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Key Points 

 Aerosol absorption is sensitive to mixing state, brown carbon and soil dust optical 

properties. 

 Blanching reduces coating brown carbon radiative effect, soil dust radiative effect 

uncertainty due to the refractive index is large. 

 Radiative effect of radiation-absorbing aerosol total uncertainty is mainly due to dust 

refractive index and brown carbon treatment.    
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Abstract 

Black carbon (BC), brown carbon (BrC) and soil dust are the most relevant radiation-

absorbing aerosols (RAA) in the climate system, and uncertainties of their absorbing optical 

properties are large. We performed a 5-years simulation with the GEOS-Chem global 

chemistry and transport model and calculated the aerosol optical properties testing different 

mixing state assumptions and absorption properties of BC and BrC, refractive index and 

shape of soil dust.  

We found that the core-shell internal mixing (CS) representation produces the most accurate 

absorption aerosol optical depth and single scattering albedo at AERONET sun photometers 

site observations dominated by carbonaceous absorption. Dust absorption is sensitive to the 

assumed refractive index. The non-spherical shape of dust improves the simulation at sites 

dominated by dust absorption.  

 Global mean of all-sky direct radiative effect (DRE) by BC is +0.13 and +0.25 W/m2 for 

external and CS mixing state assumptions, respectively. Adding BrC in CS mixing state, the 

BC-BrC DRE mixture increases to +0.40 W/m2, indicating an absorption enhancement with 

respect to external mixing state of +0.27 W/m2, which is less than the +0.51 W/m2 previously 

reported. The difference is attributed to the inclusion of the blanching process of BrC from 

biomass burning. 

Dust DREs are -0.10, +0.11, and +0.22 W/m2 for “low”, “middle” and “high” dust absorption 

scenarios, respectively. Considering the non-spherical shape, these values change by up to 

0.03 W/m2. 

All-sky DRE by all RAAs is +0.46 W/m2. Aerosol mixing state, BrC treatment and dust 

optical properties uncertainties suggest a total DRE uncertainty of -57%/+59%. 

1 Introduction 

In the last decades, the scientific community has recognized that the observed climate 

change is determined by both long-lived greenhouse gases and short-lived climate forcers 

(SLCFs), such as aerosol particles [Boucher et al., 2013]. Atmospheric aerosols directly alter 

the budget of the surface radiation by scattering and absorbing both solar and terrestrial 

radiation [Haywood and Boucher, 2000], and they indirectly affect cloud properties and 

precipitation patterns because they act as cloud condensation nuclei (CCN) and ice nuclei 

(IN) [Andreae and Rosenfeld, 2008]. In addition, some aerosol species, such as mineral dust, 

black carbon (BC), and brown carbon (BrC), heat the atmosphere while absorbing solar 

radiation. The resulting warming may locally enhance the atmospheric stability, leading to a 

decrease in cloud cover through the so-called semi-direct effect [Hansen et al., 1997]. The 

global mean radiative forcing (RF) due to aerosols, as a result of changes in anthropogenic 

emissions since pre-industrial times, is highly uncertain and is estimated to be -0.9 W/m2, 

with an uncertainty range from -1.9 to -0.1 W/m2 [Boucher et al., 2013]. 

BC is emitted by diesel engines, industry, residential solid fuel, and biomass burning 

[Bond et al., 2013]. BC is very efficient in absorbing the incoming solar radiation, and it may 

affect the climate by acting as CCN for liquid water cloud and IN for mixed-phase and cirrus 

clouds [Boucher et al., 2013]. Current estimates suggest that BC is the second most important 

climate forcing species after carbon dioxide [Gustafsson and Ramanatham, 2016]. The 

climatic impact from black carbon emissions (as well as any aerosol particle species) is 

evaluated through the direct radiative effect (DRE) and direct radiative forcing (DRF). DRE 

is the instantaneous radiative impact, DRF is the change in DRE from pre-industrial times to 
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the present day [Heald et al., 2014]. Current estimates of anthropogenic BC DRF from fossil 

fuel and biofuel sources differ by more than a factor of 2 [Boucher et al., 2013]. For example, 

Bond et al. [2013] reported a value of +0.71 W/m2 with 90% uncertainty bounds of 

+0.08/+1.27 W/m2. Recently, Wang et al. [2014], revising the ageing mechanism and optical 

properties of BC, including the absorption enhancement of BC coated with a non-absorbing 

shell and the absorption from BrC, have reported a DRF of +0.21 W/m2, lower than previous 

estimates. 

BrC is considered the absorbing fraction of organic aerosol (OA) [Andreae and 

Gelencser, 2006; Laskin et al., 2015]. Most climate models consider OA as scattering only, 

but some studies showed that OA may absorb the visible radiation, especially for 

wavelengths less than 400 nm [Lukacs et al., 2007; Alexander et al., 2008; Chen and Bond, 

2010; Arola et al., 2011; Kirchsteter and Thatcher, 2012]. As a result, according to Jo et al. 

[2016], BrC reduces the cooling effect of OA by approximately 16%. The chemical 

composition of BrC is not completely understood. Observations indicate that biomass 

burning, biofuel combustion and ageing of secondary organic aerosol (SOA) are important 

BrC sources [Hecobian et al., 2010; Bones et al., 2010; Arola et al., 2011; Updyke et al., 

2012; Lambe et al., 2013; Laskin et al., 2015; Yan et al., 2017]. Another source of BrC is in-

cloud heterogeneous processing [Zhang et al., 2017]. Hecobian et al. [2010] suggest that 

biomass burning and SOA ageing represent 55% and 26-34% of BrC sources, respectively.  

Currently, the treatment of BrC in atmospheric models is limited by the lack of mass 

and absorption observations. Few modelling studies have attempted to simulate BrC [Park et 

al., 2010; Feng et al., 2013; Wang et al., 2014, 2018; Jo et al., 2016]. Direct radiative forcing 

(DRF) associated with BrC is highly uncertain and spans over an order of magnitude from 

+0.04 to 0.57 W/m2 [Feng et al., 2013; Lin et al., 2014; Wang et al., 2014]. DRE induced by 

BrC absorption ranges from +0.05 to +0.53 W/m2 [Wang et al., 2014; Saleh et al., 2015; Joe 

et al., 2016]. More recently, Wang et al. [2018], constraining the model with observations 

and considering the photochemical whitening due to the ageing of biomass burning BrC 

[Forrister et al., 2015; Wang et al., 2016], have reduced previous estimates of DRE to +0.048 

W/m2. The magnitude of the calculated effect of BrC on radiation depends on the 

assumptions made about the sources, ageing processes, and optical properties. 

Mineral atmospheric dust particles are emitted by the erosion of wind on the deserts 

and disturbed soils by anthropogenic activities. Natural dust is emitted in desert and semi-

desert areas, dry lakes, ephemeral channels, and areas with extreme soil moisture deficits 

[Choobari et al., 2013]. Anthropogenic sources of dust originate from soils disturbed by 

anthropogenic activities such as vegetation removal, desiccating water bodies and a changing 

climate [Tegen et al., 2004; Ginoux et al., 2012]. The main sources of dust are located in the 

Northern Hemisphere near deserts in North Africa, Middle East, Southwest and East Asia, 

whereas other smaller sources are located in South Africa, South America and Australia 

[Ginoux et al., 2001; Prospero et al., 2002]. According to Huneeus et al. [2011], dust 

emissions estimated by global models span a factor of 5, with a median value of 1123 Tg/yr. 

The anthropogenic fraction is 20-25% of the total [Ginoux et al., 2012].  

Climatic effects associated with dust are complex because it affects the radiation and 

clouds in multiple ways [Choobari et al., 2013]. Aerosol dust acts on the climate directly by 

scattering and absorbing solar and infrared radiation, semi-directly decreasing cloud cover, 

and indirectly acting as CCN and IN. IPCC attributed to dust has a global mean RF due to 

aerosol-radiation interaction between 1750 and 2011 of -0.10 W/m2, with an uncertainty 

range from -0.3 to +0.1 W/m2 [Boucher et al., 2013]. However, recent studies have reduced 

the estimated cooling associated with a dust direct effect. Kok et al. [2017] have found that 
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dust in current models is generally too fine relative to the observations. This fact artificially 

increases the dust cooling effect and underestimates the warming from coarser particles. 

Moreover, the assumption that dust is spherical leads to the underestimation of the extinction 

efficiency of larger particles. Using the observations of aerosol abundance and model results 

to constrain the DRE of dust, Kok et al. [2017] have found a reduction of the cooling effect of 

about a factor of 2 with respect to AEROCOM models. The climatic effect of mineral aerosol 

also depends on the imaginary part of the refractive index [Pitari et al., 2015]. This, in turn, 

depends on the mineral composition of soils in the source regions. For example, Formenti et 

al. [2011] showed that the dust from Saleh is redder and more absorbing than Sahara dust. 

Variation in chemical dust composition may lead to positive or negative radiative forcing 

[Sokolik and Toon, 1999]. Scanza et al. [2015] have demonstrated that the inclusion of 

mineral speciation in the model has the same importance of the assumed dust size 

distribution. The same authors have shown that including the mineralogy in the model, the 

radiative forcing switches from a small negative (-0.17 and -0.05 W/m2) value of a reference 

case to a small positive value (+0.05 W/m2). 

Aerosol DRF and DRE estimates depend critically on many assumptions about the 

aerosol mass concentration, size, shape, optical properties and mixing state that affect aerosol 

optical depth (AOD), single-scattering albedo (SSA) and asymmetry parameter. SSA 

variations of 11% may change the sign of DRF from negative to positive [Jethva et al., 

2014]. One of the most uncertain factors in the calculation of AOD and SSA is the 

assumption of the aerosol mixing state [Curci et al., 2015]. Curci et al. [2018] compared an 

ensemble of regional models over Europe and North America and found that the absolute 

error in simulating SSA is a few percent, but the sign of the bias has a certain dependence on 

the aerosol mixing state assumption.     

Observations suggest that freshly emitted BC is externally mixed, but it becomes 

internally mixed with non-absorbing material with atmospheric ageing [Jacobson, 2000; 

Cheng et al., 2006; Pratt and Prather, 2010; China et al., 2015; Liu et al., 2017]. When BC is 

coated with non-absorbing material, its absorption power is amplified through the “lensing 

effect” [Lesins et al., 2002]. The global average BC absorption enhancement factor (Eabs) is 

estimated to be in the range of 1.2-1.6 [Bond et al., 2006; Liu et al., 2017]. Recently, Curci et 

al. [2018] calculated, from an ensemble of models, values of Eabs larger than the most 

accepted upper limit of 1.5. The same authors have shown also that Eabs values depend on the 

mixing assumption made in the model. From a modelling point of view, only the models with 

a core-shell treatment for aerosol optical properties may explicitly calculate the Eabs, while 

models with externally mixing assumption use constant values of Eabs [e.g., Wang et al., 

2014, 2018].  

The presence of BrC opens the question about whether it is internally or externally 

mixed with BC. The mixing state of BrC affects the absorption of both BrC and BC. When 

BC is coated by a shell containing absorbing material, Eabs is affected by the contribution of 

the lensing effect and shell absorption [Cheng et al., 2017]. Cheng et al. [2017] and Luo et al. 

[2018] have shown that Eabs due to lensing decreases when a brown coating is present on the 

BC core. At the same time, the reduction in lensing may be overcompensated by BrC shell 

absorption. As a result, Eabs may reach values in the range of 2-5 [Cheng et al., 2017; Luo et 

al., 2018]. 

In this study, we have used the global chemical and transport model GEOS-Chem 

[Bey et al., 2001] to perform a multi-year simulation of the RAA mass concentration. Starting 

from the GEOS-Chem output, we have calculated the aerosol optical properties with the 

FlexAOD post-processing tool [Curci et al., 2015]. RAA mass and their optical properties 
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have been calculated using the most recent updates in terms of ageing, size distribution and 

absorption properties inferred from observational constraints. We aimed to study the 

sensitivity of the absorption properties of carbonaceous aerosol to the mixing state hypothesis 

and BrC presence. We also explored the sensitivity of the absorption of dust particles to the 

refractive index and shape. The results obtained in the sensitivity tests were compared with 

the observations from the Aerosol Robotic Network (AERONET, Holben et al., 2001). 

Finally, we explored the implications for the resulting DRE.           
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2 Methods 

2.1 GEOS-Chem model 

In this work, we have used the version 11-01 of the GEOS-Chem global chemical and 

transport model [Bey et al., 2001]. We ran the model from 2010 to 2014 with a horizontal 

resolution of 4° × 5° and 47 vertical levels up to 0.01 hPa. In our work, GEOS-Chem was 

driven by Modern Era Retrospective-analysis for Research and Application version 2 

(MERRA2) assimilated meteorological data from the Global Modelling and Assimilation 

Office Goddard Earth Observing System [Rienecker et al., 2011]. MERRA2 data have a 

native horizontal resolution of 0.5° lat x 0.625° lon with 72 hybrid sigma/pressure vertical 

levels and were regridded to the model grid by GEOS-Chem team.   

We conducted a full aerosol-oxidant chemistry GEOS-Chem simulation including 

sulphate, nitrate, ammonium, black carbon, organic aerosol, soil dust, and sea salt. Inorganic 

aerosols were simulated according to Park et al. [2004]. The simulation of BC and primary 

organic aerosol (POA) follows Park et al. [2003]. Secondary organic aerosols (SOAs) were 

parameterized following the work of Pye et al. [2010]. Dry deposition used a resistance-in-

series model following Zhang et al. [2011]. Wet scavenging processes were based on the 

scheme described by Liu et al. [2001] and included the below-cloud washout from large-scale 

and convective precipitation, as well as in-cloud removal in both stratiform clouds and 

convective updrafts.  

Primary anthropogenic emissions of BC and POA were taken from the Bond et al. 

[2007] inventory. Global anthropogenic emissions of CO, NOx and SOx were taken from 

EDGAR v4.2 (1° x 1°) [Olivier and Berdowski, 2001], while the VOCs emissions were from 

the RETRO (0.5° x 0.5°) inventory. We used the RETRO inventory for VOCs instead of 

EDGAR database, because RETRO was considered to have improved temporal and spatial 

resolution and a more inclusive suite of speciated VOCs than many of the inventories 

employed in the version of GEOS-Chem used in this work (http://wiki.seas.harvard.edu/geos-

chem/index.php/Implementation_of_RETRO_Anthropogenic_Emissions). EDGAR v4.2 data 

were available for the period 1970-2009, but we did not apply a scaling factor to process the 

emissions for the years of our simulations (2010-2014). However, where possible, regional 

inventories were used to replace EDGAR and RETRO. These were EMEP (50 km x 50 km) 

for Europe, the NEI2011 (12 km x 12 km) for USA, BRAVO (0.1° x 0.1°) for Mexico, CAC 

(0.1° x 0.1°) for Canada, and Streets et al. [2006] data (1 km x 1 km) for Asia.  

Biogenic emissions were calculated interactively within GEOS-Chem using the 

MEGAN model [Guenther et al., 2006]. Soil dust emission was calculated using the Dust 

Entrainment And Deposition (DEAD) scheme [Zender et al., 2003]. Sea salts were emitted in 

the model using the scheme of Alexander et al. [2005] with the updates introduced by Jaeglé 

et al. [2011]. The biomass burning emissions of BC and POA were taken from GFED4 

(Global Fire Emissions Database) inventory [van der Werf et al., 2010; Giglio et al., 2013]. 

2.2 Simulation of radiation-absorbing aerosol using GEOS-Chem 

GEOS-Chem was modified to include specific treatment of RAAs. The standard 

model used an ageing lifetime of BC of 1.15 days, and 80% of BC was emitted as 

hydrophobic. In our work, BC emissions and ageing were source-dependent following Wang 

et al. [2014; 2018]. Hydrophobic and hydrophilic BC were tracked for fossil fuel (FF), 

biofuel (BF) and biomass burning (BB) sources. According to Wang et al. [2014], in our 

work, 80% of BC from FF sources were emitted as hydrophobic and converted to hydrophilic 

http://wiki.seas.harvard.edu/geos-chem/index.php/Implementation_of_RETRO_Anthropogenic_Emissions
http://wiki.seas.harvard.edu/geos-chem/index.php/Implementation_of_RETRO_Anthropogenic_Emissions
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with an ageing rate related to sulphate dioxide and hydroxyl radical levels in the atmosphere 

as in Liu et al. [2011] 

𝑘 =
1

𝜏
= 𝑎[𝑆𝑂2][𝑂𝐻] + 𝑏 

where k and τ are the ageing rate and e-folding time, a = 2x10-22 cm-6 molec-2 s-1 and b 

= 5.8 x 10-7 s-1. By contrast, BC from BF and BB sources were assumed to be emitted as 70% 

hydrophilic and 30% as hydrophobic with an ageing e-folding time from hydrophobic to 

hydrophilic of 4 hours. The global emissions of BC were 4.6 Tg/yr from anthropogenic 

sources (3.0 and 1.6 Tg/yr from FF and BF, respectively) and 2.0 Tg/yr from BB. We have 

adopted this treatment for BC because it has been shown that it reduces the bias with respect 

to the observation of BC mass concentration as a result of a shorter lifetime [Wang et al., 

2014].  

BrC emissions were dominated by primary sources such as BF and BB [e.g., 

Hecobian et al., 2010; Chen and Bond, 2010], and secondary sources were associated with 

aromatic carbonyls [Zhang et al., 2013; Lambe et al., 2010]. To our knowledge, no 

experimental evidence has been reported that POA emitted from fossil fuel use is absorbing 

[Laskin et al., 2015], with the exception of the measurements in Beijing [Yang et al., 2017]. 

BrC was not treated in the current version of GEOS-Chem; therefore, we added four tracers 

to the model for hydrophobic and hydrophilic BrC from BF and BB sources. At this time, no 

global emission inventory exists for BrC. Previous studies have assumed that a fraction of 

POA is emitted as BrC [Feng et al., 2013; Wang et al., 2014]. Other studies have estimated 

the emissions using the relationship between the modified combustion efficiency and 

absorbing Ångström exponent [Jo et al., 2016] or using the BC/OA ratio [Park et al., 2010; 

Saleh et al., 2015]. In this work, we have used the simple approach adopted by Wang et al. 

[2014], which assumed that 50% and 25% of POA emitted by BF and BB sources, 

respectively, is primary BrC. Applying these fractions, POA emissions were split into white 

POA and BrC at each time step. This results in a global average BrC emission of 7.3 Tg/yr 

(3.1 and 4.2 Tg/yr from BF and BB respectively). Following the treatment of POA in the 

default model, we have assumed that half of the emitted BrC is hydrophobic, and the 

conversion of hydrophobic BrC to hydrophilic has an e-folding time of 1.15 days. Regarding 

secondary sources, we treat as absorbing SOA only the aromatic compounds [Wang et al., 

2014, 2018; Jo et al., 2016].  

Dust emission was simulated using the DEAD scheme [Zender et al., 2003]. The dust 

source function for this parameterization was taken from the Goddard Chemistry Aerosol 

Radiation and Transport (GOCART) model [Ginoux et al., 2001; Chin et al., 2004]. The dust 

mass in the baseline model was distributed in four standard dimensional bins with diameter 

boundaries of 0.2–2.0, 2.0–3.6, 3.6–6.0 and 6.0–12.0 µm following the distribution suggested 

by Zhang et al. [2013] that has been evaluated only in the western United States. Recently, 

Kok et al. [2017] have shown that the brittle fragmentation theory [Kok, 2011] approximates 

very well worldwide measurements of the emitted dust size distribution. Moreover, Johnson 

et al. [2012], by applying in GEOS-Chem the distribution of Kok [2011], have found that the 

model prediction of AOD and extinction is improved. Therefore, in our simulations, we have 

adopted the distribution of Kok [2011].  

A preliminary test conducted with this configuration has returned an average dust 

atmospheric load of approximately 9 Tg, which is lower than the range of values (13-29 Tg) 

calculated by Kok et al. [2017] by applying observational constraints. The first explanation 

for this bias is a low dust emission. It has been known that dust emissions predicted by the 

DEAD scheme are typically underestimated for coarse grid (4° × 5°) simulation. In our 
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preliminary run, we found a global emission rate approximately 1120 Tg/yr, while the 

emission calculated at 2°×2.5° is in the range of 1500-1700 Tg/yr [e.g., Johnson et al., 2012; 

Ridley et al., 2012]. The decrease of dust emissions in the coarse domain of GEOS-Chem in 

comparison to higher resolution simulations has been studied by Ridley et al. [2013]. The 

authors attributed the bias to the unresolved wind speeds in coarse resolution run due to the 

averaging of high-resolution winds to lower resolution grids.  

Moreover, a qualitative comparison of our preliminary simulation with AOD retrieved 

by MODIS has shown the model tendency to underestimate AOD over the Atlantic Ocean 

across the dust outflow region. A similar behaviour has been found with GEOS-Chem by 

Ridely et al. [2012], and the authors have attributed the bias to an excess of wet removal due 

to an overestimation of the precipitation rate. Comparing MERRA2 with the Tropical 

Rainfall Measuring Mission (TRMM) satellite, we have found that the MERRA2 

precipitation rate was overestimated in the tropics. Therefore, to correct the precipitation bias 

and reduce the associated uncertainty in wet deposition, we have scaled the MERRA2 

precipitation rate with the average ratio between TRMM and MERRA2 calculated at each 

grid point. We acknowledge that there exist mores refined methods to correct the 

precipitation bias (e.g., Piani et al., [2010] and references therein). However, for the sake of 

simplicity, we have adopted this basic approach that adjusts the modelled precipitation rate to 

the observed long-term averages. After the precipitation rate correction, the comparison with 

MODIS AOD improves over the Atlantic Ocean, and the average dust atmospheric load is 10 

Tg, a value larger than the original (9 Tg) but still lower than the range reported by Kok et al. 

[2017].  

As discussed above, the bias in dust emissions was mainly due to the unresolved wind 

in the coarse domain. According to Ridley et al. [2013], dust emissions in the coarse domain 

may be reconciled with higher resolution taking into account the subgrid variability of 

surface winds, through a Weibull probability distribution. Unfortunately, the method 

proposed by Ridley et al. [2013] was not implemented in the GEOS-Chem version employed 

in this work and its implementation was beyond the aim of our study. Therefore, we have 

scaled the dust emission flux by a constant factor at each grid-point to constrain the global 

mean dust load to 20 Tg, a value close to the central estimate calculated by Kok et al. [2017]. 

This results in an average emission of approximately 2300 Tg/yr, which is larger than the 

central estimate (1700 Tg/yr) but lower than the upper limit of 2700 Tg/yr reported by Kok et 

al. [2017].  

2.3 Aerosol optical properties calculation  

Aerosol optical properties have been calculated from the aerosol mass concentration 

predicted with GEOS-Chem using the post-processing tool FlexAOD [Curci et al., 2015, 

http://pumpkin.aquila.infn.it/flexaod/]. FlexAOD has been successfully used in several 

previous works [Curci et al., 2015, 2018; Jo et al., 2016; Souri et al., 2018; Jin et al., 2019]. 

Here, we have focused on BC, BrC, and dust absorption properties. We have conducted a 

series of numerical experiments aimed at exploring the sensitivity of RAA optical properties 

to mixing state assumptions, the complex part of the refractive index, and shape.  

Aerosol optical properties in FlexAOD are calculated assuming spherical particles 

using the Mie theory [Mie, 1908]. The method used to derive the AOD, SSA and asymmetry 

parameters is described in Curci et al. [2015]. All aerosol species are assumed to be 

distributed with a lognormal function, with the exception of dust for which a gamma 

distribution is employed. A particle density, a dry complex refractive index, and a 

http://pumpkin.aquila.infn.it/flexaod/
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hygroscopic growth factor are assigned to each aerosol species simulated by GEOS-Chem. 

The parameters assigned to the RAA aerosol are discussed in the next subsection. 

FlexAOD allows the calculation of aerosol optical properties under different mixing 

state assumptions. In this work, we used the external mixing and core-shell internal mixing. 

In the case of external mixing, the aerosol optical properties were calculated separately for 

aerosol species simulated by GEOS-Chem and then were summed. For core-shell internal 

mixing cases, the volume average refractive index is a function of particle size and is 

computed before application of the Mie algorithm. The size range spanned by the size 

distributions of aerosol species was divided into 100 dimensional bins, and the mass of each 

aerosol species was calculated in each bin. The mass was then converted to volume dividing 

by the species density, and the average refractive index in each size bin was calculated using 

the species volume as the weighting factor. For the core-shell assumption, the refractive 

index was calculated for a core (black carbon) and for a homogeneously mixed shell (non-

black carbon species). Mie calculations were performed using the code based on Mishchenko 

et al. [1999] for external mixing, and the code based on Toon and Ackerman [1981] for the 

core-shell internal mixing. A more detailed description of FlexAOD is reported in the 

supporting information. 

2.4 Treatment of radiation-absorbing aerosol optical properties 

In this work, the size distribution parameters of BC are source dependent and follows 

Wang et al. [2014]. The geometrical median radius was set to 30 and 70 nm for FF and 

BF/BB black carbon, while the standard deviations were 1.4 and 1.6, respectively. The 

refractive index was 1.95-0.79i, as recommended by Bond and Bergstrom [2006]. The BC 

density was assumed to be 1.8 g/cm3. 

The geometrical median radius, standard deviation and density of BrC are the same 

one employed by Wang et al. [2018] for OA, their values being 90 nm, 1.6 and 1.3 g/cm3, 

respectively. The real part of BrC refractive index is the same of non-absorbing OA and it 

was taken from the Optical Properties of Aerosol and Cloud (OPAC) database [Hesse et al., 

1998]. The imaginary part has been inferred starting from the mass absorption coefficients 

(MAC) of BF and BB absorbing OA recommended by Wang et al. [2018]. Their MACOA is 

based on the laboratory study of Saleh et al. [2014] and was constrained by aircraft 

observations in the United States. We have adopted MACOA of Wang et al. [2018] since, to 

our best knowledge, they are only optimized from atmospheric measurement constraints. 

MACOA at 440 nm assigned to BF was 0.76 m2/g. To include the photochemical whitening of 

biomass burning, we have adopted two different MACOA values for fresh and aged plumes. 

For freshly emitted (hydrophobic) BB, MACOA at 440 nm recommended by Wang et al. 

[2018] is 0.77 m2/g. Concerning the aged BB, the blanching process may be simulated by 

tracking the absorption in the model or by reducing the MACOA. We have adopted the second 

solution because we have tracked the aged (hydrophilic) BrC, and because it is more practical 

for a post processing calculation. Following again Wang et al. [2018], the MACOA value at 

440 nm for aged BB adopted here is 0.23 m2/g.  

Knowing the contribution of BrC to OA, the MACOA may be translated to MACBrC 

using equation 2 of Wang et al. [2018]: 

𝑀𝐴𝐶𝑂𝐴 ∙ 𝑀𝑎𝑠𝑠𝑂𝐴 = 𝑀𝐴𝐶𝐵𝑟𝐶 ∙ 𝑓 ∙ 𝑀𝑎𝑠𝑠𝑂𝐴 

 where f is the fraction of OA mass that is BrC. In our case, BrC contributed to 50% 

and 25% of the BF and BB OA, respectively. MACBrC at 440 nm and the relative complex 

part of the refractive index calculated from this are reported in Table 1. MACBrC from BF was 

1.56 m2/g, while those of freshly and aged BB was 3.08 and 0.92 m2/g. The resulting MACBrC 
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values were in the range of 0.63-1.6 m2/g at 450 nm used by Feng et al. [2013], with the 

exception of MACBrC for fresh biomass burning, which is approximately 2 times larger than 

the upper limit of Feng et al. [2013] but comparable to the MACBrC of 3.34 m2/g at 405 nm 

applied by Jo et al. [2016]. Finally, BrC from secondary sources was assumed to have the 

same size distribution of primary BrC, and have attributed it at a MACBrC of 0.3 m2/g at 440 

nm as in Wang et al. [2014]. It should be noted that MACs for absorbing OA reported by 

Wang et al. [2018] have been optimized based on regional observations in the United States. 

Therefore, BrC properties were not consistent in other regions. 

As discussed in Section 2.2, dust size distribution was simulated over four 

dimensional bins. For optical calculations, the finer bin was split into four bins following 

Ridley et al. [2012]. The mass fraction attributed to each dimensional bin is reported in Table 

2. Dust bins were assumed to be distributed over the same gamma distribution, but they 

contribute to the optical calculations in limited size ranges, as indicated in Table 2. The 

refractive index used for dust particles is discussed in the next subsection.     

2.5 Numerical experiments 

A series of numerical experiments has been conducted with FlexAOD to test the 

sensitivity of aerosol-absorbing properties to the mixing state, dust refractive index and 

shape. The list of our sensitivity simulations is reported in Table 3.  

The first experiment assumes that aerosols are externally mixed and that OA is non-

absorbing. This simulation was our reference case (CTRL). In the next two experiments, BC 

is considered internally mixed. A classic way to represent the internal mixing of BC is the 

core-shell assumption [Jacobson, 2001; Bond and Bergstrom, 2006], where a core made of 

BC is coated by a shell of non-absorbing material. In the second test (CS-BC), we consider 

the BC internally mixed with sulphate-ammonium-nitrate and OA, while dust and sea salt are 

assumed to be mixed externally. In the real atmosphere, observations of the mixing state 

indicate that BC is externally mixed close to the sources, while coating with the inorganic 

aerosols and OA is found for aged BC [Jacobson 2000; Cheng et al., 2006; Pratt and 

Prather, 2010; China et al., 2015; Liu et al., 2017]. Therefore, a partial internal mixing (PIM) 

for the particles is the most likely mixing state of aerosols. PIM could be implemented 

calculating the fraction of internally mixed particles by using the parameterization of Cheng 

et al. [2012], as reported by Curci et al. [2019]. However, because GEOS-Chem simulates 

separately the fresh and aged BC and POA, in the third experiment (PIM-BC), we considered 

only the aged BC as internally mixed, while freshly emitted BC and POA (hydrophobic) were 

considered externally mixed with dust and sea salt. In both CS-BC and PIM-BC experiments, 

OA was not considered absorbing. 

The contribution of BrC to aerosol absorption was considered in the next experiments. 

CTRL, CS-BC, and PIM-BC were repeated including the absorption of OA, as described in 

Section 2.4. These simulations were labelled EXT-BrC, CS-BrC, and PIM-BrC. It should be 

noted that freshly emitted BC displays a fractal structure that becomes more compact during 

ageing [China et al., 2013; Wang et al., 2017]. Here, we assume that the fractal aggregates of 

freshly emitted BC have already collapsed in a compact and spherical cluster.   

One of the main uncertainties in dust particle absorption properties is related to the 

uncertainties in the imaginary part of the refractive index [Sokolik and Toon, 1999; Pitari et 

al., 2015; Scanza et al., 2015], which depends on the mineral composition of dust particles. 

Here, we test the sensitivity of dust absorption to three different refractive index databases 

that we classify as “low”, “middle”, and “high” absorption. For low (DUST-L), middle 

(DUST-M), and high (DUST-H) absorption, the refractive indices were taken from Sinyuk et 
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al. [2003], Petzold et al. [2009], and Wagner et al. [2012], respectively. These databases have 

a spectral dependence covering the entire spectrum. The imaginary part reported by Sinyuk et 

al. [2003] is 0.0014 at 550 nm. Petzold et al. [2009] have shown a value about two times 

larger than that of Sinyuk et al. [2003] (0.0028 at 550 nm). Wagner et al. [2012] estimated a 

value of 0.0055 at the same wavelength. For dust experiments, we considered the DUST-L 

simulation as the reference case. 

Finally, we studied the impact of the non-spherical particles assumption on dust 

absorption (DUST-NS). The extinction efficiency, single-scattering albedo and asymmetry 

parameters for non-spherical particles are calculated with the T-matrix code 

for randomly oriented, non-spherical particles [Mishchenko et al., 1996; Mishchenko and 

Travis, 1998]. Dust non-spherical particles are considered as oblate spheroids with an aspect 

ratio of 1.7. In DUST* experiments, dust particles were assumed to be externally mixed with 

an external mixture of sea salt, freshly emitted BC and BrC, and with an internal mixture 

composed by a core of aged BC coated by inorganic aerosols, non-absorbing OA, and aged 

BrC (i.e., DUST-L and PIM-BrC are equivalent).    

2.6 Radiative transfer model 

We calculated the shortwave (SW) DRE at the top of the atmosphere (TOA) by BC 

and dust for the experiments listed in Table 3 using the Rapid Radiative Transfer Model for 

General Circulation Models (RRTMG) [Iacono et al., 2008], following Jo et al. [2016]. 

RRTMG has also been used to calculate the dust DRE TOA for longwave (LW) radiation. 

Monthly AOD, SSA and asymmetry parameters used for the DRE estimate were calculated 

using FlexAOD, as detailed in the previous subsection. Monthly temperature, water vapour, 

cloud liquid and ice water path, cloud fraction, surface albedo for direct and diffuse radiation 

in visible and near infrared bands, and surface emissivity were taken from MERRA2 

reanalysis. Tropospheric and stratospheric ozone was taken from the GEOS-Chem output. 

Cloud droplet and ice crystal effective radii were from monthly MODIS-Aqua cloud 

products. Greenhouse gases (CO2, CH4, N2O, CFC-11, CFC-12, CFC-22, CCl4) were fixed to 

the climatological mixing ratios.    

2.7 AERONET measurements   

We used sun photometer observations from the Aerosol Robotic Network 

(AERONET, Holben et al., [2001]) for the years 2010-2014 to evaluate the aerosol 

absorption properties calculated with FlexAOD. AERONET provides worldwide 

observations of the aerosol optical depth, single-scattering albedo, and asymmetry parameters 

at several wavelengths (440, 675, 870, and 1020 nm). AERONET observations include two 

levels of data, the cloud-screened and quality-assured L2.0 [Dubovik et al., 2002] and cloud-

screened L1.5. In L2.0, SSA is available only for high AOD values (AOD>0.4 at 440 nm). 

As a result, this subset is only 20% of the L1.5 data related to absorption retrieval [Wang et 

al., 2016]. Thus, as in Wang et al. [2016] and Curci et al. [2019], we have complemented the 

L2.0 dataset for SSA with L1.5. The fraction of data from L2.0 (Figure S1) used in this study 

is below 10-20% in North America and Europe and it is larger than 40% only for some 

stations located in Arabian Peninsula, India, and Eastern China. The highest aerosol 

absorption values are found at stations with larger coverage of L2 data (Figure S2). 

AERONET absorption includes the contribution of BC, BrC, and dust. To isolate the 

contribution to the absorption of a given species, we have selected the AERONET scenes 

classified as “BC-dominated”, “BC+BrC-dominated”, and “Dust-dominated”, following the 

criteria suggested by Bahadur et al. [2012]. We define  
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𝐴𝐴𝑂𝐷𝜆 = 𝐴𝑂𝐷𝜆 ∙ (1 − 𝑆𝑆𝐴𝜆) 

𝑆𝐴𝑂𝐷𝜆 = 𝐴𝑂𝐷𝜆 ∙ 𝑆𝑆𝐴𝜆 

𝑆𝐴𝐸440
675 = −

𝑙𝑛(𝑆𝐴𝑂𝐷440 𝑆𝐴𝑂𝐷675⁄ )

𝑙𝑛(440 675⁄ )
 

𝐴𝐴𝐸440
675 = −

𝑙𝑛(𝐴𝐴𝑂𝐷440 𝐴𝐴𝑂𝐷675⁄ )

𝑙𝑛(440 675⁄ )
 

 

 where SAOD and AAOD are the scattering and absorption aerosol optical depths, 

and SAE and AAE are the scattering and absorption Ångström exponents, respectively. 

Following Bahadur et al. [2012], Dust-dominated scenes exhibit SAE≤1.2. The remaining 

scenes are considered as “dust-free”, and the absorption is dominated by carbonaceous 

aerosols. In particular, BC-dominated scenes have SAE>1.2 and AAE<1.2, while the 

remaining cases are “BC+BrC-dominated”. It should be noted that the criteria for Dust-

dominated scenes was issued with regional measurements from sites located in Sahara and 

Arabian Peninsula, therefore it could not be consistent in other locations dominated by dust 

absorption.          

In this work, we have used only the AERONET sites having at least 10% of data 

coverage in the period 2010-2014, for a total of 90 stations. Figure 1 shows the maps of the 

stations used for each absorbing scene and the relative fraction of the three absorption classes 

for each sites. 

3. Results 

The results of each experiment performed with FlexAOD have been compared with 

the aerosol optical properties retrieved at AERONET stations. Aerosol optical properties 

were calculated from the three hourly GEOS-Chem output, for all AERONET observations 

within ±1 hour with respect to the model. A series of statistical indices have been used to 

compare the simulation skill in reproducing the observations. These include the observed and 

modelled mean, fraction of modelled values within a factor of 2 of the observations (FAC2), 

mean bias (MB), normalized mean bias (NMB), and Pearson correlation coefficient. They are 

defined in the Appendix. The comparison between the observed and predicted absorption 

properties was performed separately for BC-dominated, BC+BrC-dominated, and Dust-

dominated scenes only for the AAOD. The statistical scores obtained for AAOD, SSA, and 

the AAE are reported in Tables 4, 5, and 6, respectively.    

Before the comparison against the observed absorption properties, we have evaluated 

the model performance in calculating the AOD at 440 and 675 nm observed by AERONET 

sun photometers. In the PIM-BrC experiment (Figure S3 and Table S1), AOD was 

reproduced with a correlation of 0.90 and 0.86 at 440 and 675 nm, respectively. The NMB 

was -18% and -25% for the same variables. These scores reflected the model skill in 

reproducing the aerosol load which depends on several processes (emissions, transport, and 

deposition). Statistical scores were almost the same for all simulations, because the AOD is 

mainly determined by aerosol mass and only secondarily affected by the mixing state [Curci 

et al., 2019].   

Figure 2 shows the scatterplots of 2010-2014 averages of the observed and simulated 

AAOD at 440 nm, for the most representative experiments (CTRL, PIM-BC, EXT-BrC, and 

PIM-BrC) for the scenes dominated by BC absorption. The model correlation with 
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observations ranged from 0.64 (CTRL) to 0.78 (CS-BrC and PIM-BrC). As expected, the 

reference case exhibited the lower performance in reproducing the observed AAOD. The 

retrieved AAOD was underestimated by -66%, and only 31% of the modelled values was 

within a factor of two with respect to the observations. In the CS-BC case, FAC2 increased to 

0.64 and the model underestimation decreased by 35% with respect to CTRL simulations. 

PIM-BC showed similar results to CS-BC, and the average AAOD was slightly lower than 

that of CS-BC. Including the OA absorption in an externally mixed state (EXT-BrC), the 

mean bias decreased by 15% with respect to the reference case. The model correlation with 

AERONET data reached the maximum value (0.78) when BrC was considered internally or 

partial internally mixed. In these experiments, FAC2 was around 0.85 and the model bias 

values were -4% and -14% for CS-BrC and PIM-BrC, respectively. Including the absorbing 

shell in the simulation, the model mean bias was lowered by a factor of 7 with respect to the 

core-shell cases with non-absorbing OA.   

Figure 3 displays the comparison between the observed and simulated AAOD at 440 

nm but for the BC+BrC-dominated scenes. The CTRL run exhibits a correlation of 0.70, a 

bias of -72%, and only 17% of the simulated sample within a factor 2 of observations. When 

the core-shell morphology is considered, the model correlation increased to 0.76 and the 

observed AAOD was underestimated by about a factor of 2 in both CS-BC and PIM-BC 

experiments. Considering the BrC absorption in the model, the simulation results improved. 

The correlation and mean bias for EXT-BrC were 0.75 and -64%, respectively. The model 

correlation increased to 0.79 in the CS-BrC and PIM-BrC experiments. The mean bias values 

were -20% and -29% for CS-BrC and PIM-BrC, respectively. In both simulations, more than 

70% of the simulated values are within a factor of 2 with respect to the AERONET data. The 

sources of bias affecting our results are discussed in Section 4.    

Eabs has been estimated as the ratio between the AAOD obtained in CS* and PIM* 

and that calculated in the CTRL case, once the contribution of the dust particles has been 

subtracted. In the experiment with CS-BC, Eabs values were 1.9 and 1.8 for BC- and 

BC+BrC-dominated scenes, respectively. When the PIM state was assumed, these values 

decreased to 1.8 and 1.7, respectively. Considering the OA absorption, the Eabs values in CS-

BrC were 3.4 and 3.2 for BC- and BC+BrC-dominated scenes, respectively, while they were 

lowered to 3.1 and 2.8, respectively, in the PIM-BrC simulations. We noticed that Eabs 

calculated in PIM-* was approximately 10% lower than that inferred from CS-* simulations.  

Eabs estimated for BC with a non-absorbing coating was comparable to or above the 

upper limit of ≈1.5 recommended by Bond et al. [2006]. By contrast, when BC was coated by 

absorbing OA, the Eabs was approximately 2 times larger than the accepted upper limit. 

However, at the same time, it was within the measured range of 1-3.5 reported in some 

studies [e.g., Khalizov et al., 2009; Bond et al., 2013]. Furthermore, the Eabs estimated by our 

model was lower than the range of 3.85-5.80 at 404 nm calculated for thickly coated BC by 

Luo et al. [2018]. The discrepancy was most likely due to that reported by Luo et al. [2018], 

in which the coating was only constituted by BrC without including inorganic aerosol, and 

BrC imaginary part of the refractive index was different.    

Figure 4 displays the comparison of AAOD at 440 nm at the AERONET stations 

dominated by dust absorption. The DUST-L experiment exhibited a correlation of 0.82, a 

mean bias of -14%, and a FAC2 of 0.79. Although the comparison was reasonable in terms of 

bias, the dust particle contribution to the total absorption was 30%, indicating that the 

modelled absorption was not dominated by dust, as well as in the observations. In the middle 

dust absorption simulation (DUST-M), AAOD increased by 21% with respect to the low 

absorption case, and dust particles contributed 55% of the total aerosol absorption. In the 
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high-scenario absorption (DUST-H), the modelled AAOD increased by 42% with respect to 

DUST-L, and dust AAOD was 70% of the total absorption. Although dust absorption 

increased in the last two simulations, it should be noted that the modelled AAOD values were 

overestimated by 6% and 23% and the FAC2 values were 0.74 and 0.71 for DUST-M and 

DUST-H simulations, respectively. Considering the non-spherical shape (DUST-NS), the 

dust absorption increased by 5% with respect to DUST-L, suggesting a relatively minor role 

played by the spherical assumption in the total uncertainty. 

Figure 5 shows the scatter plots between the observed and simulated SSA at 440 nm 

for the most representative experiments. In the CTRL case, SSA was reproduced with a 

correlation of 0.23 and was overestimated by 5.5%. When the aerosol particles were 

considered internally mixed, the model bias in reproducing SSA decreased to +3.3% and 

+3.7% in CS-BC and PIM-BC, respectively. Including the absorption from BrC in an 

external mixing approach (EXT-BrC), the model correlation increased to 0.30 and the bias 

was lowered to 4.5% with respect to CTRL. When BC was coated or partially coated by 

absorbing OA, the overestimation of AERONET retrieval decreased with respect to the 

experiments discussed. The NMB values were -0.55% and +0.45% for CS-BrC and PIM-

BrC, respectively.  

As discussed in the subsection 2.7, we have complemented the L2.0 of AERONET 

dataset for SSA with L1.5 measurements, since SSA in L2 was provided only for AOD at 440 

nm larger than 0.4. It should be noted that the uncertainty associated to SSA retrieval 

increased from ±0.03 for AOD at 440 nm larger than 0.5 to ±0.05-0.07 for AOD less than 0.2 

[Dubovik et al., 2000]. In order to explore the impact of uncertainties in retrieved SSA on 

model validation, we have evaluated our simulations with SSA associated to AOD at 440 nm 

larger than 0.15. We have chosen this threshold since it is the median of the observed AOD, 

larger values would drastically reduce the available sample. Scatter plots of the comparison 

for the most representative cases are shown in Figure S4 and the statistical scores are 

summarized in Table S2. Model performances looked better with respect to the comparison 

performed using all observed AOD data. The model correlation with measurements ranged 

from 0.32 of CTRL case to values larger than 0.50 for CS* and PIM* experiments. Also the 

biases were lower with respect to the analysis done without applying any threshold to AOD 

values. These results indicated that uncertainty in SSA associated with low AOD conditions 

likely affected the comparison between modelled and observed SSA.  

Increasing dust particle absorption, the model correlation with observations was 0.30 

and 0.26 for DUST-M and DUST-H simulations, and the SSA values were underestimated by 

0.35 and 1.0%, respectively, in the same experiments. Considering the non-spherical shape of 

dust particles (DUST-NS) the bias was decreased by 0.1% with respect DUST-L experiment. 

Also in this case, taking into account only the AOD larger 0.15 model correlation increases to 

0.51 and 0.30 in DUST-L and DUST-H experiments.           

Finally, we focused on the AAE between 440 and 675 nm. The comparison of the 

simulations with the observed AAE was useful to explore the spectral dependence of the 

absorption in the various experiments. AAE was overestimated in all our simulations, with 

the exception of CTRL. The average observed AAE was 1.2, which is a typical value when 

the absorption was dominated by the coated BC [Liu et al., 2018]. The modelled AAE in the 

CTRL was 1.2 and increased to 1.5 and 1.4 in PIM-BC and CS-BC experiments, respectively, 

indicating that the absorption decreased more rapidly than CTRL with the wavelength. In 

fact, although the AAOD at 675 nm was simulated with a correlation of about 0.76, it was 

underestimated by 40-50% in CS* and PIM* simulations (Figure S5 and Table S3). 

Considering the OA absorption, AAE further increased to 1.7, 2.7 and 2.5, highlighting a 
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more important impact of BrC on the absorption with respect to the observations. AAE 

overestimation after the inclusion of BrC was also reported in previous works [Wang et al., 

2014; Jo et al., 2016; Curci et al., 2019]. The modelled AAE values suggested a smaller 

contribution of BC to the absorption with respect to those retrieved from AERONET sun 

photometers. The experiments concerning dust absorption did not show a particular 

sensitivity in terms of AAE. 

4. Discussion of uncertainties 

In summary, the BC absorbing properties are sensitive to the aerosol mixing state 

assumptions and the presence of BrC. A common feature for all simulations involving the 

carbonaceous aerosol is a negative bias of the absorption and an underestimation of the BC 

contribution to the total absorption (AAE is overestimated).  

The biases could be related to the uncertainties of BC emissions from both biomass 

and anthropogenic sources. For example, the anthropogenic emissions from Bond et al. 

[2007] were not for the simulation years and the use of newer inventories is desirable. In our 

work, we found the largest negative bias in the absorption (up to -50%) in the regions 

dominated by biomass burning (not shown). This is consistent with Bond et al. [2013] and 

with the results discussed by Jo et al. [2016] and Wang et al. [2014]. According to the same 

authors, the anthropogenic emission uncertainties could impact the simulation of BC 

absorption. Wang et al. [2014], increasing the biofuel emissions by 30% over Europe, found 

an improvement in the AAE simulation. Jo et al. [2016], increasing the BC emissions as 

suggested by top-down estimates, showed a better agreement with AAE observations.  

The spherical shape assumption for fractal aggregates of freshly emitted BC could 

introduce large errors in the calculation of absorbing optical properties. The homogeneous 

sphere approximation for BC fractal aggregates underestimates MAC below 550 nm 

[Scarnato et al., 2013]. For example, He et al. [2015] found that assuming a volume-

equivalent BC sphere instead of fractal aggregates decreased the absorption of freshly BC by 

5-25%. On the other hand, SSA at 525 nm for lacy soot calculated using Mie algorithm could 

differ up to 149% with respect to the SSA estimated from fractal aggregates [China et al., 

2015].   

Another factor affecting the BC absorption is the core-shell model. Really, the 

absorption enhancement for aged BC depends on the position of BC aggregate with respect to 

the coating material [Scarnato et al., 2013]. The absorption cross section of coated BC may 

increase by 20-250% depending on coating structure and morphology [He et al., 2015]. 

According to Luo et al. [2018], the core-shell model underestimates the absorbing cross-

section of thinly coated BC in the ultraviolet region but overestimates it in the visible band. 

By contrast, the absorbing cross section of thickly coated BC is underestimated at all 

wavelengths by the core-shell model for small values of the BrC refractive index. 

Consequently, a model more accurate than the core-shell, including the BC morphology in 

the calculation of the mixing state, is desirable. An example of such a model is the multiple-

sphere T-matrix [Zhang et al., 2017] as suggested by Luo et al. [2018]. 

Another critical point is the assumption about the BC size distribution. Curci et al. 

[2019]; increasing the typical radius adopted for BC (0.02 µm) found an AAE more 

comparable with the observed values, highlighting the need to consider a time-dependent size 

distribution.  

In addition, the role of BrC could be underestimated because we considered as BrC 

sources POA emitted from BF and BB combustions and aromatic SOA, but FF OA could be 

light absorbing [Yan et al., 2017] and other sources of BrC are aliphatic compounds [Laskin 
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et al., 2015; Guang-Ming et al., 2016] and aqueous-phase chemical reactions in clouds. 

Moreover, we neglected the browning of some anthropogenic and biogenic SOA by reaction 

with ammonium [Bones et al., 2010; Updyke et al., 2012]. Finally, another uncertainty in BrC 

absorption may arise from the fraction of POA emission that we assumed to be BrC. Jo et al. 

[2016] calculated the BrC emissions with a relationship between the modified combustion 

efficiency and AAE. According to their results, 45% and 17% of POA emitted by BF and BB 

sources, respectively, was BrC. Varying the emitted fractions by a factor 1.5, Jo et al. [2016] 

estimated an uncertainty of about 30% and 40% in primary BrC absorption for BF and BB 

sources, respectively. However, it should be noted that the inclusion of more BrC would 

increase the bias in AAE, because BrC is absorbing mainly at the wavelengths less than 550 

nm. 

Another factor that could affect our results is the coarse model resolution (4°x5°) used 

in this study. Specifically, previous studies [i.e, Rastigejev et al., 2010; Vignati et al., 2010] 

have shown coarse-grid chemical and transport models do not calculate the right aerosol 

concentration because they are not able to reproduce the gradient of concentrations within a 

grid-box especially when the mixing with clean air occurs.  

5. Implications for the direct radiative effect 

5.1 Direct radiative effect by species  

Figure 6 shows the TOA DRE of BC estimated from the simulations described in 

Table 3, and their global average values are reported in Table 7. The global average DRE 

values associated with BC were +0.13, +0.24, and +0.25 W/m2 for CTRL, PIM-BC, and CS-

BC simulations, respectively. According to our calculations, BC DRE thus increased by a 

factor of 1.8 with respect to CTRL when the full internal mixing is considered. DRE 

associated with CS-BC and PIM-BC differed by approximately 5%. The difference was not 

large because of the small burden of externally mixed (hydrophobic) BC, given the rapid 

ageing after its emission.  

BC DRE obtained from CS-BC and PIM-BC was about 10% larger than that 

estimated by Wang et al. [2014] (+0.22 W/m2) after that the same authors have scaled the 

AAOD to match the AERONET observations. Although in our work we have used the same 

treatment of Wang et al. [2014] for BC emission, ageing and optical parameters, this 

difference was essentially due to two factors. First, Wang et al. [2014] did not use a core-

shell model. Eabs associated with BC coating was considered by applying a constant 

absorption enhancement of 1.1 for FF and 1.5 for BF/BB BC. These values were lower than 

those of our Eabs (1.6-1.8) estimated at AERONET stations from our experiments with non-

absorbing OA. Second, the BC lifetime (4.8 days) in our simulation was longer than that of 

Wang et al. [2014] (4.4 days). This difference is the result of the bias correction applied to the 

precipitation and is also likely due to the coarser grid used in our work (4°×5°) with respect 

to 2°×2.5° employed by Wang et al. [2014]. At the same time, our BC lifetime is 1.7 times 

lower than the mean (8.2 days) of the values reported by Bond et al. [2013]. This results in a 

lower DRE with respect to previous estimates. Our DRE calculated from the CTRL 

experiment was at the lower end of the interval of 0.1-0.57 W/m2 [Saleh et al., 2015] 

estimated by model studies using the external mixing, while the DRE calculated in PIM-BC 

and CS-BC was approximately 1.5 times lower than the central value (0.38 W/m2) obtained 

with models that consider internal mixing [Saleh et al., 2015]. This finding is consistent with 

the results of Wang et al. [2014].               

Considering the BrC, the BC DRE values were +0.37 and +0.40 W/m2 for PIM-BrC 

and CS-BrC, respectively. The additional warming differs by approximately 8% compared 
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with those for CS-BC and PIM-BC, respectively. BC DRE calculated by observational 

constraints on retrieved AAOD was +0.88 W/m2 (0.17-1.48 W/m2) [Bond et al., 2013] and it 

was generally underestimated by chemical and transport models. Saleh et al. [2015] showed 

that the combination of the lensing effect and BrC absorption resolves the discrepancy 

existing between models (+0.30 and +0.38 W/m2, for external and internal mixed BC, 

respectively) and observationally constrained prediction (+0.88 W/m2). They estimated a 

DRE change of +0.51 W/m2 with respect to a reference case with externally mixed BC and 

non-absorbing OA. According to our model, we estimate a DRE change of +0.24 and +0.27 

W/m2 for PIM-BrC and CS-BrC, respectively. These values are halved with respect to the 

work of Saleh et al. [2015]. The difference is mainly due to the blanching of BB BrC that 

Saleh et al. [2015] did not consider. Indeed, excluding the whitening of BB OA, our 

calculations produced a DRE change of +0.46 W/m2, a value close to +0.51 W/m2 reported 

by Saleh et al. [2015]. The remaining difference (+0.05 W/m2) could be explained in terms 

of the different treatments used for BC ageing and size distribution. Other differences could 

be found in the model and optical properties treatment used for coating aerosols.   

As discussed in Sections 4 and 5, AAE was overestimated by 23% and 114% in PIM-

BC and PIM-BrC experiments, respectively. Therefore, it is interesting to explore how this 

uncertainty could affect the estimation of DREs. The uncertainty was estimated through a 

correction of the modelled absorption spectral dependence with the observed AAE. The 

method used is reported in the supplements. According to our calculation, the uncertainties in 

PIM-BC and PIM-BrC DRE associated to AAE overestimation were 5-10% and 20-30%, 

respectively. This means that the PIM-BrC DRE resulting from a correct representation of 

AAE was likely within the range of 0.44-0.49 W/m2, implying a DRE change (with respect to 

CTRL) of 0.31-0.36 W/m2. In other words, the underestimation of DRE change was 23-33%. 

Uncertainty associated with BrC treatment was in the range of -36%/+66%. It was estimated 

by assuming no BrC absorption (PIM-BC simulation), no blanching of BrC emitted from BB 

sources, and an increase of BrC absorption of 40%, due to the increasing of a factor 1.5, 

related to the fraction emitted as primary absorbing OA (see Section 4) [Jo et al., 2016].  

Figure 7 shows the SW, LW and total (SW+LW) TOA DRE exerted by the dust 

particles, and their global average values are reported in Table 8. The spatial pattern of SW 

dust DRE shows a dependence on the dust particle dimensions and surface albedo. Regarding 

SW, a warming effect dominates close to the sources, given the abundance of larger particles 

and presence of a high reflecting surface. By contrast, far from source regions, where the dust 

population is dominated by finer particles, DRE is negative, especially above the dark 

surfaces of the oceans. Middle (DUST-M) and high (DUST-H) dust absorption experiments 

exhibit a lower cooling effect far from the sources and a larger warming effect above the 

desert with respect to the DUST-L experiment. The global average dust SW DRE values 

were -0.18, +0.02, and +0.13 W/m2 for DUST-L, DUST-M, and DUST-H, respectively. 

Considering the non-spherical shape, dust SW DRE is less warming above the desert 

and more cooling far from the sources, with a global average value of -0.22 W/m2 (DUST-

NS). This value is 22% less than that obtained in the reference case (DUST-L). Assuming 

that the perturbation induced by non-spherical particles is equal to the difference between 

DUST-NS and DUST-L, the SW DRE for DUST-M and DUST-H decreased to +0.01 and 

+0.10 W/m2, respectively. 

Dust LW DRE was positive everywhere, especially close to the sources, where DRE 

was larger than +2 W/m2. The global average dust LW DRE was similar for all the 

experiments, being +0.08 W/m2 in DUST-L and +0.09 W/m2 in DUST-M and DUST-H 
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simulations. The impact of the non-spherical shape on the LW radiation has not been 

investigated because it is expected to be negligible with respect to SW [Pitari et al., 2015]. 

The total dust DRE values were -0.10, +0.11, and +0.22 W/m2 for DUST-L, DUST-

M, and DUST-H experiments, respectively. Considering the non-spherical shape, the total 

DRE values were -0.13, +0.10, and +0.19 W/m2, respectively, for the same experiments. 

These values were within the range (from -0.48 to +0.20 W/m2) estimated by Kok et al. 

[2017] from an ensemble of models constrained by the observations of aerosol abundance, 

and they were also comparable to the results reported by Scanza et al. [2015], which used a 

dust size distribution based on Kok et al. [2011]. Although our dust DRE estimations were 

within the range reported in the most recent findings, we noticed that the absolute difference 

of dust DRE between high and low absorbing simulation was 0.32 W/m2, highlighting the 

uncertainties related to the imaginary part of the dust refractive index. Finally, we also point 

out that the uncertainty related to the dust particle shape was smaller (up to 0.03 W/m2) with 

respect to the one associated to the refractive index. 

5.2 Total direct radiative effect  

Global average AAOD and DRE by all RAAs has been estimated using as central 

value the combination of PIM-BrC and DUST-M simulation and taking into account the non-

spherical shape of soil dust particles. According to our model, total AAOD (at 550 nm) was 

0.0050 (0.0030 for BC-BrC mixture, 0.0020 for dust) with an all-sky DRE of +0.46 W/m2. 

We estimated an overall uncertainty for total DRE related to mixing state, BrC treatment and 

dust optical properties of -57%/+59% (0.20-0.73 W/m2). The uncertainties associated to 

model assumptions were deduced comparing the various simulation against the central value. 

Total uncertainty was calculated as the root sum of single squared errors, assuming that the 

uncertainties discussed below are independent.   

The uncertainty related to the mixing state was -30%/+7%. It was calculated 

comparing the central value against EXT-BrC and CS-BrC simulations combined with 

DUST-M (with non-spherical particles). The uncertainty due to AAE overestimation was 

+20%. Since the latter is most likely due to the use of core-shell (Section 4), it may be 

incorporated within the uncertainties associated to mixing state assumption.  

Total DRE decreases by 22% not accounting for BrC absorption and increases by 

41% if we do not consider the blanching of BB-BrC. As discussed in Section 4, according to 

Jo et al. [2016] increasing by a factor 1.5 the fraction emitted as primary absorbing OA 

produces an increase up to 40% of BrC absorption. This results roughly in a change of total 

DRE by +28%.  

The uncertainty associated to dust refractive index was -43%/+20%. It has been 

estimated comparing the central value against PIM-BrC combined with DUST-L and DUST-

H (both with non-spherical particles), respectively. Finally, the uncertainty due to dust shape 

has been calculated to be up to +14%. 

According to the values reported above, the lower bound of uncertainties in RAAs 

DRE is dominated by dust refractive indices, instead the upper bound by BrC treatment. We 

highlight that other uncertainties which were not investigated in our study, could affect the 

total DRE by RAAs. One of these is the vertical distribution of BC which contributes at least 

20% of the present uncertainty in modelled BC DRE [Samset et al., 2013], but may reaches 

also 35-40% [Zarzycki and Bond, 2010; Wang et al., 2014]. Dust vertical distribution is also 

important for DRE, especially for longwave forcing [Liao and Seinfeld, 1998; Shell and 

Somerville, 2007]. Aerosol radiative effect is also sensitive to clouds and surface albedo. As 

shown by Ocko et al. [2012], increasing of cloud cover strengthens BC forcing and reduces 
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the DRE by organic compounds. The effect of surface albedo on RAAs DRE is large in areas 

with persistent reflective surfaces (as Sahara and Arctic) [Myhre et al., 2013] and could 

depend on the assumptions done for albedo parameterization, especially for snow and ice 

[Schulz et al., 2006].  

6. Conclusions 

In the present work, we studied the sensitivity of the absorption properties of 

carbonaceous aerosol to the mixing state hypothesis, absorption of organic aerosol (BrC), and 

sensitivity of dust particle absorption to its refractive index and shape. We have also 

investigated the implications for DRE. The RAA mass concentrations (BC, BrC, and dust) 

and their optical properties have been simulated to include the most recent updates in terms 

of ageing, size distribution and absorption properties inferred from observational constraints. 

At AERONET stations dominated by carbonaceous aerosol absorption, simulated 

AAOD at 440 nm was well correlated with the observations, but the better agreement 

between the model and observations was obtained by including BrC absorption in the optical 

calculations (CS-BrC and PIM-BrC). The AAOD obtained with PIM* simulations is 

approximately 10% less than that calculated in the CS* experiments. BC absorption 

enhancement calculation has shown that Eabs at 440 is in the range of 1.7-1.9 for the 

simulations including a non-absorbing coating. By contrast, including the BrC absorption, 

Eabs is in the range of 2.8-3.4. 

The sensitivity of dust particle absorption has been investigated using three different 

refractive index databases that we classify as “low” (DUST-L), “middle” (DUST-M), and 

“high” (DUST-H) absorption. At AERONET stations dominated by dust absorption, the 

modelled AAOD correlation was larger than 0.80 and bias values were –14%, +6.1% and 

+23% for “low”, “middle”, and “high” dust absorption scenarios, respectively. The results 

suggest that the spherical assumption does not play an important role in the total uncertainty 

in simulating AAOD. 

SSA was overestimated by approximately +5.5% in the CTRL case. When aerosol 

particles are considered internally mixed, the model bias decreased to +3.3% and +3.7% in 

CS-BC and PIM-BC, respectively. When the BC was coated or partially coated by absorbing 

OA, the bias was lowered to -0.55% and -0.45%. Increasing the dust particle absorption, SSA 

was underestimated by -0.35% and -1.0% in DUST-M and DUST-H, respectively. 

Considering the non-spherical-shape of dust particles (DUST-NS), the SSA bias was 

decreased by approximately 22% with respect to the spherical particle case (DUST-L). 

Additional analysis shown that uncertainty in SSA measurements likely affected the 

comparison between modelled and observed SSA. Model scores increased removing from the 

observations the SSA values with larger uncertainty.  

The observed average AAE (between 440 and 675) was overestimated in the model 

especially in the simulation including the BrC. This indicated that modelled absorption 

decreased more rapidly with the wavelength reflecting a larger influence of BrC and dust 

most likely due to the use of Mie theory to calculate the freshly emitted and coated BC 

optical properties.    

The DRE TOA values of BC calculated from our experiments were +0.13, +0.24 and 

+0.25 W/m2 for CTRL, PIM-BC and CS-BC simulations, respectively. The BC DRE values 

calculated including the absorption of BrC were +0.37 and +0.40 W/m2 for PIM-BrC and CS-

BrC, respectively. Saleh et al. [2015] have shown that including the BrC coating on the BC, 

the DRE changed of +0.51 W/m2 with respect to a reference case with externally mixed BC 

and not absorbing OA. By contrast, we have estimated a reduced DRE change (+0.27 W/m2) 
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compared with that of Saleh et al. [2015]. Our results suggested that the absorption 

enhancement of BC due to BrC coating has been overestimated previously. The 

overestimation is mainly due to the blanching of BB BrC that Saleh et al. [2015] did not 

consider in their study. Further analysis showed that the uncertainty in PIM-BrC due to AAE 

overestimation was 20-30%, implying an underestimation of DRE change by 23-33%, while 

the uncertainties associated to BrC treatment were in the range -36%/+66%.  

The SW DRE values of dust were -0.18, +0.02, and +0.13 W/m2 for low, middle, and 

high absorption cases, respectively. The non-spherical shape reduces these values by 22% (-

0.04 W/m2). The LW DRE of dust was estimated to be approximately 0.08 W/m2 and did not 

exhibit a particular sensitivity to the refractive index. The total dust DRE values were -0.10, 

+0.11, and +0.22 W/m2, for DUST-L, DUST-M, and DUST-H experiments, respectively. 

Introducing the non-spherical shape, the dust DRE values were -0.13, +0.10, and +0.19 W/m2 

for low, middle and high dust absorption experiments, respectively.  

According to our results, soil dust DRE is more sensitive to the complex part of the 

refractive index than to shape assumption. The spread between the DRE associated with 

DUST-L and DUST-H (+0.32 W/m2) reflects the uncertainties in the modelling of climatic 

effects of dust particles associated with its mineral composition. These results suggest that 

further studies are required to understand and reduce the uncertainties of dust optical 

properties.  

Global average all-sky DRE by all RAAs was +0.46 W/m2. Uncertainties in aerosol 

mixing state, BrC treatment, and soil dust optical properties suggested an overall uncertainty 

in total DRE of -57%/+59% (0.20-0.73 W/m2). According to our models, total uncertainty 

RAAs DRE was mainly related to soil dust refractive index and brown carbon treatment. 
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Table 1. Mass absorption coefficient (MAC) and refractive index of BrC at 440 nm used in 

this work for biofuel, fresh and aged biomass burning OA and BrC    

 

Source MACOA
1 (m2/g) MACBrC

2
 (m

2/g) BrC refractive index3 

Biofuel 0.76 1.56 1.54-0.071i 

Fresh biomass burning 0.77 3.08 1.54-0.140i 

Aged biomass burning 0.23 0.92 1.54-0.042i 

Feng et al. (2013) (450 nm) 0.41-1.064 0.63-1.6 0.063-0.02 

Jo et al. (2016) (405 nm) - 3.34 0.14 

1 Wang et al. (2018). 

2 MACOA has been transferred to MACBrC with the equation 2 of Wang et al. (2018) using the 

BrC contribution to OA of 50% and 25% from BF and BB sources, respectively.  

3 The complex part is derived from (MAC∙ρ∙λ)/4π, where ρ is the density of BrC (1.3 g/cm3). 

4 Feng et al. (2013) assumed that 66% of OA from BF and BB is BrC. 
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Table 2. Dust size distribution used for optical calculation  

 

 

Bin1 1  

(0.2-2.0 µm)  

Bin 2 

(2.0-3.6 

µm) 

Bin 3 

(3.6-6.0 

µm) 

Bin4 

(6.0-12 

µm) 

Fraction2 0.06 0.12 0.24 0.58 1.0 1.0 1.0 

Size 

range3(µm) 

0.2-

0.36 

0.36-

0.6 

0.6-

0.96 

1.3-

2.0 2.6-3.6 4.4-6.0 7.0-12.0 

1 Dimensional bins used by GEOS-Chem to simulate the dust size distribution (see Section 

2.3). 

2 Mass fraction attributed to each dimensional sub-bin of the finest bin (Ridley et al., 2012). 

3 Dust is distributed following a gamma function 𝑵(𝒓) = 𝑵𝟎𝒓(𝟏−𝟑𝒃)/𝒃 𝒆𝒙𝒑 (−
𝒓

𝒂𝒃
)  (a=0.9, 

b=0.2). Each bin contributes to the optical calculations in a limited size ranges as indicated 

in the table.  
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Table 3. Summary of the numerical experiments conducted with FlexAOD  

 

Experiment Externally mixed Internally mixed BrC  

CTRL All - - 

CS-BC Dust, sea salt BC core, sulphate-ammonium-nitrate and 

all OA in the shell 

- 

PIM-BC Dust, sea salt, freshly 

emitted BC and POA 

BC core, sulphate-ammonium-nitrate, aged 

POA and SOA in the shell  

- 

    

    

EXT-BrC All - Yes 

CS-BrC Dust, sea salt BC core, sulphate-ammonium-nitrate and 

all OA in the shell 

Yes 

PIM-BrC Dust, sea salt, freshly 

emitted BC and POA 

BC core, sulphate-ammonium-nitrate, aged 

POA and SOA in the shell 

Yes 

    

DUST-L Low absorption, dust refractive index from Sinyuk (2003)  

DUST-M Mid absorption, dust refractive index from Petzold et al. (2009) 

DUST-H High absorption, dust refractive index from Wagner et al. (2012)  

DUST-NS As DUST-L, but for non-spherical dust particles 
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Table 4. Comparison of the modelled and observed AAOD@440 nm for the period 2010-

2014 at AERONET stations. The experiment list is reported in Table 2.  

Experiment O M FAC2 MB NMB (%) r 

BC-dominated scenes 

CTRL 0.016 0.005 0.31 -0.010 -66 0.64 

CS-BC 0.016 0.009 0.64 -0.007 -43 0.71 

PIM-BC 0.016 0.009 0.58 -0.007 -46 0.72 

EXT-BrC 0.016 0.007 0.48 -0.009 -56 0.73 

CS-BrC 0.016 0.015 0.85 -0.001 -4.0 0.78 

PIM-BrC 0.016 0.014 0.84 -0.002 -14 0.78 

BC+BrC-dominated scenes 

CTRL 0.025 0.007 0.17 -0.018 -72 0.70 

CS-BC 0.025 0.012 0.38 -0.013 -53 0.76 

PIM-BC 0.025 0.011 0.33 -0.014 -55 0.77 

EXT-BrC 0.025 0.009 0.28 -0.016 -64 0.75 

CS-BrC 0.025 0.020 0.75 -0.005 -20 0.79 

PIM-BrC 0.025 0.018 0.71 -0.007 -29 0.79 

Dust-dominated scenes 

DUST-L 0.022 0.019 0.79 -0.003 -14 0.82 

DUST-M 0.022 0.023 0.74 +0.001 +6.1 0.82 

DUST-H 0.022 0.027 0.71 +0.005 +23 0.80 

DUST-NS 0.022 0.019 0.79 -0.002 -11 0.82 
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Table 5. Comparison of the modelled and observed SSA@440 nm for the period 2010-2014 

at AERONET stations. 

 

Experiment O M FAC2 MB NMB(%) r 

CTRL 0.914 0.964 1 0.050 5.5 0.23 

CS-BC 0.914 0.943 1 0.030 3.3 0.32 

PIM-BC 0.914 0.947 1 0.034 3.7 0.33 

EXT-BrC 0.914 0.955 1 0.041 4.5 0.30 

CS-BrC 0.914 0.909 1 -0.005 -0.55 0.35 

PIM-BrC 0.914 0.918 1 0.004 0.45 0.31 

DUST-L 0.914 0.918 1 0.004 0.45 0.31 

DUST-M 0.914 0.910 1 -0.003 -0.35 0.30 

DUST-H 0.914 0.904 1 -0.009 -1.0 0.26 

DUST-NS 0.914 0.916 1 0.003 0.35 0.31 
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Table 6. Same as in Table 6, but for AAE between 440 and 675 at AERONET stations 

 

Experiment O M FAC2 MB NMB(%) r 

CTRL 1.18 1.15 1 -0.015 -1.3 0.50 

CS-BC 1.18 1.50 1 0.33 28 0.54 

PIM-BC 1.18 1.44 1 0.28 23 0.57 

EXT-BrC 1.18 1.68 0.99 0.50 43 0.53 

CS-BrC 1.18 2.67 0.21 1.5 125 0.31 

PIM-BrC 1.18 2.51 0.31 1.3 114 0.44 
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Table 7. Clear-sky and all-sky TOA DRE of BC (W/m2)  

 

Experiment 
Clear-sky  

All-sky  

CTRL 
+0.12 

+0.13 

PIM-BC 
+0.21 

+0.23 

CS-BC 
+0.22 

+0.24 

PIM-BrC 
+0.34 

+0.36 

CS-BrC 
+0.37 

+0.39 
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Table 8. SW, LW and total TOA DRE of dust (W/m2) 

 

Experiment SW  LW  SW+LW 

 

DUST-L -0.26 +0.12 -0.14 

DUST-M -0.05 +0.12 +0.07 

DUST-H +0.08 +0.12 +0.20 

DUST-NS -0.31 +0.12 -0.19 

 

DUST-L -0.18 +0.08 -0.10 

DUST-M +0.02 +0.09 +0.11 

DUST-H +0.13 +0.09 +0.22 

DUST-NS -0.22 +0.08 -0.14 
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Appendix 

Table A1. List of acronyms and symbols.  

AAE Absorption Ångström exponent 

AAOD Absorbing aerosol optical depth 

AERONET Aerosol robotic network 

AOD Aerosol optical depth 

BB Biomass burning 

BC Black carbon 

BF Bio fuel 

BrC Brown carbon 

CCN Cloud condensation nuclei 

CS  Core-shell 

DEAD Dust Entrainment And Deposition 

DRE Direct radiative effect 

DRF Direct radiative forcing 

Eabs Black carbon absorption enhancement factor 

FF Fossil fuel 

FlexAOD Flexible aerosol optical depth 

IN Ice nuclei 

MAC Mass absorption coefficient 

MERRA2  Modern Era Retrospective-analysis for 

Research and Application version 2 

OA Organic aerosol 

PIM Partial internal mixing 

POA Primary organic aerosol 

RAA Radiation-absorbing aerosol 

RF Radiative forcing 

RRTMG Rapid radiative transfer model for GCM 

SAOD Scattering aerosol optical depth 

SOA Secondary organic aerosol 

SSA Single-scattering albedo 
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Table A2. Definition of the statistical indices used in the analysis 

n Number of available data 

Oi i-th observation 

Mi i-th modelled value, paired with Oi 

𝑂̅ Mean observed value  
1

 𝑛
∑ 𝑂𝑖

𝑛
𝑖  

𝑀̅ Mean modelled value 
1

 𝑛
∑ 𝑀𝑖

𝑛
𝑖  

FAC2 fraction of modelled values within a factor of 2 of observations  
1

𝑛
∑ 𝑖: (0.5 <

𝑀𝑖

𝑂𝑖
<𝑛

𝑖

2) 

MB Mean bias 
1

 𝑛
∑ (𝑀𝑖 − 𝑂𝑖)

𝑛
𝑖  

NMB Mean normalized bias 
1

 𝑛
∑

(𝑀𝑖−𝑂𝑖)

𝑂𝑖

𝑛
𝑖  

r Pearson correlation coefficient  
1

 𝑛−1
∑

(𝑂𝑖−𝑂̅)

𝜎𝑂

𝑛
𝑖

(𝑀𝑖−𝑀̅)

𝜎𝑀
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Figure 1. Maps of the AERONET stations used for each absorbing scene (BC-dominated, 
BC+BrC-dominated, and Dust-dominated) and the relative fraction of the three absorption 
classes for each sites. 
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Figure 2. Comparison of the observed and most representative FlexAOD simulations 

(CTRL, PIM-BC, EXT-BrC, PIM-BrC) of the average AAOD at 440 nm for the period 2010-
2014 at AERONET stations for the BC-dominated scenes. The simulations are described in 
Table 3.     
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Figure 3. Same as Figure 1, but for BC+BrC-dominated scenes.    
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Figure 4. Comparison of the observed and most representative FlexAOD simulations 
(DUST-L, DUST-M, and DUST-H) of the average AAOD at 440 nm for the period 2010-2014 
at AERONET stations for the Dust-dominated scenes. The simulations are described in 
Table 3. 
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Figure 5. Comparison of the observed and most representative FlexAOD simulations (CTRL, 
PIM-BC, EXT-BrC, PIM-BrC) of the average SSA at 440 nm for the period 2010-2014 at 
AERONET stations. 
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Figure 6. Annual mean (2010-2014) BC DRE at TOA calculated from CTRL, PIM-BC, and 

PIM-BrC experiments. 
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Figure 7. SW, LW and net annual mean (2010-2014) dust DRE at TOA calculated from 
DUST-L, DUST-M, and DUST-H simulations. 

  


