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Abstract

Aircraft–based measurements of aerosol light-scattering coefficient, cloud condensa-
tion nuclei (CCN) measured directly or by proxy, and aerosol chemical composition
are reported for three different years in the region of the large stratocumulus deck off
the California coast. Receptor modeling is used to differentiate the contributions of5

the main aerosol sources to the light scattering and CCN activity. The contribution of
anthropogenic sources to the two climatically important aerosol parameters (for direct
and indirect forcing) varied from year to year but, on average, was found to be 67% in
the case of CCN concentration and 57% in the case of light-scattering coefficient.

1 Introduction10

It is now widely accepted that anthropogenic aerosols can have a significant impact
on the albedo of the extensive subtropical stratocumulus decks that occur off the west
coasts of Africa, and South and North America (e.g., Platnick and Twomey, 1994; Dur-
kee et al., 2000, IPCC, 2001). These decks are a major factor in the radiative balance
of the atmosphere (Klein and Hartmann, 1993) and, due to a combination of cloud15

extent, frequency, and the cloud type dependent sensitivity of cloud albedo to aerosol
modulation, the climatic impact of aerosols on cloud microphysics (the indirect effect) is
largely limited to these decks (Warren et al., 1988; Platnick and Twomey, 1994). More
recently, it has been demonstrated that direct radiative forcing by aerosols above these
cloud decks (or for aerosol absorption effects, even in them) can also be quite impor-20

tant, significantly impacting the apparent albedo as seen from space and sometimes
partially offsetting the indirect forcing (cf. Hill and Dobbie, 2008; Chand et al., 2008; Keil
and Haywood, 2003). However, it has proven difficult to quantitatively deconvolute the
impact of various aerosol types, even such a simple dichotomy as anthropogenic and
natural, or their climatically relevant properties (e.g., light-scattering coefficient, CCN25

activity) proving to be somewhat obscure. In part, this difficulty arises from the fact
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that a number of aerosol chemical components that strongly impact climatic properties
have multiple sources, both natural and anthropogenic, the archetypical such com-
ponent being sulfate. One methodology for addressing this quandary is to examine
aerosols in venues in which particular sources, or at least either natural or anthro-
pogenic sources, may be expected to dominate a priori; hence such studies as ACE-15

in the remote Southern Hemisphere (Bates et al., 1998) and TARFOX off of the east
coast of the United States (Russell et al., 1999) or, for the particularly tricky issue of
sources of CCN activity, the MAST experiment (Durkee et al., 2000). While all of these
studies have added much to our understanding of aerosol impacts on climate, none
have definitively addressed the issue of aerosol sources even for their extreme venues10

(cf. Hegg et al., 2009). For venues in which one might expect a mix of sources, both
natural and anthropogenic, with none dominating, much remains to be done. Such is
unfortunately likely the case for the regions of the three main stratocumulus decks of
the world (Durkee et al., 2000; Huneeus et al., 2006; Keil and Haywood, 2003).

To address the general problem of aerosol source attribution, various analyses of15

variance techniques (ANOVA) have long been employed (e.g., Cheng et al., 1993;
Song et al., 1999; Kim et al., 2004; Chen et al., 2007). Such techniques, sometimes
termed receptor modeling, have proven very versatile and useful in source attribution of
aerosol mass and size distribution. We recently adopted this approach for CCN source
attribution in the marine environment, using the results to distinguish anthropogenic20

and natural CCN for one of the three stratocumulus decks of global climatological sig-
nificance, that off the California coast (Hegg et al., 2009). However, as noted in that
study, the occurrence of an exceptionally large forest fire near Santa Barbara during
the study period, and the advection of smoke offshore, may well have rendered the
source attribution results atypical. Indeed, this is an endemic problem with small time25

period studies. To address this issue, we present here results from three different
years of data (2004, 2005 and 2007) in the same operational area, derived from the
multi-year CARMA (Cloud Aerosol Research in the Marine Atmosphere) study using
the same basic approach as that of Hegg et al. (2009). Additionally, we explore not
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only the issue of source attribution of CCN but also that of source attribution of aerosol
light scattering, thus addressing the direct as well as indirect effects of anthropogenic
aerosols in the study area.

2 Methodology

To characterize the chemical composition of the aerosol, filter sampling was employed.5

47 mm Teflo membrane filters with a 2 µm pore size were used. The substrates have
collection efficiencies in excess of 99.99% for 0.2 µm particles and larger. After col-
lection, samples were stored at a nominal 4 ◦C prior to analysis. The samples were
analyzed over a week’s time. All substrates were analyzed gravimetrically and then ex-
tracted in 10 ml of HPLC water. The extracts were then analyzed by standard Ion Chro-10

matography (IC) for anions (both organic and inorganic), Liquid Chromatography-Mass
Spectroscopy (LC-MS) for carbohydrates, and Inductively Coupled Plasma – Optical
Emission spectroscopy (ICP-OES) for a suite of trace elements (cf., Gao et al., 2003)
as listed in Table 1. The hygroscopic properties of the aerosol were determined by
measuring the light scattering coefficient at three relative humidity’s, nominally 40, am-15

bient and 85% (Gasso et al., 2000), and by use of an Aerosol Hydration Spectrometer
(Hegg et al., 2008). Additionally, in order to quantify the concentration of light absorbing
carbon present (important both optically and as an aerosol source tracer), we used a
three wavelength Particle Soot Absorption Photometer (PSAP) to measure the aerosol
absorption coefficient (Virkkula et al., 2005). We then employed a specific black carbon20

absorption coefficient of 7 m2 g−1 to convert the absorption at 530 nm to light absorbing
carbon mass concentration (cf. Bond and Bergstrom, 2006).

The other main measurements in this study are the CCN concentration at some
nominal supersaturation and the multiwavelength aerosol light scattering coefficient.
The measurement of the light-scattering coefficient is straightforward; we employed a25

TSI Inc. model 3563 three wavelength (450, 550 and 700 nm) nephelometer operating
at a nominal 30% RH. For CCN, a more complex procedure was necessary. During
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the CARMA-IV study (2007), we used the DMT Inc. CNN-100 CCN spectrometer that
employs the design described by Roberts and Nenes (2005). It measured cumulative
CCN number concentrations at nominal supersaturations of 0.2, 0.3, 0.5, 0.7 and 1.0%
(Hegg et al., 2009). However, for the two earlier studies (CARMA-II, 2004 and CARMA-
III, 2005) this instrument was not available. Instead, a University of Wyoming model5

MA100 static diffusion chamber was utilized for CCN measurements. This instrument
produced useful data but was plagued by calibration problems and operational break-
downs during the 2004 and 2005 studies. Furthermore, it required a relatively long
measurement period (∼15 min) to yield good data in marine air (Kaku et al., 2006).
This resulted in sparse data sets for the 2004 and 2005 studies. For example, during10

the 2004 study, only six data points were available for comparison with filter measure-
ments. Such a data set is simply too small to make receptor modeling viable. Hence,
we have had recourse to a surrogate for the CCN concentration that has a much higher
data density. This is the concentration of particles in a nominal diameter range of 0.05
to 1.6 µm radius as measured by the PMS/DMT Inc. Passive Cavity Aerosol Spec-15

trometer Probe (PCASP) model 100x. The PCASP concentration has in fact been
used numerous times as a surrogate for CCN concentration (e.g., Hegg and Jonsson
2000; Kaku et al., 2006). Using the well-known parameterization of Fitzgerald (1973)
relating particle size, soluble fraction and activation supersaturation, the concentration
of particles measured by the PCASP would correspond to those active as CCN at a20

supersaturation of 0.3% assuming a mean particle soluble fraction of ∼30%, very rea-
sonable based both on past work in the CARMA region and the results presented here.
This supersaturation is in fact roughly the same as the effective supersaturations found
in the stratocumulus clouds examined in the CARMA data base (cf., Hegg et al., 2009),
and also in agreement with earlier studies in the same area (Roberts et al., 2006).25

Because of this, and because the 1 Hz measurement frequency of the PCASP results
in very good counting statistics and hence small uncertainties, and a value can be
associated with each filter measurement of composition, we use the PCASP number
concentrations as a surrogate for the CCN number concentration active at 0.3%
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To test the validity of using the PCASP concentration as a CCN surrogate, simulta-
neous measurements of PCASP and CCN number concentration were compared via
regression analysis for the CARMA-IV data set, in which good CCN measurements
were available. The R2 for the regression was a reasonable 0.69. While the slope was
only 0.3, suggesting far from complete closure, the variance structure of the CCN proxy5

is clearly similar to that of the CCN, the key issue for source apportionment.
The instruments described above were deployed from an airborne platform, the Cen-

ter for Interdisciplinary Remotely Piloted Aircraft Studies (CIRPAS) Twin Otter research
aircraft. This platform, and its associated facility instruments, has been described in
a number of publications (e.g., Wang et al., 2002; Schmid et al., 2003; Hegg et al.,10

2005). More specific information will be related, as necessary, in the discussion.
Because the aerosol sources for the CARMA study area are not well characterized

and mass conservation cannot be assessed, fully deterministic source apportionment,
using tools such as a chemical mass balance model, is not really feasible. As in Hegg et
al. (2009), we therefore use receptor modeling to address the issue of sources of CCN15

activity and aerosol light scattering. However, while the EPA UNMIX 2.3 model was
used in Hegg et al. (2009), in this study we use the EPA PMF model 3.0. The larger
uncertainties associated with the reduced data sets for the 2005 and 2004 studies
render the error-weighted variance reduction of the PMF approach preferable, as does
the issue of rotational ambiguity, included in the PMF uncertainties but not in UNMIX20

(e.g., Kim et al., 2004). Nevertheless, we take advantage of the previous UMMIX
results for the 2007 data set, using them to inform our choice of factors in PMF.

3 Venue

The measurements reported here were acquired during three CARMA field campaigns,
as alluded to above. The operational area for the CARMA measurements extended25

from 37.2 N Latitude to 34 N latitude and from the coastline to ∼300 km offshore. This
location is one in which the aerosol is impacted by a number of different sources, includ-
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ing biomass burning, pollution and the ocean surface (Hegg et al., 2008). This leads to
a wide range in both aerosol size and composition, and other derivative properties such
as the CCN activity (cf., Roberts et al., 2006). Airborne sampling was done throughout
this region in the course of 15 flights conducted during August, 2007 (CARMA-IV), 17
flights in August of 2005 (CARMA-III) and 14 flights in July of 2004 (CARMA-II). Hori-5

zontal traverses of the marine boundary layer (MBL) were made. There were normally
at least three per flight, typically at 30 m MSL and also 100–500 m but below cloud
base (when cloud was present). During the traverses, filter samples were obtained,
typically one per traverse, while the PCASP and aerosol scattering measurements
were continuous and could be averaged over the filtering times. Traverses with suffi-10

ciently complete chemical data to permit inclusion in receptor modeling analysis were
selected from this data base.

4 Results and discussion

4.1 Chemistry and aerosol sources from receptor modeling

The available data set consists of the concentrations of chemical species analyzed on15

each of the filter samples together with concurrently measured values of CCN activ-
ity and aerosol light scattering. From CARMA II, 21 such samples are available, from
CARMA III 29 and from CARMA IV 24. From these chemical concentrations, several
derivative variables such as non sea salt (NSS) sulfate and potassium, and water of
hydration were calculated (Hegg et al., 2008).However, several species were elimi-20

nated from use a priori due to a low incidence of above detection limit concentrations –
which led to a poor signal-to-noise ratio. Such eliminations varied from study to study,
resulting in a non-uniform set of chemical measurements across the three years inves-
tigated. This precluded a meta analysis using all of the data in a single receptor model.
Instead, separate models were run for each study (year). The species included in each25

receptor model are listed in Table 1.
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Hegg et al. (2008, 2009) exercised the EPA receptor model UNMIX 2.3 on the data
set for CARMA IV to derive sources for aerosol hygroscopicity and CCN activity. The
model found feasible solutions to the matrix inversion only for three factors or sources
using the detection algorithm of Henry (2003) that finds data “edges” in sets of data
points in N-dimensional space. These sources were interpreted as representing, ma-5

rine, biomass burning and pollution emissions. The source identification was based
primarily on Na and Cl for the marine factor, black carbon and NSS potassium for the
biomass and Pb and NSS sulfate for the pollution factor (see Hegg et al 2008 for de-
tails). As discussed above, we now use the more recent and, for these data sets taken
as a whole, more appropriate EPA PMF model 3.0. Exercised on the CARMA IV data10

set, the PMF model yields a four source/factor solution (shown in Fig. 1) as compared
to the three source solution of the UNMIX model. However, the additional source, which
is dominated by Mg, water of hydration and formate, is also quite plausibly a marine
source. When summed with the more obvious marine source (dominated by Na and
Cl), the factor loadings are quite similar though not identical with those from the earlier15

UNMIX model. The reason for the disagregation of the marine source into two factor in
the PMF analysis is not clear but PMF is well known to produce additional, secondary
factors compared to the UNMIX model.

Turning to the CARMA III and CARMA II data sets, the PMF model produces the
source profiles shown in Figs. 2 and 3, respectively. For CARMA III, the model optimum20

solution is for three sources or factors. The first of these, heavily loaded by Cl and Na
is obviously a marine source. A pollution source is indicated for the second factor
given the high loadings of nitrate and NSS sulfate while the third factor is identified as
biomass burning by having virtually all of the levoglucosan and black carbon loaded on
it. For CARMA II, a slightly more complex scenario is evident. While a clear marine25

source is once again evident, with high Na and Cl, a pollution source with high nitrate
and NSS sulfate, and a biomass burning source with high levoglucosan, there is now a
fourth source as well. This source displays high loadings of the three dicarboxylic acids
analyzed and is the only source loaded by the single hydroxy dicarboxylic acid present.
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Although these species do have a number of possible sources, they are well known
secondary photochemical species in marine air (e.g., Satsumabayashi et al., 1990;
Kawamura and Sakaguchi, 1999). Furthermore, previous studies in roughly the same
sampling venue as the CARMA studies, have pointed out the importance of secondary
or in situ processes on aerosol properties (e.g., Furutani et al., 2008). Hence, we5

designate this source as a secondary aerosol source. The reason why the CARMA II
data set could preferentially distinguish this factor is not entirely clear. This study did
take place in July while the other two CARMA studies were in August and would thus
have a slightly higher clear sky actinic flux. However, it is unlikely that this alone could
be responsible for a more distinct secondary component and the explanation likely10

involves differential emissions, transport and low-cloud statistics between the study
periods. Further analysis is beyond the scope of this study.

Having plausible source profiles in hand, the next step in the receptor modeling
exercise is to quantify the contribution of each source to each of the samples in the
database with respect to the specific aerosol property of interest.15

4.2 Source apportionment of CCN activity and aerosol light scattering

The methodology for partitioning of a variable into the various source components is
well established. To arrive at the contribution of each source to the CCN concentration
or aerosol light scattering in each sample, linear regressions of the property of interest
in each sample onto the factor source contribution (factor scores) for each factor in20

each sample (as shown in Figs. 1–3) are made. The linear regression coefficients are
then multiplied by the source contributions to arrive at the contribution of each source
to the measured property in each sample. In this instance, such an analysis is made for
both the surrogate CCN concentration (PCASP number concentration) and the aerosol
light scattering coefficient onto the factor scores. The results of this for the CCN activity25

are given in Figs. 4–6 for CARMA IV, III and II, respectively. Corresponding results for
aerosol light scattering are shown in Figs. 7–9.
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Perhaps the first point of interest is to compare the results for the CARMA IV PMF
analysis of CCN with the previously reported results using the UNMIX model (Hegg et
al., 2009). Compared to the earlier results, those shown in Fig. 4, although broadly
similar, suggest a somewhat reduced role for the marine source. However, this arises
due to the impact of a small subset of the samples. Firstly, a key sample from the5

earlier analysis is that taken on 14 August, at an altitude of 30 m, which UMIX desig-
nated as virtually pure marine. This sample was not included in the PMF analysis due
to a malfunction of the PCASP during the sample period. More tellingly still, the last
set of samples (cases 22–24), taken on 27 August, which had rather high CCN con-
centrations, were designated as predominately marine by the UNMIX analysis but only10

partially marine by PMF. The total particle concentrations for these samples (based on
measurements with a TSI 3010 CN counter, particle diameter detection limit of ∼10 nm)
were of order 103 cm−3 and we thus find the PMF designation of the samples as a mix
of marine and polluted air more plausible.

Another important facet of assessing the value of the results is a comparison of15

values of CCN and light- scattering coefficient predicted by the model (the sum of the
contribution from each source) with the actual measured values of the CCN (PCASP)
and aerosol light scattering coefficient. An example of such a regression comparison
(measured regressed onto predicted) is shown in Fig. 10 for the CARMA III data and
R2 values and slopes for the comparisons for each study and both aerosol parameters,20

are given in Table 2. The results of the regressions suggest that the PMF model does
a quite reasonable job of predicting the CCN concentrations and, to a somewhat lesser
degree, the light-scattering coefficient. Interestingly, when significant discrepancies
do occur (e.g., for light-scattering coefficient for CARMA III), the model tendency is to
always over predict.25

Turning to a year-to-year comparison of the sample source attribution, perhaps the
most striking difference between the study years is the relatively high values for pol-
lution during the 2005 study (CARMA III), in the CCN comparison. There is a similar
difference in the light-scattering coefficient source attribution but it is somewhat atten-
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uated, reflecting a disproportionate impact of pollution on particle number compared
to cross section or mass. Systematic differences between the study years are most
clearly seen, however, by looking at the differences in source attribution averaged over
all sample for each study year. Such comparisons of study means are given in Fig. 11
for CCN and Fig. 12 for aerosol light-scattering. To facilitate these comparisons, the5

two marine sources identified in the CARMA IV study have been grouped into a sin-
gle marine component. Similarly, the secondary component resolved in the CARMA II
study has been folded into the marine source since the origin of the organic acids is
in the marine atmosphere and likely at least partially due to emissions from the ocean
surface (long chain fatty acid precursors). With this admittedly somewhat ad hoc re-10

classification, the relative importance of pollution in the CARMA-III data is still quite
clear. It is also clear that biomass burning emissions play a role in all three study
periods though, as expected, they were more marked in the 2007 study period.

The reason for the enhanced impact of pollution during the 2005 study is worth a
bit more analysis since one would not expect industrial pollution sources to display15

much inter-annual variation in this region and biomass burning, as already remarked,
was higher in 2007 than in the other two study periods. The other obvious explanation
is differential transport and we explore this using back trajectories generated by the
HYSPLIT IV model. Isentropic, 96 h back trajectories were generated every six hours
for each day of the study period, originating near the middle of the CARMA operational20

area at the top of the MBL. To facilitate comparison, a cluster analysis was then done,
specifying three clusters. For the CARMA II and CARMA IV studies (2004 and 2007),
all three clusters were offshore throughout the 96 h trajectory period. However, for the
CARMA III study, one of the three clusters, containing 17% of the trajectories, went
onshore about three days back from the starting point. Hence, the enhanced pollution25

observed during CARMA III is likely due at least in part to more offshore flow during
the 2005 study period.
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5 Conclusions

The analysis presented suggests that, with respect to both CCN activity and aerosol
light-scattering, anthropogenic aerosols have a large impact on climate critical cloud
systems such as the stratocumulus off the California coast. Biomass burning in the
continental region adjacent to the CARMA operational area (offshore, marine cloud-5

topped boundary layer) is largely human-induced (either accidentally or through pre-
scribed burns). Hence, the anthropogenic component of the aerosol sources in this
area might plausibly be considered to be the sum of the explicit pollution and biomass
sources in the PMF analysis. With this grouping, for CCN activity, the fraction aris-
ing from anthropogenic sources varies from 63% in CARMA IV to 74% in CARMA III.10

For aerosol light-scattering, the anthropogenic portion varies from 45% in CARMA II
to 68% in CARMA III. Hence, while there is considerable year-to-year variation in the
relative impact of the three main source categories (marine, pollution and biomass),
the anthropogenic component is always the most important source.
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Table 1. Species analyzed from the filter samples obtained in the study and used in at least
one of the PMF analyses. Technique acronyms are defined in the text. Mean concentrations
found during the study are given (µg m−3).

Species Technique Used in CARMA Study mean (study)

Malate IC II 0.19 (II)
Formate IC IV, II 0.04 (IV), 0.04 (II)
Chloride IC IV, III, II 1.28 (IV), 1.27(III), 1.02 (II)
Nitrate IC IV, III, II 0.56 (IV), 0.31 (III), 0.24 (II)
Glutarate IC IV, II 0.01 (IV), 0.09 (II)
Succinate IC IV, II 0.01 (IV), 0.11 (II)
Sulfate IC IV, III, II 1.25 (IV), 1.30 (III), 1.19 (II)
Oxalate IC IV, III, II 0.09 (IV), 0.15 (III), 0.08 (II)
Levoglucosan LC-MS III, II 0.39 (III), 0.06 (II)
Calcium ICP-OES IV, III 0.03 (IV, 0.14 (III))
Iron ICP-OES II 0.03 (II)
Potassium ICP-OES IV 0.14 (IV)
Magnesium ICP-OES IV, II 0.04 (IV), 0.11 (II)
Sodium ICP-OES IV, III, II 0.81 (IV), 1.03 (III), 0.96 (II)
Lead ICP-OES IV 0.47 (IV)
Total dry mass Gravimetric IV, III, II 16.3 (IV), 3.93 (III), 3.12(II)
NSS Potassium Derived IV 0.11 (IV)
NSS Sulfate Derived IV, III, II 1.04 (IV), 1.30 (III)c, 1.34 (II)c

Soluble mass IC/ICP IV 5.3 (IV)
Black carbon Absorption photometer IV, III 0.26 (IV), 0.30 (III)
Sub-H2Oa AHS IV 22.3 (IV)
Super-H2Ob AHS IV 7.1 (IV)

a Water of hydration of the sub-micron aerosol (from AHS). b Water of hydration for the super-
micron aerosol (from AHS). c Averaged over a subset of the sulfate values due to missing data.
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Table 2. Values of R2 for linear regressions of measured aerosol properties onto those pre-
dicted by the PMF model.

Study Aerosol parameter Regression R2 Slope

CARMA IV CCN 0.86 0.92±0.085
CARMA IV Light scattering coefficient 0.85 1.01±0.09
CARMA III CCN 0.70 0.54±0.08
CARMA III Light-scattering coefficient 0.61 0.51±0.09
CARMA II CCN 0.75 0.86±0.15
CARMA II Light-scattering coefficient 0.71 0.53±0.09
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Fig. 1. Source profiles for the four sources identified by the PMF model for the CARMA-
IV (2007) data set.
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Fig. 2. Source profiles for the three sources identified by the PMF model for the CARMA-III
(2005) data set.
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Fig. 3. Source profiles for the four sources identified by the PMF model for the CARMA-II
(2004) data set.
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Fig. 4. Source contributions to the CCN (0.3%) concentration of each of the four sources to
each sample taken during the CARMA IV study.
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Fig. 5. Source contributions to the CCN (0.3%) concentration of each of the three sources to
each sample taken during the CARMA III study.
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Fig. 6. Source contributions to the CCN (0.3%) concentration of each of the four sources to
each sample taken during the CARMA II study.
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Fig. 7. Source contributions to the aerosol light-scattering coefficient (σsp) for each of the four
sources to each of the samples taken during the CARMA IV study.
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Fig. 8. Source contributions to the aerosol light-scattering coefficient (σsp) for each of the three
sources to each of the samples taken during the CARMA III study.
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Figure 9. Source contributions to the aerosol light-scattering coefficient (σsp) for 

each of the four sources to each of the samples taken during the CARMA II study. 

 

Fig. 9. Source contributions to the aerosol light-scattering coefficient (σsp) for each of the four
sources to each of the samples taken during the CARMA II study.
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Fig. 10. Comparison via linear regression of the measured surrogate CCN(0.3%) concentration
with that predicted by the PMF model for the CARMA III data set.
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Fig. 11. Study average source contributions by each of three source categories (see text) to
the CCN(0.3%) concentration.
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Fig. 12. Study average source contributions by each of three source categories (see text) to
the aerosol light-scattering coefficient (Bsp).
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