Interactive comments on “Technical note: Absorption aerosol optical depth components from
AERONET observations of mixed dust plumes” by Sung-Kyun Shin et al.

Referee comments are noted in black. Our replies are given in blue.

We would like to thank all Referees for their constructive comments. Please find our point-
by-point replies below. We have also attached a revised version of the manuscript with all
changes marked.

Anonymous Referee #1

Manuscript touches important problem: separation the components of aerosol mixture
characterized by different absorbing properties basing on AERONET measurements.
Manuscript is clearly written, provides new useful results and is suitable for publishing in
AMT.

Referees #3 and #4 provided extended comments, so | have just several notes.

For separation of dust and non-dust components authors use depolarization ratio recalculated
from AERONET inversions. So | wonder if such separation can be done directly from
spheroids volume fraction. | think authors should explain necessity of using lidar related
characteristics.

We agree with the reviewer that new methods have to be compared with existing ones.
However, we think that the suggested comparison of percentage of spherical particles
(sphericity) to the contributions of dust/non-dust as derived using the methodology presented
in our paper is not useful and would rather add confusion than clarification. Two points
support our reasoning:

1. Sphericity is a retrieval parameter of the AERONET inversion rather than a physically
meaningful quantity. As such, it is specific to the AERONET retrieval. In contrast to
PLDR, it cannot be compared to independent measurements.

2. Sphericity is no longer included as an output parameter of the AERONET version 3
retrieval. For the data points considered in our study, we have collated version 3
PLDRs with version 2 sphericity to investigate a possible connection between the two
parameters. Figure 1 shows that while low values of sphericity are generally
connected to higher PLDRs, there is not clear relationship of decreasing PLDRs with
increasing sphericity. In contrast, there is a clear link between PLDR and the
contribution of non-spherical particles as documented in the literature.

The advantage of the new method is that it relies on physically meaningful parameters that
can be observed through independent measurements. It is based solely on AERONET
products, and thus, does not require co-located lidar measurements.
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Figure 1: Correlation between sphericity (from AERONET version 2) and 1020-nm PLDR (from
AERONET version 3) for level 2.0 data from Beijing, Cape Verde, and Dakar.
p-< In.1v. "BL as emitted Irom 1mncomplere antnropogenic comouston or blomass burning IS
generally considered the main light absorber among atmospheric aerosols” Actually
contribution of brown carbon to absorption can be also significant. I think authors should
comment it.

In this study we use the terminology BC for carbon particles with the morphological and
chemical properties typical of soot particles from combustion including a black, blackish or
brown substance formed by combustion. In this sense we determined BC as more likely to be
a primary source (without mixing). We acknowledge the potential contribution of brown
carbon to aerosol absorption. However, we believe that the use of one absorbing aerosol type
is sufficient to present the general idea of our methodology. We have revised our statement
to:

“In dust-free conditions, BC as emitted from incomplete combustion involved in
anthropogenic activities or biomass burning is generally considered the main light absorber
among atmospheric aerosols (Bond and Bergstrom, 2006; Bond et al., 2013; Russell et al.,
2010), and thus, the main contributor to non-dust AAOD. The term BC refers to carbon
particles with the morphological and chemical properties typical of soot particles from
combustion including a black, blackish or brown substance formed by combustion
(Andreae and Gelencseér, 2006). We point out that the contribution of brown carbon (BrC)
to aerosol absorption can also be significant. However, we opt for a single absorbing
aerosol component as it allows us to present the general idea of our new methodology in a
straightforward manner.”

Andreae, M. O. and Gelencsér, A.: Black carbon or brown carbon? The nature of light-
absorbing carbonaceous aerosols, Atmos. Chem. Phys., 6, 3131-3148,
https://doi.org/10.5194/acp-6-3131-2006, 2006.

p.4 In.12. Authors assume depolarization of non-dust particles to be of 0.02. Actually
depolarization ratio of smoke varies in a wide range and can exceed 10% (Butron et al, 2012).
How such variations may influence results?

We thank the authors for this comment. We are aware of detection of PLDRs that are larger
than 0.02. To obtain the value used in our study, we have repeated the investigation of Shin et
al. (2018) for AERONET stations dominated by biomass-burning smoke. For clarification,
we have added the following text:

“The latter value has been obtained from the analysis of 0 derived at AERONET stations
dominated by biomass-burning aerosols, analogous to the dust-focused study of Shin et al.
(2018).”

Eq(5). Authors introduce the layer thickness “h” but looks like never use it later.



Correct. We have introduced this parameter for the sole purpose of resolving the connection
between AOD (the columnar parameter provided by sun photometer) and extinction
coefficient (the height-resolved parameter provided by aerosol lidar).

p-4.In.28. “We take the values of 44 sr and 54 sr for Asian and Saharan dust, respectively”
Lidar ratios even for pure dust can vary in a wide range. This should be commented.

We thank the Referee for this comment. We are referring to the study of Shin et al. (2018) in
which statistics of the lidar ratios at the different dust sources are presented. Nevertheless, we
have revised our statement to:

“It varies according to the desert source and can cover a wide range even for pure dust. We
take the mean values of 44 sr and 54 sr for Asian and Saharan dust, respectively from the
AERONET-based study of Shin et al. (2018).”
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Abstract. Absorption aerosol optical depth (AAOD) as obtained from/skly 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, aesent

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 techrigpapplied to the separation of dust and non-dust aerosol types for
the use with Aerosol Robotic Network (AERONET) direct suid &mversion products. We extend the methodology to retrieve
AAQOD 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 mexairSaharan or Asian mineral dust and biomass-burning simoke
anthropogenic pollution, respectively. We find that aerogtical 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 estimyetie
contribution of mineral dust to mixed dust plumes. We préesenresults of the AAOBX: retrieval for the selected AERONET
sites and compare them to coincident values provided in tpeicus Atmospheric Monitoring System aerosol re-asialy
We find that modelled and AERONET AAQJ2 are most consistent for Asian sites or at Saharan sites Wwibhgs local
anthropogenic sources.

1 Introduction

Atmospheric aerosols have a strong impact on the Earthiatrad budget and climateS{ocker et al.2013). The main inter-
actions between atmospheric particles and the climatemsyate through scattering and absorption of radiation ¢tatect)

and through modification of the microphysical propertieslofids (indirect effect). Estimates of the aerosol radatdrcing,

i.e. of the perturbation of radiant fluxelstete by aerosol particles, require information on aerosol loadiagvell as orthe
aerosol’s optical and microphysical propertiBellouin et al, 2013). Aerosol optical depth (AOD) is the height integriathe
aerosol extinction coefficient. It provides a measure ofdbl@mnar aerosol loading and is routinely obtained fronmugcb
based and spaceborne remote-sensing observations. &aspihe unprecedented global coverage of atmospheric aerosol
information, it is still challenging to assess the aerosdiative effect accurately. Not only are the sources of smsp their
lifetime and the processes that affect their optical andopigysical characteristics highly inhomogeneous in sjgacktime
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(Stocker et al.2013). Aerosol particles from different natural and aoimgenic sources also often mith each otherand
undergo aging processes, which reflects in the optical ancbptiysical properties of the bulk aerosol. Better estimaf the
aerosol radiative forcing require an improved consideratif the properties and contributions of the different aettypes in
mixed aerosol plumes.

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

In dust-free conditions, BC as emitted from incomplatghrepegenic combustianvolved in anthropogenic activities
or biomass burning is generally considered the main lighbdier among atmospheric aeros@srid and Bergstron2006;
Bond et al, 2013;Russell et al.2010), and thus, the main contributor to non-dust AAQRe term BC refers to carbon
particles with the morphological and chemical properties ypical of soot particles from combustion including a black,
blackish or brown substance formed by combustionAndreae and Gelencsé2006). We point out that the contribution
of brown carbon (BrC) to aerosol absorption can also be sigficant. However, we opt for a single absorbing aerosol
component as it allows us to present the general idea of our memethodology in a straightforward manner.

Schuster et al2005) inferred columnar BC concentrations based on thewdt)Garnett effective medium approximation
with AERONET-retrieved complex refractive indicé&ven and Fung2006) separated the absorption properties of BC from
the absorption of dust by exploiting the spectral absorpfimpertiesghat can be inferred from the AERONET inversion.
Russell et al(2010) utilized AERONET-retrieved SSA, AAOD, and absooptiAngstréom exponent (AAE) as indicator to
separatelassify observations with respect tahe contributions of BC, organic matter (OM), and mineratdo the absorbing
aerosol fraction.

Passive remote-sensing techniques can only provide thgegies of the total aerosol mixture. Determining the atic
properties of a certain aerosol type in a mixed aerosol plteneires additional information. For instance, the Aniystr
exponent (AE o0&, Angstrémil964) as inferred from spectral AOD measurements givestgtiat information on aerosol size
that can be used for aerosol-type classificatvalues greater than 2 indicate small particles such as bioass-burning
smoke while values smaller than 1 indicate large particleske sea salt and mineral dustandte-inferthefine-ercoarse
modefractionin-the aeroselsizedistribution. Schuster et al(2006)found that the variation of the Angstrém exponent is
associated with bimodal aerosol size distributions. The ghors focused on the fine or coarse fraction of aerosol$/ore
detailed and quantitative information can be obtained femtive aerosol remote sensing with lidar. In particulae, plarticle
linear depolarization ratio (PLDR a¥) is an intensive parameter that is very sensitive to parttiape. It can be used to
obtain the contribution of dust and non-dust particlethoptical properties ofa mixed aerosol plume under the assumption
that this plume consists of only those two aerosol types iexarnal mixture $himizu et al. 2004; Tesche et a).2009b).
Burton et al.(2014) developed a generalised version of the methodolmggparate contributions to mixtures of two aerosol
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types whileMamouri and Ansman(2014) further refined it to also separate between the dmtion 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 contribgpeifssantly to AAOD — particularly at short wavelengths. We
also propose a method to obtain the fraction of BC-relatesbigdtion 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.

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 fectddun and sky
radiation observation at sites all over the globe. AERONE&Struments measure AOD séveral wavelengths from 340 nm
to 1640 nmalways including observations at 440, 670, 870, and 1020 nfihe AOD uncertainty is estimated as 0.01 to
0.02 depending on wavelength in the absence of cloud congdioin. The calibrated sky radiance measurements typicall
have uncertainties below 5%. The Angstrém exponent andrikenfiode fraction (FMFD’Neill et al. 2003) are obtained from
the spectral AOD measuremenie level 2 product available from the AERONET portal includes inversion results
Fhe- AERONETnversionisperfermed for measurements with a 440-nm AOD larger thanDubovik et al, 2006). The
AERONET inversion 4 uses direct-sun and sky-radiance measurements at 480880, and 1020 nm to infer columnar
particle properties such as the volume size distributiom complex refractive index, and the single-scattering@(SSA or
w). The uncertainty in SSA is expected to be of the order of (®ovik et al, 2000). Knowledge of SSAHewsis usedto
determine the fraction of AOD related to light absorptiaferred to as absorption aerosol optical depth (AAOD) as:

AAOD = (1—-w) x AOD. (1)

Detailed descriptions of the instrumentation, calibnatimethodology, data processing, and data quality asselecpro-
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 doditamns has recently been discussed3yn et al(2018).Noh et al.
(2017) investigated the reliability of the PLDR retrieved fom AERONET sun/sky radiometer observations and found
the strongest correlation between the 1020-nm PLDR inferré from AERONET data and the 532-nm PLDR from lidar
observations.In this contribution we use AERONET version 3 level 2.0 irsien products inferred from observations of
mineral dust downwind of the Saharan and Asian deserts.
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2.2 AOD and AAOD components in 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 dalshan-dust particles, respectively. This is possible hggusdar
measurements of the PLDRwhich depends mainly on the shape of the particles and tlzeinvgth respect to the measure-
ment wavelength. The PLDR is zero for spheres and increaskbdngreasing particle non-sphericitjesche et al(2009b)
present a method to separate mixtures of Saharan dust amd¢sdurning particles whighimizu et al(2004) retrieved the
contribution of dust and non-dust particles in plumes ofafisiust mixed with spherical particlésoh (2014) expanded these
methods to retrieve the fractional contribution of the etiént aerosol types in the mixture to the bulk measuremdrgsa,

as well as the SSA for dustg) and non-dustu,q) particles.

While ¢ is measured directly with lidar, it can also be computed fRERONET data and has been included as a standard
product in version 3 of the AERONET retrieval. For an extéasosol mixtureit this parameter is used to calculate the con-
tribution of dust Ry) and non-dustR,q) to the particle backscatter coefficient followiBimizu et al(2004) andresche et al.
(2009b) as:

(6 — 0na) (1 + 6q)

fla= (6d — Ona) (1 +9) @)
and
Rna=1-Ry. ©)

Here,dq anddng indicated of dust and non-dust particles, respectively. Their vaisasbe determined from lidar measure-
ments Burton et al, 2014;Freudenthaler et a).2009) or from AERONET observations representative foepuineral dust
(Shin et al, 2018). At the standard lidar wavelength of 532 nm, typiedlies aréy = 0.33 anddng = 0.02 (Freudenthaler et aJ.
2009;Burton et al, 2014).Shin et al.(2018) recently discussed AERONET-deriwgdior mineral dust from different source
regions. Thg authors conclude that in general, values dfat 870 and 1020 nm from the AERONET version 3 inversion
product seem to be most reliamdrencemparedo-theliterature Their finding is based on values found in literature that
reports on lidar observations of mineral dust. We consequentlyyafi@ aerosol-type separation procedure to AERONET
measurements at 1020 nasinrg\We usedvalues ofdqg = 0.30 (6¢ = 0.31) for mixed Asian (Saharan) dust pluméh{n et al,
2018) anding = 0.02. The latter value has been obtained from the analysis of derived at AERONET stations domi-
nated by biomass-burning aerosols, analogous to the dustdused study ofShin et al.(2018).Whend was lower tharg
or higher thardq , Rq was set to O or 1, respectively.

The ratiosR4 and R4 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 fioeit 54 as:

Ba=BRy. 4)

This approach needs to be refined so that it can be also agpligah/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
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coefficient. For a single aerosol layer of deptht can be expressed a&8) D = «h. The extinction coefficient is connected to
S through the lidar ratid = «/3. Consequently, dust AOD can be expressed as:

AODy = SyBgh. (5)

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

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

AOD and.S are the total AOD and lidar ratio of the aerosol mixture avjged by AERONET, respectively. Thg, is the
AERONET-derived lidar ratio of pure dust particlésThe lidar ratio varies according to the desert soues&l can cover a
wide range even for pure dust We take theneanvalues of 44 sr and 54 sr for Asian and Saharan dust, resplcfiom the
AERONET-based study ofShin et al.(2018). As before, values at 1020 nm are used in the caloualati

To convert the 1020-nm AOD to other wavelengthswe use the Angstrém exponedg = 0.06 for pure Saharan dust
(Tesche et al.2009a). We obtain:

1020 nm\
AODyq \ = AODg 1020 % ( 3 ) )
and
AODng\ = AODy — AODy . )

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

X as:
AODy Sq
pu— 2 = — 10
Xar=J5p. dg (10)
and
_ AODnpgx _ Sq
Xnd A = TD}\ =1—-Ry g (11)

This means that the contribution of mineral dust to the exitm coefficient decreases (increases) with respect todhtsi-
bution to the backscatter coefficient (i.e.Ry) 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 tharRy. The total SSA of the mixed dust/pollution plurasthat is

provided by individual AERONET measuremeigsiow-consideredo-betheresultof-mixingthe SSAef-dustandnon-dd
particlescan be calculated according to thdollowing the mixing rule:

Wx = Xd,AWd,A + Xnd,AWnd,A - (12)



10

15

20

25

30

Re-arranging Eq. (12) gives the SSA related to non-dusicpest
WX — Xd,AWd,\

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

Wnd A = (13)

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

We can assume that the light-absorbing features of the nenpart of the aerosol plume are caused primarily by B t
has been shown that BC is not an ideal light absorberige, » # 0, (Bond and Bergstrorr2006;Bond et al, 2013) Thus,
we need to account for the SSA of BC to obtain the BC-relate®@BRAas:

AAODBQ)\ = AODndy,\(l — wnd’,\)(l — ch_’)\) = AAODnd,,\(l — OJBC)\) . (15)

Bond and Bergstror(R006) report on single-scattering albedos of 0.10 to ®M2&é&sh BC. Similar values for fresh BC have
also been reported $halizov et al(2009) andCross et al(2010). Here, we use valueswdc » from Haywood and Ramaswamy
(1998). These valuesare provided together with the other input parameters ineTab

2.3 Connection betweemAAOD, AAOD,q and AAO Dgc

Substituting Eq. (12) in Eq. (1) leads to the equation forAR®©D (of dusty mixtures) that accounts for the contributioin

the different components as:
AAOD = (1 — (xdawd,x + XndawWnd x))AOD. (16)

The connection between total and non-dust AAOD for non-dastponents with different values af4 between 0.90 and
0.96, anwy of 0.98, and a total AOD of unity is presented in Figure 1. Isecafyy =1, all absorption isduete caused
by mineral dust. As the contribution of dust to the mixture @ases, the overall AAOD increases as a result of the stronger
absorption of the non-dust particles. The ratio betwdetO D,q and total AAOD in Figure 1 changes linearly wiify in
case of equal values af,q andwy. The relation becomes increasingly non-linear with insieg difference in the absorbing
properties of the dust and non-dust particles. This meaatstotel AAOD as provided by AERONET for dusty mixtures is
likely to represent the non-dust component at larger waggthes, where dust is less absorbing, while its interpretat less
ambiguous at shorter wavelengths.

The approach described above assumes that BC is the magzbabg mixtures of non-dust aerosols. Becauge is not
zero, it is obvious from Eq. (15) that AO Dgc is always smaller than AAOD and vanishes440 D,y disappeatrs, i.e. for
Xd = 1.

2.4 CAMS aerosol 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
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re-analysis assimilates satellite data into a data asgionl system and global model to correct for model depasttn@m
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 abeinrg separated into three different size classes eachB@nahd OM are distinguishablay
according to their hydrophilic and hydrophobic propertieBéllouin et al, 2013).

3 Results
3.1 AERONET statistics

For this study, weéhave selected AERONET sites downwind of the major dust ssuirt Africa and Asia. We will refer to
the two regions as Saharan and Asian for the remainder ofthik. 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 differentleeiistribution and mean values of PLDRs: Saharan statiorst
of the time show values above 0.25 while values below 0.16 fitre 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 shaW F' < 0.2 with highest values of 0.4 while the observations at Asiaessi
show a broad distribution across all possible values witkkpat 0.3 and 0.5. Overall, the two regions allow for asagsie
methodology proposed here in situations dominated by raimist (Saharan) as well as in dusty mixtures with a broageran
of dust/non-dust mixing ratiocSaharan and Asian

FFigure 3 shows he effect of the different dust contributiomsalseapparent in the histograms of extinction and absorption
Angstrém exponents for the two regicimsFigure3. An absorption Angstrém exponent close to unity is the tégcal value
for black carbonBergstrom 1973;Bohren and Huffmanl983) while higher values of 1.5 have been associated idthdss
burning and those exceeding 2.0 represent an increasingidgion of mineral dustBond et al, 2013). Due to the dominance
of mineral dust, Saharan observations show a weak speefahdlence of AOD while a broad range of values between 1 and
4 is found for the absorbing Angstrém exponent seeFigure 3b. Similar values between 1.5 and 3.5 have beentszbby
Russell et al(2010) for Arabian and Saharan dust. The large absorbingtin 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 albetat 6hown). The observations at Asian sites show a higharotixin
Angstrém exponerthat pealsing at 1.0 to 1.25 and a lower absorption Angstrém exponeiit asmaximum between 1.0 and
1.5. Consequently, this leads to a less pronounced spéetpaindence 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.
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The dust ratioyy as derived using Eq. (10) for the observations in the twooregis presented in Figure 4. The general
shape of the histograms gf; resembles that of;g2¢ in Figure 2b. The crucial difference is that PLDR marks a grok
the contribution of mineral dust to tHelar measurement of the backscatter coefficiasperformedwith-lidarwhile g4
guantifies the contribution of mineral dust to the AERONET/sky photometer measurement of columnar AOD. The large
occurrence rate ofy of zero and unity refers to observationsdgfso below and above the thresholds for non-dust and dust
particles, respectively. Figure 4 reveals an occurreneesafad 7% and 4% for pure dust conditions for Saharan and Assias,
respectively, when considering cases wjth> 0.9 as pure dust. It also shows that situations with dust canttdhs below
50% are rare for the Saharan stations while they are most confion the Asian sites. This suggests that the selected data s
includes a wide spread of situations for testing the metloggyoproposed here.

A closer view on the relationship betweén,, and g is provided in Figure 5. The figure shows the spreag othat 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 toRy. 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 dusisentedyy , seeShin et al.(2018) (not
shown). The same is the case for the Saharan observatidng,wi§ < 0.2 while above that valueyy is spread evenly to both
sides of Rq. The latterfeature is related to the fact that the frequency distributionSofor the Saharan observations peaks
around the value for pure Saharan dust of 54 sr (not shownjrengenerally larger occurrence rate of pure-dust casestase
define the reference value 8hin et al.(2018). When considering the effect of FMF (not shown), we firat low values of
FMF are generally linked to higher values®fyso for both Asian and Saharan sites. However, there are octsiases for
which low FMF can be found for low values 6fy.-whieh . Such casesnight introduce artifacts when using FMF as a means
for separating dusty from dust-free aerosol conditions.

3.2 Coarse-mode AOD versus dust AOD

A comparison of the coarse-mode AOD as provided by AERONEfhéadust AOD obtained using Egs. (6) and (7), respec-
tively, is presented in Figure 6. Unsurprisingly, we fincdttlosver coarse-mode and dust AODs are related to lower conosie
volume concentrations (not shown). For the Asian statiamesfind that coarse-mode AOD tends to overestimate the bortri
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 coarsilgartsuch as marine aerosols, are likely to be presentr tihese
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 @sétable
proxy for dust AOD. However, coarse-mode AOD shows few valuelow 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 A0OD i
inconclusive. In contrast to the Asian sites, the AOD raldtefine-mode or non-dust particles is generally much lowehat

of coarse-mode or dust particles, respectively (not shown)
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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 observaaoil
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 betwebAOD and AAO Dgc at the standard AERONET wavelengths for observations
at the Asian and Saharan sitesA0 Dgc has been obtained from the non-dustO D following Eg. (15).We-foeundthat
aAbsolute values 0l AO D are generally larger for Asian compared to Saharan sitesratidhe contribution of mineral dust
to aerosol absorption at all wavelengths is generally fsag&aharan compared to Asian sites. A majoritylofO Dgc values

at Asian sites follows the theoretical curve for dust-friéeagions (i.e. withyqust= 0) and the connection betweetdO D and
AAODgc is almost linear — particularly at longer wavelengths amgdaA AO Dgc. For the samel AO D, a larger dust ratio
Xdustl€ads to a smalled AO Dgc andaits corresponding observation is located further away fronstiel line (not shown).
The abundance of pure dust conditions at the Saharan sée=fdte leads to the larger spread 41O Dgc in Figure 7 that
and this featureis particularly pronounced at 440 nm.

To evaluate the quality of the methodolothat is usedfor retrieving AAO Dgc, we have compared AERONET-derived
values to the ones provided by CAMS aerosol reanalysis dathé sites considered in this study. Weve investigated cases
in which total AOD from AERONET and CAMS agree within 30%, 10&hd 5% of each other. We used these thresholds as a
crude measurinat allowed us to introduce levelsof consistency between the two data sets and to assure ticansiler cases
in which the modelled aerosol situation is most likely rebéng observations. The plots in Figure 8 show a very diffiéere
situation for the Asian and Saharan sites: the former shoveleded results and slopes of the linear fit that are reddpna
close to the 1:1 line (particularly when requiring less tféf difference in measured and modelléd D), while the latter
suggest that the CAMA AO Dgc is strongly underestimating the contribution of BC to lighisorption in mixed Saharan dust
plumes. The best model resemblancedofO Dgc is found for Dakar, where local pollution has a much strorgfésct on
aerosol composition than at the other Saharan sRe&z¢ld et al.2011). This suggests thatAO Dgc as derived here from
AERONET observations is more likely to describe aerosobgtigon in anthropogenic pollution than in biomass-bugnin

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 contnbotidust and non-dust aerosol to totdD D measured with
AERONET instruments based on lidar parameters providethenversion 3 level 2.0 inversion product. We showed how
to derive theAAOD related to the non-dust component as well as to the BC fracthe have analysed AERONET time
series at six sites that are frequently affected by Asianadragan dust, respectively. We found that coarse- and fineemod
AOD cannot always be considered as synonymous wittAibeé related to dust and non-dust aerosol, respectively. We note
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that our methodology is the firsttempt to enable such a differentiation solely on products pravio AERONET. Wehave
compared retrieved values 4fAO Dgc to collocated model results provided by the CAMS aerosalabesis. This comparison
has been restricted to only those AERONET-CAMS matchesylfiich total 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 rexjdently affected by a considerable contribution of asgbgenic
pollution. This suggests thatAO Dgc as derived here is less useful for observations of biomassidy smoke — though the
currently investigated data set has been far too small to dnabbust conclusion.

We consider the presented methodology as a useful tool fara detailed calibration and validation of spaceborne temo
sensing observations and aerosol dispersion modellingABERONET measurements. It will be particularly valuabléoas-
tionswith that show a frequent occurrence of complex mixtures of mineral dudtarthropogenic pollution, e.g. east Asia or
southern Europe but also individual highly polluted bigestdownwind from major deserts.

Data availability. The data used in this work are freely available through the AERONET pairtdtp://aeronet.gsfc.gov/.
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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 valuessgfindwsc are used to retrievd AO Dng and AAO Dgc, respectively.

Parameter 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) S - - - 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 wWBC 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 AsiaSahndran data sets.

Station Location Period N AOD1020 81020 FMF

Beijing 39.98N, 116.38°E 2001-2018 2713 0.45+0.29 0.06+0.07 0.424+0.17
Gwangju_GIST 35.23N, 126.84°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 0.41+0.25 0.06+0.07 0.44+0.18
combined Asian 2001-2018 7969 0.41£0.26 0.06+=0.07 0.44£0.18

Banizoumbou 13.55N, 2.67°E 1995-2018 4217 0.60+£0.31 0.29+0.05 0.11£0.08

Capo_Verde 16.73N, 22.94°W  1994-2018 1689 0.554+0.25 0.30+£0.05 0.0940.04
Dakar 14.39N, 16.96°W  1996-2018 4118 0.544+0.28 0.28+0.06 0.1240.08
combined Saharan 1994-2018 10024 0.574+0.29 0.29£0.05 0.11+£0.07
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