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Abstract. This study proposes an aerosol-type classification baségegparticle linear depolarization ratio (PLDR) and sin-
gle scattering albedo (SSA) provided in the AErosol RObbiETWork (AERONET) version 3 level 2.0 inversion product.
We compare our aerosol-type classification with an earliethod that uses fine-mode fraction (FMF) and SSA. Our new
method allows for a refined classification of mineral dust thecurs as a mixture with other absorbing aerosols: puré dus
(PD), dust-dominated mixed plume (DDM), and pollutant-dteted mixed plume (PDM). We test the aerosol classification
at AERONET sites in East Asia that are frequently affectedriytures of Asian dust and biomass-burning smoke or an-
thropogenic pollution. We find that East Asia is stronglyeated by pollution particles with high occurrence frequesof
50% to 67%. The distribution and types of pollution partsclery with location and season. The frequency of PD and dusty
aerosol mixture (DDM+PDM) is slightly lower (34% to 49%) thaollution-dominated mixtures. Pure dust particles have
been detected in only 1% of observations. This suggestsEtstt Asian dust plumes generally exist in a mixture with pol-
lution aerosols rather than in pure form. In this study, weehalso considered data from selected AERONET sites that are
representative of anthropogenic pollution, biomass-ngresmoke, and mineral dust. We find that average aerosokpiep
obtained for aerosol types in our PLDR-SSA-based classditagree reasonably well with those obtained at AERONESBsi
representative for different aerosol types.

1 Introduction

Atmospheric aerosol particles play an essential role inglbbal climate system by affecting the Earth’s radiatiomldpet
(Stocker et al., 2013). Aerosol particles directly interact with solar daedestrial radiation through absorption and scattering o
radiation. Aerosols also can act as cloud condensatiorenaiatl ice nucleating particles whereby they alter clougherties
(i.e., cloud albedo, cloud lifetime) and lead to a change@tipitation efficiency Twomey, 1974). Radiative forcing of aerosols
is a useful parameter in quantifying the radiative effecaefosols on climate change. Estimates of aerosol radiatizang
require information on the amount of aerosol loading as aelaerosol propertie8¢louin et al., 2013). The sign and the
magnitude of the aerosol radiative forcing depends on akobsracteristics§ocker et al., 2013). Despite an unprecedented
global coverage of atmospheric aerosol information, itiilssschallenging task to assess the aerosol radiativeedfecurately.
Atmospheric aerosols are difficult to characterize in time apace due to their short lifetime and geographically rde
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sources and production mechanisms. Moreover, atmospeosol particles from different natural and anthropogeaurces
also frequently mix and undergo aging processes duringp, which influences optical and microphysical progsrof
the bulk aerosols. An improved discrimination of differe@rosol types by observations, particularly from spacaesses
the accuracy of estimates of the aerosol radiative impatisaimportant for the assessment of aerosol dispersion ltimagle
(Satheesh and Moorthy, 2005).

Aerosol properties inferred from remote sensing measungsmean be used to classify different aerosol types. Aerosol
optical depth (AOD) and its spectral dependence which cachbeacterized by the Angstrém exponent (AE) are typically
used for aerosol classification from passive remote seriggrvations. These parameters, together with the fineasseo
mode fraction of the aerosol size distribution, allow forumntification of aerosol loading and aerosol si@eh(ster et al.,
2006). Dominant aerosol types can then be inferred by usidgianal information on, e.g. possible source regionsamgport
pathways Boselli et al., 2012; Shinet al., 2019). The use of spectral absorbing characteristics fsats add additional
information on particle typeGileset al., 2012). For instancékimet al. (2007) used the fine mode fraction (FMF) from the
MoDerate resolution Imaging Spectrometer (MODIS) to datee particle size and then used the aerosol index (Al) fitoen t
ozone monitoring instrument (OMI) to determine the lighsarbing characteristics of aerosols. Other studies hapgoped
to use properties related to particle size and absorptiatetermine the dominant aerosol type, based on AErosol RObot
Network (AERONET,Holben et al. 1998) observationd_ge et al., 2010;Russell et al., 2010;Giles et al., 2012). AERONET
provides a global, long-term aerosol data set that inclsgestral AOD, complex refractive index, particle size ritisition,
single scattering albedo (SSA), and absorption aerosi¢aepth (AAOD). The information on particle size and ligh
absorbing properties enables the identification of majoos® types such as mineral dust, anthropogenic pollubamass
burning smoke, and mixtures of aerosol particle=e et al. (2010) used SSA at 440 nm and FMF of AOD at 550 nm from
AERONET to determine the absorbing properties and domisiaetmode of particles (i.e. fine or coarse mode) for aerosol
classification Russell et al. (2010) classified aerosol types based on the Absorption thitgsexponent (AAE)Gileset al.
(2012) used SSA, AAE, AE, and FMF from AERONET to infer domihaerosol types. More detailed and quantitative
information useful for aerosol classification can be olaeifrom active aerosol remote sensing with lidar, partitylahen
we include information on the particle linear depolariaatiratio (PLDR oréP) which is a very sensitive parameter with
respect to particle shap&hinetal., 2019). Values of PLDR between 0.30 and 0.35 represent pbergal particles (pure
mineral dust, volcanic ash), while values close to zercciaidi the presence of non-spherical particles. Values indset these
two extreme values characterize mixtures of spherical amdspherical particles. Measurements of PLDR can be used to
estimate the contribution of these two fundamentally déffe particle typesHreudenthaler et al., 2009; Tesche et al., 2009;
Burton et al., 2012, 2014, 2015hin et al., 2015, 2019).

Several studies have determined aerosol types in whichdielaved PLDR was combined with aerosol optical and micro-
physical properties inferred from AERONET observatidBarfon et al., 2012;Russell et al., 2014). Although the combination
of polarization lidar and AERONET observations might bedeai option for aerosol classification, there are few AERONE
stations that are equipped with this additional instruraton.
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Version 3 of the AERONET retrieval methodology provides ugwspectral PLDR as standard inversion product. In this
study, we use the information on the shape (PLDR) and ligetebing properties (SSA) of particles for refining aerosol
typing that can be obtained from using standard AERONET oreasents. We retrieve the dominant aerosol type at selected
AERONET sites in East Asia and investigate their seasonati@n and optical properties.

We describe our methodology in Section 2. In Section 3, wegireand discuss our results. A summary and conclusion of
this work is presented in Section 4.

2 Data and methodology
2.1 Parameters

Polarization lidar allows us to infer PLDR from measurerseaitthe particle backscatter coeﬁicie6§§ in different planes of
polarization compared to the plane of polarization of thétteah linearly polarized laser light:
i
el
AERONET instruments measure direct solar radiation andatiation. The measurements are automatically analyzed us
the AERONET inversion algorithmDubovik et al., 2006). The retrieved aerosol products are stored in the@MRT data
base (https://aeronet.gsfc.nasa.gov/, last accessn8@rda2019). In the AERONET retrieval, the elemehts(\) andFso ()
of the Muller scattering matrixgohren and Huffman, 1983) are computed from the particle size distribution #aedcomplex

P @)

refractive index that can be inferred from AERONET level 2adaroducts. The elemeit ; (1)) is proportional to the flux of
scattered light in the case of unpolarized incident lighti@vfiz2 (\) strongly depends on the angular and spectral distribution
of the radiative intensityBohren and Huffman, 1983). From the elemenfs;; (\) and F5;(\) at the scattering angle 18P

is computed as

1= F3(),180°)/F11(),180°)
14 Fae(),180°) /Fi1 (A, 180°)

a3

)

Noh et al. (2017) report that PLDR from the AERONET inversion prodwsitews high correlation with lidar-derived values.
PLDR can be used to calculate the contribution of dust to Hréighe backscatter coefficient for an external aerosoltuné
Shimizu et al. (2004) andlesche et al. (2009) define the dust ratidz() as:

(=R (1+ )
SRR DN

®)

Here,éﬁd and 53 indicate the PLDR of non-dust and pure dust particles, &s@dy. The corresponding values can be de-
termined from lidar or AERONET observationBufton et al., 2014;Shin et al., 2018).Shin et al. (2018) recently discussed
AERONET-retrieved PLDR from different source regions. Bu¢hors find that PLDRs at 870 and 1020 nm are likely to be the
two most reliable quantities. The authors based this findingomparison to literature values obtained from lidar oleéns

of pure dust particles. We accordingly apply the aerosa@sifcation procedure to AERONET measurements at 1020 nm. We
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used values o, = 0.02 and s = 0.30 for pure dust for Asian dusstin et al., 2018). When PLDR was lower tha}, or
higher thans?, Ry was set to 0 or 1, respectively.

The spectral SSA is the ratio of the scattering and extinctiblight by particles and is generally used to define their
absorbing characteristics. In this study, we use SSA tandigish between non-dust particles that are non-absorhAg,

weakly absorbing (WA), moderately absorbing (MA), and sty absorbing (SA).
2.2 Data selection

We selected AERONET sites in East Asia to develop our metloggoThese sites are in a region that is influenced by both
natural and anthropogenic aerosols such as anthropogaticl@s from fossil fuel combustion, biomass-burning Emaand
mineral dust Nakata et al., 2016). We combine the stations Beijing and Xianghe intotwh& denote as Greater Beijing.
The stations Seoul and Yonsei_University are considenaesentative for Seoul. Osaka is represented by the stafisaka
and Shirahama. We considered Gosan to represent regiaiariband aerosols in East Asia as there are few anthropogeni
sources near this site. The AERONET inversion is only pengat for measurements with a 440-nm AOD larger than 0.4
(Dubovik et al., 2006). For the aerosol type classification we use the AERDMN¥el 2.0 version 3 inversion products of
particle size distribution, PLDR, and SSA available as dfrdary 2018. This means that the time series considereccbees

the time frame from the beginning of measurements at theeotisp sites up to between the end of 2016 and the middle of
2017.

We considered other AERONET stations to evaluate the sesiilbur aerosol classification. These stations are gegerall
considered to be representative for (1) anthropogenidctest Goddard Space Flight Centre (GSFC, USA), Ispray(itaind
Mexico City (Mexico), (2) biomass-burning smoke: Alta Fésta (Brazil), Mongu (Zambia), and Abracos Hill (Brazil)ox(3)
Saharan dust: Capo Verde (Cape Verde), Banizoumbou (Neysd)Dakar (Senegal). Detailed information on the AERONET
sites considered in this study is provided in Table 1.

2.3 Correlation between PLDR and other optical properties

To investigate whether PLDR can be used as the base parafmeterosol type classification we analyzed how SSA and
volume particle size distribution vary with respect to éifnt intervals of PLDR. These parameters have been usadrosol
type classification in previous studigsifn et al., 2007;Leeet al., 2010). Figure 1 shows clearly distinguishable patterns of
spectral SSA. The increase of SSA with increasing wavelefagtPLDR> 0.28 is characteristic for mineral dusGileset al.,
2012). In contrast, the decrease of SSA with increasing lwagéh for PLDR< 0.1 is in line with anthropogenic pollution and
biomass-burning smoké&s{les et al., 2012). In addition, SSA at 1020 nm is remarkably differeminpared to SSA at other
wavelengths according to the PLDR. Values are in the rantyedas 0.91 and 0.94 for PLDR0.1 and between 0.96 and 0.99
for high PLDRs. In contrast to the other wavelengths, theferdnces are very small at 440 nm. The composition of min-
eral dust often includes clay minerals or iron oxides thatll® strong light-absorption at short wavelengter{mian et al.,
2008). The main light-absorber of anthropogenic pollui®black carbon or soot, which exhibits light absorptiorotigh-

out the entire solar spectrurBdrgstrom et al., 2002). Aerosol particles which are categorized by PLDR thiist particles
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and pollution particles thus are relatively low light-aldlsiog at 440 nm compared to their light-absorbing capaditgther
wavelengths.

Figure 2 shows that the variation of the fine-mode and thesesarode part of the size distribution with respect to PLDR
is also clearly distinguishable. The fine-mode particlesitate at lower PLDR and their contribution decreases withgas-
ing PLDR. Conversely, the contribution of the coarse-maréhe total volume concentration (CMFvc) increases as PLDR
increases. CMFvc is less than 0.5 for PLBR.06 and higher than 0.9 for PLDR0.30.

Values of PLDR> 0.3 indicate nearly pure dust particldséudenthaler et al., 2009;Shin et al., 2018), whereas PLDR 0.1
is representative for anthropogenic pollution or biomiagsiing smokeBurton et al., 2012). External mixtures of mineral dust
and non-spherical particles reveal PLDRs in the range fr@& t 0.30. Consequently, PLDR varies according to the danti
aerosol type in the mixturein et al., 2015).

2.4 Aerosol classification method

Atmospheric aerosols are typically classified into four anaypes according to their size and light-absorbing prgpé&ior
instanceleeet al. (2010) used FMF and SSA from the AERONET version 2 level 2/@rision products to classify aerosols
into black carbon (BC), mineral dust, non-absorbing (NAltiskes, and mixed particles. In our aerosol classificatiathod,

we use PLDR for obtaining information on the shape of theiglad. We also usé&, to set a threshold of PLDR for aerosol
classification with respect to the contribution of mineraktto the aerosol mixture. SSA is used to distinguish alisgrb
from non-absorbing aerosols. The reason for using PLDRa&usbf FMF, which has been used, e.gSthuster et al. (2006)
andLeeet al. (2010), is that the former study provides a clearer semardietween non-spherical dust particles and rather
spherical non-dust particlesee et al. (2010) used a threshold of FMF0.4 to identify mineral dustJones and Christopher
(2007) reported annually mean values of MODIS FMF for miheust of0.45+0.05. Shin et al. (2019) compared coarse-mode
AOD provided by AERONET to dust AOD retrieved with the use &R and showed that the former tends to overestimate
the contribution of mineral dust to AOD. As a consequenceFFkivifine-mode AOD, when used as proxy for identifying non-
dust aerosols, would lead to a systematic underestimafitireaontribution of non-dust particles to the total aetqgdome.
Further benefits of using PLDR rather than FMF for aerosa tglpssification will be discussed later.

Figure 3 shows a flowchart of our aerosol classification nektiitne contribution of dust in the aerosol mixture is deter-
mined based on using a threshold for the PLDR. Previousestugiported values for Asian dust of 0.08 to 0.35 at 532 nm
(Murayama et al., 2004; Shimizu et al., 2004; Shin et al., 2015). Asian dust generally mixes with other aerosol tyghasng
long-range transport, which leads to a wide range in PLB# et al. (2015) used 0.08 at 532 nm as the threshold value to
identify a contribution of mineral dust in mixed aerosol ples.Shimizu et al. (2004) defined 0.1 at 532 nm as the threshold
value for the classification of mixed mineral dust. In thisdst we define pollution particles to show PLER).06 and mineral
dust to show PLDR 0.28. Values between 0.06 and 0.28 are considered to represgtuires of mineral dust and pollution
aerosols. Depending oRy, we classified observations that fall into the range of PLEBRMeen 0.06 and 0.28 as pollution-
dominated mixed aerosol (PDMRyq = 0.17 — 0.53) and dust-dominated mixed aerosol (DDWg = 0.53 — 0.89). PDM is
characterized by PLDR between 0.06 and 0.16 while DDM istifled for PLDR between 0.16 and 0.28. The light-absorbing
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properties and size of PDM is likely to be closer to the chiréstics of pollution particles than to DDM. In the same wie
light absorbing properties and size for DDM are more likelygsemble the characteristics of pure dust.

SSA at 440 nm is usually used to identify dust particlés(et al., 2007;Lee et al., 2010). Here, we use SSA at 1020nm
as we have already classified mineral dust and non-dustiesrtbased on PLDR. This means that we can make use of
the better contrast that we find between black carbon andpduttles when using SSA at 1020 nm, and we can use this
contrast for our threshold-based identification of différabsorbing particle types and their mixtures. The SSA 201n of
water soluble aerosols, including sulphates, is close ity Hess et al., 1998), whereas SSA is close to zero for BC (0.07
at 1020 nmHaywood and Ramaswamy 1998). The SSA values for aerosol mixtures (e.g., BC witplsate) vary, depending
on the relative humidity and mixing ratio (e.g., 0.91 at 70% &nd 0.5 BC/sulphate mixing ratio for an internal mixture)
(Wang and Martin, 2007).Dubovik et al. (2002) report on SSA at 1020 nm of 0.83-0.95, 0.78-0.91,-0.99, and 0.97 for
urban/industrial pollutant, biomass burning, desert dastl marine aerosol, respectively. We note that pollutiartigles
which were classified by PLDR could consist of both biomassiing aerosol and anthropogenic aerosols. The biomass-
burning aerosol contains BC, while anthropogenic aeramatains BC and/or NA. Therefore, we conclude that anthrepay
aerosols with higher SSA consist mostly of NA whereas plagigvith lower SSA indicate that NA is mixed with BC. For
this reason, an SSA threshold of 0.95 is used to identify Nétarmark the upper limit for SSA of anthropogenic pollution.
Depending on 1020-nm SSA, absorbing aerosols are therefudivided into strongly absorbing (SA, SSA).85), moderately
absorbing (MA, SSA- 0.85 — 0.9), and weakly absorbing (WA, SSA0.90 — 0.95).

3 Results
3.1 FMF versus PLDR for aerosol-type classification

Figure 4 shows a 2-d histogram distribution of the relatietween FMF and PLDR. Desert dust predominately consists of
coarse-mode particles, whereas combustion-produceidiparare predominantly found in the FMF of particle sizeritisi-
tions. The PLDR is close to zero for spherical particles aghnthropogenic or smoke particles and increases witbasirg
particle non-sphericity. The dominant aerosol type in teesol mixture can be distinguished based on knowledge df FM
and PLDR. We find a strong negative correlation3f= 0.80 for FMF versus PLDR. The use of PLDR allows us to separate
between pure dust (PD, sector A), dust-dominated mixtuigMDsectors B, C, and E), pollution-dominated mixture (PDM,
sectors D and E), and pollution (sector G). This leads to amathmore comprehensive aerosol classification with retsjoe
dusty mixtures.

Figure 5 shows the mean volume particle size distributioth &8A of the seven sectors. The optical and microphysical
properties of the aerosols in each sector are listed in TAblde volume particle size distribution and SSA for the twstd
sectors A and B are markedly different. Sector A shows a mééin & 0.31 4 0.18 while this value increases th41 +0.17
in sector B. Additionally, the SSA at 1020 nm in sector Ai80 + 0.26 while SSA in Sector B drop t6.88 + 0.25. Although
both Sectors C and D are classified as mixed aerosols, pssizd distribution of Sector C is characterized by a moreidant
coarse mode than particle size distribution in Sector D.
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The difference in the values of optical and microphysicalerties of aerosol in Sectors E, F, and G (pollution doreitat
is even more pronounced. Values of FMF ar&l 4+ 0.09, 0.80 4+ 0.08, and0.90 4 0.05, respectively. SSA i$.88 + 0.26,
0.87+0.21, and0.85+0.25, respectively. The spectral dependence of SSA in SectoaEaglistinguishable from that of SSA
in Sectors F and G. SSA increases with increasing waveléngtctor E. Such a spectral behaviour is a characteristtaife
of mineral dust. The SSA decreases with increasing waviéiandgsector G. We find little spectral variation of SSA in S®ct
F. Sectors F and G are more likely to represent pollutionigeast, whereas Sector E more likely contains mixtures dftioh
and mineral dust.

The volume particle size distribution and spectral SSA iot&eA (pure dust based on PLDR) is clearly different from the
ones in the other sectors. Sector A contains coarse-mat@dted particle size distributions (FMF).31 +0.18) and shows
a spectral SSA that resembles the one of mineral dust. Simtlae spectral characteristics of SSA of aerosols in@sd, C,
and E, which are classified as dust dominant mixtures, amacteaistic for dust particles. However, SSA at 1020 nmygeio
(0.84-0.88) compared to SSA at 1020 nm in Sector A. SSA at iiP@aries around of 0.87 in Sectors D and F. These sectors
were classified as pollution-dominated mixtures (basedL.ddR). The volume size distributions for Sectors D and F shuat t
both coarse- and fine-mode particles are present in theganesx Sector G resembles the characteristics of pollyt@oticles
(high FMF and low SSA).

We conclude that the FMF might be too ambiguous a parametistioguish aerosol types in mixed dust-pollution plumes.
In contrast, PLDR is a more reliable parameter for aerogm tylassification in which mineral dust is part of the aerosol
Our method is particularly useful for observations in EastaAwere mineral dust is almost always mixed with pollution.
We therefore propose a refined categorization into pure, dust-dominated mixtures, pollution-dominated mixturasd

pollution.
3.2 Characteristics of aerosol types over East Asia

We investigated the regional and seasonal charactergdtmsrosol over East Asia. The rates of occurrences of aengses

at each AERONET observation site are shown in Figure 6. Risgss of season, pollution particles (NA+WA+MA+SA)
are detected persistently over East Asia with 50%-67% oenue rate. Pollution particles are detected most fretyuant
Seoul (67%). The lowest occurrence rate of pollution of 5086 found at Gosan. The seasonal variation and specific type
of pollution differ for the different sites. Aerosols clé#sd as more light absorbing (MA+SA), are detected mostifestly

at Greater Beijing (SA: 4%, MA: 15%) and Osaka (SA: 5%, MA: 15fidlowed by Seoul (SA: 2%, MA: 9%) and Gosan
(SA: 3%, MA: 4%). The most frequently detected aerosol types Seoul were NA (24%) and WA (32%). Differences in the
frequency of different types of pollution particles, i.eetBC-dominated types MA and SA and WA and NA which contain
little or no BC, can be explained by the sources of the aeso3tle occurrence rate of MA and SA at Greater Beijing (19%) is
larger than at Seoul (11%). China has become a major souRBE€ because of fossil fuel combustion stemming from indystry
domestic heating, and cooking. The contribution of BC idyga@n thus has increased. In contrast, water-solubler@isappic)
aerosol particles such as sulphate or nitrate might be dowhin the anthropogenic pollution plumes over Seoul.
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The occurrence rate of pure and polluted dust (PD, DDM, anilP&ver East Asia is slightly lower (34%-49%) than that
of dust-free pollution. PDM is the most frequently detecéaiosol type (over East Asia) of all types that include dust,
PD, DDM, and PDM. The occurrence rates of PDM were 28%, 28%j%,38d 23% for Greater Beijing, Seoul, Gosan, and
Osaka, respectively. In contrast, the occurrence rateDow&s around 1% at most sites. The highest occurrence raRiXes
found at Greater Beijing (1%). Central Asian dust usually traveled over densely populated and highly industridleneas
of China before itis detected. That means, as the resulhn$port path and time dust has usually mixed with polluthetsre
being detected3un et al., 2005;Shin et al., 2015). The lowest occurrence rate for PD and relativeldigpccurrence rate for
PDM and DDM over East Asia corroborates this assumptionthag dust particles over East Asia are typically mixed with
anthropogenic pollution.

The seasonal variation of each aerosol type retrieved withaerosol classification method corroborates the findirigs o
Xia et al. (2007),Guo et al. (2011), andlung et al. (2009). Overall, dust-containing aerosol types (PD, DD DM) have
the highest occurrence rates during spring with as much#s@2ases for Gosan in April. This is in line with the Asian tlus
season in springquo et al., 2011). PD is observed at all sites during spring but onlywatv occurrence rates of 1% to 4%.
PD is also rarely observed during the other seasons. Thareoce rates of pollutant particles are consistently hixtept
during spring. The distributions and types of pollutantiigées are rather complex because of the variety of theircgowith
respect to location and season. Higher rates of SA and MAetextbd at most observation sites during winter, whictkedyi
the result of increased combustion of coal for domesticihgaln contrast, the Gosan site is less influenced by strigng-|
absorbing particles during winter compared to the otheentagion sites as it is located away from highly industriedl areas.
The higher SA and MA occurrence rates detected during suraim®saka might be due to regional climate effects: a high
oxidant level from local emissions, high temperature, a&nohg thermal insulation support the conversion of vadatitganic
compounds into secondary organic aerosols (S®Ag et al. 2016). The aged SOA could produce brown carbon (BrC) which
is significantly light-absorbingL{u et al., 2016).

Another feature to note is the occurrence rate of NA and WAcWlincreases during summer at all sites. Sulphate and
nitrate are major contributors to the aerosol loading dusammer over East Asia. Strong solar radiation, high anibien
temperature, and high relative humidity during summer ista&ia enhance photochemical processes. These conditiayns
have been responsible for the higher summer concentrasfcaramonium sulphate and nitrat&i(g et al., 2009). The Asian
monsoon is another possible reason for the increased fiegoéoccurrence of NA and WA during summer. Increasedikaat
humidity and associated hygroscopic particle growth dunmnsoon season can cause changes in aerosol scattepegtig®
(Xiaet al., 2007). Regardless of season, significant amounts of NA eh@M/ detected at the coastal sites Gosan and Osaka.
The high valued of NA and WA might be the result of large cdnitions of maritime aerosol which is strongly light-sceitig
as well as highly hygroscopic.

3.3 Dominant aerosol types at representative aerosol sowecegions

In order to validate our method, we used it to determine thmidant aerosol types at well-characterized AERONET sites
representative for anthropogenic pollution, biomass ingriparticles, and mineral dusbgbovik et al., 2002; Giles et al.,
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2012;Choai et al., 2016). Details on the selected sites together with theroecoe rates of different aerosol types are given in
Table 3.

The dominant aerosol type at dust sites was PD with occuereates of 64% to 81%. PD was most frequently detected at
Cape Verde with 81% occurrence rate. Additionally, notatdeurrences rate for DDM (16% to 35%) and PDM (0% to 4%)
are also found at the dust sites. This suggests that AEROMNESis or close to source regions of mineral dust are fretiyien
affected by local pollution or other aerosols from sourcewind. The highest occurrence rate of 35% for mixed dustdype
(DDM+PDM) was found at Dakar where local pollution has a mstthnger effect on aerosol composition compared to other
Saharan sitedétzold et al., 2011).

The sites for anthropogenic pollution show an extremelylugcurrence rate of pollutants of 93% to 99%, though the oc-
currence rates of the individual sub-types vary from sitsit®. Higher occurrence rates of NA and WA were found at GSFC
(34% and 47%) and Ispra (32% and 37%). Conversely, a highmm@nce rate of MA (34%) and SA (29%) was found at
Mexico City, which is frequently affected by severe air ptithn that mostly consists of fine-mode and carbonaceowsalksr
(Choi et al., 2016).Choi et al. (2016) used cluster analysis in combination with AERONE®admd found that secondary in-
organic particles dominate at GSFC. Carbonaceous aerasstitong light-absorption properties, whereas secoridanyanic
aerosols such as sulphates predominantly scatter Bgimd(and Bergstrom, 2006).

The frequency distribution of SA and MA are higher at the béastburning sites. Those sites are considered to be affecte
by mostly light-absorbing particles from combustion. Athigccurrence rate of 96% of SA was found at Mongu. MA is the
most frequently detected type at Alta Floresta (42%) andaéds Hill (41%). BC is produced by flaming fires, i.e. at high
temperatures. This type of BC production is prevalent at ddprvhereas production of primary organic carbon (OC) atlow
temperature (smoldering fires) is dominant at Alta Flor¢R&d et al., 2005;Choi et al., 2016). The occurrence rates of NA
(4%) and WA (34) at Alta Floresta and Abracos Hill are alsdidguishable from the rates at Mongu where less than 0.5%
were detected as NA or WA. The photochemical formation obedary inorganic aerosols due to emissions from biomass
burning seems to be much more frequent at Alta Floresta amacab Hill compared to MonguChoi et al., 2016).

Figure 7, analogous to Figures 1 and 2, presents the meatradp®8A and volume particle size distributions for the
AERONET sites that are mainly affected by anthropogenitugioh, biomass-burning smoke, and Saharan dust. Thergpect
behaviour of SSA at these sites strongly resembles the arssried bybubovik et al. (2002),Eck et al. (2009),Giles et al.
(2012), andin et al. (2018). Dust particles exhibit strong light absorption ladrs wavelengths and lower absorption in the
visible and near infrared wavelength regi@hif et al., 2018). Fine-mode particles and hygroscopic particleb sscsulphate
show nearly neutral spectral dependence of SSA and ovématiger light-scattering, i.e. higher SSBybovik et al., 2002).

BC has the strongest light-absorption properties in the-mé@red wavelength region. OC and BrC exhibit strondgghtt
absorption properties at ultraviolet and visible wavetbadeck et al., 2009).

The SSA at sites that represent anthropogenic polluti@hiteflects the spectral features of SSA of fine-mode pagiahd
hygroscopic particles. The value of SSA at Mexico City isémhan at other anthropogenic sites in the entire wavetsngt
Mexico City is frequently influenced by air pollution thakéily consists of more carbonaceous aerosols, whereas G&FC a
Ispra are affected by secondary inorganic partic@o{ et al., 2016). Additionally, the spectral dependence of SSA at the
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biomass-burning sites is similar to that of BC. We note thatvalues of SSA at the Mongu site are much lower than the
values of SSA at the other biomass-burning sites in theeeni@velength. Various absorbing aerosols (e.g., BC, OC, 8rC
secondary inorganic aerosols) can be emitted from biomassériy. The lower SSA at Mongu might be the result of a higher
fraction of BC compared to the other biomass-burning stesisequently, the spectral dependence of SSA at Alta Féoaes!
Abracos Hill is more neutral with high values of SSA compai@®ongu. BC has the strongest light-absorption propeities
the near-infrared wavelength region, while OC and BrC ekisifoonger light-absorption properties at ultravioletlansible
wavelengthsKck et al., 2009). The spectral dependence of SSA at the dust sitegrissentative of mineral dust particles.

Figure 7 also compares the spectral SSA at the AERONET sittsetspectral SSA of the aerosol types defined in our
classification method (see Figure 3). The SSA for NA is highan SSA at the anthropogenic sites at all wavelengths. The
SSA for WA is similar to values obtained at GSFC and Ispra. bfectude from this that NA — in view of the definition of
aerosol type — consists to a largest degree of light-saagterarticles. Similarly, WA represents aerosols that aonboth
light-scattering and light-absorbing particles with thght-scattering contribution being predominant.

Anthropogenic sites contain light-scattering particled dght-absorbing particles, which is reflected in SSA. Fpectral
SSA of MA is similar to the values found at Alta Floresta andrédos Hill except at the short wavelength. Consequently,
MA is an aerosol mixture in which light-absorbing partictesse a stronger impact. The absorbing properties are nkady i
related to the contribution of OC. Finally, the spectral S8/&A resembles the findings at Mongu and suggests that thie lig
absorbing properties of SA are related to a strong contabuif BC. We note that the SSA of SA and Mongu are different.
SA has been defined based on observations in East Asia whemebaty particles are likely present in complex mixtures. |
contrast, BC is considered as the dominant aerosol at Mongu.

The spectral SSA of DDM and PD is similar to the one found athh& sites. However, the SSA of DDM is slightly lower
than SSA of PD and of the AERONET dust sites as a result of miwith pollutant particles. Accordingly, the SSA of PDM
are even lower than of PD, DDM, and AERONET dust sites as iefindd to feature a larger contribution of pollutants.

The volume size distributions show a dominance of coarsdenparticles at the dust sites. Coarse-mode particles also
contribute strongly to the total volume size distribution D and DDM, whereas a lower contribution of coarse-modgghes
is found for PDM. This result is in line with an increased ceniration of anthropogenic pollution or biomass-burningpke
which, in the PDM type, are typically considered to be finedmparticlesEck et al., 1999).

Fine-mode particles contribute strongest to the total malsize distribution at biomass-burning sites. Additibnahe
contribution of fine-mode and coarse-mode seems evenlitdittd in the total volume size distribution for MA and SA.
Reid et al. (1998) found from studies in rain forest regions of Brazdttfresh smoke particles are significantly smaller than
well-aged smoke particles. We believe that fresh smokégbestcontribute significantly at the biomass-burningssitehereas
MA and SA detected over East Asia are affected not only byrfieele particles but also a considerable amount of coarse-mod
particles, in contrast to the source regions of biomassihgrithe contributions of fine-mode and coarse-mode pesitd the
total volume size distributions are rather similar for tmehaopogenic sites. However the contribution of fine-modgiples
to the total volume size distributions is dominant for NA.

10
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4 Summary and conclusions

We presented a methodology that is used for classifying tingireint types of aerosol particles in mixed aerosol pluriés.
used PLDR and SSA that are provided in the AERONET versiowd [0 inversion products. Dusty aerosol mixtures were
separated according to pure dust, dust-dominated mixtpadisition-dominated mixtures and pollution. The polhswere
classified as non-absorbing, weakly absorbing, moderate$prbing and strongly absorbing particles based on ussfy S
at 1020 nm. The new aerosol typing method provides detailfediation on aerosol mixtures that contain varying leéls
mineral dust.

We tested our method at East Asian AERONET sites that areidraty affected by various aerosol type. We found that
aerosols categorized as pollutant (NA+WA+MA+SA) are mostjfiently detected over East Asia. The detection rate was
50%-67%. The distribution and types of pollutant vary adaag to the location of sites and season. The frequencyilaliion
for PD or dust-containing aerosol (DDM+PDM) plumes is lowlean that of pollutants. Moreover, PD was detected in less
than 1% of the observations at most sites over East Asia.stlggests that dust over East Asia is almost always mixed with
other types of aerosol.

We compared the results of our aerosol-type classificatidhe aerosol properties obtained from selected AERONEEE sit
which are considered to be representative for differerdsaitypes, i.e. anthropogenic pollution, biomass-bugisimoke and
mineral dust. For anthropogenic pollution, we found that MA and SA occur most frequently at Mexico City, whereas GSF
and Ispra are affected most strongly by NA and WA. The frequelistribution of SA and MA is higher at the biomass-burning
sites. Those sites are affected by mostly light-absorbartjghes from combustion. PD is the dominant aerosol at ditiss.
From the comparison to representative AERONET sites, welude that the method we use to identify dominant aerosol
types over East Asia also leads to reasonable results atsitbe The proposed method has the potential to provideowveg
information on aerosol type in regions where various tydeseoosol are frequently present in the form of complex nrissu
—not only over East Asia but also elsewhere on the globe.iégjmbn of our aerosol-typing method to the global AERONET
data base will provide useful information for the validatiof chemical transport modelling as well as (active) spaoed
sensors that provide PLDR observations.

Data availability. The data used in this work are freely available through the AERONET pairtdtp://aeronet.gsfc.gov/.
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Table 1. Geographical/retrieval information for each AERONET site used in thig/saldng with some references for each aerosol type.

Site Latitude [°] Longitude [°] Elevation [m] Years Cases

Greater Beijing

Beijing 39.98 116.38 92 2001-2017 4480
Xianghe 39.75 116.96 36 2001-2017 8289
Seoul

Seoul_SNU 37.45 126.95 116 2002-2017 1715
Yonsei_University 37.56 126.94 97 2011-2017 2784
Gosan 33.29 126.16 72 2001-2016 1292
Osaka

Osaka 34.65 135.59 50 2000-2016 2392
Shirahama 33.69 135.36 10 2000-2016 4080
Dust

Banizoumbou 13.55 2.67 274 1995-2018 4217
Capo_\Verde 16.73 -22.94 60 1994-2018 1612
Dakar 14.39 -16.96 21 1996-2018 3676

Biomass burning

Abrascos Hill -10.76 -62.36 259 1999-2015 392
Mongu -15.25 23.15 1047 1995-2010 1276
Alta Floresta -9.87 -56.10 277 1993-2018 817

Anthropogenic

GSFC 38.99 -76.84 87 1993-2018 1237
Ispra 45.80 8.63 235 1997-2018 1114
Mexico City 19.33 -99.18 2268 1999-2017 692
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Table 2. Average values of AERONET-derived aerosol parameters for ¢éeeoss identified in Figure 5: FMF, AOD-related Angstrém
exponent for the wavelength pair 440 and 870 nm (AE), PLDR at 16208A at 1020 nm, total volume concentration (VoIC), effective
radius (Reff), and the volume median radius (VMR). For comparikeegt al. (2010) classifies categories A and B as dust, categories C
and D as mixed, and categories E, F, and G as pollution.

A B C D E F G
pure dust dust domi- dust domi- pollutant domi- dust domi- pollutantidompollution
(PD) nated (DDM) nated (DDM) nated (PDM) nated (DDM) nated (PDM)

N 90 355 520 207 512 3488 6691
FMF 0.310.18 0.410.17 0.59-0.13 0.62£0.09 0.71#0.09 0.8@:0.08 0.96:0.05
AE 0.50+0.45 0.410.22 0.46:0.22 0.52:£0.28 0.56£0.33 0.66:0.50 0.65:0.61
PLDR 0.28t0.04 0.22:0.03 0.140.03 0.13t0.02 0.16:0.02 0.09:0.02 0.02:0.01
SSA 0.9G6:0.26 0.88:0.25 0.84:0.31 0.8740.22 0.88:0.26 0.870.21 0.85:0.25
VolC 0.52+£0.31 0.44:0.27 0.38:0.18 0.4@:0.15 0.38:0.21 0.4@:0.23 0.5@:0.30
Reff 0.73+0.36 0.592:0.33 0.4@:0.20 0.43t0.19 0.3#0.15 0.3@:0.12 0.28:0.11

Table 3.Occurrence rate (in percent and absolute numbers) of the aerpssliientified with our method at the selected AERONET sites.

cases PD DDM PDM NA WA MA SA
Anthropogenic
GSFC 1237 0 (0%) 0 (0%) 15 (1%) 421 (34%) 587 (47%) 192 (16%) 228)(
Ispra 1114 0 (0%) 0 (0%) 72 (6%) 353 (32%) 414(37%) 212 (19%) (588)
Mexico City 692 0 (0%) 0 (0%) 12 (2%) 72 (10%) 166 (24%) 238 (34%) 4 ZB%)
Biomass burning
Alta Floresta 817 0 (0%) 0 (0%) 6 (1%) 31(4%) 275(34%) 341 (42%) (268%0)
Mongu 1276 0 (0%) 0 (0%) 0 (0%) 4 (0%) 3 (0%) 50 (4%) 1219 (96%)
Abracos Hill 392 0 (0%) 0 (0%) 0 (0%) 15 (4%) 135 (34%) 160 (41%) (B%)
Saharan Dust
Capo Verde 1612 1311 (81%) 260 (16%) 29 (2%) 1 (0%) 0 (0%) 3(0%) 7 (0%)
Banizoumbou 4217 2749 (65%) 1268 (30%) 185 (4%) 0 (0%) 1(0%) 09%)( 4 (0%)
Dakar 3676 2204 (64%) 1214 (35%) 0 (0%) 4 (0%) 6 (0%) 1 (0%) 242)(0
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