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Abstract. Estimating the aerosol contribution to the globalor 1  Introduction
regional radiative forcing can take advantage of the relation-
ship between the spectral aerosol optical properties and the
size and chemical composition of aerosol. Long term g|0ba|Atmospheric aerosol particles are one of the most variable
optical measurements from observational networks or satelcomponents of the Earth’s atmosphere, and affect the Earth’s
lites can be used in such studies. Using in-situ chemical mixJadiative balance and climate directly by absorbing and scat-
ing state measurements can help us to constrain the limital€ring solar radiation (Haywood and Shine, 1995; Forster et
tions of such estimates. al., 2007), and indirectly by acting as cloud condensation nu-
In this study, the Absorption Angstrém Exponent (AAE) clei, changing the microphysical properties of clouds (Kauf-
and the Scattering Angstrém Exponent (SAE) derived fromman et al., 2005; Forster et al., 2007).
10 operational AERONET sites in California are combined Absorption of solar radiation due to aerosol particles is
for deducing chemical speciation based on wavelength demMainly caused by carbonaceous particles (elemental carbon,
pendence of the optical properties. In addition, in-situ opti- EC, and organic carbon, OC) and mineral dust. The absorb-
cal properties and single particle chemical composition mealng fraction of carbonaceous aerosols has been estimated
sured during three aircraft field campaigns in California be-2s the second largest contributor to global warming (Jacob-
tween 2010 and 2011 are combined in order to validate th&on et al., 2000; Ramanathan and Carmichael, 2008). How-
methodology used for the estimates of aerosol chemistry us€Ver. the absorbing properties are strongly dependent on the
ing spectral optical properties. mixing state of the particles (Bond and Bergstrom, 2006;
Results from this study indicate a dominance of mixed Schnaiter et al., 2005). Further, current model estimates of
types in the classification leading to an underestimation ofaerosol forcing ascribe solar absorption entirely to elemental
the primary sources, however secondary sources are bettéarbon (EC), treating the organic fraction (OC) as scattering
classified. The distinction between carbonaceous aerosold<och et al., 2007; Myhre et al., 2008) and therefore may
from fossil fuel and biomass burning origins is not clear, P& underestimating the aerosol warming potential. Though
since their optical properties are similar. On the other handthis is a reasonable assumption in regions dominated by fos-
knowledge of the aerosol sources in California from chemi-Sil fuel combustion, not only does carbon from all emission

cal studies help to identify other misclassification such as theSources contain both elemental and organic fractions (Chow
dust contribution. et al., 2009), but non-soot OC, particularly that emitted from

biomass burning processes has a significant absorbing com-
ponent at short wavelengths that may be comparable to the
EC absorption (Jacobson, 1999; Kirchstetter et al., 2004; An-
dreae and Gelencser, 2006; Hoffer et al., 2006; Magi et al.,
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2009). A separation of the total aerosol absorption into dif- Table 1.List of the AERONET stations around the world with dom-
ferent chemical species is therefore essential; both for coninant sources used for the creation of the Angstrém matrix.

straining the large uncertainties in current aerosol forcing
estimates (Forster et al., 2007) and for informing emissions AERONET station  Latitude Longitude Main source

based control policy. Detailed studies of the chemical com- )N YW

position and size distribution of aerosol particles, and how Billerica 42.53 71.27 Fossil Fuel

they relate to the optical properties is therefore essential to CCNY 40.82 73.95  Fossil Fuel

evaluate their impact on climate. Dayton 39.77 84.11 Fossil Fuel
Fresno 36.78 119.77  Fossil Fuel

Russell et al. (2010) highlighted that many recent stud-

ies have shown the persistent connections between aerosol GSFC 38.99 76.84  Fossil Fuel

. . Halifax 44.64 63.59 Fossil Fuel
absorbing species and the wavelength dependence of ab- Hamburg 5357 997 Fossil Fuel
sorption. Thus, numerous studies have classified absorbing Hong Kong 2221 _114.26 Fossil Fuel
aerosol types from optical properties measured on ground IFT Leipzig 51.35  —12.43 Fossil Fuel
stations (Eck et al., 1999; Dubovik et al., 2002; Collaud Mainz 49.99 —8.3  Fossil Fuel
Coen et al., 2004; Fialho et al., 2005; Meloni et al., 2006; Maryland Sci. Cen.  39.28 76.62  Fossil Fuel
Kalapureddy et al., 2009; Mielonen et al., 2009; Giles et al., Egl\gisDiﬂ 2846837 _7;;1 Eg:;'ll EL‘;’:
2011, 2012) and from sqtelhtes (Higurashi ar_1d Nakajima, Philadelphia 40.04 75 Fossil Fuel
2002; Barnaba and Gobbi, 2004; Jeong and Li, 2005; Kauf- rome Tor Vergata 41.84 —12.65 Fossil Fuel
man et al., 2005; Torres et al., 2005; Kaskaoutis et al., 2007; sandy Hook 40.45 73.99 Fossil Fuel
Kim et al., 2007; Yu et al., 2009). In this study, in-situ opti-  UCLA 34.07 118.45 Fossil Fuel
cal properties and single particle chemical composition mea- Abracos Hill 10.76 62.35 Biomass Burning
sured during three aircraft field campaigns are combined in Alta Floresta —9.87 56.1  Biomass Burning
order to validate a methodology for the estimation of absorb- Beltera —265 54.95  Biomass Burning
. . . . . Campo Grande —20.45 54.62 Biomass Burning
ing aer.osol types using spectral optlcal_ properties. In addi- CELAP-BA 3457 585 Biomass Buming
tion, this approach is extended and applied to a long term re-  corqoba CETT 3152 64.46  Biomass Burning
mote sensing optical measurements database, i.e. AERONET culABA Miranda  —15.73 56.02 Biomass Burning
(Holben et al., 1998), using data from California stations. Mongu —15.25 —23.15 Biomass Burning

Petrolina SONDA —9.38 40.5 Biomass Burning

Rio Branco —9.96 67.87 Biomass Burning

. Skukuza Aeroport  —24.97 —31.59 Biomass Burning
2 Experimental data Eilat 205 3492 Dust
Hamim 22.97 —54.3 Dust
2.1 Remote sensing measurements Solar Village 2491 —46.39 Dust
Tamanrasset INM 22.79 —5.53 Dust
Most previous studies showing a connection between ab- Tamanrasset TMP 22,79 553 Dust

sorbing aerosol types and optical properties were based
on remote-sensing measurements at locations with a strong
dominant type, e.g. deserts, urban polluted areas, regiongons are divided by region, into Northern California for the
prone to wildfires, etc. stations with latitude above 36! and Southern California
AERONET (Holben et al., 1998) is an optical ground- for the stations below 38\. Southern California is charac-
based aerosol monitoring network that provides globallyterized by densely populated cities, such as Los Angeles or
distributed observations of aerosol spectral optical depthssan Diego where the main source is anthropogenic. On the
(AOD), and other properties derived by inversion such asother hand, Northern California is, in general, a less pop-
aerosol size distributions and single scattering albedo (SSA)ulated region, with the Central Valley characterized by an
AERONET follows a protocol for the quality assured data important agricultural activity. Data are also divided by sea-
(Level 2.0). AERONET Level 2.0 data are cloud screenedsons. Due to the limited availability of Level 2.0 AERONET
and, only measurement with AOD at 440 nm greater than 0.4jata, seasons were grouped using winter and spring in one
are used, for which the uncertainty of the AOD is betweenseason and summer and autumn in another season. Table 2
0.01 and 0.02 depending on the wavelength (Holben et al.presents the name, location, available period of time in years,
1998), and this uncertainty results in a variation of 0.03 togand number of valid Level 2.0 measurements for the 10 Cal-
0.04 in the Angstrom exponent (Schuster et al., 2006) and offornia AERONET stations. The stations are also shown on
0.03t0 0.07 in the SSA (Dubovik et al., 2002). the map in Fig. 1.
In this study, we used AERONET measurements from 33
stations around the world with a dominant absorbing species
(Table 1). In addition, we used measurements from a total
of ten operational AERONET stations in California. The sta-
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s an iso-kinetic inlet. The Scattering coefficieat, was mea-
> sured using a nephelometer at 450, 550 and 700 nm during
Trinidad Head @ CalNex 2010 CARES and CalWater, also sampling from an iso-kinetic in-
2 caatar 2t let, and derived from a Passive Cavity Aerosol Spectrometer
wnd N\ - Probe (PCASP) size distribution, in the range of 0.1 to 3 um,
I ) applying Mie theory (using a refractive index of 1.5) during
‘ - CalNex. PSAP data were corrected for scattering aerosol and
\ spot size based on Bond et al. (1999) and Ogren (2010) us-
38°N ] >
36°N

ing the nephelometer data for CARES and CalWater data,
and the calculated scattering for CalNex. The uncertainty as-
sociated to the, is about 20% (Bond et al., 1999). Neph-
elometer data were corrected based on Anderson and Ogren
(1998). The uncertainty associatedtas about 5 %.

As discussed by Schmid et al. (2006), the Twin Otter sam-
ples aerosol from an iso-kinetic inlet whose passing effi-
ciency was tested in airborne and wind tunnel experiments
by Hegg et al. (2005). They found no appreciable loss in
efficiency for particles smaller than 3.5 um diameter at the
Twin Otter sampling velocity of 50 nTg. For larger parti-
126°W 122° 120°W 118w 116w 114w cles, the efficiency decreases rapidly but levels off at an effi-

ciency of slightly better than 0.6 for particles 5.5-9 um (the

Fig. 1. Map of California with the flight paths of the aircraft cam- |atter being the upper diameter of their characterization). The
paigns and the location of the AERONET stations. G-1 iso-kinet inlet used in CARES and CalWater has not yet

undergone the same testing. Manufacturer specifications call

for passing efficiency near unity dropping to 50% at 5pum
2.2 In-situ aircraft measurements diameter at the G-1 research speed of 100t $his claim

has been substantiated with comparisons with ground-based
In-situ data were measured during three aircraft field cam-nephelometers during fly-bys in CARES (Zaveri et al., 2012).
paigns performed in California. CalNex 2010 was a joint Measurements of the chemical composition of individ-
field study coordinated by the California Air Resources ual particles during the three aircraft campaigns were per-
Board (CARB), the National Oceanic and Atmospheric Ad- formed using the aircraft aerosol time-of-flight mass spec-
ministration (NOAA) and the California Energy Commission trometer (A-ATOFMS) (Pratt et al., 2009). The A-ATOFMS
(CEC), with a primary goal to study atmospheric processesneasures, in real time, the size and chemical composition of
over California and the eastern Pacific coastal region. Meaindividual particles ranging in size from 100 to 2500 nm dur-
surements used in this work were taken on the Center for Ining CalWater and from 80 to 1000 nm during CalNex and
terdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) CARES. Following a?1%0 neutralizer and pressure con-
Twin Otter, flying mainly in the Los Angeles basin during trolled inlet (Bahreini et al., 2003), particles are focused in
May 2010. CARES (Carbonaceous Aerosols and Radiativean aerodynamic lens system. The particles are optically de-
Effects Study), was a field study designed to increase scitected by two 532 nm lasers spaced 6.0 cm apart, providing
entific knowledge about evolution of black carbon and sec-particle velocity and, ultimately, vacuum aerodynamic diam-
ondary organic aerosols from both urban/manmade and bioeter ¢y3). Finally, species are desorbed and ionized using
genic sources. Data used from this campaign were measure2b6 nm radiation from a Q-switched Nd:YAG laser operat-
onboard the DOE Gulfstream-1 (G-1), based in Sacramentang at~ 0.4—1.0 mJ. Positive and negative ion mass spectra
during June 2010. The CalWater 2011 field campaign wagesulting from individual particles are measured in a dual-
designed to better assess the effects of aerosols on precigpolarity time-of-flight mass spectrometer.
tation in the Sierra Nevada during the winter season. Data
used from this campaign were collected onboard the DOE G-
1, based in Sacramento, between February and March 2018. Methodology
Figure 1 shows the flight paths for the three campaigns.

The different aircrafts contained instrumentation for the Russell et al. (2010) used the Absorption Angstrém Expo-
retrieval of the optical properties of aerosols, i.e. absorptionnent (AAE) as an indicator of aerosol chemical composition
and scattering coefficients, and for the measurement of thand they showed a clustering by absorbing aerosol types on
chemical composition of aerosol particles. The Absorptionan AAE vs. EAE (Extinction Angstrém Exponent) scatter
coefficient,o, was derived using a Particle Soot Absorption plot. In this study, we apply a similar methodology, based
Photometer (PSAP) at 462, 523 and 648 nm sampling fronon a previous study by Bahadur et al. (2012), dividing the

Moss Landing
Monterey

@ Table Mountain
34°N

@ San Nicolas

32°N
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AAE vs. SAE (Scattering Angstrom Exponent) space, theabsorbs strongly only at short wavelengths, separating these
Angstrém matrix, in different regions that are associated withspecies along the AAE axis. In addition to these ideal cases

different absorbing aerosol types. we can relate the remainder of the phase space to aerosols
_ with predicted combinations of SAE (representing size) and
3.1 Remote sensing measurements AAE (representing chemistry), and their mixtures. This par-

) _tition is based on a simplified division published by Ba-
In order to calculate the AAE and SAE, the Single Scatteringy»qr et al. (2012). In the supplemental material of Bahadur

Albedo (SSA) derived_ by inversion in AERONET isusedto o o1 (2012), a threshold value of AAEL.5 was found to
calculate the Absorption and Scattering components of thgjemarcate the dust dominated region fairly well, contain-
aerosol optical depth (AOD). This way, ANOB AOD - (1- 1 72 o4, of all measurements in dust-dominated regions, but
SSA) and SAOD= AQD - SS_A are calculated. Then, AAE only 17 % of measurements in fossil fuel dominated regions.
and SAE are calculated using Eq. (1) and Eq. (2) respeCrpgrefore, the condition of AAE >1.5 has been retained to
tively: delineate the aerosols that have an enhanced absorption at
AAOD (A1) shorter wavelengths (i.e. dust and OC) with smaller values
Iog( ' /AAOD()‘Z)) (1)  ©f AAE considered to have an influence of EC leading to
log (M /k2>

AAE = — i s
more complex mixtures. Similarly, SAE of 1.5 was found

to reasonably delineate the fine mode aerosols (EC and OC)
with smaller values of SAE considered to have an influ-
log (SAOD(M)/SAOD(A )) ence of Iarger. partic]es gsuch as QUst or othe.r pon-ab;orbing
2 @) species), again leading into the mixture containing regions of
log (kl/M) the phase space. In this new partition, the inclusion of mix-
tures requires the addition of new phase boundaries. Thus,
where the wavelengthg, and,, are 440 and 675nm re- the phase boundaries for large particles and “EC dominated”
spectively. particles were set to 1.0.

The spectral dependence of the absorption coefficient, Figure 2 illustrates the division of the Angstrém matrix
AAE in Eg. (1), can be related to the dominant absorbingwith labels that represent the three absorbing aerosol species
aerosol type for a mixture of aerosols. Black carbon typi-and their mixtures. The lower-left quadrant has been la-
cally follows ax 1 spectral dependence, yielding an AAE of beled as “coated large particles” indicating that it contains
1 (Bergstrom et al., 2002), while organic carbon in biomassa species with AAE <1 but larger in size. Lack and Cappa
smoke aerosols and mineral dust contribute to light absorp{2010) showed that black carbon particles with a sulfate coat-
tion in the ultraviolet and blue spectral regions yielding an ing might present those optical properties, and polluted dust
AAE greater than 1 (Kirchstetter et al., 2004) with a magni- with strong absorbers might also present the same spectral
tude depending on the range of wavelengths used for its calresponse. Figure 2 also shows data from the 33 AERONET
culation. Gyawali et al. (2009) and Lack and Cappa (2010)stations color coded by dominant type and Table 1 lists the
found that values of AAE >1 are also possible on particlesstations and its location and dominant aerosol species.
with BC cores and a non-absorbing coating. On the other Measurements from dust dominant stations (orange
hand, the spectral dependence of the scattering coefficiensquares) fall mainly into the dust dominant area (upper-
the SAE as shown in Eqg. (2), depends primarily on the domi-left quadrant), however some measurements fall into the
nant size mode for a mixture of aerosols, ranging from 4 to Ophase space representing polluted dust, mixed aerosols, or
where larger numbers associate with small particles, i.e. finghe coarse coated type. On the other hand, there is a larger
mode, and smaller numbers suggest the dominance of largeverlap between absorbing particles from fossil fuel (cyan
particles, i.e. coarse mode (Bergstrom et al., 2007). triangles) and biomass burning sources (red circles) since

Thus, in a very intuitive way, the AAE vs. SAE space par- all combustion produces both EC and OC, and there are no
titions into regions that correlate to combinations of a domi- pure EC or OC present in field measurements. However, the
nance of fine and coarse modes, and a dominance of particldessil fuel category presents more variability in size than
that follow thea =1 trend for absorption, and those with ab- the biomass burning category due to the origin of the mea-
sorption enhancement on the shorter wavelengths. The prinsurements. Whereas biomass burning dominant stations are
cipal advantage of this dual size-chemistry related partition-mainly areas prone to wildfires, the stations marked as fos-
ing is that in the ideal case it separates the three aerosol alsil fuel correspond to urban areas that are expected to con-
sorbing species — EC, OC, and mineral dust. First, measureain a large amount of primary carbonaceous aerosols, but
ments representing dust separate along the SAE axis, as dugtely also contain larger aerosol particles (either lofted dust,
is primarily found in the coarse mode as compared to car-or non-absorbing aerosols), and likely also contain aged sec-
bonaceous aerosols that are primarily in the fine and ultraondary aerosols due to high N@nd ozone conditions.
fine mode close to emission sources. Second, EC is an ef-
ficient absorber at all wavelengths compared to OC which

SAE=—
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sentative of the elemental carbon (EC), and spectra that also
contain weak m/z 27(gH3), 37(GH™) and 39(GH3 ). Sec-
ondary fossil fuel particles contain/z 27(02H;';/CHN+),
37(GsH™), 39(GsH3 ) and 43(GH30™) in the positive spec-
tra and mainly nitrate and sulfate ion peaks in the nega-
tive ion mass spectraz/z —62(NG;) and—97(HSQ;) re-
spectively (Silva and Prather, 2000; Spencer and Prather,
2006; Moffet and Prather, 2009). Biomass burning parti-
cles are characterized by an intense potassium pegak
39(K*) with less intense carbonaceous markers (e.tx
12(C+), 27(GH3), 36(C}), 37(GH™) (Silva et al., 1999;
Hudson et al., 2004). The difference between primary and
secondary biomass burning is established by looking at the
negative spectra that presents carbon clusters in the case of
primary biomass burning or mainly nitrate/sulfates in the
SAE case of secondary biomass burning. Finally, dust is charac-
Fossil Fuel © Biomass Buring © Dust terized by inorganic ion peaks e.q./z 27(A|+), 39(K+),
and/or 40(Ca), and the presence of silicates60(SiG;)
Fig. 2. Division of the Absorption Angstrém Exponent vs. Scat- and—76(Si(§) (Silva et al., 2000).
tering Angstrom Exponent space, the Angstrém matrix, overlapped In order to validate the Angstrém matrix, we matched the

with the AERONET measurements from stations with a dom'.namspectral optical properties and the aerosol absorbing types
sources (fossil fuel in cyan triangles, biomass burning in red Clrdesmeasured by the A-ATOFMS during the flights. For each
or dustin orange squares). flight, we calculated the 5 min average of the AAE and SAE.
On the other hand, for the same 5 min periods, we calculated
L the fraction of the different aerosol absorbing types detected
3.2 In-situ aircraft measurements with the A-ATOFMS. We only considered periods with a

. L . . . . dominant aerosol absorbing type, i.e. 75% of the particles
Using the in-situ optical properties and chemical COMPOSi-yatacted by the A-ATOFMS are from one type. Thus, we
tion measured during the three aircraft field campaigns, Wescreen the data using the 5min average values that corre-
can establish a link between the optical properties, in thisSpond with a dominant aerosol absorbing type detected by
case the AAE and the SAE, and the measured chemical comp , A_ATOEMS. This way we have, on one hand the spectral

position of the aerosol particles. _ optical properties (AAE and SAE) and we can obtain an es-
AAE and SAE were calculated applying Egs. (1) and (2) i ation of the type of absorber using the Angstrém matrix

respectively usingr, instead of the column integrate value and, on the other hand, the actual aerosol chemical composi-

(AAOD) and os instead of the SAOD. Wavelengths used i, qetermined by the A-ATOFMS that correspond to those
asA; and A, were 462 and 648 nm for the PSAP and 450 optical properties

and 700 for the nephelometer, since those are closer to the
AERONET wavelength used in Sect. 3.1.
For the chemical composition of the particles from the A- 4 Results
ATOFMS, spectra from individual particles, i.e. their chem-
ical signature, are grouped into chemically similar clustersTo gain a better understanding on how the optical prop-
using the ART-2-a algorithm (Song et al., 1999). The initial erties of aerosols relate to chemical composition, we use
clusters are then manually grouped in a small set of clus-aerosol data from California as an initial test case, where the
ters based on the identification of the mass spectral peak8ngstrém matrix can be compared to a large wealth of field
that correspond to the most probable ions for a given massdata. Applying the Angstrém matrix to all the available Level
to-charge ratiorz/z) based on previous lab and field stud- 2.0 AERONET data, we obtain an estimate for the percent-
ies. These clusters are then classified into different absorbingge of absorbers in different regions of California by means
particle types: primary fossil fuel, secondary fossil fuel, pri- of optical properties. Figure 4 shows the fraction for the dif-
mary biomass burning, secondary biomass burning and dusterent regions and seasons in pie charts. Panel (a) shows the
excluding other non-absorbing particle types. Figure 3 showsdraction for Northern California during winter/spring; panel
a representative mass spectrum for each aerosol type whe(b) shows the fraction for northern California during sum-
the mass-to-charge ratie:(z) is on thex axis, and the in-  mer/autumn, panels (c) and (d) shows the fraction for south-
tensity of the ion peaks is on theaxis (in arbitrary units). ern California during winter/spring and summer/autumn, re-
Briefly, primary fossil fuel particles are characterized by spectively. Due to the number of retrievals for each site (Ta-
the presence of carbon cluster ion peak$:and G, repre-  ble 2), the northern California is strongly biases by Fresno

ix
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a) Primary Fossil Fuel

Cs+
06 or v
S os 5o
L) ®© 0.5 cr CaHa*
= 04 = Sulfates and/or 3H:
B Cn clusters Cn clusters 204 Nitrate markers \
g 12,-24,-36... J ‘ +12,+24, +36... g -97,-62... CzpﬁH /
E o =) J
0.0 III.J J L bl IllLlJ.l 00l — " L
250 200 150 -100 50 0 50 100 150 200 250 250 -200 150 100 50 0 50 100 150 200 250
miz miz
b) Secondary Fossil Fuel c) Primary Biomass Burning
- 2‘; CaHs™ — gg
3 u.a Sulfates and/or CzHs* CathO 508
- U i 2H30™ =05
203 _h;t?rafgzmarkers > 204 Cn markers
£ 2 e 293 -12,-24,-36...

[}
Z o1 8 02

L £ ..J.Jl_

50 100 150 200 250 -ZELI] -200 -150 -100

0
-250 -200 -150 -100 -50

d) Secondary Biomass Burning e) Dust
08 K+ 08 Al
R 3 o
80 Sulfates and/or El L sio
204 Nitrate markers CaHa* CoH:0* Z o4 Si02*
2 -97,-62... [
2
£

Sic
203 s —
£ 02 \ / o ’ I
=R
. 0.0 (|
-250 -200 -150 -100 -50 0

00 Lk ol !
0 50 100 150 200 250 -250 -200 150 -100 -50 50 100 150 200 250
miz

miz

Fig. 3. Representative A-ATOFMS spectra for different aerosol soygzimary fossil fuel(b) secondary fossil fue(c) primary biomass
burning,(d) secondary biomass burning, afej dust.

Table 2. Location and data availability of the AERONET stations in California.

AERONET station Latitude®) N  Longitude ¢) W Data Availability = Data points with

SSA retrieval

Fresno 36.782 119.773 2002-2011 208
La Jolla 32.870 117.250 1994-2011 15
MISR-JPL 34.119 118.174 1996-2009 28
Monterey 36.593 121.855 1998-2011 6
Moss Landing 36.793 121.788 2004-2006 2
San Nicolas 33.257 119.487 1997-2007 14
Table Mountain 34.380 117.680 1998-2011 3
Trinidad Head 41.054 124.151 2005-2011 13
UCLA 34.070 118.450 2000-2009 55
UCSB 34.415 119.845 1994-2011 10

site, and southern California by the Los Angeles basin meathe right panel calculated using all the available particles de-
surements. Both seasons in northern California show similatected during the flights. Also each campaign, because of
fraction of aerosol absorbing types and they are dominatedhe location and dates, can be associated with a region and
by a mixture of EC and OC aerosol that contribute over 40 %season. CalNex corresponds with southern California during
of all measurements. The difference lies in the coated largeghe summer, or concretely with the Los Angeles basin area,
particles and mix types. For southern California, the sum-CARES with northern California also during the summer,
mer/autumn season is dominated by a mixture, or EC and O@nd CalWater with northern California during the winter. We
aerosol (almost 40 %) as well as OC and OC mixed with dustheed to take into account that we are using different instru-
type. The winter/spring season is dominated by dust (ovements and methodologies. On one hand, AERONET data
45 %) and coated large particles (almost 30 %). represent a long-term dataset and Fig. 4 represents the frac-
On the other hand, a summary of the overall aerosol abiion of occurrences falling into one or another region in the
sorbing types detected with the A-ATOFMS during the three Angstrém matrix and, on the other hand, A-ATOFMS data
campaigns is shown in Fig. 5. Each pie chart represents thehown in Fig. 5 represents the fraction of particles detected at
number fraction of absorbing types detected during CalNexa specific location and time. Furthermore, for northern Cal-
on the left panel, CARES in the middle, and CalWater onifornia, the AERONET retrievals are biased by the Fresno
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Fig. 4. Estimated number fraction of the different aerosol absorbing types by the Angstrom matrix using aerosol properties from AERONET
stations in California separated by region and sea@Northern California — winter/springb) Northern California — summer/autum{a)
Southern California — winter/spring, afd) Southern California — summer/autumn.

a) CalNex || b) CARES || c) CalWater
4724 % 297T% 2912 %

3366 %

0.61%

14 %
4258 %

15.97 %

3511%

Primary Fossil Fuel wmss Secondary Fossil Fuel s Primary Biomass Burning s Secondary Biomass Burning s Dust

Fig. 5. Overall aerosol sources detected with the A-ATOFMS in the three aircraft camp@y@=zINex,(b) CARES, andc) CalWater.

measurements and the aircraft measurements are mainly aerosol type criteria presented in Sect. 3.2 are represented,
the Sacramento area. Both seasons in northern Californian Fig. 6, on an AAE vs. SAE scatter plot with color rep-
present similar aerosol absorbing type fraction with domi-resenting the dominant aerosol type determined by the A-
nance of secondary fossil fuel aerosol and biomass burnin\TOFMS. Panels (a), (b) and (c) correspond to each differ-
particles. Also, more dust is detected during the winter. Inent field campaign (CalNex, CARES and CalWater respec-
southern California, the primary fossil fuel particles (35 %) tively). Since the AAE is related to the chemical composi-
and secondary fossil fuel (47 %) dominate in the summer. tion of aerosol, panel (d) in Fig. 6 shows a frequency his-
In the validation process the AAE and SAE values, calcu-togram of the AAE associated to the aerosol types detected
lated from the in-situ aircraft data, that match the dominantby A-ATOFMS showing that primary fossil fuel particles
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Fig. 6. Absorption Angstrém Exponent vs. Scattering Angstrém Exponent scatter plot of in-situ aircraft measurem@)iSdtex, (b)
CARES, andc) CalWater where the color code represents the dominant aerosol source detected with the A-ATOFMS for each measurement.
Panel(d) is a frequency histogram of the Absorption Angstrém Exponent for each aerosol source.

have a mean value of AAE 1.1+ 0.6, which is close to the composition using optical properties that can be compared
expected 1 for black carbon (Bergstrom et al., 2002). Secwith the actual aerosol chemical composition determined by
ondary fossil fuel particles can be associated with an AAE the A-ATOFMS. Table 3 shows a contingency table where
1.5+ 0.3 in agreement with what was found by Gyawali et the rows are the chemical composition detected with the A-
al. (2009) and Lack and Cappa (2010) for BC cores with non-ATOFMS and columns are the different estimated aerosol
absorbing coatings, and biomass burning to AAE.8+ 0.4 types from the Angstrém matrix. Values presented are per-
(Kirchstetter et al., 2004). AAE is smaller on average dur- centages of measurements classified in one type or another
ing CalNex than during CARES, consistent with the type of and they sum 100 across rows. Primary fossil fuel particles,
dominant aerosol detected, mainly primary fossil fuel duringi.e. elemental carbon, were classified mainly as organic car-
CalNex, i.e. elemental carbon, in contrast with the secondaryon or a mixture of organic carbon and elemental carbon or
fossil fuel particles that dominate during CARES. The num- dust. Secondary fossil fuel particles, i.e. secondary organic
ber of samples from the CalWater campaign is small, as theerosols, fall mainly into the dust/EC mix (almost 40 %) in-
flights focused on clouds and not many data samples were ad@icating that those were particles with absorption properties
quired from cloud free air. SAE shows less variability during similar to organic carbon, but larger in size, probably due
CalNex than during CARES, but we need to take into accounto non-absorbing coating on the carbonaceous core. On the
that the scattering coefficient measurements were taken difether hand, primary biomass burning sources were classi-
ferently for those campaigns and the range of particle sizes iied as organic carbon, organic mixed with dust, or well mix
different. Also the data filtering might be introducing a bias, types. Secondary biomass burning sources are classified in
since we are using data corresponding to periods with a domalmost 60 % into the organic carbon or organic carbon mixed
inant aerosol source. with dust categories. Finally, dust sources were only signif-

Finally, we apply the Angstrém matrix to the in-situ opti- icant during CalWater. However, the Angstrém matrix does
cal properties, obtaining an estimate of the aerosol chemical

Atmos. Chem. Phys., 13, 933835Q 2013 www.atmos-chem-phys.net/13/9337/2013/



A. Cazorla et al.: Relating aerosol absorption 9345

Table 3.Contingency matrix constructed from the aircraft measurements representing the percentage of aerosol sources from the A-ATOMFS
classified into the different Angstrém matrix classes.

Angstrém Matrix

ECdom. EC/OCmix OCdom. OC/Dustmix Dustdom. Dust/EC mix Coated Mix

«» Prim. Fossil Fuel 1.20 27.71 31.33 21.69 1.20 0 10.84 6.02
E Sec. Fossil Fuel 0 0 10.47 27.91 8.14 39.53 9.30 4.65
O Prim. Biomass 0 0 25 25 0 0 0 50

'% Sec. Biomass 0 3.70 18.52 40.74 14.81 0 18.52 3.70
<  Dust 14.29 7.14 28.57 7.14 7.14 0 14.29 21.43

not classify them correctly as dust dominated type mainlytribution due to primary fossil fuel sources (about 7 to 10 %).
because of the small amount of dust measurements. Again, the overlapping of the optical properties results in the
EC/OC mixture type dominating the classification.

Pure dust is not a significant source except for south-
ern California during winter/spring. This is most likely a
misclassification. The dust type measurements were con-

The estimates of aerosol types applying the Angstrom matrixcentrated in the UCLA and MISR-JPL AERONET stations,
to the California AERONET stations (Fig. 4) show similar both in the Los Angeles metropolitan area, and dust is not

aerosol contributions in both seasons in northern California ©*Pected to make such large contributions in urban areas,

Over 40 % of the contribution is due to a mixture of EC and where fossil fuel sources are expected to dominate. This sug-

OC, about 10 % due to EC, and 11 % due to OC or OC/dusQeStS _that those du;t cases were instead larger hygroscopic
mixture. For southern California, during the summer/autumn®rdanic carbon particles that had undergone aqueous phase

season almost 40 % of the aerosol contribution correspondgrocessmg' The aerosol species producing strong absorption
to a mixture of EC and OC, 27% corresponds to OC orat short wavelengths and primarily in the coarse mode are

OC/dust types and 5 % corresponds to EC. The winter/spring"©St likely humic-like substances (HULIS) species formed

season is dominated by dust (over 45%) and coated largBY f09 O cloud processing. These aerosols have been de-
particles (almost 30 %) and no EC type is present. tected in California in previous studies (e.g. Qin and Prather,

The EC/OC mixture type seems to dominate in the 2006; Qin et al., 2012) and represent.organic carbon parti-
Angstrém matrix classification and indicates the difficulty cles, but arglargerthan 1pumdueto thglrwgtgr content, thgre—
of separating the sources from column integrated measurd©'® they might have spectral properties similar to dust, i.e.

ments. More fossil fuel sources (primary and secondary)they are large particles an_d absorb more radiation at _shorter
wavelengths (AAE > 1) which can fall in the Dust dominant

were expected in southern California since it is a more pop- by . in the A N . h
ulated, urban area and, in our particular case, the AERONEP! DUSVEC mixture types in the Angstrom matrix. On the

data are biased by the Los Angeles basin sites. The cherr?—ther hand,'the in—sjtu chemical composiltion. from the air-
ical composition detected during the aircraft campaigns forcraft campaigns indicates the larger contribution due to dust

southern California (Fig. 5a) shows about 35 % of aerosolfrom northern California during the winter as compare to the
contribution due to primary fossil fuel sources, 47 % due to SUMMer (14% vs. 6%). During the CalWater flights, dust

secondary fossil fuel sources, and about 15 % due to biomasgarticles were detected mainly at higher altitudes in layers,

burning sources. Figure 6d shows that the chemistry compo‘-"’hiIe during CARES flights were focused at much lower al-

nent of the Angstrom matrix (the AAE) has a mean value 0ftitudes. Long range transported dust crossing the Pacific has
1.1 for primary fossil fuel sources, 1.5 for secondary fossil been detected during the winter in northern California and it

fuel sources and 1.8 for biomass burning. All those sourcedS thoughtto have animpact on the precipitation in California

would fall into the EC/OC mixture type or the OC type, with (Aultetal., 2011; Creamean etlal., 2013). . I

some overlapping on the different sources, and leaving the Most Of_ the AERONET stations used in California are
EC type misclassified. On the other hand, northern Califor-coastal (Fig. 1), and t'he dominance of sea salt CO,UId be. 'm-
nia was expected to have more biomass burning sources witRortant. However, Smirnov etal. (2002, 2011) studied optical
respect to the south because of the less populated and moP&CPerties in maritime environment and found that the AOD
rural environment (in particular the AERONET data are biasas & mean value of 0'07. with standarq .deV|at|o_n of 0.03
by the Fresno site in the central valley). The aircraft datal© 0',05' This means that in a clean maritime envw_onlment,
in northern California (Fig. 5b and c) indicates about 40%dom|nated by sea salt, the AOD is far below the limit for

of the contribution due to secondary fossil fuel sources and* ERONET Level 2.0 data. Values above the limit (the values
about 30 % due to biomass burning sources with a small conln¢luded in this study) must be dominated by anthropogenic

5 Discussion
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aerosol or dust. The limitation imposed by AERONET for detected by the A-ATOFMS are of that type, the optical prop-
the Level 2.0 data (AOD greater than 0.4) indicates that an-erties might contain particles from other types, the same way
thropogenic aerosols or dust are dominating species in théhe external mixing of aerosol on a column integrated value
mixture. Since the SAE is an intensive property that gives anlike the AOD, or its absorption and scattering components,
idea of the dominant size mode, this must reflect the domi-would yield to a higher AAE value and, therefore misclassi-
nance of the anthropogenic aerosol or the dust. Moreover, wées the EC type (primary fossil fuel source). This reinforces
did not observe a significant bias in the spectral optical prop-the conclusions extracted from the comparison of the overall
erties from inland and coastal AERONET sites. Other non-chemical composition for the different regions and seasons
absorbing species that might be important such as nitrate oin California. Particles detected as secondary fossil fuel, i.e.
sulfate have been found internally mixed with carbonaceousecondary organic aerosols, fall mainly into the dust/EC mix
aerosols in other studies in California (e.g. Pratt and Prather@almost 40 %) indicating that those were particles with ab-
2009; Cahill et al., 2012) rather than as single nitrate or sul-sorption properties similar to organic carbon (AAE > 1), but
fate particles. larger in size, probably due to the internal mix with non-
The differences in sources leading to absorption in theabsorbing aerosols. This could be biased by the size detec-
varying regions of California, as shown in Fig. 5, could be tion limit of the sampling inlets onboard the aircrafts and the
biased by the objectives of the flights during each of the camA-ATOFMS. Primary biomass burning measurements were
paigns. During CalNex, the flights were comprised of mainly limited: 5.7, 2.3 and 0.6 % of the overall particles detected
low level passes within the boundary layer in the Los Ange-in CalNex, CARES and CalWater respectively (Fig. 5), but
les area, very close to the sources of pollution. On the othewhen detected as dominant, the Angstrém matrix classified
hand, CARES also had flights with passes over the Sierrahem as organic carbon or organic mixed with dust (50 %),
foothills (away from urban sources in the Sacramento area)or well mix types (the other 50 %). The amount of data from
and intercepting plumes from fires if they were present. Cal-this source is very limited and more values are necessary
Water focused on clouds and most of the flights were eithelfor accurate statistics. Secondary biomass burning dominant
over the Sierra foothills or over the coastal area. sources are the ones that the Angstrém matrix classifies the
The overall in-situ AAE agree with the detected chemical best, with almost 60 % falling into the organic carbon or or-
composition. By looking at Fig. 6, we can see that the chem-ganic carbon mixed with dust. Finally, the dust source is only
ical component of the Angstrém matrix, the AAE, is smaller significant during CalWater (14 % of total) but more data is
on average during CalNex than during CARES, consisteninecessary for accurate statistics.
with the type of dominant aerosol detected, more primary
fossil fuel during CalNex, in contrast with the secondary fos-
sil fuel and biomass that dominate during CARES. The num-
ber of samples for CalWater is small, as the flights focused or6  Conclusions
clouds. Also, Fig. 6d shows that the AAE has a mean value
of 1.1+ 0.6 for primary fossil fuel sources, secondary fossil Numerous studies have estimated aerosol chemical compo-
fuel sources can be associated with an AAE.54+ 0.3,and  sition from spectral optical measurements using ground re-
biomass burning to AAE= 1.8 £ 0.4. These values agree mote sensing measurements, e.g. AERONET or satellites.
with the results shown by other authors for BC, AAE1 These networks or satellite platforms provide optical prop-
(Bergstrom et al., 2002), and OC, AAE > 1, (Kirchstetter et erties on a global scale, which are needed for the assessment
al., 2004) and for secondary aerosols, AAE > 1, (Gyawali etof the contribution of aerosols to the radiative forcing and cli-
al., 2009; Lack and Cappa, 2010). More dust data are needethate. Including information on the chemical composition of
to establish good statistics for this source. On the other handaerosols from discrete cases, specifically the absorbing parti-
the size component of the Angstrém matrix, the SAE, showscles sources, can help to identify the sources that contribute
less variability during CalNex than during CARES, but we to the forcing globally.
need to take into account that the SAE is calculated differ- In this study, we present a methodology for the estima-
ently. In addition, the data shown are filtered using the A-tion of absorbing aerosols speciation from spectral optical
ATOFMS, and the different cut size in the different cam- measurements, and explored its limitations using in-situ opti-
paigns modify the ability to sample the largest aerosol. cal measurements and chemical composition. Our estimates
Finally, the application of the Angstrém matrix to the in- are based on the division of the Absorption Angstréom Ex-
situ aircraft measurements and comparison with the chemicgbonent vs. Scattering Angstrém Exponent space and it is ap-
composition of the aerosol (Table 3) shows some of the lim-plied to ten AERONET stations in California. In order to val-
itations of the Angstrém matrix. Particles detected as a pri-idate this approach, in-situ optical properties from three air-
mary fossil fuel source, i.e. elemental carbon, were classifiectraft campaigns that took place in California between 2010
mainly as organic carbon or a mixture of organic carbon andand 2011 with single particle chemical composition measure-
elemental carbon or dust. Taking into account that the clasments were analyzed. To explore the range of sources, the
sification is based on considering that 75 % of the particleSAERONET data and in-situ aircraft data were divided into
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