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Abstract. Absorption aerosol optical depth (AAOD) as obtained from/sky photometer measurements provides a measure
of the light-absorbing properties of the columnar aerosatling. However, it is not an unambiguous, aerosol-typeipe
parameter, particularly if several types of absorbing s@s) for instance black carbon (BC) and mineral dust, agsent

in a mixed aerosol plume. The contribution of mineral dustotal aerosol light-absorption is particularly importattUV
wavelengths. In this study we refine a lidar-based techniquéhe separation of dust and non-dust aerosol types for the
use with Aerosol Robotic Network (AERONET) direct sun andeirsion products. We extend the methodology to retrieve
AAOD related to non-dust aerosol (AAQE) and BC (AAODsc). We test the method at selected AERONET sites that are
frequently affected by aerosol plumes that contain a méxafrSaharan or Asian mineral dust and biomass-burning simoke
anthropogenic pollution, respectively. We find that aerogdical depth (AOD) related to mineral dust as obtainechwaitir
methodology is frequently smaller than coarse-mode AODs $higgests that the latter is not an ideal proxy for estimgetie
contribution of mineral dust to mixed dust plumes. We pretiemresults of the AAOB retrieval for the selected AERONET
sites and compare them to coincident values provided in tpeicus Atmospheric Monitoring System aerosol re-aigly
We find that modelled and AERONET AAQJ2 are most consistent for Asian sites or at Saharan sites wibhg local
anthropogenic sources.

1 Introduction

Atmospheric aerosols have a strong impact on the Earthiatrad budget and climateés¢ocker et al.2013). The main interac-
tions between atmospheric particles and the climate syaterthrough scattering and absorption of radiation (deéfett) and
through modification of the microphysical properties ofue (indirect effect). Estimates of the aerosol radiatbreing, i.e.
of the perturbation of radiant fluxes due to aerosol pagialequire information on aerosol loading as well as on thesa#s
optical and microphysical propertieB€llouin et al, 2013). Aerosol optical depth (AOD) is the height integrath® aerosol
extinction coefficient. It provides a measure of the coluna&osol loading and is routinely obtained from groundeleend
spaceborne remote-sensing observations. Despite ougecegented global coverage of atmospheric aerosol infaymat is
still challenging to assess the aerosol radiative effectiately. Not only are the sources of aerosols, their lifetand the
processes that affect their optical and microphysical attaristics highly inhomogeneous in space and ti8tedker et al.
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2013). Aerosol particles from different natural and anpmgenic sources also often mix and undergo aging procesbes)
reflects in the optical and microphysical properties of thkk laerosol. Better estimates of the aerosol radiativarigreequire
an improved consideration of the properties and contidimstiof the different aerosol types in mixed aerosol plumes.

Remote sensing measurements are an important way to oh&ght into optical and microphysical aerosol properties.
For instance, ground-based AErosol RObotic NETwork (AEREDINHolben et al.1998, 2001) sun/sky radiometers provide
long-term observations of aerosol products including 8geAOD, particle size distribution, and complex refraetindex for
the atmospheric column even at remote locations. AERONEG aovides absorption aerosol optical depth (AAOD) which
is a measure of the column aerosol loading of light-absgrpiarticles such as black carbon (BC), carbonaceous aerosol
mineral dust. However, AAOD becomes ambiguous if sevepsyof absorbing aerosols are present in a mixed aerosoéplum

In dust-free conditions, BC as emitted from incomplete eosgibgenic combustion or biomass burning is generally con-
sidered the main light absorber among atmospheric aer¢Bolsd and Bergstrom2006; Bond et al, 2013; Russell et al.
2010), and thus, the main contributor to non-dust AA@Dhuster et a2005) inferred columnar BC concentrations based on
the Maxwell Garnett effective medium approximation with RGNET-retrieved complex refractive indicd&ven and Fung
(2006) separated the absorption properties of BC from tilsergtion of dust by exploiting the spectral absorption prep
ties inferred from the AERONET inversioRussell et al(2010) utilized AERONET-retrieved SSA, AAOD, and absoopti
Angstréom exponent (AAE) as indicator to separate the doutibns of BC, organic matter (OM), and mineral dust to the
absorbing aerosol fraction.

Passive remote-sensing techniques can only provide tipegies of the total aerosol mixture. Determining the agtic
properties of a certain aerosol type in a mixed aerosol pluegeires additional information. For instance, the Angsir
exponent (AE 08, Angstrémil964) as inferred from spectral AOD measurements givestgtiat information on aerosol size
that can be used for aerosol-type classification and to thierfine or coarse mode fraction in the aerosol size distabut
(Schuster et al.2006). More detailed and quantitative information can b&imed from active aerosol remote sensing with
lidar. In particular, the particle linear depolarizati@tio (PLDR ord) is an intensive parameter that is very sensitive to particl
shape. It can be used to obtain the contribution of dust anedist particles to a mixed aerosol plume under the assampti
that this plume consists of only those two aerosol types iexarnal mixture $himizu et al. 2004; Tesche et al.2009b).
Burton et al.(2014) developed a generalised version of the methodologgparate contributions to mixtures of two aerosol
types whileMamouri and Ansman(2014) further refined it to also separate between the dwion of fine and coarse dust
particles.

In this study, we use AERONET version 3 level 2 products toneefhe lidar-based aerosol-type separation methodology to
resolve the contributions of dust and non-dust aerosoléddtal and absorbing fractions of AOD. This is most usefidrov
and downwind of deserts where mineral dust can contribgpeifgiantly to AAOD — particularly at short wavelengths. We
also propose a method to obtain the fraction of BC-relatestigdtion to the non-dust AAOD. We describe our methodology
in Section 2. In section 3, we present and discuss our reSMéissummarise our findings and provide concluding remarks in
Section 4.
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2 Data and methodology
2.1 AERONET sun/sky radiometer observations

AERONET (http://aeronet.gsfc.goMolben et al.1998, 2001) operates automatic sun/sky radiometers fectdsun and sky
radiation observation at sites all over the globe. AERONESEruments measure AOD at several wavelengths from 340 nm to
1640 nm. The AOD uncertainty is estimated as 0.01 to 0.02rd#pg on wavelength in the absence of cloud contamination.
The calibrated sky radiance measurements typically havertainties below 5%. The Angstrém exponent and the fineemod
fraction (FMF,O’Neill et al. 2003) are obtained from the spectral AOD measurements. BRONET inversion is performed

for measurements with a 440-nm AOD larger than @dlovik et al, 2006). It uses direct-sun and sky-radiance measurements
at 440, 675, 870, and 1020 nm to infer columnar particle ptasesuch as the volume size distribution, the complexactire
index, and the single-scattering albedo (SSAPIThe uncertainty in SSA is expected to be of the order of (Hben et al,
1998). Knowledge of SSA allows to determine the fraction GfArelated to light absorption, referred to as absorptionss
optical depth (AAOD) as:

AAOD = (1 —w) x AOD. 1)

Detailed descriptions of the instrumentation, calibmatimethodology, data processing, and data quality assel&ecpro-
vided inHolben et al(1998, 2001)Pubovik et al(2002, 2006)Eck et al.(2005) andsiles et al.(2018). The recently released
version 3 of the AERONET aerosol retrieval added spectr@R4 and lidar ratios) to the list of inversion products. The
representativeness of these values for pure mineral duslittms has recently been discussed3hyjn et al.(2018). In this
contribution we use AERONET version 3 level 2.0 inversioodarcts inferred from observations of mineral dust downvahd
the Saharan and Asian deserts.

2.2 AOD and AAOD componentsin mixed dust plumes

In order to retrieve the AOD and AAOD for non-dust aerosolsnixed dust plumes, the optical properties of the mixture
need to be separated according to the contributions of didshan-dust particles, respectively. This is possible bygidar
measurements of the PLDRwhich depends mainly on the shape of the particles and tlzeivégth respect to the measure-
ment wavelength. The PLDR is zero for spheres and increasgksnereasing particle non-sphericitjesche et al(2009b)
present a method to separate mixtures of Saharan dust amddsdurning particles whighimizu et al(2004) retrieved the
contribution of dust and non-dust particles in plumes ofaAgiust mixed with spherical particlédoh (2014) expanded these
methods to retrieve the fractional contribution of the etiént aerosol types in the mixture to the bulk measuremdr8sa,
as well as the SSA for dusb§) and non-dustu,q) particles.

While ¢ is measured directly with lidar, it can also be computed fARERONET data and has been included as a standard
product in version 3 of the AERONET retrieval. For an extéa®osol mixture, it is used to calculate the contributidbdwst
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(Rg) and non-dusti,g) to the particle backscatter coefficient followiBtimizu et al(2004); Tesche et ali2009b) as:

- (5 — 5nd)(1 + 5d)
fla = (6a — dna) (1 +9) @

and
Ru=1-Rq. 3)

Here,dq anddng indicated of dust and non-dust particles, respectively. Their vatasbe determined from lidar measure-
ments Burton et al, 2014;Freudenthaler et a).2009) or from AERONET observations representative foepumeral dust
(Shin et al, 2018). At the standard lidar wavelength of 532 nm, typiedlies aréy = 0.33 anddong = 0.02 (Freudenthaler et aJ.
2009;Burton et al, 2014).Shin et al.(2018) recently discussed AERONET-derivgdior mineral dust from different source
regions. They conclude that in general, values af 870 and 1020 nm from the AERONET version 3 inversion prodaem
to be most reliable when compared to the literature on litseosations of mineral dust. We consequently apply thesaéro
type separation procedure to AERONET measurements at 1026img values ob,q = 0.02 anddg = 0.30 (64 = 0.31 for
mixed Asian (Saharan) dust plumesh{n et al, 2018). Whenj was lower thar,g or higher thandy , Rq was set to O or 1,
respectively.

The ratiosRq and R,g obtained from using refer to the lidar measurements in the backscatter dire¢tie. the scattering
angle of 180) and allow for inferring the dust-related backscatter fioieit 34 as:

Ba=BRy. 4)

This approach needs to be refined so that it can be also applisah/sky photometer measurements which provide in-
formation on total light extinction, i.e. AOD is the heigimtégral of the extinction coefficient, rather than the backscatter
coefficient. For a single aerosol layer of depthit can be expressed ag8) D = «h. The extinction coefficient is connected to
£ through the lidar ratid® = «/ 3. Consequently, dust AOD can be expressed as:

AODg = Syf4h. (%)

The use of Eq. (5) for the total aerosol and the dust fractigether with Eq. (4) leads to the dust and non-dust AOD as:

AODgq = AOD x Ry x % (6)
and
AODpg= AOD — AODy. (7)

AOD andS are the total AOD and lidar ratio of the aerosol mixture as/jged by AERONET, respectively. Thgy is the
AERONET-derived lidar ratio of pure dust particles. It wsriaccording to the desert source. We take the values of 4disr a
54 sr for Asian and Saharan dust, respectively f&immn et al(2018). As before, values at 1020 nm are used in the caloulati
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To convert the 1020-nm AOD to other wavelengisve use the Angstrom exponeit= 0.06+0.21 for pure Saharan dust
(Tesche et al.2009a). We obtain:

1020 nm’\
AODd,A = AODd,lozo X ( \ ) (8)
and
AODpg ) =AODy — AODy,y . 9)

The contributions of dust and non-dust aerosols to the A&d can now be described by the extinction-related dusb rati

X as:
AODyg Sy
—= 2 = —_ 1
Xax="i5p, ~ g (10)
and
o AODnd’)\ o Sd
Xnd, A = TD,\ =1-Ryq g (11)

This means that the contribution of mineral dust to the exitim coefficient decreases (increases) with respect todhti-
bution to the backscatter coefficient (i.e.Rq) if the second aerosol type in the mixture has a lidar ratigda(smaller) than
that of mineral dust. Mixtures with absorbing aerosols wfilbw total lidar ratios larger than that of pure dust, whickams
that in the cases considered heygjs generally smaller thaRy. The total SSA of the mixed dust/pollution plume as provided
by individual AERONET measurements is now considered tchbe¢sult of mixing the SSA of dust and non-dust particles

following the mixing rule:
Wx = Xd,AWd,A + Xnd AWnd,A - (12)

Re-arranging Eq. (11) gives the SSA related to non-dusicpest

WA T Xd AW A (13)
Xnd,\

The spectral SSA for pure dust particles is taken from tleediure (see Table 1). The non-dust fraction to AAOD can new b

Wnd, A =

derived as
AAODnd,)\ = (1 - wnd’)\)AODnd’)\ . (14)

We can assume that the light-absorbing features of the nehpaurt of the aerosol plume are caused primarily by BC. As it
has been shown that BC is not an ideal light absorberuigg, # 0, (Bond and Bergstronr2006;Bond et al, 2013), we need
to account for the SSA of BC to obtain the BC-related AAOD as:

AAODBC7,\ = AODnd’)\(l — wndy)\)(l — chﬁ)\> = AAODnd})\(l — wBQ,\) . (15)

Bond and Bergstronf2006) report on the single-scattering albedo of 0.10 t8 @2 fresh BC. Similar values for fresh BC

have also been reported Kpalizov et al(2009) andCross et al(2010). Here, we use valueswic, , from Haywood and Ramaswamy

(1998). They are provided together with the other input petars in Table 1.
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2.3 Connection between AAOD, AAOD,q and AAO Dgc

Substituting Eq. (12) in Eq. (1) leads to the equation forAA©D of dusty mixtures that accounts for the contributiorttod
different components as:

AAOD = (1 — (Xd,AUJd,A + Xnd7>\wnd,)\))AOD- (16)

The connection between total and non-dust AAOD for non-dastponents with different values of4 between 0.90 and
0.96, anwg of 0.98, and a total AOD of unity is presented in Figure 1. Isecafyy = 1, all absorption is due to mineral dust.
As the contribution of dust to the mixture decreases, theadvBAOD increases as a result of the stronger absorptidhef
non-dust particles. The ratio betwedm O Dq and total AAOD in Figure 1 changes linearly witly in case of equal values
of wnq @andwy. The relation becomes increasingly non-linear with insiregdifference in the absorbing properties of the dust
and non-dust particles. This means that total AAOD as pexvidly AERONET for dusty mixtures is likely to represent the
non-dust component at larger wavelengths, where dustssalesorbing, while its interpretation is less ambiguousatter
wavelengths.

The approach described above assumes that BC is the magwbabs mixtures of non-dust aerosols. Becawugg is not

zero, it is obvious from Eq. (15) that AO Dgc is always smaller than AAOD and vanishes440 D,y disappears, i.e. for
Xd = 1.

24 CAMSaerosol re-analysis

We use the European Centre for Medium-range Weather Faiee(BEMWF) Copernicus Atmospheric Monitoring Service
(CAMS) aerosol re-analysis datim(ess et al.2013) to assess the results of thd O Dgc retrieval methodology. The CAMS
re-analysis assimilates satellite data into a data asgtionl system and global model to correct for model depasténam
observational dataBellouin et al, 2013;Inness et al.2013). The re-analysis data provides not only total AODG#, 5650,

670, 865, and 1240 nm but also the AOD of five aerosol speciegeral dust, sea salt, sulphate, BC, and OM at 550 nm.
Mineral dust and sea salt are being separated into thresretiff size classes each, and BC and OM are distinguishable by
hydrophilic and hydrophobic propertieB€llouin et al, 2013).

3 Results
3.1 AERONET statistics

For this study, we have selected AERONET sites downwind efrtiajor dust sources in Africa and Asia. We will refer to
the two regions as Saharan and Asian for the remainder ofathik. Details on the stations are provided in Table 2. An
overview of the mean AOD and PLDR at 1020 nm as well as the FMFhi® two regions are provided in the histograms in
Figure 2 and in Table 2. While both regions show comparablylairfeatures in the histograms of AOD (with larger mean
values for Saharan stations), there is a clear differentieeiistribution and mean values of PLDRs: Saharan statimst
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of the time show values above 0.25 while values below 0.1& fibre majority of observations at Asian stations. The latter
also show a considerable number of cases (30%) dyithy < 0.02, for which we assume that dust is completely absent. The
distribution ofd192 is directly related to the contribution of mineral dust a tlespective sites which is also reflected in the
FMF. Most observations at Saharan sites shoW F' < 0.2 with highest values of 0.4 while the observations at Asiaessi
show a broad distribution across all possible values wittkkpet 0.3 and 0.5. Overall, the two regions allow for asagdsie
methodology proposed here in situations dominated by ralmist (Saharan) as well as in dusty mixtures with a broageran
of dust/non-dust mixing ratios.

The effect of the different dust contributions is also apparin the histograms of extinction and absorption Angstréom
exponents for the two regions in Figure 3. An absorption Arigs exponent close to unity is the theoretical value fockla
carbon Bergstrom 1973;Bohren and Huffman1983) while higher values of 1.5 have been associated withdiss burning
and those exceeding 2.0 represent an increasing contribafimineral dustBond et al, 2013). Due to the dominance of
mineral dust, Saharan observations show a weak spectrahdepce of AOD while a broad range of values between 1 and
4 is found for the absorbing Angstrém exponent in Figure 3milar values between 1.5 and 3.5 have been reported by
Russell et al(2010) for Arabian and Saharan dust. The large absorbing#in exponents result from the strong spectral
dependence of the absorbing properties of mineral ddgti¢r et al, 2009;Petzold et al.2009). This effect is also reflected
in the spectral variation of the single-scattering albetnt 6hown). The observations at Asian sites show a higharotixin
Angstrém exponent peaking at 1.0 to 1.25 and a lower absorgthgstréom exponent with a maximum between 1.0 and
1.5. Consequently, this leads to a less pronounced spéefpaindence of the single-scattering albedo (not showgir&i3
confirms the first impression provided by Figure 2 regardimgdifferent contribution of mineral dust to the total AODtlre
two regions.

The dust ratioyg as derived using Eq. (10) for the observations in the twooregis presented in Figure 4. The general
shape of the histograms gfj resembles that af, oo in Figure 2b. The crucial difference is that PLDR marks a grokthe
contribution of mineral dust to the measurement of the beatksr coefficient as performed with lidar whilg quantifies the
contribution of mineral dust to the AERONET sun/sky photteneneasurement of columnar AOD. The large occurrence rate
of xq4 of zero and unity refers to observationsigfso below and above the thresholds for non-dust and dust pestictspec-
tively. Figure 4 reveals an occurrence rate of 47% and 4% tioe dust conditions for Saharan and Asian sites, respégtive
when considering cases wigly > 0.9 as pure dust. It also shows that situations with dust cantidhs below 50% are rare for
the Saharan stations while they are most common for the Asias. This suggests that the selected data set includedea wi
spread of situations for testing the methodology proposed.h

A closer view on the relationship betweén,, and gy is provided in Figure 5. The figure shows the spreag $that is
introduced when transforming the simple theoretical refesthip of Eq. (2) for lidar backscatter measuremeS8tsrfizu et al.
2004; Tesche et a].2009b) to extinction data by means of Eq. (10). Dependinghenvalue of the total lidar ratio for the
aerosol mixture with respect to the reference value for gusg conditions (Table 1) is either increased or decreased with
respect toRRy. Figure 5 shows thatq is almost exclusively larger thaRy for observations at Asian sites as the majority of
AERONET-derived values aof is smaller than the reference value for Asian dust presdnt&hin et al.(2018) (not shown).
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The same is the case for the Saharan observationgwith < 0.2 while above that valueyq is spread evenly to both sides of
Rq4. The latter is related to the fact that the frequency distitim of S for the Saharan observations peaks around the value for
pure Saharan dust of 54 sr (not shown) and the generallyrlaogeirrence rate of pure-dust cases used to define themegere
value inShin et al.(2018). When considering the effect of FMF (not shown), we fimat low values of FMF are generally
linked to higher values ofy2 for both Asian and Saharan sites. However, there are ocwsiases for which low FMF
can be found for low values @ y29 which might introduce artifacts when using FMF as a meanséparating dusty from
dust-free aerosol conditions.

3.2 Coarse-mode AOD versusdust AOD

A comparison of the coarse-mode AOD as provided by AERONEfhéadust AOD obtained using Egs. (6) and (6), respec-
tively, is presented in Figure 6. Unsurprisingly, we findtflosver coarse-mode and dust AODs are related to lower coaoske
volume concentrations (not shown) For the Asian statiomsfimd that coarse-mode AOD tends to overestimate the cantrib
tion of mineral dust to AOD. The effect is particularly pramzed at AODs below 0.5 at 1020 nm and coarse-mode volume
concentrations below 0.5. This means that other coarsileartsuch as marine aerosols, are likely to be present tihelse
conditions. As a consequence, fine-mode AOD, if used as gomypon-dust aerosols, would lead to a systematic undenasti
tion of the contribution of non-dust aerosol to total AODr flee Saharan stations, coarse-mode AOD is found to be #iitab
proxy for dust AOD. However, coarse-mode AOD shows few valielow 0.1 while dust AOD can be as low as zero. Because
the concentration of fine-mode aerosol is generally smaheaiselected Saharan sites, any comparison to non-dust AOD i
inconclusive. In contrast to the Asian sites, the AOD reldtefine-mode or non-dust particles is generally much lowehat
of coarse-mode or dust particles, respectively (not shown)

We conclude that that coarse-mode AOD and dust AOD canneatssadly be considered as synonymous. This needs to be
kept in mind when using AERONET observations in the calibrdtalidation of spaceborne remote-sensing observatoil
aerosol transport modelling - particularly for locationishaa high occurrence rate of complex aerosol mixtures.

3.3 AERONET-derived AAO Dgc and model assessment

Figure 7 presents the connection betwekAOD and AAO Dgc at the standard AERONET wavelengths for observations
at the Asian and Saharan sites40 Dgc has been obtained from the non-dustiO D following Eq. (15). We found that
absolute values ol AO D are generally larger for Asian compared to Saharan siteghatthe contribution of mineral dust to
aerosol absorption at all wavelengths is generally larg8aaaran compared to Asian sites. A majoritydofO Dgc values at
Asian sites follows the theoretical curve for dust-fre@aiions (i.e. withyqust= 0) and the connection betweehAOD and
AAODgc is almost linear — particularly at longer wavelengths amgdaA AO Dgc. For the samel AO D, a larger dust ratio
Xdust leads to a smalled AO Dgc and a corresponding observation is located further away ftee solid line (not shown).
The abundance of pure dust conditions at the Saharan sie=dl leads to the larger spreaddofl O Dgc in Figure 7, that is
particularly pronounced at 440 nm.
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To evaluate the quality of the methodology for retrievidglO Dgc, we have compared AERONET-derived values to the
ones provided by CAMS aerosol reanalysis data for the sitesidered in this study. We have investigated cases in wbtah
AOD from AERONET and CAMS agree within 30%, 10%, and 5% of eaitter. We use these thresholds as a crude measure
of consistency between the two data sets and to assure thainseler cases in which the modelled aerosol situation & mo
likely resembling observations. The plots in Figure 8 shaxery different situation for the Asian and Saharan sitesfohmer
show correlated results and slopes of the linear fit thatereanably close to the 1:1 line (particularly when reqgitéss than
5% difference in measured and modellé@ D, while the latter suggest that the CAMBAO Dgc is strongly underestimating
the contribution of BC to light absorption in mixed Saharastplumes. The best model resemblancd A0 Dgc is found for
Dakar, where local pollution has a much stronger effect snsae composition than at the other Saharan sieszpld et al.
2011). This suggests thatAO Dg¢ as derived here from AERONET observations is more likelygsatibe aerosol absorption
in anthropogenic pollution than in biomass-burning.

We have presented a very selective analysis of AERONET waisens as a proof of concept of the proposed methodology.
More conclusive findings will require a thorough investigatof observations at a much larger set of AERONET sites.

4 Summary and conclusions

We have presented a methodology to separate the contribotidust and non-dust aerosol to toté) D measured with
AERONET instruments based on lidar parameters providetlénversion 3 level 2.0 inversion product. We showed how to
derive theAAOD related to the non-dust component as well as to the BC fractMe have analysed AERONET time series
at six sites that are frequently affected by Asian or Sahdtest, respectively. We found that coarse- and fine maédd)
cannot always be considered as synonymous withdte related to dust and non-dust aerosol, respectively. We thate
our methodology is the first to enable such a differentiatiolely on products provided by AERONET. We have compared
retrieved values 0fAAO Dgc to collocated model results provided by the CAMS aerosohaiesis. This comparison has
been restricted to only those AERONET-CAMS matches, forcWhotal AOD agrees within 30% or better. We find that our
methodology for obtainingl AO Dgc from AERONET provides values that resemble CAMS aerosoletiiog) for Asian sites.
Little correlation was found for Saharan sites that are regudently affected by a considerable contribution of abgenic
pollution. This suggests that AO Dgc as derived here is less useful for observations of biomassifdy smoke — though the
currently investigated data set has been far too small t dnebust conclusion.

We consider the presented methodology as a useful tool fmra detailed calibration and validation of spaceborne temo
sensing observations and aerosol dispersion modellingABERONET measurements. It will be particularly valuabléoat-
tions with a frequent occurrence of complex mixtures of mahdust and anthropogenic pollution, e.g. east Asia ortsat

Europe but also individual highly polluted big cities dowinal from major deserts.

Data availability. The data used in this work are freely available through the AERONET padrtdtp://aeronet.gsfc.gov/.
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Figure 1. Change inAAOD (red), AAO Dy (black), andA AO Dng (magenta) with dust ratigq for an aerosol mixture of dusig = 0.98)
and non-dustyng = 0.90 — 0.96) and anAO D of unity. The blue lines mark the contribution of non-dust aerosol #0 D for different

values ofwng.
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Figure 7. 2d histograms ofAAOD and AAO Dgc at the four AERONET standard wavelengths for the Asian (upper panel)Saharan
(lower panel) stations considered in this study. Solid lines refer to the timdrealues ofAAO Dgc (using Eq. (15) and the values in
Table 1) in the absence of mineral dust. Dashed lines mark the 1:1 linen@kisns would follow this slope only if BC was a perfect
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Figure 8. Comparison of AERONET-derived AO Dgc with CAMS model estimates for the sites listed in Table 2 for cases in which the
total AOD from CAMS and AERONET agrees within 30% (black circles, thin lines), X88d circles, medium lines), and 5% (red dots,

bold lines). Numbers in the plots refer to the total number of collocated paittshe number of matches with the given AOD agreement.

Dashed lines mark the 1:1 line. Solid lines are linear fits of the data. Numb#he iots refer to the number of collocations and squared
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Table 1. List of input parameters used for the retrieval 410 Dng and AAO Dgc in this study. Values ob at 1020 nm are used for
the separation of optical properties of dust and non-dust particlesdiist-related Angstrém exponent is needed to transform findings at

1020 nm to other wavelengths. The valuessgpfandwsc are used to retrievd AO Dng and AAO Dgc, respectively.

Paramater Symbol Value Reference
440nm 675nm 870nm 1020 nm
total AOD AOD
total PLDR 0 from individual AERONET
total lidar ratio S version 3 level 2.0 measurements
total SSA
non-dust PLDR Ond - - - 0.02£0.01 Shimizu et al(2004)
dust PLDR (Asian) dd - - - 0.30£0.04 Shin et al.(2018)
dust PLDR (Saharan) dd - - - 0.314+0.03 Shin et al.(2018)
dust lidar ratio (Asian) Sad - - - 44+ 6sr Shin et al.(2018)
dust lidar ratio (Saharan) Sy - - - 54+9sr Shin et al.(2018)
dust Angstrom exponent &g 0.06 +0.21 Tesche et al(2009a)
dust SSA wd 0.94 0.98 0.99 0.99 Eck et al.(2005);Yu et al.(2006)
BC SSA wBC 0.254+0.13 0.174+0.01 0.13+0.03 0.07+£0.02 Haywood and Ramaswan(}998)

Table 2. Overview of the AERONET sites included in this study in terms of location, len§time series and number of available version
3 level 2.0 data points. The last three columns refer to mean valuesaanuied deviation ofAO D120, 01020, andF M F' for the respective
sites and regions. The figures in this work refer to the combined AsiaSahdran data sets.

Station L ocation Period N AOD1920 81020 FMF

Beijing 39.98°N, 116.38E 2001-2018 2713 0.45+£0.29 0.06+£0.07 0.42+0.17
Gwangju_GIST 35.23N, 126.8°E 2004-2018 956 0.25+0.12 0.06+0.07 0.51+0.19
XiangHe 39.75N, 116.96°E  2001-2018 4300 0.414+0.25 0.064+0.07 0.4440.18
combined Asian 2001-2018 7969 0.414+0.26 0.064+0.07 0.444+0.18

Banizoumbou 13.55N, 2.67°E 1995-2018 4217 0.60£0.31 0.294+0.05 0.11£0.08

Capo_Verde 16.73N, 22.94°W  1994-2018 1689 0.55+0.25 0.30£0.05 0.09+0.04
Dakar 14.39N, 16.96°W  1996-2018 4118 0.54+0.28 0.28+0.06 0.12=+0.08
combined Saharan 1994-2018 10024 0.57£0.29 0.294+0.05 0.11£0.07
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