1850 (0.002) yields a BC RF of 401 

0.30 Wm-2 with a standard deviation 0.25. A better understanding of the processes and properties of absorbing aerosols is 402 

critical to reduce the large uncertainties in aerosol-climate interactions. In particular, we have found that the imaginary indices 403 

are not explaining much of the AAOD variance, except slightly for dust. We suggest that the optical calculations need more 404 

testing e.g., in a box model, or by exchanging optical calculations among models. 405 

Code and data availability All data used in this study are stored on servers of the Norwegian Meteorological Institute and 406 

can be provided upon request. All analysis scripts (using IDL and python) are stored at CICERO servers and can be provided 407 

upon request.   408 

Author contribution  409 

MS and BHS designed the study. MS did most of the analysis and wrote most of the paper. JG provided data and scripts for 410 

the AERONET comparisons and the AEROCOM-MEDIAN fields. CWS provided measurements values of BC MAC. The 411 

other co-authors provided model data. All co-authors provided feedback to the paper.  412 

Competing interests 413 

The authors declare that they have no conflict of interest. 414 

Acknowledgements 415 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



29 
 

MS, BHS., CWS. and MTL acknowledge funding from the Research Council of Norway, through grant nr. 244141 (NetBC) 416 

and grant nr. 248834 (QUISARC). RC-G, AK., MS were supported by the European Union’s Horizon 2020 grant agreement 417 

No 641816 (CRESCENDO). H.M. was supported by the Ministry of Education, Culture, Sports, Science and Technology of 418 

Japan and the Japan Society for the Promotion of Science (MEXT/JSPS) KAKENHI Grant Numbers JP17H04709, 419 

JP19H05699, and JP20H00638, MEXT Arctic Challenge for Sustainability II (ArCS-II) project (JPMXD1420318865), and 420 

the Environment Research and Technology Development Fund 2–2003 (JPMEERF20202003) of the Environmental 421 

Restoration and Conservation Agency. TT was supported by the NEC SX supercomputer system of the National Institute for 422 

Environmental Studies, Japan, the Environment Research and Technology Development Fund (grant no. JPMEERF20202F01) 423 

of the Environmental Restoration and Conservation Agency, Japan, and the Japan Society for the Promotion of Science (JSPS) 424 

KAKENHI (grant no. JP19H05669). PS acknowledges support from the European Research Council (ERC) project RECAP 425 

under the European Union's Horizon 2020 research and innovation programme with grant agreement 724602 and from the UK 426 

Natural Environment Research Council project NE/P013406/1 (A‐CURE). MS and AK acknowledge funding from the 427 

European Union’s Horizon 2020 Research and Innovation programme, project FORCeS, under grant agreement no. 821205, 428 

by the Research Council of Norway INES (grant no. 270061), and KeyClim (grant no. 295046)). High performance computing 429 

and storage resources were provided by the Norwegian Infrastructure for Computational Science (through projects NN2345K, 430 

NN9560K, NS2345K, and NS9560K). The AeroCom database is maintained by the computing infrastructure efforts provided 431 

by the Norwegian Meteorological Institute. 432 

References 433 

EMEP status report 1/2012, Chapter 10 https://emep.int/publ/reports/2012/status_report_1_2012.pdf.  434 

Ackerman, A. S., Toon, O. B., Stevens, D. E., Heymsfield, A. J., Ramanathan, V., and Welton, E. J.: Reduction of Tropical 435 

Cloudiness by Soot, Science, 288, 1042-1047, 10.1126/science.288.5468.1042, 2000. 436 

Adebiyi, A. A., and Kok, J. F.: Climate models miss most of the coarse dust in the atmosphere, Science Advances, 6, eaaz9507, 437 

10.1126/sciadv.aaz9507, 2020. 438 

Andreae, M. O., and Gelencsér, A.: Black carbon or brown carbon? The nature of light-absorbing carbonaceous aerosols, 439 

Atmos. Chem. Phys., 6, 3131-3148, 10.5194/acp-6-3131-2006, 2006. 440 

Balkanski, Y., Schulz, M., Claquin, T., Moulin, C., and Ginoux, P.: Global Emissions of Mineral Aerosol: Formulation and 441 

Validation using Satellite Imagery, in: Granier C., Artaxo P., Reeves C.E. (eds), Emissions of Atmospheric Trace Compounds, 442 

Springer, Dordrecht, 18, 239-267, 10.1007/978-1-4020-2167-1_6, 2004. 443 

Bergman, T., Makkonen, R., Schrödner, R., Swietlicki, E., Phillips, V. T. J., Le Sager, P., and van Noije, T.: Description and 444 

evaluation of a secondary organic aerosol and new particle formation scheme within TM5-MP v1.1, Geosci. Model Dev., in 445 

preparation. 446 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



30 
 

Bergstrom, R. W., Russell, P. B., and Hignett, P.: Wavelength Dependence of the Absorption of Black Carbon Particles: 447 

Predictions and Results from the TARFOX Experiment and Implications for the Aerosol Single Scattering Albedo, Journal of 448 

the Atmospheric Sciences, 59, 567-577, 10.1175/1520-0469(2002)059<0567:Wdotao>2.0.Co;2, 2002. 449 

Bond, T. C.: Spectral dependence of visible light absorption by carbonaceous particles emitted from coal combustion, 450 

Geophys. Res. Lett., 28, 4075-4078, https://doi.org/10.1029/2001GL013652, 2001. 451 

Bond, T. C., and Bergstrom, R. W.: Light Absorption by Carbonaceous Particles: An Investigative Review, Aerosol Science 452 

and Technology, 40, 27-67, 10.1080/02786820500421521, 2006. 453 

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Kärcher, B., 454 

Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H., 455 

Zhang, S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson, M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz, 456 

J. P., Shindell, D., Storelvmo, T., Warren, S. G., and Zender, C. S.: Bounding the role of black carbon in the climate system: 457 

A scientific assessment, J. Geophys. Res., n/a-n/a, 10.1002/jgrd.50171, 2013. 458 

Cappa, C. D., Onasch, T. B., Massoli, P., Worsnop, D. R., Bates, T. S., Cross, E. S., Davidovits, P., Hakala, J., Hayden, K. L., 459 

Jobson, B. T., Kolesar, K. R., Lack, D. A., Lerner, B. M., Li, S.-M., Mellon, D., Nuaaman, I., Olfert, J. S., Petäjä, T., Quinn, 460 

P. K., Song, C., Subramanian, R., Williams, E. J., and Zaveri, R. A.: Radiative Absorption Enhancements Due to the Mixing 461 

State of Atmospheric Black Carbon, Science, 337, 1078-1081, 10.1126/science.1223447, 2012. 462 

Colarco, P., da Silva, A., Chin, M., and Diehl, T.: Online simulations of global aerosol distributions in the NASA GEOS-4 463 

model and comparisons to satellite and ground-based aerosol optical depth, J. Geophys. Res., 115, 10.1029/2009jd012820, 464 

2010. 465 

Cooke, W. F., and Wilson, J. J. N.: A global black carbon aerosol model, J. Geophys. Res., 101, 19395-19409, 466 

10.1029/96jd00671, 1996. 467 

Checa-Garcia, R., Balkanski, Y., Albani, S., Bergman, T., Carslaw, K., Cozic, A., Dearden, C., Marticorena, B., Michou, M., 468 

van Noije, T., Nabat, P., O'Connor, F., Olivié, D., Prospero, J. M., Le Sager, P., Schulz, M., and Scott, C.: Evaluation of natural 469 

aerosols in CRESCENDO-ESMs: Mineral Dust, Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2020-1147, in 470 

review, 202 471 

Dubovik, O., Smirnov, A., Holben, B. N., King, M. D., Kaufman, Y. J., Eck, T. F., and Slutsker, I.: Accuracy assessment of 472 

aerosol optical properties retrieval from AERONET sun and sky radiance measurements, J. Geophys. Res., 105, 9791–9806, 473 

2000. 474 

Dubovik, O., Holben, B., Eck, T. F., Smirnov, A., Kaufman, Y. J., King, M. D., Tanré, D., and Slutsker, I.: Variability of 475 

Absorption and Optical Properties of Key Aerosol Types Observed in Worldwide Locations, Journal of the Atmospheric 476 

Sciences, 59, 590-608, 10.1175/1520-0469(2002)059<0590:Voaaop>2.0.Co;2, 2002. 477 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



31 
 

Gliß, J., Mortier, A., Schulz, M., Andrews, E., Balkanski, Y., Bauer, S. E., Benedictow, A. M. K., Bian, H., Checa-Garcia, R., 478 

Chin, M., Ginoux, P., Griesfeller, J. J., Heckel, A., Kipling, Z., Kirkevåg, A., Kokkola, H., Laj, P., Le Sager, P., Lund, M. T., 479 

Lund Myhre, C., Matsui, H., Myhre, G., Neubauer, D., van Noije, T., North, P., Olivié, D. J. L., Rémy, S., Sogacheva, L., 480 

Takemura, T., Tsigaridis, K., and Tsyro, S. G.: AeroCom phase III multi-model evaluation of the aerosol life cycle and optical 481 

properties using ground- and space-based remote sensing as well as surface in situ observations, Atmos. Chem. Phys., 21, 87–482 

128, https://doi.org/10.5194/acp-21-87-2021, 2021. 483 

Hansen, J., Sato, M., and Ruedy, R.: Radiative forcing and climate response, J. Geophys. Res, 102, 6831–6864, 1997. 484 

Haywood, J. M., and Shine, K. P.: The effect of anthropogenic sulfate and soot aerosol on the clear sky planetary radiation 485 

budget, Geophys. Res. Lett., 22, 603-606, 10.1029/95GL00075, 1995. 486 

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L., Andres, R. J., 487 

Bolt, R. M., Bond, T. C., Dawidowski, L., Kholod, N., Kurokawa, J. I., Li, M., Liu, L., Lu, Z., Moura, M. C. P., O'Rourke, P. 488 

R., and Zhang, Q.: Historical (1750–2014) anthropogenic emissions of reactive gases and aerosols from the Community 489 

Emissions Data System (CEDS), Geosci. Model Dev., 11, 369-408, 10.5194/gmd-11-369-2018, 2018. 490 

Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P., Setzer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J., Nakajima, 491 

T., Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET – A federated instrument network and data archive for aerosol 492 

characterization, Remote Sens. Environ., 66, 1–16, 1998. 493 

Holben, B. N., Eck, T. F., Slutsker, I., Smirnov, A., Sinyuk, A., Schafer, J., Giles, D., and Dubovik O.: AERONET’s Version 494 

2.0 quality assurance criteria, http://aeronet.gsfc.nasa.gov/new_web/Documents/AERONETcriteria_final1.pdf, 2006 495 

Holopainen, E., Kokkola, H., Laakso, A., and Kühn, T.: In-cloud scavenging scheme for aerosol modules, Geosci. Model Dev. 496 

Discuss., https://doi.org/10.5194/gmd-2020-220, in review (accepted for GMD), 2020. 497 

Jacobson, M., Hansson, H.-C., Noone, K., and Charlson, R.: Organic atmospheric aerosols: Review and state of the science, 498 

Reviews of Geophysics - REV GEOPHYS, 38, 267-294, 10.1029/1998RG000045, 2000. 499 

Kinne, S., Schulz, M., Textor, C., Guibert, S., Balkanski, Y., Bauer, S. E., Berntsen, T., Berglen, T. F., Boucher, O., Chin, M., 500 

Collins, W., Dentener, F., Diehl, T., Easter, R., Feichter, J., Fillmore, D., Ghan, S., Ginoux, P., Gong, S., Grini, A., Hendricks, 501 

J., Herzog, M., Horowitz, L., Isaksen, I., Iversen, T., Kirkevåg, A., Kloster, S., Koch, D., Kristjansson, J. E., Krol, M., Lauer, 502 

A., Lamarque, J. F., Lesins, G., Liu, X., Lohmann, U., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., Seland, O., 503 

Stier, P., Takemura, T., and Tie, X.: An AeroCom initial assessment – optical properties in aerosol component modules of 504 

global models, Atmos. Chem. Phys., 6, 1815-1834, 10.5194/acp-6-1815-2006, 2006. 505 

Kirchstetter, T. W., Novakov, T., and Hobbs, P. V.: Evidence that the spectral dependence of light absorption by aerosols is 506 

affected by organic carbon, J. Geophys. Res., 109, 10.1029/2004jd004999, 2004. 507 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



32 
 

Kirkevåg, A., Grini, A., Olivié, D., Seland, Ø., Alterskjær, K., Hummel, M., Karset, I. H. H., Lewinschal, A., Liu, X., 508 

Makkonen, R., Bethke, I., Griesfeller, J., Schulz, M., and Iversen, T.: A production-tagged aerosol module for Earth system 509 

models, OsloAero5.3 – extensions and updates for CAM5.3-Oslo, Geosci. Model Dev., 11, 3945-3982, 10.5194/gmd-11-3945-510 

2018, 2018. 511 

Koch, D., Jacob, D., Tegen, I., Rind, D., and Chin, M.: Tropospheric sulfur simulation and sulfate direct radiative forcing in 512 

the Goddard Institute for Space Studies general circulation model, J. Geophys. Res., 104, 23799-23822, 513 

10.1029/1999jd900248, 1999. 514 

Koch, D.: Transport and direct radiative forcing of carbonaceous and sulfate aerosols in the GISS GCM, J. Geophys. Res., 515 

106, 20311-20332, 10.1029/2001jd900038, 2001. 516 

Koch, D., Schulz, M., Kinne, S., McNaughton, C., Spackman, J. R., Balkanski, Y., Bauer, S., Berntsen, T., Bond, T. C., 517 

Boucher, O., Chin, M., Clarke, A., De Luca, N., Dentener, F., Diehl, T., Dubovik, O., Easter, R., Fahey, D. W., Feichter, J., 518 

Fillmore, D., Freitag, S., Ghan, S., Ginoux, P., Gong, S., Horowitz, L., Iversen, T., Kirkev, aring, g, A., Klimont, Z., Kondo, 519 

Y., Krol, M., Liu, X., Miller, R., Montanaro, V., Moteki, N., Myhre, G., Penner, J. E., Perlwitz, J., Pitari, G., Reddy, S., Sahu, 520 

L., Sakamoto, H., Schuster, G., Schwarz, J. P., Seland, Ø., Stier, P., Takegawa, N., Takemura, T., Textor, C., van Aardenne, 521 

J. A., and Zhao, Y.: Evaluation of black carbon estimations in global aerosol models, Atmos. Chem. Phys., 9, 9001-9026, 522 

10.5194/acp-9-9001-2009, 2009. 523 

Kok, J. F., Ridley, D. A., Zhou, Q., Miller, R. L., Zhao, C., Heald, C. L., Ward, D. S., Albani, S., and Haustein, K.: Smaller 524 

desert dust cooling effect estimated from analysis of dust size and abundance, Nat. Geosci., 10, 274-278, 10.1038/ngeo2912, 525 

2017. 526 

Kokkola, H., Kühn, T., Laakso, A., Bergman, T., Lehtinen, K. E. J., Mielonen, T., Arola, A., Stadtler, S., Korhonen, H., 527 

Ferrachat, S., Lohmann, U., Neubauer, D., Tegen, I., Siegenthaler-Le Drian, C., Schultz, M. G., Bey, I., Stier, P., Daskalakis, 528 

N., Heald, C. L., and Romakkaniemi, S.: SALSA2.0: The sectional aerosol module of the aerosol–chemistry–climate model 529 

ECHAM6.3.0-HAM2.3-MOZ1.0, Geosci. Model Dev., 11, 3833-3863, 10.5194/gmd-11-3833-2018, 2018. 530 

Lacagnina, C., Hasekamp, O. P., Bian, H., Curci, G., Myhre, G., van Noije, T., Schulz, M., Skeie, R. B., Takemura, T., and 531 

Zhang, K.: Aerosol single-scattering albedo over the global oceans: Comparing PARASOL retrievals with AERONET, OMI, 532 

and AeroCom models estimates, J. Geophys. Res., 120, 9814-9836, 10.1002/2015jd023501, 2015. 533 

Linke, C., Möhler, O., Veres, A., Mohácsi, Á., Bozóki, Z., Szabó, G., and Schnaiter, M.: Optical properties and mineralogical 534 

composition of different Saharan mineral dust samples: a laboratory study, Atmos. Chem. Phys., 6, 3315-3323, 10.5194/acp-535 

6-3315-2006, 2006. 536 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



33 
 

Lund, M. T., Myhre, G., Haslerud, A. S., Skeie, R. B., Griesfeller, J., Platt, S. M., Kumar, R., Myhre, C. L., and Schulz, M.: 537 

Concentrations and radiative forcing of anthropogenic aerosols from 1750 to 2014 simulated with the Oslo CTM3 and CEDS 538 

emission inventory, Geosci. Model Dev., 11, 4909-4931, 10.5194/gmd-11-4909-2018, 2018. 539 

Matsui, H.: Development of a global aerosol model using a two-dimensional sectional method: 1. Model design, Journal of 540 

Advances in Modeling Earth Systems, 9, 1921-1947, 10.1002/2017ms000936, 2017. 541 

Matsui, H., and Mahowald, N.: Development of a global aerosol model using a two-dimensional sectional method: 2. 542 

Evaluation and sensitivity simulations, Journal of Advances in Modeling Earth Systems, 9, 1887-1920, 543 

10.1002/2017ms000937, 2017. 544 

McCormick, R. A., and Ludwig, J. H.: Climate Modification by Atmospheric Aerosols, Science, 156, 1358-1359, 545 

10.1126/science.156.3780.1358, 1967. 546 

Moosmüller, H., Chakrabarty, R. K., and Arnott, W. P.: Aerosol light absorption and its measurement: A review, Journal of 547 

Quantitative Spectroscopy and Radiative Transfer, 110, 844-878, https://doi.org/10.1016/j.jqsrt.2009.02.035, 2009. 548 

Myhre, G., Bellouin, N., Berglen, T. F., Berntsen, T. K., Boucher, O., Grini, A., Isaksen, I. S. A., Johnsrud, M., Mishchenko, 549 

M. I., Stordal, F., and Tandre, D.: Comparison of the radiative properties and direct radiative effect of aerosols from a global 550 

aerosol model and remote sensing data over ocean, Tellus B, 59, 115-129, 10.1111/j.1600-0889.2006.00226.x, 2007. 551 

Myhre, G., Samset, B. H., Schulz, M., Balkanski, Y., Bauer, S., Berntsen, T. K., Bian, H., Bellouin, N., Chin, M., Diehl, T., 552 

Easter, R. C., Feichter, J., Ghan, S. J., Hauglustaine, D., Iversen, T., Kinne, S., Kirkevåg, A., Lamarque, J. F., Lin, G., Liu, X., 553 

Lund, M. T., Luo, G., Ma, X., van Noije, T., Penner, J. E., Rasch, P. J., Ruiz, A., Seland, Ø., Skeie, R. B., Stier, P., Takemura, 554 

T., Tsigaridis, K., Wang, P., Wang, Z., Xu, L., Yu, H., Yu, F., Yoon, J. H., Zhang, K., Zhang, H., and Zhou, C.: Radiative 555 

forcing of the direct aerosol effect from AeroCom Phase II simulations, Atmos. Chem. Phys., 13, 1853-1877, 10.5194/acp-13-556 

1853-2013, 2013. 557 

Olson, M. R., Victoria Garcia, M., Robinson, M. A., Van Rooy, P., Dietenberger, M. A., Bergin, M., and Schauer, J. J.: 558 

Investigation of black and brown carbon multiple-wavelength-dependent light absorption from biomass and fossil fuel 559 

combustion source emissions, J. Geophys. Res., 120, 6682-6697, 10.1002/2014jd022970, 2015. 560 

Perlwitz, J. P., Pérez García-Pando, C., and Miller, R. L.: Predicting the mineral composition of dust aerosols – Part 1: 561 

Representing key processes, Atmos. Chem. Phys., 15, 11593–11627, https://doi.org/10.5194/acp-15-11593-2015, 2015. 562 

Pu, B. and Ginoux, P.: How reliable are CMIP5 models in simulating dust optical depth?, Atmos. Chem. Phys., 18, 12491–563 

12510, https://doi.org/10.5194/acp-18-12491-2018, 2018. 564 

Rémy, S., Kipling, Z., Flemming, J., Boucher, O., Nabat, P., Michou, M., Bozzo, A., Ades, M., Huijnen, V., Benedetti, A., 565 

Engelen, R., Peuch, V. H., and Morcrette, J. J.: Description and evaluation of the tropospheric aerosol scheme in the European 566 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



34 
 

Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting System (IFS-AER, cycle 45R1), Geosci. 567 

Model Dev., 12, 4627-4659, 10.5194/gmd-12-4627-2019, 2019. 568 

Ridley, D. A., Heald, C. L., Kok, J. F., and Zhao, C.: An observationally constrained estimate of global dust aerosol optical 569 

depth, Atmos. Chem. Phys., 16, 15 097–15 117, 10.5194/acp-16-15097-2016. 570 

Samset, B. H., Stjern, C. W., Andrews, E., Kahn, R. A., Myhre, G., Schulz, M., and Schuster, G. L.: Aerosol Absorption: 571 

Progress Towards Global and Regional Constraints, Current Climate Change Reports, 4, 65-83, 10.1007/s40641-018-0091-4, 572 

2018. 573 

Schnaiter, M., Gimmler, M., Llamas, I., Linke, C., Jäger, C., and Mutschke, H.: Strong spectral dependence of light absorption 574 

by organic carbon particles formed by propane combustion, Atmos. Chem. Phys., 6, 2981–2990, https://doi.org/10.5194/acp-575 

6-2981-2006, 2006. 576 

Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T., Boucher, O., Dentener, F., and Guibert, 577 

S.: Radiative forcing by aerosols as derived from the AeroCom present-day and pre-industrial simulations, Atmos. Chem. 578 

Phys., 6, 5246, 2006. 579 

Schulz, M., Cozic, A., and Szopa, S.: LMDzT-INCA dust forecast model developments and associated validation efforts, IOP 580 

Conference Series: Earth and Environmental Science, 7, 012014, 10.1088/1755-1307/7/1/012014, 2009. 581 

Schuster, G. L., Dubovik, O., and Arola, A.: Remote sensing of soot carbon – Part 1: Distinguishing different absorbing aerosol 582 

species, Atmos. Chem. Phys., 16, 1565-1585, 10.5194/acp-16-1565-2016, 2016. 583 

Seland, Ø., Bentsen, M., Seland Graff, L., Olivié, D., Toniazzo, T., Gjermundsen, A., Debernard, J. B., Gupta, A. K., He, Y., 584 

Kirkevåg, A., Schwinger, J., Tjiputra, J., Schancke Aas, K., Bethke, I., Fan, Y., Griesfeller, J., Grini, A., Guo, C., Ilicak, M., 585 

Hafsahl Karset, I. H., Landgren, O., Liakka, J., Onsum Moseid, K., Nummelin, A., Spensberger, C., Tang, H., Zhang, Z., 586 

Heinze, C., Iverson, T., and Schulz, M.: The Norwegian Earth System Model, NorESM2 – Evaluation of theCMIP6 DECK 587 

and historical simulations, Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2019-378, 2020. 588 

Schutgens, N. A. J.: Site representativity of AERONET and GAW remotely sensed aerosol optical thickness and absorbing 589 

aerosol optical thickness observations, Atmos. Chem. Phys., 20, 7473–7488, https://doi.org/10.5194/acp-20-7473-2020, 2020. 590 

Simpson, D., A. Benedictow, H. Berge, R. Bergström, L. D. Emberson, H. Fagerli, C. R. Flechard, G. D. Hayman, M. Gauss, 591 

J. E. Jonson, M. E. Jenkin, A. Nyiri, C. Richter, V. S. Semeena, S. Tsyro, J.-P. Tuovinen, A. Valdebenito, and P. Wind, The 592 

EMEP MSC-W chemical transport model – technical description, Atmos. Chem. Phys., 12, 7825–7865, 2012. 593 

Sokolik, I. N., and Toon, O. B.: Incorporation of mineralogical composition into models of the radiative properties of mineral 594 

aerosol from UV to IR wavelengths, J. Geophys. Res., 104, 9423-9444, 10.1029/1998jd200048, 1999. 595 

Stier, P., Seinfeld, J. H., Kinne, S., Feichter, J., and Boucher, O.: Impact of non-absorbing anthropogenic aerosols on clear-596 

sky atmospheric absorption, J. Geophys. Res., 111, 10.1029/2006JD007147, 2006. 597 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



35 
 

Stier, P., Seinfeld, J. H., Kinne, S., and Boucher, O.: Aerosol absorption and radiative forcing, Atmos. Chem. Phys., 7, 5237–598 

5261, 10.5194/acp-7-5237-2007, 2007. 599 

Stier, P., Schutgens, N. A. J., Bellouin, N., Bian, H., Boucher, O., Chin, M., Ghan, S., Huneeus, N., Kinne, S., Lin, G., Ma, 600 

X., Myhre, G., Penner, J. E., Randles, C. A., Samset, B., Schulz, M., Takemura, T., Yu, F., Yu, H., and Zhou, C.: Host model 601 

uncertainties in aerosol radiative forcing estimates: results from the AeroCom Prescribed intercomparison study, Atmos. 602 

Chem. Phys., 13, 3245–3270, https://doi.org/10.5194/acp-13-3245-2013, 2013. 603 

Takemura, T., Nozawa, T., Emori, S., Nakajima, T. Y., and Nakajima, T.: Simulation of climate response to aerosol direct and 604 

indirect effects with aerosol transport-radiation model, J. Geophys. Res., 110, 10.1029/2004jd005029, 2005. 605 

Tegen, I., Neubauer, D., Ferrachat, S., Siegenthaler-Le Drian, C., Bey, I., Schutgens, N., Stier, P., Watson-Parris, D., Stanelle, 606 

T., Schmidt, H., Rast, S., Kokkola, H., Schultz, M., Schroeder, S., Daskalakis, N., Barthel, S., Heinold, B., and Lohmann, U.: 607 

The global aerosol–climate model ECHAM6.3–HAM2.3 – Part 1: Aerosol evaluation, Geosci. Model Dev., 12, 1643-1677, 608 

10.5194/gmd-12-1643-2019, 2019. 609 

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., 610 

Dentener, F., Diehl, T., Feichter, J., Fillmore, D., Ginoux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, P., 611 

Isaksen, I. S. A., Iversen, T., Kloster, S., Koch, D., Kirkevåg, A., Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, 612 

X., Montanaro, V., Myhre, G., Penner, J. E., Pitari, G., Reddy, M. S., Seland, Ø., Stier, P., Takemura, T., and Tie, X.: The 613 

effect of harmonized emissions on aerosol properties in global models – an AeroCom experiment, Atmos. Chem. Phys., 7, 614 

4489-4501, 10.5194/acp-7-4489-2007, 2007. 615 

Tsigaridis, K., and Kanakidou, M.: The Present and Future of Secondary Organic Aerosol Direct Forcing on Climate, Current 616 

Climate Change Reports, 4, 84-98, 10.1007/s40641-018-0092-3, 2018. 617 

van Marle, M. J. E., Kloster, S., Magi, B. I., Marlon, J. R., Daniau, A. L., Field, R. D., Arneth, A., Forrest, M., Hantson, S., 618 

Kehrwald, N. M., Knorr, W., Lasslop, G., Li, F., Mangeon, S., Yue, C., Kaiser, J. W., and van der Werf, G. R.: Historic global 619 

biomass burning emissions for CMIP6 (BB4CMIP) based on merging satellite observations with proxies and fire models 620 

(1750–2015), Geosci. Model Dev., 10, 3329-3357, 10.5194/gmd-10-3329-2017, 2017. 621 

van Noije, T. P. C., Le Sager, P., Segers, A. J., van Velthoven, P. F. J., Krol, M. C., Hazeleger, W., Williams, A. G., and 622 

Chambers, S. D.: Simulation of tropospheric chemistry and aerosols with the climate model EC-Earth, Geosci. Model Dev., 7, 623 

2435-2475, 10.5194/gmd-7-2435-2014, 2014. 624 

van Noije, T., Bergman, T., Le Sager, P., O’Donnell, D., Makkonen, R., Gonçalves-Ageitos, M., Döscher, R., Fladrich, U., 625 

von Hardenberg, J., Keskinen, J.-P., Korhonen, H., Laakso, A., Myriokefalitakis, S., Ollinaho, P., Pérez García-Pando, C., 626 

Reerink, T., Schrödner, R., Wyser, K., and Yang, S.: EC-Earth3-AerChem, a global climate model with interactive aerosols 627 

and atmospheric chemistry participating in CMIP6, Geosci. Mod. Dev., (submitted)       628 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.



36 
 

Wang, R., Andrews, E., Balkanski, Y., Boucher, O., Myhre, G., Samset, B. H., Schulz, M., Schuster, G. L., Valari, M., and 629 

Tao, S.: Spatial Representativeness Error in the Ground-Level Observation Networks for Black Carbon Radiation Absorption, 630 

Geophys. Res. Lett., 45, 2106-2114, 10.1002/2017gl076817, 2018. 631 

Wang, R., Balkanski, Y., Boucher, O. Ciais, P., L. Schuster, G., Chevallier, F. Bjørn H. Samset., Liu, J., Piao, S., Valari, M., 632 

Tao, S.(2016), Estimation of global black carbon direct radiative forcing and its uncertainty constrained by observations, J. 633 

Geophys. Res. Atmos., 121, 5948– 5971, doi:10.1002/2015JD024326.  634 

Zanatta, M., Gysel, M., Bukowiecki, N., Müller, T., Weingartner, E., Areskoug, H., Fiebig, M., Yttri, K. E., Mihalopoulos, N., 635 

Kouvarakis, G., Beddows, D., Harrison, R. M., Cavalli, F., Putaud, J. P., Spindler, G., Wiedensohler, A., Alastuey, A., 636 

Pandolfi, M., Sellegri, K., Swietlicki, E., Jaffrezo, J. L., Baltensperger, U., and Laj, P.: A European aerosol phenomenology-637 

5: Climatology of black carbon optical properties at 9 regional background sites across Europe, Atmos. Environ., 145, 346-638 

364, https://doi.org/10.1016/j.atmosenv.2016.09.035, 2016. 639 

Zhao, M., Golaz, J.-C., Held, I. M., Guo, H., Balaji, V., Benson, R., Chen, J.-H., Chen, X., Donner, L. J., Dunne, J. P., Dunne, 640 

K., Durachta, J., Fan, S.-M., Freidenreich, S. M., Garner, S. T., Ginoux, P., Harris, L. M., Horowitz, L. W., Krasting, J. P., 641 

Langenhorst, A. R., Liang, Z., Lin, P., Lin, S.-J., Malyshev, S. L., Mason, E., Milly, P. C. D., Ming, Y., Naik, V., Paulot, F., 642 

Paynter, D., Phillipps, P., Radhakrishnan, A., Ramaswamy, V., Robinson, T., Schwarzkopf, D., Seman, C. J., Shevliakova, E., 643 

Shen, Z., Shin, H., Silvers, L. G., Wilson, J. R., Winton, M., Wittenberg, A. T., Wyman, B., and Xiang, B.: The GFDL Global 644 

Atmosphere and Land Model AM4.0/LM4.0: 2. Model Description, Sensitivity Studies, and Tuning Strategies, Journal of 645 

Advances in Modeling Earth Systems, 10, 735-769, 10.1002/2017ms001209, 2018. 646 

 647 

https://doi.org/10.5194/acp-2021-51
Preprint. Discussion started: 3 February 2021
c© Author(s) 2021. CC BY 4.0 License.


