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Abstract. Characterizing chemical and physical aerosoll Introduction
properties is important to understand their sources, effects,

and feedback mechanisms in the atmosphere. This study P % erosol particles play a central role in the atmosphere. Small

poses a scheme to classify aerosol populations based on their ... . . : )
) . X ) variations of their chemical and physical properties generate

spectral optical properties (absorption and scattering). The. .. . .
significant feedback mechanisms, with complex and com-

scheme s obaned hanks o the ouisandng et of niomagi8 1 KK DS 1 R 2
tain. The spectral variability of the aerosol single scatter-health effects\WHO, 2003 to global climate [PCC, 2007).

ing albedo (dSSA), and the extinction, scattering and ab_Varlatlons of their optical properties and capability to act as

: I ndensation nuclei N) ar rminant for the cli-
sorption Angstrom exponents (EAE, SAE and AAE, respec-C oqd co de satg ucte (CC )g € d?te antforthe c
. . matic (direct and indirect, respectively) impact.
tively) were observed on the basis of two-year measurements . .
of aerosol optical properties (scattering and absorption co Tropospheric aerosols may contain carbonaceous mate-
efficients at Elue pree?n and red wavel%n ths) erfgrmed in”al’ sulfate, nitrate, ammonium, trace metals, sea salts, and
' 9 ; 9 P crustal elements — their sizes spanning over more than four
the suburbs of Rome (Italy). Optical measurements of var- . .
. orders of magnitude, from a few nanometers to several mi-
ious aerosol types were coupled to measurements of parti- : : ) )
. L . ._crometers (e.g.Seinfeld and Pandi2006. Particle sizes
cle number size distributions and relevant optical properties i . e
simulations (Mie theory). These latter allowed the investiga and composition together with their mixing state and shape
tion of the role of they érticle size and composition in t%e identify aerosol populations — each of them having specific
€p posit . _ chemical, optical and physical properties, as well as sources
bulk aerosol properties observed. The combination of sim- . o : :
. . . and sinks, space scales and lifetime. Whilst aerosol mass is
ulations and measurements suggested a general “paradigm, . B N ; :
. . . dominated by the “coarse” (particle diamet&y, from 1.0
built on dSSA, SAE and AAE to optically classify aerosols. ' . S
. . . : to 10 um) and finePp < 1.0um, the “accumulation” mode)
The paradigm proved suitable to identify the presence of key .. . ' . : .
: . . . . particles, their number is dominated by the ultrafine particles
aerosol populations, including soot, biomass burning, organ;

) . . N . (UFP, Dp < 100nm) in the “nucleation”, and "Aitken” mode
ics, dust and marine par“c'?s-_ Th_e work h!ghll_ghts that (i) (Dp <50nm, 50-100 nm, respectively). The size-resolved
aerosol populations show distinctive combinations of SAE

and dSSA times AAE, these variables being linked by a Iin_understanding of the particle numbers, and in particular of
. . . . . ec by the carbonaceous aerosols, is among the major knowledge

ear inverse relation varying with varying SSA; (ii) fine par- he i f air polluti imital

ticles show EAE> 1.5, whilst EAE< 2 is found for both gaps to assess the impact of air pollution on climatel{

coarse particles and ultrafine soot-rich aerosols; (iii) fine and11 ala et al, 2011).
coarse particles both show SSA0.8, whilst ultrafine urban Carbonaceous aerosols include black carbon (BC) and

Aitken mode and soot particles show SS/.8. The pro- organic material (OM), and represent most of the anthro-

: . . enic aerosol in terms of both mass and number con-
posed paradigm agrees with aerosol observations performepdO 9

during past major field campaigns, this indicating that reIa—CentraﬂonS' BC in the lower atmosphere is the major ab-
unng p '3 npaigns, gt sorbing component of atmospheric aerosol and a harm-
tions concerning the paradigm have a general validity.

ful air pollutant that has both substantial regional and
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global climate impacts, and adverse human health efrated dust (generally SAE close to zero and AAE variable,
fects UNEP, 2011). Recently,Reche et al(2011) demon-  but high), fresh plumes (AAE around 1), and coal pollution
strated that between 3 and 20% of RVat several Eu- (more variable AAE because of the formation of brown car-
ropean urban sites is due to BC. Conversely, OM hasbon).Gyawali et al(2012) clearly separated clean days from
been thought to have a cooling effect (i.e., negligible ab-polluted days by combining AAE and SAE with SSA.
sorption properties); some organic compounds, however, The spectral variability of SSA (dSSAY has been also
have been found to absorb light in the UV and visi- proposed as an indicator of particle siaekerman and Toon
ble (Kirchstetter et a].2004 Andreae and Geleneg 2006, (1987 found that positive dSSA/dcan be caused by the
and have therefore been referred to as “brown carbdn* (  domination of the coarse particle mode in the aerosol size
dreae and Gelenés 2006 Alexander et al. 2008. The  distribution.Bergstrom(1973 showed that for atmospheric
brown carbon, a subset of the whole organic carbon, exhibit@erosols that do not contain large particles, SSA of the mix-
a strong wavelength-Aj dependent absorption in the UV ture decreases with. Several authors have investigated the
and visible, which is larger at near-UV and blue wavelengthsdependence of dSSAldon aerosol compositiorKaufman
(Sun et al. 2007). Jacobsor(200)) identified nitrated and et al. (200]) showed that SSA for dust increases with in-
aromatic compounds as likely absorbeBend (2001) sug-  creasings because of the absorption in the blue channels
gested different levels of aromatization to explain the particledue to the presence of iron oxides in hematit@abovik
absorption spectral variability. So far a complete knowledgeet al. (2002 obtained dSSA/H < 0 for urban pollution and
of the nature of brown carbon remains indefinite. smoke aerosol8Bergstrom et al(2002 proposed the use of
The wavelength dependence of the light absorption is cruthe spectral SSA variability to differentiate between dust and
cial to evaluate the spectral single scattering albedo (SSABC absorptionRussell et al(2010 analyzed SSA and AAE
(Bergstrom et a).2007 Russell et a].2010, a key param- in AERONET and in situ data, and concluded that informa-
eter in the evaluation of the aerosol (direct) climate forc- tion on aerosol type cannot come from the wavelength de-
ing. Bergstrom et al(2007) showed that the absorption co- pendence of absorption only, the particle size information in
efficient decreases monotonically with wavelength and carthe scattering wavelength dependence being also needed.
be approximated by a power law expression, i.e., described In this work we observed the spectral aerosol absorption
by an absorption Angstrom exponent (AAE). The slope ofand scattering properties in the visible region at a subur-
this decrease (or the value of AAE) strongly depends onban Mediterranean site (Rome) together with particle num-
the aerosol characteristics. Although crucial, it is actually ber size distributions. In situ observations were interpreted
quite difficult to accurately measure the absorption resolvedon the basis of numerical simulations (Mie theory) to investi-
by wavelength, particle size, shape, composition and intergate intensive optical properties resolved by particle size and
nal mixing state. In addition, a lack of a generally acceptedrefractive index. The objective was to infer a general clas-
reference or calibration standard for the aerosol absorptiosification scheme based on the intensive parameters SAE,
coefficient remains (e.gMoosnilller et al, 2009. Asacon-  AAE, SSA and dSSA coupled to the particle size informa-
sequence, the spectral variability of both light absorption andion to “optically” separate key aerosol populations including
SSA s still poorly determined and bears a large uncertainty.soot, biomass burning, organic, inorganic, dust and marine
In the past much attention has been devoted to the spectralerosols.
variability of the light scattering and extinction (quantified
by the scattering and extinction Angstrom exponents, SAE
and EAE). SAE and EAE data have been analyzed by sev? Experimental
eral authors to classify aerosol types in terms of particle size
(e.g.,O'Neill et al., 2001ab; Gobbi et al, 2007. Gobbietal.  In situ aerosol optical properties have been continuously
(2007 proposed a graphical method to gain information onmeasured at the ISAC Rome Atmospheric Supersitg(
the relevant extinction and the size of the fine aerosols basetiwww.diapason-life.eu/images/RAS-LAST.pdince Octo-
on the EAE and its spectral curvature. The method, appliedber 2010. The site, representative of suburban background
to AERONET datalfolben et al. 1998, allowed for easy conditions with regular advection of Saharan diBrhaba
identification of some aerosol-type fingerprints (e.g., min-and Gobhi2004 Gobbi et al, 2004, is located in the south-
eral dust, pollution)Basart et al.2009. Combination of ex-  ern outskirts of Rome within 5km from the city boundary
tinction or scattering (EAE or SAE) and absorption (AAE) and 40 km from the Mediterranean coast. The dataset pre-
spectral variability is becoming more and more used to infersented here includes data from October 2010 to March 2012.
aerosol composition from optical data (e Bergstrom et a. An integrating nephelometer (Ecotech, mod.Aurora 3000)
2007 Clarke et al. 2007 Yang et al, 2009 Gyawali et al, was operated to measure the scattering coefficieftdue
2012 Lee et al, 2012. Clarke et al (2007 used the analy- to aerosol particles at three wavelengths, 450, 520, 635 nm.
sis of SAE and AAE to distinguish between dust, biomassA full calibration of the nephelometer was performed regu-
burning and urban aerosol in airborne in situ dafang larly one time per season by using £€@s span gas. Zero
et al. (2009 used SAE versus AAE for Beijing, and sepa- calibration and adjust were performed once a day by using
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internally filtered particle free air. Raw data provided by the were also available and thus used in support of the data inter-
nephelometergnepn Were corrected for truncation accord- pretation. Both data were used in case of doubtful situations.
ing to Anderson and Ogrefi998, Bond (2001, andMller Lidar data were used to gain some conclusions concerning
et al.(2011). Briefly, the true scattering coefficients, is ob-  coarse aerosols, such as to be sure that there was no dust
tained byos = C - oneph With correction factors” = C(%) advection in case of low SAE and large soot particle con-
calculated asC =a +b - SAE. The coefficients: = a()) centrations. Meteorological data were used to interpret some
and b = b(1) at each wavelength were taken fravhiller temporal paths, such as influence of rain on intensive aerosol
et al. (2011, with the SAE being calculated starting from parameters.

the uncorrected nephelometer dajgon The results showed In situ measurements were carried out under dry condi-
larger truncation error for largefs. According toBond etal.  tions owing to a relative humidity always below 50 % ob-
(2009, we estimated a scattering error for truncation of 1-served in the in situ instruments. Particle losses into the
3%. sampling line were calculated according Hinds (1999,

A 3-wavelength particle soot absorption photometerwith the sampling inlets removing particles larger than 10 um
(PSAP, Radiance Research) was operated to measure the adnd the particle penetration efficiency through the line being
sorption coefficieniop at three wavelengths, namely 467, > 98 % for Dp > 10nm.

530, 660 nm. Raw PSAP data were corrected after the iter-

ative procedure described Bond et al.(1999, Virkkula

et al. (2009, and Virkkula (2010. The procedure requires 3 Results

wavelength-resolveds, which were extrapolated from the . . .
n aerosol population can be considered as a set of particles

nephelometer measurements by means of the measured SA

Since the PSAP correction factors strongly depend on the fil- ©ing homogeneous W'th. r_espect to their sizes _and com-
ter transmittance (Tr), only data with $r0.7 are generally position (and shape and mixing state). The variation of this

used Bond et al, 1999. However, due to the high aerosol homogeneity” translates into a different spectral variation of

burden at our site the filter gets often loaded in a few hours.aerOSOI scattering and absorption, SAE (or EAE) and AAE

We therefore retained PSAP data with=T 5 to increase varying with varying particle size and composition. In this
the data temporal coverage. Overall the. accuracy of théNork our aim is to find proper combination of the intensive
PSAP measurement considering all corrections is estimateBarame.ters SAE, AAE, S.SA and dSSA by W.h'(?h key aer_o_sol
on the order of 20-30 % (e.g8ond et al, 1999 Virkkula populations can be optically separated. Similar classifica-

et al, 2005 Cappa et al.2008 Lack et al, 2008. PSAP tions have been proposed before (cf. Introduction section).

measurements can be further complicated by the presen Séome of those classifications (eussell et al.201Q were

of organic species in the liquid state, which can wet the fil- ased on AAE vs. EAE plots. The advantage of using EAE

ter material Gubramanian et al2007 Lack et al, 2008, In is that it takes contemporarily into account SAE and AAE;

L - . however, this is also a disadvantage as EAE fails in separat-
principle, a similar effect can result in the presence of ultra-. . : . . )
L : ing particle size effects (mainly linked to SAE) from patrticle
fine liquid particles as well. PSAP data should be therefore o . . .

. o —— composition effects (mainly linked to AAE). To make this
considered as an upper limit of the “true” value.

. . separation more evident (i.e., to separate particle size from
Total particle number concentratioN'] was measured by article composition effects on the spectral variables) SAE
a condensation particle counter, CPC (TSI, mod.3022A). The’ P P

. . : was used instead of EAE.
lowest cut-off particle diameterZ}p) is Dpso (50 % of par- . ' . i
ticle detection) at 7nm, andygo at 15nm. The (total The SAE vs. AAE relation was first experimentally ana

. - . lyzed in Sect3.1 Since SAE represents the scattering spec-
number concentration of particles larger than 7 nm) is up to o .
10 #om3. tral variation, and AAE represents the absorption spectral

. variation, one might expect their combination to correlate to
suﬁi\tl:ei}ennltfl thIZ?ZCErZ?é?;ﬁoézrfestzﬁsningi::upszeelgTe\f\?er \év)i'%he SSA spectral variation (SSA being a mathematical com-
y1arg : . bination of scattering and absorption). To investigate the way
c_lu_ded very low values oflscatterlng and absqrptlon Comc'SAE and AAE shall correlate to dSSA (the SSA spectral vari-
{/Ivcel(raemasls(: gc?un(;jefj%rgﬂsmeciiczgfg%glgﬁgiﬁo& }\I/'li:,\{igjres ation) we combined the relevant experimental data and found
scattering and absor tioFr)1 coefficients significant inverse correlation between SAE and dSSA, and
ng P L . . between SAE and dSSAAE. Those behaviors observed
Additional (_jata resources used in this study include Ioartl'on experimental data were reproduced by numerical simu-
Sﬁl Sng??gmsuli g:rs]trtlguégg n(ENvfeDrza f::]);naijrgzjn tt)o gogcn;h[ations (Sect3.2), thus providing theoretical support to the
) hy . . y e observations. A classification scheme (hereafter referred to
ning mobility particle Sizer, SMPS. (TS}, mod.3936) in the as “paradigm”) resulted. The relevance of the paradigm is
same area and analyzed in a previous watigtabile et aj. discussed in the Discussion Settl, based on both experi-
2010. PNSDs from 0.3 to 10 um were measured by an OP- - ental results and numerical simulations
tical particle counter, OPC (FAI instruments). Lidar profiles ’
(e.g.,Gobbi et al, 2007 and local meteorological parameters
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Table 1. Acronyms.

Symbol Meaning Description

AAE Absorption Angstrom exponent

AKM Aitken mode Urban Aitken mode particles generated by
growing of nucleation mode particles
(AKM might include some condensation
mode particles).

BBM Biomass burning smoke mode Small accumulation mode particles rich in BC
from biomass smoke.

BC Black carbon

CDM Coarse dust mode Coarse mode dust particles.

dSSA  dSSAe0-467 SSAs60-SSAe7

EAE Extinction Angstrom Exponent

LIM Large inorganic mode Large accumulation mode particles rich in
inorganic matter (e.g., sulphates, sea salts).

LOM Large organic mode Large accumulation mode particles rich in
light absorbing OM.

CMM Coarse marine mode Coarse mode particles in the marine aerosol
rich in sea salt and light absorbing OM.

N Total particle number

oM Organic material

SAE Scattering Angstrom exponent

STM Soot mode Soot mode particles generated as combustion
by-products consisting of both BC and OM.

SOM Small organic mode Condensation mode particles rich in light absorbing OM

(SOM might include both urban and biomass
burning aerosol particles).
SSA Single scattering albedo

3.1 Experimental results dSSAAAE (upper panels,R? = —0.58). Data are color
coded by SSAgo. Since AAEes7-660iS always positive in
&he visible region (e.¢/oosmiiller et al, 2011), negative x-
values correspond to negative dSgé 467 This visualiza-
tion highlights an inverse linear relation between 34¥Ess0
and dSSAe0-467 AAE467-660

Figure2 shows the same data clustered by the AéEsso
(left column, panels a-e), and a subset of them color
{:oded by N7 (right column, panels f-l), whenv; data
were available. In particular, five separate subsets of the
whole dataset are shown (figure rows): S 0.95 (a,
f), 0.9 < SSAs30< 0.95 (b, g), 08 < SSAs30< 0.9 (c, h),
0.7 < SSAs30< 0.8 (d, i), 06 < SSAs30< 0.7 (e, ). The
AAE 467-660 color-coded visualization (left column) high-
lights a strong correlation between the variables. The cor-
relation coefficient R2) varies from 0.72 to 0.9. In general,
the lower the AARg7_ss0and SSAzo, the larger ther?.

The spectral optical properties of aerosols were studie
through the in situ observation of their scattering)(and
absorption coefficientssf) at three wavelengths in the visi-
ble range at the Rome Tor Vergata site. Daily averager-
ied from 30 to 300 Mm%, ando,, from 2 to 50 MnT 1 (sin-
gle measurement reaching up to 800 Mmand 100 MnT?,
respectively). From these, scattering Angstrom exponen
(SAEs467-660, absorption Angstrom exponent (AA&7—660,
and single scattering albedo (S&A SSAs30 and SSAeo)
were derived (acronyms are summarized in TableThe
analysis revealed some relations linking the QéyEseg the
AAE 467-660 and the spectral variability of the SSA, i.e.,
dSSAse0-467= SSPs60— SSAue7.

By analyzing the SAks7_660 VS. AAE467-660 €XpErimen-
tal data we found inverse correlations between $Ese60 Figure 2| (right column) shows that low SSA are

and dSSAco-ae7 = SSAsco— SShuey, €., the spectral vari- mainly associated with large particle numbers, and vice

ability of the SSA. Figure 1 shows the observed data (more

than 15500 data points) as either EAE (y-axis, upper pan—v ersa. In urban areas this is expected, as highand

els) or SAE (y-axis, lower panels) versus either AAE, dSSA, low SSA are generally associated with polluted conditions,

and dSSAAAE (x-axis). As previously discussed, SAE vs. while clean conditions generally ShOW.IOW7 and high

2 SSA. (SSA3p> 0.95 (Fig. 2f) are dominated byN; <
dSSAAAE data (R“= —0.66) correlate more than SAE 10000#cm3 AAE 2" and SAE 5 Con-
vs. AAE data R2 = —0.07). As well, SAE vs. dSSAAE : 467-660> 67-660< &

(lower panels,R2 = —0.66) correlate better than EAE vs. versely, SSAgo < 0.8 (Fig. 2i, 1) are dominated byVas >

Atmos. Chem. Phys., 13, 245%247Q 2013 www.atmos-chem-phys.net/13/2455/2013/
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065

EAEJ,E?-BBD

SA E4B?-BED

a0 0.1 -0.1 o0

AAEAE?—EED dSSAEED—AE? dSSAEEU—AE?'AAEdﬁ?—EED
Fig. 1. Inverse linear relation observed between EAE and SAE (y-axis) and AAE, dSSA, and d3EAx-axis). The slope varies with
varying SSA (color code). Note that since Afdz_ggoiS always positive in the visible region (e.ddoosnilller et al, 2011, negative
x-values correspond to negative dSg4 467

30000#cnT3.) Note that the largesy; (red dots in Fig2h, lengths (467, 530, 660 nm) were then performed, which re-
i) are not associated with any SAdz_ss0> 2 (Fig. 2g, h) quired definition of a wavelength and size-dependent refrac-
— a threshold that is conversely used to identify the opti-tive indexm (A, Dp) = mRe(A, Dp) — mim (4, Dp).

cal dominance of fine particles. (In fadfy > 30000#cm3 Eight different aerosol populations were considered. Each
with SSAs30< 0.7 (Fig. 2I) has SARe7-s60< 1.8 and of them covers a specific portion (60—120 nm, 120-300 nm,
AAE 467-660< 2, Whilst N7 > 60000#cm? (Fig. 2i) and 300-800 nm,> 800 nm) of the wholeDy, size range con-
0.7 < SSAg30 < 0.8 has SAGg7_660< 2 and AAEg7_660< sidered Qp from 20nm to 10um). Two different sets of

2 (but AAE467-660> 2 also).) These findings will be further m (i, Dp) were used: they are intended to reproduce two ex-

discussed later in view of the simulation outcomes. treme cases of low and high absorbtion, respectively. The av-
_ _ _ erage PNSDs used for the simulation were analyzed in a pre-
3.2 Numerical simulations vious work (see Fig. 2 o€ostabile et a).2010, the daily

) ) ) ) ) averageN7 being from 3000 to 30 000#cmi. The thresh-
Numerical simulations of aerosol optical properties were per-y|ds of the fourD,, size regions were identified according
presented in the previous section. To this purpose we asee g Costabile et a).2009 and references therein). Overall,
sumed the observed bulk aerosol properties (Bjigo be the e ysed approximately 8300 PNSDs.
result of a combined effect of different aerosol populations, — The eight different populations are summarized in the Ta-
with each of these dominating a specific particle size ranggyje 2 |n the D, size range 60-120 nm we defined an “urban
and there described by a typical PNSD and a chemical comajjtken mode” (AKM) and a “soot mode” (STM) using two
position (i.e., by a particle refractive index,, Dp)). The  sets of refractive indices to simulate slightly to highly ab-
primary scope of this exercise was to evaluate the way eaclorping particles. In the small accumulation mode size range
aerosol population affects the spectral variability of the bulk(Dp — 120-300 nm) we included a light absorbing organic

aerosol optical properties observed. Mie simulations of themqgge, i.e., the “small OM condensation mode” (SOM), and
aerosol scattering and absorption coefficients at three wave-

www.atmos-chem-phys.net/13/2455/2013/ Atmos. Chem. Phys., 13, 2454 2013
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1 1.5 2 2.5 336 38 4 42 44 46 48
[ I
Color code: Total particle number
3. Color code AAE concentration (Log1 0N7) [ #cm O AAFE467-660>2
467-660
° | ° + AAE467-660<2
2r SSA,,>0.95
1t
0 (a) ()
3 6.9<séA530<0.95 "
2t
1 I [e]
0f ° @
3
72
S 1)
<
s 0 )
3
2t
1t
ol 0)
3r
2t
1t
0 0]
-1 : . . . . . ‘
-01 0 0.1 0.2 0.3 0 0.1 0.2 0.3
dSSA660-467 .AAE467-660 dSSA660-467 .AAE467-660

Fig. 2. As in Fig. 1, but data separated in terms of: (i) SSA (by row, same SS&(firb/g, c/h, d/i, ), (ii) AAE (color code of the left
column,a, b, ¢, d, §, and (iii) total particle number concentratiow,(color code of the right columf, g, h, i, I). R2 = correlation coefficients
between SAE and dSSAAE separately showed for AAE 2 and AAE> 2. Note thatR? varies with varying SSA and AAE.

a “biomass burning mode” (BBM). In the large accumula- 2011). The choice of the spectrally dependenti, Dy) to
tion mode rangel)p = 300-800 nm) we included conditions employ was a challenging task due to still limited infor-
ranging from an inorganic aerosol mode (inorganic matter,mation available in the literature. Difficulties occurred in
IM, e.g., sulfates in the droplet mode) referred to as * largefinding suitablempre(t, Dp) andmm (i, Dp) for all aerosol
IM accumulation mode” (LIM), and a light-absorbing or- populations in Table2: some of them (e.g., AKM) have
ganic aerosol mode, i.e., the “large OM accumulation mode”never been given@a (1, Dp), and some of them (e.g., CDM)
(LOM). Finally, in the coarse mode rangb{ = 0.8-10 um),  have been given several values in the literature. We there-
we simulated a “coarse marine mode”, CMM (sea salts andore decided to fix a central valua (i, Dp) and a range
OM) and a “coarse dust mode” (CDM). dm(x, Dp) in which we randomly variedn(, Dp). We
Refractive indicesn (i, Dp) were based on previous sim- then performed a sensitivity analysis of the calculated vari-
ilar works (e.g.,Kaufman et al. 2001, Dubovik et al, ables on the: (1, Dp) =m (A, Dp)+3m (A, Dp). Calculations
2002 Bond and Bergstrom2006 Alexander et al.2008 were carried out in which both the realre(x, Dp) and
Moosnilller et al, 2009 Flowers et al. 201Q Cai et al, the imaginarymm (i, Dp) part of the complexn (i, Dp)

Atmos. Chem. Phys., 13, 245%247Q 2013 www.atmos-chem-phys.net/13/2455/2013/
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Table 2. Aerosol populations (A.P.) used for the numerical simulations. Particle size rabggs&nd refractive indexn (i, Dp) =
mRe(A, Dp) —mim (A, Dp)) are indicated. For the sensitivity analysis= (mRe= dmRe) — (mjm £ 8mm), with ém being the range of
random variation around the central vahie

AP. Dp (A, Dp) = MRe(A, Dp) — im (, Dp) SmRe Smim

(nm) A=467nm A =530nm A =660nm

AKM 60-120 1.426-0.008 1.424-0.00b6 1.425-0.006 +0.01  +0.001
STM 60-120 1.520-0.047  1.520-0.047 1.520-0.047 +0.01  +0.001
SOM  120-300 15-0.62  1.486-0.011 1.496-0.012 +0.01  £0.001
BBM  120-300 1.512-0.027  1.510-0.021 1511-0.022 +0.01  +0.001
LIM 300-800 1.43-0.000G2 1.43-0.00001 1.429-0.000013 =+0.01 +0.0001
LOM  300-800 1.460-0.012  1.454-0.008 1.512-0.0076 +0.01  +0.001
CMM >800 1.550-0.000%9 1.550-0.00006 1.550-0.00011 +0.01 40.0001
CDM >800 1.560-0.008 1.550-0.004 1.560-0.006 +0.01  +0.001

were randomly varied between the extreme®of, Dp) + the spectral variability of SSA (in the blue and green) is the
Sm(x, Dp), namelymre =mpg, = 8mre and mym =my, £ largest one. SSé&so shows a comparatively smaller decrease.
Smm, as shown in Tablg. Coupling the results of AAks7-ss0and dSSA, their prod-

The simulated spectrally dependent aerosol scattering andct dSSAeo-467- AAE 467-660(Shown by the light-blue line
absorption coefficients were combined to obtain, for ev-in Fig. 3d together with dSSéso—s467in black) is low in
ery population, the EAk7-6606 SAE467-660 AAE467-660 the accumulation mode and large in the coarse and Aitken
SSAe7530660 and dSSAso-467 parameters used in this mode size range, the latter case reaching the largest (ab-
study. These are shown as a function of tig in solute) values. This behavior is thus opposite to that of
Fig. 3. Calculations were carried out by usingi, Dp) = EAE and SARg7-660 and theoretically confirms the inverse
mRe(r, Dp) —mim(A, Dp). Note that the discontinuity of the relation experimentally observed between S4¥Esso and
parameters in the fouDp regions selected is precisely the ef- dSSAsgo_467- AAE 467660 (Fig. 1). Negative dSSheo-467-
fect of the assumed type-depender(i, Dp). The effect of  AAE4g7_g60 mainly result for the smaller diameters (120-
them (i, Dp) variability within the sameDj, size range (i.e., 250nm) of BBM and the larger diameters (90-120 nm) of
low- and high-absorbtion capabilities in the samgrange, the Aitken mode. That is to say, dS&# 467< 0 is expected
which means for example CDM and CMM) is conversely to be associated with aerosols dominated by either accumula-
shown by the two thin lines, the solid one representing thetion mode BC-rich combustion particles (for simplicity here
average of the two. referred to as BBM), or aged (some hours) urban particles

As expected, the simulated SAdz-6s0— and EAE —  (here referred to as AKM and STM in the 90-120 nm size
(Fig. 3a) is generally low € 1) for aerosol dominated by the range).
coarse particles, and large () for aerosol dominated by the
fine (i.e., the small accumulation mode) particles. However, it
is worth noting that a decreasing E4dz_ssowith decreasing 4 Discussion
size is obtained in the Aitken mode range, reaching values
similar to those typically attributed to coarse mode particles.4.1 A “paradigm” describing optical properties of
This behavior is shown to be valid for both AKM and STM aerosol populations
populations. This aspect will be discussed in the following.

The simulated AARs7_g60 (Fig. 3b) shows a strong By combining the experimental results (FB).and the nu-
variability with both particle size and refractive index. merical simulations (Fig3) it is possible to explain the ef-
AAE 467_660< 2 is mainly associated with STM, whilst fects of key aerosol populations on the bulk intensive optical
AAE 467_660> 2.5 are found for the SOM, which was in- properties.
tended to simulate the dominance of brown carbon. The Reasons for the clearer separation provided by the pro-
BBM simulation shows that AAs7_ssoincreases with size. posed paradigm with respect to previous classifications are

The simulated SSA (Fig3c) is large & 0.9) and almost ~ detailed as follows. First, the inverse correlation between
constant in the large accumulation mode, and decreases witBAE and dSSA resulting from their common dependence on
both increasing (coarse mode) and decreasing (small accyparticle size. Second, the inverse correlation between AAE
mulation and Aitken mode) diameters. The lowest SSA oc-and dSSA resulting from their common dependence on par-
curs for the blue and green wavelengths. Note that the lowdicle composition. Third, the dependence of SSA on particle
est SSA € 0.5) is in the Aitken mode size range, where Size in addition to particle composition, which translates into

an SSA decreasing for ultrafine particles regardless of their
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Fig. 3. Numerical simulations (Mie theory) of intensive optical propert{@:EAE and SAE,(b) AAE, (c) SSA (at blue, green, and red
wavelengths)(d) dSSA (black line), and dSSAAAE (cyan line). Variables are numerically resolved by particle diambjg(x-axis) and
refractive indexn (i, Dp). Light lines represent th& (., Dp) variability between two extremes whose average value is showed by the thick
lines. Note that the variables identify eight aerosol populations indicated by their acronymsi(jTable

composition (in the ultrafine particle size range, scattering The resulting graph mirrors the experimentally observed
decreases faster than absorption with decreasing particle dgraph in Fig.1. To better represent experimental data, we
ameter). Then, the dependence of SAE on particle composiadded in Fig.4 a mixed aerosol type (the oblique elon-
tion in addition to particle size. Lastly, the fact that separatinggated blue set) intended to represent a soot mode domi-
SAE from AAE (instead of combining them in EAE) helps nated aerosol mixed with coarse mode particles (regardless
in separating particle size from particle composition effects. the coarse mode absorption properties). (It was calculated by
This is shown in Fig.4, where the SAks7-660 VS. summing up STM and either CMM or CDM in Tabfe)
dSSAss0_s67- AAE 457_ss0relation, as obtained from the nu- The variables this “paradigm” is built on come out by the
merical simulations, is separately plotted for all identi- experimental data analysis (Segtl), their relevant relations
fied aerosol population. (Figure S1 in the Supplement isbeing theorized by the numerical simulations (S&cB).
same as Fig4 but for the fact that it also shows re- Numerical results (Fig3) both confirmed the inverse rela-
lations between SAE (y-axis) and either AAE or dSSA tion experimentally found between SAE and dSSA (Hip.
(x-axis).) The intensive parameters of the eight aerosoland explained its variation with particle size and composi-
populations in Table2 were calculated by (i) integrat- tion. dSSA is high (absolute value) for large absorbing parti-
ing — for both cases of larger and lowefm (i, Dp) — cles (CDM) as well as for small absorbing particles (STM),
the relevant extensive optical propertiegi, Dp, Np,) and  both of them (STM and CDM) having low EAE. Contrar-
op(x, Dp, Np,) over the four particle size ranges selected ily, dSSA approaches zero for accumulation mode particles
(ADp), and (ii) then calculating at the selected wavelengthsfor which SAE is large. This finding fits in previous studies
AX the intensive optical parameters S&E AL, ADp), on dSSA, which (being a sort of SSA Angstrom exponent)
AAE (m, Ax, ADp) and dSSAm, A, ADp). To assess the has been shown to depend on both particle size and composi-
robustness of the paradigm we show in Fig. both tion (Bergstrom 1973 Ackerman and Toarl 981, Kaufman
the calculations in which the central valug(i, Dp) = et al, 20021, Dubovik et al, 2002 Bergstrom et aJ.2002
mRe(r, Dp) — mim(A, Dp) is used (large circles), and Russell et al.2010 (cf. Sect.1). In addition, simulation re-
the calculations in which then(i, Dp) = (mRe(A, Dp) £ sults (Fig. 3) evidence that ultrafine particles can be identified
8mRe(, Dp)) — (mim (A, Dp) £ 8mim(X, Dp)) is used (small by low SSA — thus regardless of their absorption properties
dots) (cf. Sect3.2). More than 140 000 cases were calculated(i.e., AKM in addition to STM). The SSA information added
and their data points are shown in Fg. (as color) in the plot thus enhances the identification of both
black carbon and UFPs.
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Fig. 4. Results of the numerical simulations illustrating the AAE467-660< 0.1, SAEs67-660> 1.5, and SSAgo>

“paradigm” proposed to classify aerosol populations. All sets (indi- 0.8, BBM having lower SSAgo than SOM has;

cated by the “0” markers) represent pure aerosol types but the mixed

soot (STM+CCM or STM plus CDM indicated by “+” markers.) ~ — 60-120nm particles (STM and AKM) fall in the up-
Note that large circle dots show calculations with refractive index per left part of Fig.4;, when STM is combined to

m =m(k, Dp), and point dots with the: = m (., Dp) = 8m (%, Dp) CDM or CMM, the resulting soot dominated mixed
used for the sensitivity analysis. aerosol fall in the elongated blue and green area

having SSA30 < 0.8, 0<SAEs67-660< 3 and-0.2 <

dSSAss0-467 AAE 467 0.2.
Our paradigm is based on the observation that (cf. Sgct. fec0-467 467-660=

a combination of dSSA and AAE shall correlate to SAE. The QOverall, further relevant “directions” appear:

correlation is based on the fact that (i) SAE is the scatter-

ing spectral variation (depending mainly on patrticle size); (i) — an increased absorption tends to decreases§Akso
AAE is the absorption spectral variation (mainly depending and increase dSSAo0-467 AAE 467—s60(absolute value);
on particle composition); and (iii) dSSA is the spectral varia-

tion of a combination of scattering and absorption (the SSA, — a change inDp results in a decrease of EA&-660
depending on both particle size and composition). Therefore,  in the case of both larg®, (coarse mode) and small
the simpler SAE vs. dSSA relation (Fig. 1 and Fig. S1) is Dp (STM and AKM), the smaller particles (AKM and
partly incomplete: it fails in separating aerosols with similar STM) mode being separated from the coarse mode by
particle sizes and different composition. By way of evidence  its lower SSAgsp (note that the largest EAfg7-6600C-
one might note that the SAE vs. dSSA plot is ineffective in curs for fine (SOM and LIM) particles);

separating aerosols with same particle diameters from 80 to

300nm (typically classified as “urban pollution”), but dif- ~ — dSSAseo-467is determined by the comparison between
ferent composition. They are here represented by SOM and ~ AAE4e7-660 and SARe7-660 With dSSAse0-467< 0
BBM (and by some AKM, LIM and LOM). Both SOM and for AAE 467-660< SAE467-660 and dSSAeo-467> 0 for

BBM have (Fig. 3) dSSA approaching zero and similar SAE ~ AAE467-660> SAE467-660
(and similar SSA as well).

Contrarily, the paradigm built on dSSAAE as x-axis (in-
stead of dSSA only) is more complete. The inverse relation
between AAE and dSSA (simulated in Fig. 3) is based on the - . .
fact that both parameters vary with varying aerosol compo—ReSUItS in Figd suggest the existence of a_general paradlgm
sition. This relation is effective in separating aerosols with tp separate the qbserv_ed aerosol populauon;. The combina-
similar SAE. This is the case of urban pollution aerosols,t'on of the paradigm with the measurements is useful to ex-

for which dSSA approaches zero. In this case, AAE is highplain observations. Tab@presents a reanalysis of the mea-

enough, and largely varying with varying aerosol type, to surements (Fig2) in that context. It shows the relevant in-

show variations caused by particle composition, which arel€nsive optical properties resulting for the key urban aerosol

required to separate BBM from SOM. populations.

“Regions” in which every single aerosol population — if Overall, the populations with a highum(2, Dp) (see

alone — is expected to “move” the relation between SAE andTabIe 2) are separated into two regions by the thresh-

. Id of AAE467-660= 2. In the region with AARg7_gs0> 2
dSSAAAE t as the foll : 0 467-660 ¢ 67-660
come olt as the fofowing (Fig. 2a—c and f-h) the absorption is dominated by SOM,

— coarse mode particles (CDM and CMM) lie in LOM and CDM. In this region, SOM, LOM, and CDM are
the region where dSS#o-467- AAE467-660> 0, clearly separated by their SAkr—ss0 SAE decreasing with

4.2 Intensive optical properties observed for the key
aerosol populations
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Table 3. Intensive optical properties (SSA, SAE, AAE, and dSSA) of key aerosol populations (A.P.) resulting from the work, and related
total particle number concentratioN}.

AP.  SSAg3y SAEss7-660 AAEse7-s60 USSAsso_ae7 N7 (Hem )

AKM  <0.8 ~4 ~2 <-0.1 >5x 104
STM <08 ~4 <15 <-01 >5x 104
SOM >0.85 1.5-3.5 >2.5 -0.1-0.1 <2x 104
BBM <0.85 1-3 <2 —0.15-0.05 <2x 104
LIM =095 0.5-3 ~2.5 0-0.01 <10t
LOM >09 0.5-2 >2.5 0-0.1 <10t
CMM >0.95 <05 >2 0-0.05 <10*
CDM >0.85 <05 A2 0.05-0.3 <10*

increasingDp, (cf. Fig. 3a). SOM, which is intended to repre- — this should translate into lower EAE_ss0 AAE467-660
sent organic compounds (may include nitrates) in the “con-and SSAz3g (see Fig.3a—c). Conversely, the more aged the
densation mode”, is found in Figa, b (and Fig2f, g) for aerosol is, the larger th®, — this should move, e.g., the
SAE467-660> 1.5 and AAEis7-s60> 2.5. In the region of BBM towards the LOM in Fig4 and should translate into
AAE 467-660> 2, there are LOM (Fig2a, b, and equivalent lower SAEg7-s60 Furthermore, the larger the OM content of
Fig. 2f, g) for 0.5 < SAE467-660< 2, and CDM (Fig.2b, c the combustion emissions (tiik, size range being the same),
and equivalent Fig2g, h) for SAEe7-660< 0.5. Both CMM the larger the AARs7—ss0and SARg7-660— this should result
and LIM lie in the same region of AAs7-s60> 2 (Fig. 2a, in BBM “moving” towards SOM, and STM towards AKM in
and equivalent Fig2f), the two aerosol populations having Fig. 4.
the lowestn m (A, Dp). EAE467-6600f STM can be as low<1.5) as EARg7-660
AAE 467-660< 2 highlights a region where STM and BBM of CDM. Moreover, SAkes7-s60< 1, generally attributed
are the dominant light absorbing components of the aerosolto coarse particles, can also represent mixed aerosols
Despite their similarities in composition, STM and BBM are strongly dominated by soot mode particles. Despite the sim-
clearly separated by the paradigm. STM is in the panels d, élar SAE457-660 and the similar dSSéso-467 AAE 467-660
(and equivalent i, I) of Fig2; when mixed to coarse particles, (Fig. 3a, d), soot particles (STM) added to coarse dust
it can show SARgs7_ss0< 1 and dSSAs0_467 AAE 467_660> (CDM) are however separated from the pure coarse dust
0.5. BBM is conversely in the panels c, d, e and equiva-by a different SSAzp, CDM having SSA3p> 0.85 and
lent h, i, | of Fig.2 for larger SSA and lower N than STM. STM+CDM having SSAsp< 0.85. Note that (Fig.3)
Indeed, they have different S§4 (Fig. 3c), SSA being CDM shows SSAgzg decreasing with increasing,, and
lower for STM than for BBM. They also show different dSSAsgo-467- AAE 467660 iNCreasing with increasingDp.
dSShse0-467 STM has dSSA greater than BBM as abso- Conversely, STM shows SS#4p decreasing with decreas-
lute value. dSSA8es0-467AAE 467-6601S, finally, larger (abso- ing Dy, and dSSAs0-467- AAE 467660 decreasing with de-
lute value) for STM (Fig3d). In fact, they represent aerosol creasingDp. These tendencies are on the basis of the inverse
populations with different chemical and physical properties,relationship found between SA&_ss0 and dSSAso-a67
as well as light absorbing properties (eldan et al, 2010. AAE 467-660iNn Fig. 1.
STM is intended to represent fresh combustion generated The simulated ultrafine particles (both STM and AKM)
particles (soot mode). Soot mode particles consist of both B&Ghow rather low EAks7-660 (<2 for STM, and <3 for
and OC, the particle size ranging from 30—200 nm mainly inAKM). This probably results from combining their ab-
the Aitken mode, with complex mixing state in the atmo- sorption propertiesn{im(, Dp) > 0) with their small Dp.
sphere (e.g.Seinfeld and Pandi2006. BBM is intended  Assuming no absorbtion for AKM#n{im (4, Dp) = 0), Mie
to represent a BC-rich aerosol aged in the atmosphere. BBMalculations translates to EAk-sso=4 (Rayleigh scat-
aerosol is typically associated with the smoke of burning veg-tering regime). We conversely simulated AKM to have
etation, with BBM particles generally in the 150-400 nm size mm(, Dp) > 0, slightly varying with varying ». The
range (e.g.Clarke et al. 2007). BBM and STM represent mm(A, Dp) > 0 is actually intended to represent their likely
here only special cases of the “real” soot mode and biomassontent of OM, which has been argued to be more than 20 %
burning smoke aerosols. In real cases Igeand the OM  in the urban backgroundP6hjola et al.2007). The light vari-
content can vary more than that simulated here. Also, reahbility of mm(1, Dp) with A is intended to represent that
aerosols are rarely “pure” types, but more often mixed as inthis OM is not the refractory organic carbon typical of some
the case of STM plus CMM in Figd. In fact, the fresher biomass burning aerosol€larke et al.2007). This assump-
the emissions, the smaller thg, of both STM and BBM  tion was corroborated by our experimental observations:
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AKM shows up in Fig.2c, d, e (and equivalent Figh, i, 06 065 07 075 08 085 09 095 1

), the AAE47-6600f AKM dominated aerosols being 2. W : T 55A
Ultrafine particles considered here (both STM and AKM) ab M

have rather low SS#. Although expected for the soot 350

(STM) (e.g.,Moffet and Prather2009, this result might be Al ST B

atypical for AKM. In fact, the numerical simulation (Figc) . ,I:"‘

shows that SSégp (and SSAg7) sharply decreases in the e ol g

Aitken mode size range as a function of particle size, affect- ¢ R

ing both the STM and the AKM results. The change may be w* ¥ *

even stronger in the “real” atmosphere, where changes in par-® 1/ ﬂ . s

ticle size are associated with changes in chemical composi-  05f ¥ ®

tion and mixing state. Conversely, the numerical simulation of + Lo

hypothesizes a fixed chemical composition (that is a fixed 5/ o T

m (X, Dp)) for a given aerosol population size range. 4l ‘ | ‘ . |
The AAE467-6600f STM dominated aerosols (Figd, e) is 03 0.2 S:g-; § A%E 04 02 03

> 1 (it varies from 1 to 1.5). This is likely because our site is 000467 7467060

reached by soot shortly aged in the atmosphere ,(less than Uﬂg 5. Comparison between the aerosol classification paradigm
rather than very fresh soot. The OM content can increase Withyonosed and observations taken during previous field campaigns

increasing the degree of aging of soot in the atmosphere (e.g¢table 4). The symbol “” indicates previous observations, and
Moffet and Prather2009. We therefore simulated STM (Ta-  «x” indicates observations from this work, both of them being color
ble 2) by amm(, Dp) smaller than values usually found in coded by SSA. Note that shaded areas are intended to reproduce the
the literature (e.gAlexander et al.2008. Several of those numerical results showed in Fig.

works furthermore refer to individual soot carbon particles

rather than to bulk atmospheric aerosols like in our case. Fi-

nally, very fresh individual soot mode particles do not have
the spherical shape requested for a correct simulation by th
Mie theory used here.

gerde (case 8), and the Saharan dust during PRIDE (case 10)
are shown to fit the region between CDM and CMM. The
cases of dust + urban + industrial during ACE-Asia (case 9)
and BC + dust sampled in Mexico City during MILAGRO
(case 11) match quite well the STM plus CDM approxima-
tions.

The cases from 15 to 19 were measured during this study
(Sect.4.2) and are included for comparison. They address

F>rosol populations not shown in the previous cases 1-14.

4.3 Comparison to previous works

In this section we compare our findings to previous works.
The aim is to demonstrate the general validity of the rela-
tions observed (the paradigm in F. The comparison with
previous measurements is possible as the intensive aeros . .
parameters addressed do not strictly depend on local Condl_:r?ii Iseisazngbigerire]gwinmgi;j ?:r:gsggsug;gﬂaﬁg Zbdy) ST™
ggz:ﬁ((:?égr]].t,s?.umber concentrations, scattering and absorptloBOr SSAsa0 < 0.8, N7 > 5x 100 #cm 3, and SA567_§60< 1

A comparison btween th pradigm (gand senva. (255 10 SIS 1 o s o domnon,
tions taken during major field campaigns (Takjeis pro- herg) as7’observed in Figh (and e uivalealt Fig2c) for
posed in Fig.5, which shows nice agreement. (Note that N+~ 7 x 10 #cm-2, and SAG ‘L e Casegs 7 and
shaded areas in Fi§.sketch the simulation results of Fig,. 1; <how aerosols ,dominatedmt;%OSOI\/.l and LOM. as ob-
and that the color of the points in Fi§.is coded accord- o : y '
. - - - served in Fig.2a, b (and Fig.2f,g) for AAE467-660> 2.5,
ing to SSA3p as in Fig.4.) Among others, biomass burning SAE, 215 andNo < 10t em3
observed in African savannah and Zambia (case 1 in%ig. ~'7- 67-660 S th f7 fits i . ‘s B ¢
and Tabled), in southern Africa during SAFARI (case 2), . € paradigm Inerelore His in previous works. by way o
and in Asia during the EAST-AIRE (case 4) are shown to '”“S”"’T“O”’ I mlg.ht be interesting .to compare it (cf. Fy.
match quite well the direction of the BBM simulations. Ur- and Fig.1 and Fig. S1) also to Fig. 5 frorRussell et al.

ban/industrial and mixed aerosol in Greenbelt, USA (case(2010' The comparison reveals that both ways of analyzing

3), aerosol mixed downwind of the US Atlantic coast during g:;;re]gch very similar conclusions and allow optical classi-
ICARTT (case 5), urban/industrial mixed aerosols in Mexico :
City measured by remote sensing (case 6) and in situ (case
7), and pollution aerosols with high sulfate content (case 13) - the “urban/industrial” aerosol type cluster (AAE0.8—

are shown to fall between the regions of LIM, LOM and the 1.5, EAE=1.5-1.8) of Russell et al. (2010), here rep-
mixed Aitken mode, which are typical of urban areas. In the resented by the mixed Aitken mode (e.g., STM+CMM)

coarse mode, the desert dust and oceanic aerosol in Cape aerosol population (AAE- 2,SAE=1-2.5);

www.atmos-chem-phys.net/13/2455/2013/ Atmos. Chem. Phys., 13, 2454 2013
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Table 4. Observations of aerosol populations (A.P.) considered for the comparison to the aerosol classification paradigm dra®n in Fig.
(Numbers in Fig5 represent the ID showed here.)

ID AP Description Observations Reference
1 BBM African savannah Remote sensingDubovik et al.(2002
2 BBM SAFARI, southern Africa, biomass smoke Remote sensirRussell et al(2010
3  Mixed Urban/industrial mixed, Greenbelt93-00 Remote sensimubovik et al.(2002
4 BBM EAST-AIRE, biomass burning In situ Yang et al.(2009
5 Mixed ICARTT, downwind of US coast urban aerosols Remote sensiRyissell et al(2010
6 Mixed Urban/industrial mixed, Mexico City Remote sensindubovik et al.(2002
7  Mixed MILAGRO, flights over Mexico City, BC+OM In situ Bergstrom et al(2010
8 CMM+CDM Desert dust, oceanic, Cape verde Remote sensibgibovik et al.(2002
9  Mixed ACE Asia, dust urban/industrial Remote sensinussell et al(2010
10 CDM PRIDE, saharan dust Remote sensinRussell et al(2010
11  Mixed MILAGRO, flights over Mexico City, BC+Dust In situ Bergstrom et al(2010
12 LOM+LIM Pollution 1 (higher OC/EC ratio) In situ Lee et al(2012
13 LIM+mixed Pollution 2 (higher nss-sulfate/EC ratio) In situ Lee et al(2012
14 CDM+LOM  Pollution+ Dust In situ Lee etal (2012
15 StM+mixed Urban- downwind of soot emissions from aircraft  In situ This work
16 AKM+mixed Urban pollution+ Aitken mode In situ This work
17 LOM Scattering accumulation mode particles In situ This work
18 SOM+LOM Organic accumulation mode particles In situ This work
19 mixed STM Urban mixed soot mode In situ This work

— the “biomass burning” aerosol type cluster (AAEL— creased organic mass fraction caused the slope of SSAwith

1.7, EAE=1.8-2) of Russell et al. (2010), here to change from negative to positive. They speculated that for
represented by the BBM aerosol population biomass burning smoke, the BC can outweigh the OM and
(AAE < 2,SAE=1-3); produce dSSA: 0. Similarly, the aging degree of the aerosol
in the atmosphere can change its SAEscdAAE 467-660

ratio. Albeit with obvious limitations, the paradigm shows
EAE=0.2-1) of Russell et al. (2010), here representedsim”ar changes. This is the case mentioned in the Zet.

by the CDM aerosol population (AAE 2, SAE<0.5). in which the aging in the atmosphere of BBM particles

Also, the comparison shows that the paradigm in Big. translates into lower SAf7_s60 and higher AARg7-660
has the effect of putting the aerosol observations into(and dSSAsp_467> 0), which is a shift towards LOM.
a more general framework. It is the SAfz_66dAAE467-660 A similar result was also obtained Wy uiller et al. (2007,
ratio determining dSSéso-467 the relation being in- who found the EAE of forest fire smoke decreasing for
versely linear (dSSéso-467 increases with decreas- increasing transport time (and increasing effective radius) in
ing SAEs7-66dAAE467-660. Aerosols show therefore the atmosphere.
dSSAs60-467< 0 if SAE467-66dAAE467—660> 1, and vice The paradigm shows that dS&#-467< 0 (Fig.4) can be
versa dSSAeo-467> 0 if SAE467-66dAAE467-660< 1 (Cf. attributed to BBM (e.g., biomass smoke) and AKM (fresh
Table4). urban aerosols). Both cases have §$A< 0.9. This re-

Coarse particles plus soot mode particles (STM) showsult is supported by the observations (F&).showing no
invariably dSS/%eo_467> 0 for SAE467_56dAAE467_650< 1. case of dSSA:-0 for SSAs3g> 0.95 (Fig. 26.) and few
Conversely, accumulation ~mode particles showcases of dSSA 0 for 0.9< SSAs3p < 0.95 (Fig. 2b). Ob-
two different conditions: (i) for large BC content servations highlight that most of the dSSA0 cases show
(AAE467-660< 2, €.9., BBM) they show dSS#o-467< 0 AAE 467-660< 2. Similar results were also observedRys-
(SAE467-66dAAE 467-660> 1); (ii) for large OM con-  sell etal.(2010: they showed (Fig. 3 of their paper) that, for
tents (AAEs7-660> 2, €.9., SOM and LOM) they show SSA> 0.9, SSA increases with wavelength (dSSA) and
dSSAse0-467> 0 (SAE167-66dAAE167-660< 1). The latter  with increasing AAE, with dSSA being always positive but
case goes along with the conclusionRyssell et al(2010 for AAE = 1.4 (the only case representing low AAES).
that for biomass burning the BC should cause a dS®A Clearly, there is difficulty in rigorously evaluating the op-
(biomass burning in BBM), whereas the OM should be tical properties of the Aitken mode without accurate mea-
characterized by a dSSAO (biomass burning in SOM). surements of their size, refractive index and mixing state.
The authors analyzed the case of Mexican aerosol sampledlbeit with caution, our findings (Figd4) are open to new
by a C-130 during the MILAGRO campaign, in which an in-

— the “desert dust” aerosol type cluster (AAEL.5-2.5,
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explanations. They can explain situations in which the con-resolution. (2) The contribution of local emissions, partic-
temporary observation of low EAEs and low SSAs was ularly soot particles (here referred to as STM) to the bulk
(probably erroneously) attributed only to coarse mode par-aerosol is expected to be large in in situ data: STM can be
ticles, with limited consideration for the Aitken mode. The very abundant at the surface and can often dominate surface
case 19 in Fig5 and Table4 shows a similar situation in situ aerosol data, contrary to columnar observations. Be-
with mixed aerosol dominated by BC in the soot mode. Theing extremely diluted over columnar aerosols observations,
paradigm can explain this case with S&k g0 down to STM can be less evident in the case of AERONET data, soot
—0.5 and no dust — only urban coarse particles. Similar ob-particles rarely dominating columnar aerosol observations.
servations of BC pollution plumes with SAE below 1 are not (3) Differences can be due to the way in situ measurements
new (Clarke et al. 2007 Raut et al. 2009 Doherty et al. “observe” aerosols: in situ instruments measure dry aerosols
2005. Raut et al(2009 observed unclear and contrasting re- while AERONET observes, on the contrary, aerosols as they
sults in a subway environment in a Paris railway station, withare in the atmosphere (i.e., hydrated aerosols). Aerosol hy-
low SAE and small SSA during the train passage. The obserdration is really effective in changing both particle refractive
vations were attributed to both the presence of absorbing irofindex and size distribution.
oxides and the internally generated BC from the degradation
of carbonaceous brake compone@tarke et al(2007) ob-
served SAE of approximately 1 for some apparent pollution5 Conclusions
data (in the related Fig. 8) and concluded those pollution data
to be exceptions, successively explained to be dusiherty  Spectral optical properties of aerosol particles contain an out-
et al.(2005 observed a composite relation from three in situ standing set of information on their size and composition.
research platforms during the ACE-Asia campaign: aerosoExtracting this piece of information is crucial in order to ob-
dominated by pollution, sea salt and dust showed SSA as lowtain an optical classification scheme of aerosol. This is the
as 0.75, and SAE being approximately 1. Unfortunately, webackdrop of this work, in which two years’ measurements of
could not include those works in Fi§.because the relevant aerosol optical properties (scattering and absorption coeffi-
data did not contain all the necessary information to fill the cients at blue, green and red wavelengit)$ (ere collected
paradigm. However, our work indicates that the reanalysis ofat a suburban background site (Rome, Italy) together with
similar situations in the proposed framework of Fgcan  measurements of particle number size distributions. Size dis-
provide quite robust explanations. tribution measurements were coupled to relevant optical sim-
Through the combined analysis of spectral optical prop-ulations (Mie theory) to highlight the relative contribution of
erties, the paradigm furthermore provides insights intoparticle size Dp) and refractive index# (1, Dp)) on the bulk
aerosol particle size and chemical composition. The pro-aerosol properties.
posed paradigm may complete previous aerosol classifica- The results of the work proved useful in drawing a gen-
tions based on SAE, AAE, and SSA in which unclear situ- eral “paradigm” to classify aerosol types. The paradigm was
ations were found. It might help in separating polluted andbased on aerosol spectral scattering and absorption, namely
clean days (e.gGyawali et al, 2012 and dust and polluted scattering and absorption Angstrom exponents, SAE and
dust (e.g.Lee et al, 2012, unraveling aerosol mixtures (e.g., AAE, and the spectral single scattering albedo, dSSA. In
Yang et al, 2009,understanding strange cases (eQjarke  the framework of this classification scheme, key atmospheric
et al, 2007), or revealing the contribution of absorption in aerosol populations were optically identified including soot,
classifying aerosol properties (e.gobbi et al, 2007). It urban Aitken mode particles, biomass burning, organic and
is worth mentioning that our paradigm still works with the inorganic particles, dust and marine aerosols. Conclusions
often-used extinction Angstrom exponent (EAE) rather thandrawn from these results highlight the following:
SAE. Nevertheless, in that case the inverse relationship in
Fig. 1is less clear (and the correlati®? lower) because un- ~ — aerosol populations show distinctive combinations of
like the SAE, the EARGs7_ssostill combines both scattering SAE and dSSAAAE, those variables being linked by
and absorption information, thus not exploiting the specific ~ aninverse linear relationship varying with varying SSA;
role of absorption and its full potential.

Lastly, it should be noted that the paradigm (Fiy.has — aerosol populations exhibit a dSSA depending on the
been filled in by surface in situ aerosol data. When attempt- ~ SAE/AAE ratio, with dSSA<0 for SAE/AAE>1
ing a comparison between the paradigm filled in by sim- (e.g., biomass smoke rich in black carbon), and

ilar surface measurements data and data measured by re- dSSA> 0 for SAE/AAE < 1 (e.g., dust plus soot);

mote sensing techniques (e.g., columnar aerosol data from

AERONET), some differences can occur. Differences can - increasing particle absorption decreases EAE and SAE;
be due to several factors: (1) Contrary to remote sensing  coarse (e.g., dust) and soot mode aerosols can show
data, surface in situ datasets generally include 24-h (day and EAE < 1.5 whilst accumulation mode aerosols show
night, all sky conditions) measurements with 1- to 5-min EAE > 1.5;
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— similar to soot, urban Aitken mode particles show an Barnaba, F. and Gobbi, G. P.: Aerosol seasonal variability over
imaginary part ofin(x, Dp) greater than 0 resulting in the Mediterranean region and relative impact of maritime, conti-
SSA< 0.8, whilst fine and coarse aerosols (including nental and Saharan dust particles over the basin from MODIS
dust) show SSA- 0.8; data in the year 2001, Atmos. Chem. Phys., 4, 2367-2391,

doi:10.5194/acp-4-2367-2002004.

— atmospheric urban aerosols exhibit the largest EAEs inBasart, S., Brez, C., Cuevas, E., Baldasano, J. M., and Gobbi, G. P.:

the accumulation mode size range of 100-300 nm; in the Aerosol characterization in Northern Africa, Northeastern At-

. . . . lantic, Mediterranean Basin and Middle East from direct-sun
ultrafine size range EAE is lowek(2), with the lowest o AeT gpservations, Atmos. Chem. Phys., 9, 8265-8282,
values (down to 1.5) being reached in the soot mode

doi:10.5194/acp-9-8265-2002009.
(STM). Bergstrom, R. W.: Extinction and absorption coefficients of the at-

h K finall d . b h mospheric aerosol as a function of particle size, Beitr. Phys. At-
The work finally presented a comparison between the pro- mos., 46, 223-234, 1973.

posed aerosol classification scheme and observations takefhrgstrom, R. W., Russell, P. B., and Hignett, P.: Wavelength de-
during previous field campaigns. The comparison shows pendence of the absorption of black carbon particles: predictions
good agreement. This result indicates both the general va- and results from the TARFOX experiment and implications for

lidity of the proposed relationships, and the possibility of the aerosol single scattering albedo, J. Atmos. Sci., 59, 567-577,
providing additional interpretations to previous and future 2002.

works. Nevertheless, besides adding new relevant data, ouBergstrom, R. W., Pilewskie, P., Russell, P. B., Redemann, J.,
comes of this work may be important to improve current pa- Bond, T. C., Quinn, P. K., and Sierau, B.: Spectral absorp-

rameterizations of climate models and to provide a more ac- 10N Properties of atmospheric aerosols, Atmos. Chem. Phys., 7,

i . _ 5937-5943, doi0.5194/acp-7-5937-2002007.
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