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Abstract

Atmospheric organic aerosols are generally classified into primary and secondary (POA and SOA)
according to their formation processes. An actual separation, however, is challenging when the
timescales of emission and of gas-to-particle formation overlap. The presence of SOA formation in
biomass burning plumes leads to scientific questions about whether the oxidized fraction of biomass
burning aerosol is rather of secondary or primary origin, as some studies would suggest, and about
the chemical compositions of oxidized biomass burning POA and SOA. In this study, we apply
nuclear magnetic resonance (NMR) spectroscopy to investigate the functional group composition of
fresh and aged biomass burning aerosols during an intensive field campaign in the Po Valley, Italy.
The campaign was part of the EUCAARI project and was held at the rural station of San Pietro
Capofiume in spring 2008. Factor analysis applied to the set of NMR spectra was used to apportion
the wood burning contribution and other organic carbon (OC) source contributions, including
aliphatic amines. Our NMR results, referred to the polar, water-soluble fraction of OC, show that
fresh wood burning particles are composed of polyols and aromatic compounds, with a sharp

resemblance with wood burning POA produced in wood stoves, while aged samples are clearly
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depleted of alcohols and are enriched in aliphatic acids with a smaller contribution of aromatic
compounds. The comparison with biomass burning organic aerosols (BBOA) determined by high
resolution aerosol mass spectrometry (HR-TOF-AMS) at the site shows only a partial overlap
between NMR BB-POA and AMS BBOA, which can be explained by either the inability of BBOA
to capture all BB-POA composition, especially the alcohol fraction, or the fact that BBOA account
for insoluble organic compounds unmeasured by the NMR. Therefore, an unambiguous
composition for biomass burning POA could not be derived from this study, with NMR analysis
indicating a higher O/C ratio compared to that measured for AMS BBOA. The comparison between
the two techniques substantially improves when adding factors tracing possible contributions from
biomass burning SOA, showing that the operational definitions of biomass burning organic aerosols
are more consistent between techniques when including more factors tracing chemical classes over
a range of oxidation levels. Overall, the non-fossil total carbon fraction was 50 % - 57 %, depending
on the assumptions on the '“C content of non-fossil carbon, and the fraction of organic carbon
estimated to be oxidized organic aerosol (OOA) from HR-TOF-AMS measurements was 73% -
100% modern.

1. Introduction

The adoption of new regulatory actions for reducing the emissions from fossil fuel combustion have
certainly contributed to measurable decreases in atmospheric particulate matter concentrations in
several areas in North America and Europe in the last two decades (Barmpadimos et al., 2011,
2012; Hand et al. 2012). This decreasing trend was flatter during the 2000s compared to the 1990s
in spite of the fact that emissions of sulphur, nitrogen and carbonaceous compounds from fossil fuel
combustion have decreased steadily in Europe throughout the whole period (Harrison et al., 2008).
Clearly, sulphate aerosols, whose reduction certainly boosted the PM10 reduction in Europe during
the 1990s, are nowadays of secondary importance with respect to other aerosol components such as
ammonium nitrate and organic aerosol (OA), which are becoming new targets. The evaluation of
abatement strategies for the organic fraction of particulate matter is particularly challenging due to
the number of anthropogenic and natural sources contributing to OA and to the complexity of the
atmospheric processes controlling the concentrations of organic compounds susceptible to partition
from the gas to the aerosol phase. There is actually no consensus on the best source apportionment
method for particulate organic carbon (OC) and no single method would suffice, although important
scientific achievements about its origin and atmospheric processing have been obtained in the last
years. Some recent findings, relevant for the present study, are: a) the fact that a large fraction of

modern carbon is found in OC even in environments highly impacted by fossil-fuel combustion
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(Hodzic et al. 2010); b) the importance of residential biofuel combustion emissions worldwide,
including industrialized countries (Bond et al., 2004; Kulmala et al., 2011); c) the fact that the
budget of the OC emitted by combustion sources often includes a non-negligible fraction of
secondary origin, i.e., forming in the plume by secondary reactions (Robinson et al. 2007; Nordin et
al., 2013). These findings suggest that the presence of primary and secondary organic aerosol
(respectively “POA” and “SOA”) from biomass burning is much more significant than believed in
the past, and perhaps up to 30% of the global aerosol OC budget (Hallquist et al., 2009).

In this study, we investigate the contribution of primary and secondary biomass burning to
oxygenated organic aerosols in the rural Po Valley, Italy, in early spring: a period of the year during
which diffuse wood burning from domestic heating systems is still active in the valley, and the
meterorological conditions often favour stagnation of pollutants. In a previous paper (Saarikoski et
al., 2012) we showed that under stable meteorological conditions the diurnal change in atmospheric
stratification following the development of the planetary boundary layer was responsible for drastic
changes in submicron aerosol composition, with fresh particulates rich in semivolatile compounds
during the night and early morning, and more aged particles occurring in the middle of the day and
in the afternoon. Atmospheric concentrations of particulate organic matter including fractions
apportioned to biomass burning sources could be determined owing to the employment of an
Aerodyne high-resolution time-of-flight mass spectrometer (HR-TOF-AMS, hereafter AMS) (De
Carlo et al., 2006) and Positive Matrix Factorization (PMF) analysis (Ulbrich et al., 2009). PMF
analysis of AMS datasets provides factors for organic aerosol sources and corresponding
contributions to OC concentrations. PMF is becoming common for organic source apportionment
(Zhang et al., 2005; Lanz et al., 2007) and factor analysis of AMS data using PMF in its diverse
implementations (including e.g. ME-2) has extracted biomass burning organic aerosol (BBOA)
factors in multiple sites (Aiken et al., 2010; Elsasser et al., 2012; Crippa et al., 2013a etc.).
Generally, the BBOA factors appear to reflect directly emitted primary biomass burning aerosol (p-
BBOA), but the degree to which p-BBOA and secondary organic aerosol formed from biomass
burning emissions are separated in PMF analyses have not been extensively examined.

Here we use ancillary information from tracer compounds, some of which are already included in
the study of Saarikoski et al. (2012), and other spectroscopic techniques suitable for organic source
attribution, presented here for the first time, such as nuclear magnetic resonance (NMR)
spectroscopies (Hallquist et al., 2009) to investigate the separation of primary and secondary
biomass burning related emissions during the Po Valley Spring measurements. Proton NMR ('H-
NMR) spectroscopy in particular has been already successfully used to characterise biomass

burning aerosols in tropical environments (Decesari et al., 2006), and has also been proposed as a
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tool for source attribution of water-soluble organic aerosol including biomass burning particles
(Decesari et al., 2007). In this paper, we compare the spectral fingerprints of wood burning aerosol
as determined by HR-TOF-AMS and 'H-NMR spectroscopies during the 2008 EUCAARI
experiment in the Po Valley, and we interpret the chemical composition of NMR-determined
biomass burning aerosol on the basis of laboratory and field data obtained in past and parallel

experiments.

2 Experimental

2.1 The EUCAARI 2008 Po Valley campaign.

The measurements were conducted at the San Pietro Capofiume (SPC) measurement station “G.
Fea” (44°39°0° N, 11°37°0”* E; Decesari et al., 2001) from 30 March to 20 April 2008. The station
is located about 30 km northeast from the city of Bologna in an area of the Po Valley open to
Adriatic Sea to the east side, but surrounded by densely populated areas on its southern, western and
northern sides. The station of San Pietro Capofiume belongs to the network ARPA-ER (“Agenzia
Regionale Prevenzione e Ambiente — Emilia-Romagna”) for meteorological observations and air
quality monitoring. The station regularly hosts measurements of aerosol chemical and physical
measurements and of aerosol optical properties and light extinction run by ISAC-CNR, ARPA-ER
and the University of Eastern Finland. During the 2008 EUCAARI experiment, a suite of additional
aerosol measurements were implemented including AMS (Saarikoski et al., 2012), HTDMA and air
ion spectrometers (Manninen et al., 2010).

On the basis of the meteorological conditions and back-trajectory analysis, five periods can be
distinguished: Period I (30 March — 6 April) characterized by vertical atmospheric stability,
relatively low wind speeds (2.4 m/s on average), high pollution levels and marked diurnal variations
in aerosol concentration and composition; Period II (7 April) with low concentrations and
significant transport from outside the Valley suggested also by the highest mean wind speed of the
campaign (4.3 m/s on average); Period III (8 to 11 April) with re-established stable conditions,
lower wind speed (1.9 m/s on average), high pollution levels, high humidity, little diurnal variations
and transport of maritime air masses; Period IV (April 11 and 12) characterized by atmospheric
instability, again higher wind speed (3.2 m/s on average) and very low aerosol concentrations;
Period V (April 12 to 20) with high variability (with wind speeds ranging between 0.2 and 6.9 m/s),
intermittent precipitation events and moderate average pollutant concentrations. The PM1 chemical
composition observed during the five periods reflected the different meteorological and atmospheric

transport conditions, with higher concentrations of ammonium nitrate during the polluted days and
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greater proportions of ammonium sulphate in background conditions (Saarikoski et al., 2012), in

line with a behaviour typical of many continental environments.

2.2. Sampling and off-line chemical analysis

A dichotomous sampler (Universal Air Sampler, model 310, MSP Corporation) at a constant
nominal flow of 300 1/min was employed from 1% to 14™ of April 2008 to collect fine particles with
ambient diameter < 1 um on pre-washed and pre-baked quartz-fiber filters (Whatman, @ = 9 cm).
Typically, two filters were sampled every day: a “daytime” (D) PM; sample was collected from
~10:00 to ~17:00 (local time, UTC+2) followed by an “evening/night-time” (N) sample collected
from ~18:00 to ~09:00. Exceptionally, long-time integrated samples (n = 3, lasting 32, 24 and 24
hours) were taken using an Andersen PM10 high-volume (HiVol) sampler at critical flow (1.13 m’
min™) equipped with quartz-fiber filters (Whatman, 8x10 in.). All samples were stored frozen until
chemical analysis.

Total Carbon (TC) content was measured directly from small sub-samples of the quartz-fiber filters
(1 cm®) by evolved gas analysis. Measurements were performed by a Multi N/C 2100 analyser
(Analytik Jena, Germany) equipped with a module for solid samples. Samples were oxidized in an
atmosphere of pure oxygen and by applying a temperature ramp (up to 950°C). TC was measured as
total evolved CO, by a non-dispersive infrared (NDIR) analyser (Gelencser et al., 2000).

The remaining portion of each filter was extracted with deionized ultra-pure water (Milli-Q) in an
ultrasonic bath for 1 h and the water extract was filtered on PTFE membranes (pore size: 0.45 pm)
in order to remove suspended particles. Aliquots of the water extracts were used to determine the
water-soluble organic carbon (WSOC) content by a Multi N/C 2100 total organic carbon analyser
(Analytik Jena, Germany) using the interface for liquid sample injection. The analysis provided the
WSOC concentration in the extracts upon correction for the inorganic carbon (carbonate)
concentration (Rinaldi et al., 2007). The difference between TC and WSOC and carbonate carbon
resulted in the water-insoluble carbon (WINC), which accounts for insoluble organic compounds +
elemental carbon.

Concentrations of major inorganic ions (NH,", Na', K", Ca”", Mg2+, Cl', NO;, SO4%) and some
organic acids (i.e., oxalate) were determined in the water extracts of the PMI1 filters by ion
chromatography (IC) using the same protocol adopted for the Berner impactor samples analyzed in
the same experiment (Saarikoski et al., 2012).

The remaining aliquots of the water extracts were dried under vacuum and re-dissolved in
deuterium oxide (D,O) for functional group characterization by proton-Nuclear Magnetic

Resonance (‘H-NMR) spectroscopy (Decesari et al., 2000). The extracts of the seven samples
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collected during Periods IV and V of the campaign were lumped into three samples to increase
sample load and sensitivity of the analysis. The '"H-NMR spectra were acquired at 400 MHz with a
Varian Mercury 400 spectrometer in a Smm probe. Sodium 3-trimethylsilyl-(2,2,3,3-d4) propionate
(TSP-d4) was used as referred internal standard, adding 50 pl of a TSP-d4 0.05% (by weight)
solution in D,0O (1.5 umolH belonging to the standard in the probe). 'H-NMR spectroscopy in
protic solvents provides the speciation of hydrogen atoms bound to carbon atoms. On the basis of
the range of frequency shifts (the chemical shift, ppm) in which the signals occur, they can be
attributed to different H-C-containing functional groups. Detection limits for an average sampling
volume of 500 m® were of the order of 3 nmol m™> for each functional group.

Since aliphatic carbonyls or carboxylic groups don’t have detectable protons, their concentrations
can be detected by proton NMR spectroscopy only indirectly, on the basis of the intensity of
resonances between 1.9 — 3.0 ppm of chemical shift, which can be attributed to aliphatic groups
adjacent to an unsaturated carbon atom, e.g., HC-C=0, HC-COOH or HC-C=C. Since aromatic and
vinyl groups are relatively scarce in WSOC atmospheric samples, the unsaturated oxygenated
groups provide the greatest contribution. The approach of Decesari et al. (2007) includes a
correction for the contribution of benzylic groups (CH-Ar), which is assumed to be proportional to
the total aromatic protons and it is subtracted from total H-C-C= moieties to derive the aliphatic
groups containing oxygenated unsaturated groups (i.e. carbonyls and carboxyls), HC-C=0.

Recent works (Tagliavini et al. 2006; Moretti et al. 2008) introduced a methodology for direct
determination of carbonyls and carboxylic groups by coupling chemical derivatization to proton
NMR spectroscopy, and was applied to the present study. Briefly, carboxylic acids were converted
to methyl-esters by reaction with diazomethane and the concentration of the products was
quantified by integrating the band between 3 and 4 ppm in the '"H-NMR spectrum after subtraction
of the signals of the underivatized sample. An analogous procedure was applied for carbonyls,
which were derivatized to methyloximes by reaction with O-methyl-hydroxylamine. A detailed
discussion of the methodology is presented in Moretti et al. (2008). The chemical derivatization
procedure is labour intensive and, in its current version, it is not designed for the analysis of large
number of samples. In this study it was employed at an explorative level mainly to probe the
oxygenated functional group distribution information. The advantages of chemical derivatization —
NMR analysis as a benchmark methodology for fast AMS measurement are the specificity of
functional group derivatization and the “soft”, non-destructive NMR detection.

An anion-exchange high performance liquid chromatography (HPLC-TOC) technique, already
described by Mancinelli et al. (2007) was also employed on one aerosol sample collected during the

EUCAARI field campaign. The technique, based on a purely inorganic buffer, allows to fractionate
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WSOC into four chemical classes, namely neutral/basic compounds (NB), mono-acids (MA), di-
acids (DA) and poly-acids (PA, representative of humic-like substances), and to quantify them by
off-line TOC analysis. The same Multi N/C 2100 total organic carbon analyzer used for total

WSOC analysis was also employed for analysis of the chromatographic fractions.

2.3 Factor analysis of NMR spectra
Factor analysis (FA), in the broad sense, includes several multivariate statistical techniques that
have been extensively used in the last years in atmospheric sciences for aerosol source
apportionment on the basis of the internal correlations of observations at a receptor site, or receptor
modelling (Viana et al., 2008). Regardless of the specific constraints imposed and of the different
algorithms, all the different methods of FA are based on the same bilinear model that can be
described by equation (1):
p
Xij = z iy T €
k=1 1)
where x;; refers to a particular experimental measurement of concentration of species j (one of the
analytes or, here, one point of the mass or NMR spectrum) in one particular sample i. Individual
experimental measurements are decomposed into the sum of p contributions or sources, each one of
which is described by the product of two elements, one (fij) defining the relative amount of the
considered variable j in the source composition (loading of this variable on the source) and another
(gik) defining the relative contribution of this source in that sample i (score of the source on this
sample). The sum is extended to k=1,...,p sources, leaving the measurement unexplained residual
stored in ej;.
The application of factor analysis techniques to NMR spectral datasets is relatively new for
atmospheric sciences, though being widely employed in other fields, especially in biochemistry.
The most simple techniques suitable for 1D spectra allows for deconvolution into spectral profiles
(loadings) and corresponding contributions (scores). In the present study, we employed FA to
analyze the collection of 17 NMR spectra of ambient samples collected during the EUCAARI
campaign, and to identify and quantify major components of WSOC. The NMR data were
processed following the method described below.
The rough NMR spectra were subjected to several pre-processing steps prior to undergo to FA in
order to minimize spurious sources of variability. A polynomial fit was applied to the baselines and
subtracted from the spectra. After a careful horizontal alignment of the spectra (with the Tsp-d4
singlet set at chemical shift 3H = 0), the peaks overlapping with blank signals were removed. The
spectral regions containing only sparse signals (0H < 0.5 ppm; 4.5 < 8H < 6.5 ppm; and 6H> 8.5
7
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ppm) were omitted. Binning over 0.02 ppm chemical shift intervals was applied to remove the
effects of peak position variability caused by matrix effects. Low-resolution (400 points) spectra
were finally obtained. The factor analysis methods used in this study include “Non-negative Matrix
Factorization” (N-NMF) and “Multivariate Curve Resolution” (MCR), which are among most
common NMR spectral unmixing techniques in many chemometric applications (Karakach et al.,
2009). Two different algorithms were used for NMF, employing a projected gradient bound-
constrained optimization (Lin, 2007), or a multiplicative update approach (Lee and Seung, 2001).
Finally, MCR was run according to two different algorithms: the classical alternating least square
approach (MCR-ALS, Tauler 1995, Jaumot et al., 2005) and a weighted alternating least square
method (MCR-WALS, Wentzell et al., 2006). The mathematical goal of every model is to find
values of gix, fi; and p that best reproduce x;;. For this purpose the values of gix and f; are
iteratively fitted to the data using a least-squares algorithm, minimizing the fit parameter called Q.
Q may be defined in different ways depending on model’s approach but it is substantially always

the sum of squared residuals:

m n

=3 x, -8, *f.,)
i=1 j=1 (2)

Unlike the classic PMF that requires an error matrix as input because its object function Q weighted
the residuals by their respective uncertainties, NMF and MCR methods do not require any term
referred to uncertainty and the Q-value depends only on the difference between the measurements

(xi;j) and model’s results (gi i *fi;).

2.4 Wood burning emission experiments

A rather modern log-wood stove described in Heringa et al. (2011) was operated to sample
domestic wood burning emission samples for later NMR analysis. A Dekati dilution system was
used to dilute the exhaust by around a factor of 8. The flow directed on the filter was 10 liters per
minute. The filters were sampled over 90 minutes and included the starting of the fire, a rather long

flaming phase (with several add-ons of beech logs) and one smoldering phase at the end.

2.5 Isotopic measurements

Measurements of '*C were performed on total carbon aerosols (TC) on 12 samples to obtain further
source information (fossil or modern origin). The '“C methodology is based on the fact that aerosols
of fossil origin are completely depleted in '*C due to their age, while acrosols originating from non-
fossil sources (e.g. biogenic sources and biomass combustion), contains a '*C/'*C ratio that can be

estimated from recent atmospheric '*C values. In brief, each filter sample, containing 50-80 pg of
p p g

8
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carbon, was combusted to CO, in a vacuum system in the presence of pre-cleaned CuO needles (1
g; Merck pro analysis, 0.65x6 mm) (Genberg et al, 2010; Genberg et al, 2011). After purifying the
evolved CO; cryogenically, the gas was mixed with H, and reduced to solid carbon using an iron
catalyst at 600 °C (1 mg Fe, Merck, pro analysis, reduced, diameter 10 um). Mg(ClO4), (Merck,
diameter 14 mm) was used as a drying agent. After the reduction step (complete reaction time < 4
h) the carbon and iron catalyst were pressed into an aluminum sample holder. The sample holders
containing the carbon from the aerosol samples were placed on a 40 position sample wheel together
with graphitized standards (4 IAEA-C6 as primary standard; 4 IAEA-C7 and 2 OxI as secondary
standards) and blanks (4 samples produced from bottled, commercial fossil CO,). The *C analysis
was performed using the single stage accelerator mass spectrometry (SSAMS) facility at Lund
University (Skog, 2007; Skog et al., 2010).

The results from the '*C measurements are expressed as “fraction of modern carbon” (F*C)
(Reimer et al., 2004). Carbon originating from fossil sources has a F'*C value of 0. A F'*C value of
1.0 represents a hypothetical concentration of naturally produced '*C in atmospheric carbon from
1950, excluding anthropogenic influences. However, the atmospheric '*C concentration has been
altered due to emissions of fossil CO, (the Suess effect: decreasing the '*C concentration) and due
to formation of '*C from testing of nuclear weapons in the late 1950ies and early 1960ies (the bomb
effect: increasing the '*C concentration). Due to the latter effect, the F'*C value of atmospheric
carbon dioxide in the Northern Hemisphere reached a maximum value of almost 2.0 in 1963. After
the Limited Test Ban Treaty, signed in 1963, atmospheric '“C began to decrease quickly, mainly
due to transfer of atmospheric carbon into oceans and biosphere. In 2008, F'*C has dropped to about
1.04 (see Genberg et al., 2011 and references therein). This value is representative for biogenic
sources of carbon in 2008 and will be used in the next discussion (Sect. 5) as “reference fraction of
modern carbon of biogenic aerosol” (or fM(bio)). For periods dominated by biomass burning
aerosol, assumptions have to be made regarding the average age of the biomass because due to the
older age of burnt wood carbonaceous aerosol from biomass burning is more enriched in '*C than
biogenic aerosol associated with primary biological particles (PBAP) and biogenic SOA. In the
Genberg et al. (2011) paper a 60- to 80-year old tree harvested in 2008 has a F'“C value of between
1.21 and 1.23. However, according to Gilardoni et al. (2011), the most probable F'C value for
aerosols from biomass combustion in Po valley is 1.19. Hence this value was used here as
“reference fraction of modern carbon of biomass burning aerosol” (or fM(bb)). Results of these

analysis and correction of the data will be further discussed below in Sect. 5.
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3 Results of the chemical analyses

3.1 Overview

Spring is a transition season in north Italy with variable weather conditions and frequent
precipitation. The highest aerosol concentrations in Po valley region are typically found in the cold
season when the atmosphere is more stably stratified. However, on four days among the twenty-one
of the EUCAARI campaign, PM10 concentrations exceeded the 50 pg/m’ threshold at more than
one ARPA-ER stations within a set of thirteen located in an area of 100 km around San Pietro
Capofiume. On 9™ and 10™ April, ten stations showed concentrations above 40 pg/m’. These kind
of pollution events extending over an entire sector of the Po Valley provide an example of how
distributed pollution sources associated with a particular orography and under stagnant
meteorological conditions lead to regional pollution events characterized by small differences in
aerosol loadings between urban and rural environments. The same small differences between urban
and rural areas have been observed also around Paris (Crippa et al., 2013b; Freutel et al., 2013) and
Barcelona (Minguillon et al., 2011) indicating that this is probably rather common in the whole
European domain.

During the first week of high-pressure conditions, the concentrations of NOx and of the non-
refractory submicron aerosol components measured by the AMS exhibited sharp diurnal trends with
maxima during the night and early morning (Saarikoski et al., 2012). Such behaviour is
characteristic of primary or freshly produced compounds accumulating in the surface layer under a
low thermal inversion and being dispersed upon formation of the mixing layer in the late morning.
The HR-TOF-AMS results showed that ammonium nitrate and several of the organic fractions
identified by positive matrix factorization (PMF) followed diurnal variations, while ammonium
sulphate and the most oxidized fraction of particulate organic compounds (“OOA-a” in Saarikoski
et al., 2012, but referring to the so called OOA-1 or LV-OOA in previous literature) showed no
variations pointing to components well-mixed in the lower troposphere and therefore not linked to
local sources in the Po Valley (Saarikoski et al., 2012). Among the organic fractions identified,
some exhibited a low O/C ratio, namely HOA (“hydrocarbon-like compounds™) which are
influenced by traffic emissions, BBOA (“biomass burning organic aerosols”) and N-OA (“nitrogen-
containing organic aerosols”). The above three classes of organics showed diurnal trends with
minima in afternoon hours and with more or less pronounced maxima in early morning or evening
hours. Finally, two classes of oxygenated species, OOA-b and —c, had an oxygen-to-carbon ratio
intermediate between that of BBOA and that of OOA-a, and showed complex diurnal trends. In
addition, OOA-c was linked to biomass burning sources based on its downward trend in

concentration observed during the campaign and based on its correlation with anhydrosugars.

10



337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

In this paper we compare the AMS concentrations for particulate organic compounds with those
derived by off-line thermal (EGA, liquid-TOC) and 'H-NMR analyses. Since the three techniques
employ different units (ug/m’ of organic matter, of organic carbon and of organic hydrogen,
respectively), stoichiometric ratios must be applied for quantitative comparison. In the following
discussion, all concentrations of AMS factors for organic matter will be converted (using the
OM/OC and H/C ratios reported by Saarikoski et al. (2012)) to pg/m’ of organic carbon (ugC m™)
for comparison with thermal analyses and of organic carbon and organic hydrogen for comparison
with the NMR spectroscopic data. The NMR concentrations for functional groups will be reported
in umolH m™, or upon conversion into pgC m™ by assuming the group-specific H/C ratios
introduced in previous studies (Decesari et al., 2007).

A quantitative comparison between AMS- and NMR-detected oxidized organic compounds
necessitates an examination of possible biases between the total particulate organic material
sampled by the filters and measured by the AMS. During the Po Valley campaign the collection
efficiency (CE) of the AMS was determined based on comparison with co-located off-line chemical
measurements: Saarikoski et al. (2012) discussed more extensively the criteria applied for the CE
estimation in order to correct a systematic under-prediction in absolute AMS mass concentration
that occurred during the first portion of the campaign (before April 9™); here we compare AMS
measurements with the PM1 filters collected with the dichotomous sampler and not included in the
analysis of Saarikoski et al. (2012). Unfortunately, only TC and not the OC/EC split was available
for the PM1 filters, but assuming the average EC fraction (EC/TC=25%) determined on a set of
filters taken in parallel (Saarikoski et al., 2012), the ratio between the total AMS organic
compounds, expressed in pgC/m’, and the total OC measured on the filters was 0.97+0.30 (n=17, R
= 0.87) indicating no clear positive or negative biases between the two measurement systems. In
previous studies (Kondo et al., 2007) water-soluble organic carbon (WSOC) was attributed
completely to AMS OOAs while water-insoluble organics were apportioned to HOA. In the Po
Valley, we also had a good correlation between the organic carbon accounted for by the AMS OOA
factors and the WSOC determined on the filters (AMSooas+n-04)/FiltersWSOC slope= 0.97). A
slightly greater slope (1.15) is obtained when including the BBOA among the AMS factors
contributing to the water-soluble aerosol (Fig. 1a). The average AMS/filter ratios were 0.79 and
0.90 for the two cases, suggesting that BBOA could contribute to WSOC, with only HOA being
apportioned to the water-insoluble fraction, in agreement with the findings of Kondo et al. (2007).
Overall, the correlation between the WSOC measured on filters and that derived from the AMS
factors containing heteroatoms was positive but quite scattered (R ~ 0.77). When comparing the

AMS oxygenated or nitrogenated organic carbon with the WSOC speciated by the NMR analysis,
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we found a 20% excess in the AMS concentration when considering BBOA water-soluble. This can
be explained by the incomplete NMR characterization of the total WSOC, with an average ratio
between NMR and liquid-TOC analysis of 0.75+0.14 (n=17, R = 0.92). This finding is in line with
previous NMR measurements (Tagliavini et al. 2006) although lower with respect to the results
obtained during other EUCAARI field experiments in European polluted environments (manuscript
in preparation). Likely sources of missing carbon are compounds not carrying non-exchangeable
hydrogen atoms, like oxalic acid, and volatile components present in WSOC originating from
positive artefacts or from the hydrolysis of oligomers of low-molecular weight compounds and lost
during sample preparation. Another source of uncertainty is the stoichiometric H/C ratios applied to
the "H-NMR functional groups and that may underestimate structures having low hydrogen content.
For this reason, the NMR/AMS comparison was carried out also employing organic hydrogen
concentration units (Fig. 1d), which are determined directly by the NMR analysis without the need
of any conversion factors, while the AMS data are derived by applying the H/C ratios estimated by
high mass resolution analysis (Saarikoski et al., 2012). Fig. 1d shows again an excess of
concentration in the AMS data with respect to NMR, greater for hydrogen than for carbon. This
indicates that the non-exchangeable organic hydrogen determined by proton-NMR are a fraction of
the total hydrogen atoms detected by AMS and therefore the AMS - unlike NMR - accounted for at

least some of the acidic hydrogen atoms of H-O bonds in alcohols and carboxylic acids.

3.2 NMR characterization of WSOC

Figure 2 shows examples of "H-NMR spectra recorded during the 2008 EUCAARI experiment in
the Po Valley. Spectral fingerprints and individual compound speciation are in agreement with
previous findings in the same area (Decesari et al., 2001). Levoglucosan, methane-sulphonate and
four low molecular weight amines, namely monomethyl-, dimethyl-, trimethyl- and triethyl-amines
(MMA, DMA, TMA, TEA) were speciated and quantified. Contrary to the marine aerosol samples
collected on the Irish coast (Decesari et al., 2011), diethyl-amine (DEA) was not found, while TMA
and TEA were detected at ng/m’ level in almost all samples (Tab. 1). The different speciation with
respect to the marine site probably reflects different biogenic sources, which in the Po Valley are
largely impacted by livestock farming and waste treatment activities (Ge et al. 2011). Wood burning
is an additional source of amines in the valley, but the correlations with levoglucosan
concentrations are negligible for most of them. With the exception of TMA, whose time trend is
rather flat, the other amine concentrations reach a maximum in the third period of the campaign, on
the days between 8 and 10™ April, characterized by western Mediterranean air masses, high

humidity with fog occurrence and a very stratified atmosphere. We observed the highest
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concentrations of ammonium nitrate in the same period, indicating that the high relative humidity
may have promoted the gas-to-particle conversion of low-molecular weight amines by co-
condensation with nitric acid or organic acids.

A summary of the WSOC functional group distribution is provided in Tab. 2, while a synthetic
representation of its variability during the campaign is provided by Fig. 3, based on the metrics
introduced by Decesari et al. (2007). Briefly, the aliphatic composition of the samples is defined by
two variables: the proportion of alkoxy groups (H-C-O) and that of aliphatic groups functionalized
with carbonyls or carboxyls (H-C-C=0). In addition, the ratio between NMR-detected aromatic vs
aliphatic groups is visualized by dot size. Functional group concentrations are here expressed as
ngC/m’ upon applying group-specific conversion factors introduced in the paper above. Regions of
the diagram assigned to broad WSOC categories, namely “SOA”, biomass burning aerosol and
marine aerosol, were identified on the basis of characterization of near-source samples (Decesari et
al. 2007). With aim of comparison we plotted the composition of Po Valley samples discussed in
Decesari et al. (2001) or collected during other experiments (unpublished data) before the
EUCAARI 2008 campaign. The 2008 spring campaign samples exhibit an aliphatic composition
stretching between the “biomass burning” and the “SOA” sectors with a prevalence of the latter. A
clear biomass burning assignment was found for samples 04April Night and 05April Night,
meaning that their composition is fully consistent with that recorded for samples taken in an area
(Rondonia, Brazil) directly exposed to strong biomass burning emissions (Tagliavini et al. 2006).
The aromaticity of WSOC, defined again as the ratio between NMR-detected aromatic vs aliphatic
groups, decreased steadily during the campaign (Fig. 3b) with a trend already observed for
anhydrosugars and that can be explained by the progressive increase of minimum temperatures
leading to a general decline of residential heating activities in the area (Saarikoski et al., 2012). This
finding suggests that NMR-detected aromatics are mainly phenolic compounds formed by the
pyrolysis of wood during combustion, together with their degradation products in the atmosphere.
The proportion of alkyl groups to the aliphatic moieties remains fairly constant resulting into a
certain degree of covariance between the two main oxygenated groups, H-C-O and H-C-C=0. The
conversion between hydroxylated compounds and those bearing carbonyls/carboxyls seems to be
related to the air mass type and photochemical regime, since there is clear tendency to find the
former at high O3/NO; ratios and the latter in more photochemically-aged air masses (Fig. 3c). It
should be noted that the actual change of WSOC oxidation state consequent of the “replacement” of
hydroxyl- functional groups with H-C-C=0O groups cannot be accurately determined based on these

data, due to the uncertainty in the split between carbonyls and carboxylic groups. Examples of how
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such speciation can be reached using proton NMR techniques are presented in the following

section.

3.3 Carbonyl and carboxylic acid concentrations by NMR and AMS

With the aim of a direct determination of carbonyls and carboxylic groups by proton NMR
spectroscopy, a total of five Andersen PM10 HiVol sample extracts, one night time and four day
time, underwent chemical derivatization for carbonyl and carboxylic acid determination following
the chemical derivatization procedures described in section 2.2. Carbonyl and carboxylic acid
concentrations determined with NMR were also compared with AMS measurements of fragments
m/z 43 (C;H;0") and 44 (CO,") in the corresponding time periods: in fact, although we
acknowledge that an exact relationship between these signals and carbonyl and carboxylic acid
concentration has not yet been clearly established (Duplissy et al., 2011 have established a
relationship only for mono- and di-acids), we use here CO," and C,H;0" as proxies for acid and
non-acid oxygenated functional groups respectively. Concentrations of both functional groups from
NMR derivatization ranged between 0.05 to 0.15 pgC/m’ (4 to 10 nmol/m’), which is the same
order of magnitude derived from the AMS measurements (Tab. 3). However the carboxylic acid
concentrations determined by the NMR method are lower than those from AMS in most cases (Fig.
4) and their correlation is not good (R = 0.19). Such discrepancy could be explained by the
unavoidable loss of volatile carboxylic acids during the chemical derivatization procedure, or by the
formation of CO," fragments in the AMS vaporizer from groups other than carboxylic acids, like
esters and peroxides. An analogous comparison for the carbonyls shows a better correlation (R =
0.87) between the concentrations determined by the two techniques, although the NMR
methodology provides higher absolute values and slightly higher proportions to WSOC or OOA
carbon (Fig. 4), suggesting that the C,H;O" fragments in the AMS spectra do not represent the
totality of carbonyls (which might produce other fragments, i.e. CHO"), although they certainly

account for the largest part of them.

3.4 NMR factor analysis

Four methods of factor analysis (2 NMF + 2 MCR) were applied to the series of 17 'H-NMR
spectra at 400-point resolution (see section 2.3). Solutions with a number of factors of two up to
eight were explored. The five-factors solution showed the best agreement between the four
algorithms in respect to both spectral profiles and contributions. With a greater number of factors,
strong correlations between two or more factors are found (Tab. S1), suggesting that the

measurements were not adequate to differentiate additional independent factors. This is also
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confirmed by the analysis of the dependence of the Q values on factor number, showing a marked

drop until a number of five and flattening out at greater numbers of factors (Fig. S1). For more

details on the criteria used for choosing the factor number in NMR factor analysis see also the

supplementary material.

Figure 5 reports profiles and contributions of the 5-factors solution resulting from the four

algorithms. The interpretation of factor spectral profiles was based on the presence of molecular

resonances of tracer compounds, and on the comparison with a library of reference spectra recorded

in laboratory or in the field during near-source studies. The physical nature of the factors was also

interpreted on the basis of correlation analysis employing atmospheric tracers (Tab. 4).

O

O

NMR-Factor 1 (F1: “MSA-containing”) exhibits the resonance of methane-sulphonic acid
(MSA) at 2.81 ppm as the most characteristic peak. The peak overlaps with a background
signal attributable to oxidized aliphatic chains. F1 air concentrations were low during the
campaign, varying from ~ 0.00 to 0.02 pgCm™, reaching 0.06 ugCm™ on the night of April
4™ MSA is generally considered a marker for marine SOA, and its occurrence in the Po
Valley can be explained by the proximity of the sea. This interpretation is supported by
back-trajectory analysis, showing that during Period III of the campaign, when the highest
concentration of F1 was observed, westerly humid air masses which had travelled over the
west Mediterranean Sea reached the Po Valley. In the same period, however, atmospheric
stratification promoted the increase of pollutants originating from land sources. Possible
contributions of continental sources to MSA include the emissions of organic sulphur from
animal husbandry and landfilling (e.g., Kim 2006), especially from pig farms, which are
particularly diffused in the Po Valley. However, the correlation of MSA with other tracers of
emissions from anaerobic processing of biological material remains low. In fact, factor
analysis clearly splits between MSA and amines. F1 correlates positively with chloride but
this cannot be fully clarified by simple chemical tracers analysis.

NMR-Factor 2 (F2: “aromatic and polyols™) is characterized by a spectral profile showing
clear signatures from aromatic compounds and polyols, closely matching the spectra of
biomass burning aerosols obtained in laboratory (see section 4). The good correlation of F2
contributions with the concentrations of levoglucosan and potassium (R = 0.98 and 0.71,
respectively) supports the link between F2 and primary wood burning products. F2
concentrations showed highest levels in Period I of the campaign with a marked diurnal
variability with maxima at night-time, indicating production from ground-sources and
atmospheric accumulation/dispersion governed by the diurnal cycle of the planetary

boundary layer during days of high pressure conditions. Such pattern was already been
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observed for NOx and for HOA and BBOA in the same period of the campaign (Saarikoski
et al., 2012).

NMR-Factor 3 and Factor 4 (F3 and F4: “polysubstituted aliphatics 1 & 2”) show similar
spectral profiles but different time trends. Even though they could result from one single
factor split into two, the difference between F3 and F4 is considered real based on the fact
that a four-factor solution does not recombine factor 3 and 4, and it hinders the identification
of the other factors compared to the chosen five-factor solution. Their spectral profiles are
characterized by polysubstituted aliphatic moieties, some hydroxyl groups (between 3.2 and
4.5 ppm) with a smaller contribution from aromatics. The spectrum of F3 shows greater
contributions from aliphatic chains (H ~ 1.3 ppm) and from hydroxyl groups with respect
to F4. Aromaticity is low, indicating that the aliphatic compounds responsible for the
resonances between 1.8 and 3.2 ppm are substituted mainly with carbonyls or carboxylic
acids. Overall, such spectral features are compatible with the composition of secondary
organic aerosols (SOA). F3 concentrations are greater during the (polluted) Period III of the
campaign, while F4 is found in all periods with little variability between polluted and
background conditions. F3 does not correlate with any simple chemical tracer (Tab. 4)
except potassium. F4 is correlated with secondary species (ammonium, sulphate, nitrate) and
with potassium. The correlation of potassium with F4 is much stronger than with F3, and
comparable to that with F2. Therefore, F4 is another candidate biomass burning factor, but,
given its correlation with secondary inorganic species, much more aged than F2, which is
consistent with its little correlation with levoglucosan and the functional group composition
dominated by carboxyls and carbonyls. The interrelationship of NMR factors F2 and F4 will
be discussed in more details in section 4.

NMR-Factor 5 (F5: “amines”) shows the contributions from the low-molecular weight
amines introduced in section 3.2. Traces of MSA and unresolved aliphatic compounds
provide additional contributions to the spectrum of F5. Possible emissions from local
husbandry and agricultural practices have already been mentioned. Period III of the
campaign was characterized by a stably stratified atmosphere, low maximum temperatures
and high humidity (Saarikoski et al., 2012), with conditions favourable for the formation of
particulate nitrate which indeed showed the highest concentrations of the campaign in those
days. The correlation between F5 and aerosol nitrate suggests that the low-molecular weight
amines occurred in the aerosol mainly as aminium nitrate and that its formation was

regulated by gas/particle partitioning similarly than for ammonium nitrate
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It should be noted that this analysis identified factors that represent extremes in the functional group
distributions observed for the samples (Fig. 3), with F2 showing the highest hydroxyl content
(lower-right corner of the diagram in Fig. 3, panel a), F3 and F4 representing compounds with the
highest content of aliphatic groups substituted with carbonyls and carboxyls (upper left corner), and

F1 and F5 accounting for the species enriched in heteroatoms (lower left corner).

3.5 Comparison between NMR and AMS factor analyses

The PMF-AMS factors for organic aerosol in San Pietro Capofiume (cf Figures 7 and 8 in
Saarikoski et al., 2012) were averaged over the filter sampling intervals aiming to compare with the
NMR factors for WSOC. The correlation coefficients between the resulting AMS factor time trends
and the NMR factor contributions (Fig. 5) are reported in Tab. 5. Average concentrations in
molH/m’ and pgC/m’ for the AMS and NMR factors in the two polluted periods and for
background conditions are presented in Fig. 6. The HOA contribution is excluded from this mass
budget as it is not expected to contribute to WSOC. As already discussed in section 3.1, there is an
excess of the AMS concentrations in molH/m’ compared to NMR, which is not so evident when
using carbon concentrations (Fig. 1). This reflects the greater H/C ratios provided by the AMS
analysis with respect to the NMR method, as the latter is blind to hydrogen atoms bound to oxygen
or nitrogen atoms, which contribute to the fragments in the AMS spectra. When considering the
factor budget in carbon units, the total AMS concentrations exceeds the NMR concentrations only
in the second polluted period (or Period III), as already discussed in section 3.1.

The correlation analysis (Tab. 5) suggests possible overlaps between the NMR and AMS factors. In
particular, the NMR factor for fresh biomass burning (F2) shows strong positive correlations with
the AMS combustion factors (BBOA and HOA), but moderate correlations were found also with
OOAa, which is of secondary origin, and especially with OOAc, which is a class of oxygenated
aerosols associated with biomass burning (Saarikoski et al., 2012). Positive but modest correlations
were found also between the AMS primary combustion factors (BBOA and HOA) and the NMR
F4, which in turn shows the highest correlation with AMS OOAc. Therefore, there is clearly a link
between biomass burning and the AMS BBOA (primary) and OOAc (oxygenated), as well as with
the NMR factors F2 (primary) and F4 (processed). On the basis of the correlation coefficients, a
tentative assignment of NMR F2 to BBOA and of NMR F4 to OOAc could be postulated. The
functional group composition of NMR F2 indicates a much greater oxidation state than that of
BBOA. In fact, F2 recovers the anhydrosugars which were shown to correlate poorly with BBOA
while showing a more clear link with OOAc (Saarikoski et al., 2012). Therefore, the “fresh” and

“processed” portions of biomass burning aerosol in NMR factorization do not fully overlap with
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those from PMF-AMS: while PMF-AMS split the two classes according to their oxygen content,
NMR factor analysis was more sensitive to differences in functional group distribution (phenols and
polyols vs. carbonyls and carboxyls).

Since the spectral variability and corresponding noise levels of features corresponding to different
functionalities are not identical between AMS and NMR, it is not surprising that the PMF factors
that are extracted from the two datasets are not identical. PMF solutions also generally have
rotational ambiguity that could result in the "fresh" and "processed" biomass burning factors being
separated from each other to a different extent in the two different analyses. An important
difference between the two methodologies is that the AMS dataset accounts for species that are
water-insoluble (i.e. HOA) and are not included in the NMR dataset. Finally, the different time
resolution of AMS and NMR data could play an important role in the PMF ability to separate
organic classes. Thus, AMS components often reflect not only differences in chemical composition,
but also differences in volatility that are likely worse resolved on the 12 hour time resolution of the
NMR data. Despite the differences in the individual components extracted from the AMS and
NMR, the correlation between the sum of fresh and aged biomass burning fractions in the AMS and
those from NMR analysis was very good (R = 0.89 in term of pmolH/m’ and 0.90 in term of
ngC/m’, see Fig. 7). Clearly, the two techniques agreed well on the fact that two factors are needed
to apportion the biomass burning sources of the organic aerosol during the 2008 EUCAARI
campaign in the Po Valley.

Finally, Tab. 5 shows a positive correlation also between the AMS nitrogenated compounds (N-
OA) and the NMR factor for amines, indicating that aliphatic amines contributed to the nitrogen
content of OOA measured by the HR-TOF-AMS. The correlation is not strong, which may be
explained by the fact that most low-molecular weight amines can occur as nitrate salts, which are
semivolatile, hence prone to sampling artifacts when collected using filters. Both NMR F4 and
AMS N-OA occur in greater concentrations during Period III, when high relative humidities

favoured the partitioning of nitric acid and atmospheric volatile bases onto particles.

4 Contribution of biomass burning POA and SOA
The examination of NMR and AMS factors in search of biomass burning aerosol components led to
the following conclusions:
1. An agreement between the NMR and AMS source apportionment for biomass burning
aerosol could be achieved only by considering suitable lumpings of factors.
2. Both NMR and AMS factor analyses suggest that biomass burning aerosols include a first

component linked to surface sources in the Po Valley and active at night, plus a second
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component better mixed in the atmosphere and prevalent in daytime, that can be tagged as
“fresh” and ““aged” fractions respectively.
3. The AMS BBOA would then account only for the fresh component.
4. The split between the fresh and aged biomass burning aerosol is performed differently by

NMR and AMS.
In the present section, we compare the NMR factors obtained from our analysis with biomass
burning aerosols generated under laboratory conditions. At present we are able to characterize only
biomass burning POA using the set-up described in section 2.4. For example, the 'H-NMR
spectrum of biomass burning aerosols generated in a log-wood stove under controlled experimental
conditions (Heringa et al., 2011) shows (Fig. 8a) evident resonances from aromatic moieties
including phenols and from hydroxylated compounds including levoglucosan, plus lower
proportions of other aliphatic compounds. It should be noted that levoglucosan does not account for
more than 15% of total hydroxyl groups indicating that they occur largely as an unresolved complex
mixtures, possibly including oligomers. Similar results were obtained in a smog chamber at the
Max Planck Institute for Chemistry during the intercomparison experiment prior to the 2002
SMOCC campaign (unpublished data). These data are also consistent with the spectra reported by
Kubatova et al. (2009), and provide confirmation that freshly produced particles, i.e., POA, account
for the large fraction of aromatic and hydroxylated groups typical of water-soluble biomass burning
aerosol (Decesari et al., 2007; Zelenay et al., 2011). In agreement with smog chamber data, we then
conclude that the NMR Factor 2, “aromatic & polyols”, during the 2008 EUCAARI campaign
corresponded to biomass burning POA.
The spectral features of Factor 4, which we also attribute to biomass burning sources, are less
characteristics and their link to chemical speciation data obtained in smog chambers is less clear.
The spectral profile suggests a mix of aromatic compounds depleted in phenols and richer in
electron withdrawing substituents (like carbonylic, carboxylic or nitro-groups) mixed with a (larger)
fraction of aliphatic compounds substituted with unsaturated oxygenated carbon atoms, like
carbonyls or carboxyls but with only a few alcohols. Therefore, Factor 4 lacks compounds most
characteristic of fresh smoke particles like anhydrosugars and phenols. Nevertheless, carboxylic
acids were found in significant amounts in ambient biomass burning aerosols (Fig. 8b; Mayol-
Bracero et al., 2002; Decesari et al., 2006). Ion-exchange chromatographic techniques have been
applied to separate the polyol fraction of WSOC from the carboxylic acids, including the humic-like
substances (HULIS) in ambient smoke particles, showing that the concentration of the total acids
can rival with that of the alcohols (Decesari et al., 2006). We have reproduced the chromatographic

fractionation employed for the SMOCC biomass burning experiment in Brazil, by analysing one
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EUCAARI sample (from 4 April, night-time) showing highest contributions of Factors 2 and 4. The
'H-NMR spectra recorded for the resulting chemical classes, namely neutral/basic compounds,
mono- and di-carboxylic acids, and polyacids (HULIS), are shown in Fig. 9. As during SMOCC,
the fractionation of the Po Valley sample led to a clear split of the aliphatic components of WSOC,
with most of the hydroxylated species and amines recovered into the neutral/basic compounds and
most of the aliphatic compounds substituted with carbonyls/carboxyls falling in the acidic classes.
The separation of the aromatic groups is less clear although the polyacids (HULIS) exhibit the
highest degree of aromaticity. These results support the factor analysis indicating that polyols and
the compounds enriched of H-C-C=0 groups belong to different chemical classes, which are here
tagged as neutral/basic compounds and mono-/di-carboxylic acids + polyacids, respectively. The
comparison between factor profiles and the spectra of the chemical classes actually separated by
liquid chromatography indicates that the compounds responsible for Factor 4 and associated with
biomass burning sources but not correlating with levoglucosan and phenols must be searched in the
chemical class of mono- and di-carboxylic acids, operationally defined by the ion-exchange
chromatographic method.

During the SMOCC experiment, a greater ratio between acids with respect to polyols was found in
daytime hours and was attributed to the different burning conditions in the area: more smouldering
at night versus more active flaming in daytime (Decesari et al., 2006). During the first period of the
EUCAARI campaign, the same was observed in an area where biomass burning is essentially due to
domestic heating at night-time. An alternative explanation, more suitable for the conditions
encountered during EUCAARYI, is that the daytime samples, richer in carboxylic acids and depleted
of polyols, are the result of an atmospheric processing. Ageing would trigger the observed change
in functional group distribution as a function of the O3/NO, ratio (Fig. 3) and Factor 4 would then
correspond to biomass burning SOA.

To test the above hypothesis, more information about the NMR spectral characteristics of biomass
burning SOA must be collected in laboratory using smog chambers with the appropriate
photochemical aging. Finding “clean” fingerprints for biomass burning SOA in ambient conditions
can be challenging due to interfering source contributions. Best opportunities are large plumes from
open burning in the tropics captured after several hours of transport in the middle troposphere
(Capes et al., 2008). In 2007, we fortuitously captured one such events at the GAW station of
Monte Cimone. Smoke particles had travelled above the planetary boundary layer for 75 to 90 hours
from North Africa and reached the northern coast of the Mediterranean at an altitude of about 2000
m. For a detailed description of the event, refer to Cristofanelli et al. (2009). We discuss here the

NMR characteristics of the aerosol sampled in those days, as it can be considered a good example

20



675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708

of very aged ambient biomass burning organic aerosol. The spectrum, reported in Fig. 8c, has
clearly little to do with the profile of Factor 2 and with the fingerprint of fresh smoke particles
determined during the EUCAARI campaign. In fact, the composition of the Monte Cimone aged
biomass burning OA lacks phenols and especially of alcohols, with levoglucosan nearly absent (as
partially expected also considering the instability of levoglucosan exposed to atmospheric hydroxyl
radical concentrations suggested by Hennigan et al.,, 2010), while aliphatic compounds
polysubstituted with carbonyls/carboxyls dominate. Interestingly, the spectral profile of the Monte
Cimone sample share many similarities with the polyacids (HULIS) fraction isolated from the
EUCAARI sample, more than with the mono- and di-acids. These findings confirm that the
compositional changes in biomass burning aerosol during long-range transport can be severe (Capes
et al., 2008).

The above compilation of laboratory and ambient spectral data, although being incomplete, allows
to draw first two conclusions of the nature of NMR factors linked to biomass burning POA and
SOA:

1. Data from smog chambers and from ambient samplings in near-source area agree on
showing large phenol and polyol contents in fresh particles (biomass burning POA).

2. Ambient data of very processed smoke particles show that phenols and polyols are strongly
depleted and that aliphatic compounds substituted with carboxylic acids plus aromatics other
than phenols account for the “biomass burning SOA”.

3. HULIS form and enrich with ageing in biomass burning plumes. This is consistent with the
fact that the aged AMS burning related factor OOAc has a higher relative intensity of m/z 44,
which is a marker of carboxylic acid formation in the AMS, compared to the fresh AMS
BBOA factor.

In conclusion, specific NMR fingerprints can be derived for the fresh particles (polyols and
phenols) and for the very aged biomass burning aerosol (HULIS), while less distinguishing features
are available for the intermediate stage of ageing, when mono- and di-carboxylic acids are formed
and the composition of biomass burning SOA overlaps with that of oxidized compounds originating
from other sources, like those responsible for Factor 3 during EUCAARI. Again, this observation is
consistent with AMS measurements which indicate that photochemical aging of aerosols results in
increased acid content and increasingly similar AMS spectra (Cubison et al., 2011; Jolleys et al.,
2012). In areas impacted by residential wood burning sources, the quality of the dataset and of

factor analysis will be critical for the discrimination of the NMR factor for biomass burning SOA.
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5 Isotopic measurements and carbon budget

Modern and fossil fuel fractions of aerosol total carbon were measured in 12 samples during periods
III, IV an V of the campaign (with methods and criteria already described in Sect. 2.5) and the
results are reported in Tab. 6. Unlike period I, where the change in aerosol composition were driven
by the diurnal evolution of the boundary layer, the other periods show less clear dynamics. As a
result, the small changes in modern carbon fraction between samples shown by the isotopic analysis
could not be related unambiguously to any of the trends of AMS and NMR factors. Aiming to
estimate the contribution of modern carbon to aerosol TC from isotopic '*C measurements,
assumptions on the actual "reference fraction of modern carbon" have to be made. As previously
discussed (see sect. 2.5), such reference value depends on the relative influence of biomass burning
sources, employing 60- to 80-old tree logs as fuel, versus (strictly contemporary) biogenic sources.
The two cases were considered here to provide a range of variation for F'*C (Tab. 6). On average,
F'*C for TC was between 50% (biomass burning case) and 57% (biogenic). These results are in
between the values typically observed for urban sites (Yamamoto et al., 2007; Marley et al., 2009)
and those representative for rural locations (Gelencser et al., 2007; Szidat et al., 2007, Hodzic et al.,
2010).

Since we have already apportioned the biomass burning fraction of OC using NMR and AMS data,
in this section we employ the '*C data to investigate the biogenic/anthropogenic nature of the
remaining oxidized organic compounds. We have calculated an aerosol carbon budget based on the
following assumptions: a) the EC/OC ratio for biomass burning aerosol was set to 0.16 based on
recommendations of Szidat et al. (2006); b) amine-containing compounds and AMS N-OA
originate from emissions from livestock and other modern carbon sources; c) primary OC from
fossil fuel combustion is fully water-insoluble. In addition, when comparing the carbon budget
based on the AMS factors with that elaborated starting from filter analysis, we attributed AMS
HOA to WIOC and BBOA+OOACc to the sum of NMR F2 and F4. The resulting calculations, as
campaign averages, are reported in the upper panel of Fig. 10, and, for the days covered by isotopic
analysis, in the lower panels of the same figure. It can be observed that WIOC/HOA together with
the fossil fraction of EC account for most of fossil TC: the totality of it, under the assumption of
modern carbon dominated by biogenic emissions, leaving very little room for WSOC or OOA
originating from fossil fuel combustion. As anticipated in the previous section, NMR and AMS
fractionations agree in apportioning about one third of OC to biomass burning sources as a
campaign average. As source intensity of wood burning decreased with time (Figures 2 and 5), the
second part of the campaign, for which fossil carbon data are available, shows a lower fraction of

OC apportioned to biomass burning: 20% or 22% based on respectively AMS and NMR analyses,
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which fall in the range indicated by the levoglucosan analyses (from 10% to 30%, Alves et al.
2012).

Irrespectively of the hypotheses, the non-biomass burning WSOC (or OOA carbon) is prevalently
accounted for by modern carbon, and therefore is of biogenic origin. Depending on the assumptions
about the '*C content of modern carbon, the fossil fraction of the non-biomass burning WSOC is
only 5 — 25%. Such biogenic nature of non-biomass burning OOA/WSOC is somewhat surprising
for a polluted environment at the mid-latitudes in a period of the year (March - early April) when
vegetation has just started to recover from winter dormancy. However, this result is in agreement
with known collections of '*C data for atmospheric aerosols indicating a general dominance of
modern carbon sources including polluted areas with limited evidence of biomass burning

emissions (Hodzic et al., 2010).

6 Conclusions

We applied factor analysis to NMR spectroscopy for WSOC source apportionment. The 2008
EUCAARI campaign in the Po Valley was exceptional in respect to the variability in the aerosol
organic composition, due to different photochemical regimes and transport conditions. NMR factor
analysis identified a total of five factors. Two were associated with chemical tracers, namely MSA
and low-molecular weight amines. A third factor was clearly associated with primary wood burning
particles and showed a chemical composition dominated by anhydrosugars and other polyols and by
phenolic compounds. The other two factors represented “aged” components, but one of the two,
based on correlation with tracer compounds, was interpreted as aged biomass burning particles.
Similar results are provided by PMF analysis of the AMS parallel dataset. The best match between
total biomass burning fraction of OC estimated from the NMR was found when adding an
oxygenated factor to the “fresh” AMS biomass burning component (BBOA). NMR factor analysis
provides a differentiation between the primary oxygenated biomass burning, rich of phenols and
polyols, and the secondary fraction rich of carbonylic compounds and acids (including HULIS).
The overall change in composition between the "fresh" and "aged" biomass burning aerosol is also
observed in the AMS biomass burning related factors.

Overall, the fraction of OC apportioned to biomass burning by PMF-AMS and NMR factor analysis
varied between 20 and 29% (i.e., 15 to 22% of TC), in the middle-upper range of the fraction
estimated by molecular marker analysis (Alves et al., 2012). Most interestingly, as the '*C results
indicate a modern fraction of TC of ca. 50-57%, carbon budget calculations imply that most of
unapportioned WSOC (and OOA) is from modern carbon sources, hence biogenic. Such biogenic

sources for OOA in a period of the year when terpene emissions are small, cannot be easily
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explained based on the current knowledge about SOA formation mechanisms. One potential source
of modern carbon at the site is represented by cooking aerosols (Crippa et al., 2013b; Minguillon et
al., 2011; Mohr et al., 2012), which, however, were not clearly discriminated by PMF-AMS in this
study. On the other hand, the occurrence of methane-sulphonate and especially of amines in large
amounts in our samples suggest that the emission of reduced sulphur and nitrogen species provided
an “unconventional” (non-terpene) source of biogenic SOA in the area. Notice that part of these
emissions may involve anthropogenic activities, such as animal farming and waste treatment. In this
sense, such biogenic sources would be still anthropogenic. Clearly, the anaerobic biotic reactions
responsible for the emissions of amines occur according to completely different mechanisms with
respect to the well-studied terpene emissions from living tissues of plants. Although some recent
studies have examined the composition of VOCs emitted by animal farms and from their wastes,
their SOA formation potential is poorly known, and, on the basis of the conclusions of our study,

they deserve investigation.
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1146  Tables and Figures
1147
1148  Tab. 1: Concentrations (ng/m’) of alkyl amines as measured by '"H-NMR spectra.

MMA DMA TMA TEA
Period I (n=7) 3 6 2 3
Period III (n = 6) 5 8 1 30
Periods II+ IV+V (n=4) 1 3 1 6
all campaign 3 6 1 13
1149
1150

1151 Tab. 2: Average functional group concentrations as nmolH/m’ and ugC/m’ in the different periods of the campaign and

1152 for the whole experiment

nmol H/m® +ugC/m®
H-Ar | H-C-O | MSA | HC-N | H-C-C= | H-C | H-Ar | H-C-O | MSA | HC-N | H-C-(C=) | (H-C)-C=0 | H-C
Period |
( 7 7.9 16.0 0.3 1.6 36 42 0.24 0.17 0.00 0.01 0.21 0.17 0.25
n=
Period Il
( 6) 55 16.2 0.9 3.5 38 55 0.17 0.18 0.00 0.02 0.23 0.20 0.33
n=
Periods
1+ IV+V 2.1 7.3 0.3 1.0 19 29 0.06 0.08 0.00 0.01 0.11 0.10 0.17
(n=4)
all campaign 57 14.0 0.5 2.2 33 43 0.17 0.15 0.00 0.01 0.20 0.17 0.26
1153
1154

1155 Tab. 3: COOH and carbonyl concentrations from AMS and derivatization — "H-NMR analysis. All concentrations in
1156 ugC/m’. AMS OOC stands for the carbon concentrations of all OOA types + BBOA.

NMR AMS

Sample | WSOC | COOH | C=0 | 00C fmgmint fmgmeﬁt

CO, C;H;0

3103N | 2.15 | 0.10 | 0.13 | 2.93 0.26 0.069

1404D | 136 | 0.05 | 0.08 | 0.55 | 0.092 0.019

1604D | 1.17 | 0.07 | 0.06 | 0.79 |  0.098 0.025

1704D | 122 | 0.15 | 0.06 | 091 0.11 0.028

1904D | 132 | 008 | 0.10 | 1.27 0.16 0.06
1157
1158
1159
1160

35



1161
1162

1163

1164
1165

1166

1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185

0.3 are shown.

Tab. 4: Pearson correlation coefficients (R) between NMR WSOC factors and simple chemical tracers. Only R values >

Cr | NOy | SO~ | Na* | NH," | K' | Levoglucosan
NMR Factor 1
NMR Factor 2 0.30 0.71 0.98
NMR Factor 3 0.33
NMR Factor 4 0.55 0.68 0.37 0.57 0.69
NMR Factor 5 | 0.58 0.45 0.45 0.50
Tab. 5: Correlation matrix between NMR and AMS factors. Only R values > 0.3 are shown.
OOAc | N-OA | O0OAa | OOAb | HOA | BBOA
NMR Factor 1 0.51
NMR Factor 2 0.74 0.57 0.85 0.79
NMR Factor 3 0.45 0.43 0.34
NMR Factor 4 0.78 0.36 0.32
NMR Factor 5 0.50 0.63
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1186
1187
1188
1189
1190

1191
1192
1193
1194

Tab. 6: Results of '*C analysis. The activities of the samples taken directly from the measurements (F'*C) are reported
together with their experimental errors. The percentages of modern carbon with respect to the total were calculated
taking into account two different scenarios: one in which we considered the modern carbon completely coming from

biogenic aerosol (using fM(bio)=1.04) and the second one in which we considered the modern carbon entirely derived

by biomass burning aerosol (using fM(bb)=1.19).

Sample ID FlC % modern | % modern

Cep) Ceio)
08/04 D 0.608 £0.011 51% 58%
08/04 N 0.704 £0.014 59% 68%
09/04 D 0.542 £0.011 46% 52%
09/04 N 0.588 £0.014 49% 57%
10/04_D 0.558 £0.014 47% 54%
10/04_N 0.588 £0.011 49% 57%
11/04_ D 0.534+0.011 45% 51%
11/04_N 0.573 £0.011 48% 55%
12/04 D 0.536 £0.010 45% 52%
12/04_N 0.738 £0.014 62% 71%
13/04_ D 0.609 £0.011 51% 59%
14/04 D 0.572+0.011 48% 55%
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1195
1196  Fig. 1: a), b), ¢) Orthogonal fitting between carbon classes derived from TOC analysis, AMS measurements and 'H-

1197 NMR analysis. d) Scatter plot (with orthogonal linear fit again) between AMS and 'H-NMR concentrations of organic
1198  hydrogen.
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1201  Fig. 2: Examples of "H-NMR spectra of different aerosol SPC 2008 EUCAARI samples.
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Fig. 3: a) 'H-NMR functional groups distribution of the SPC 2008 EUCAARI samples compared to submicron aerosol
compositions derived from previous studies in the same area. Black dots represent the functional groups distribution of
the NMR factors derived from the factor analysis described in the following section 3.4. b) Time trend of aromaticity
(defined as the ratio between aromatics and the sum of aliphatic groups). c¢) Relative content of oxygenated aliphatic

functional groups as a function of trace gas composition.
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1209

1210  Fig. 4: Concentration of carboxylic acids and carbonyls determined by chemical derivatization — "H-NMR analysis in
1211  five PM1 WSOC samples. Time-averaged concentrations of the fragment CO," fragment C,H;0" from HR-TOF-AMS
1212 measurements are also reported as proxies for acid and non-acid oxygenated functional groups respectively. For more

1213 details refer to the text.
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1214
1215 Fig. 5 profiles and contributions of 5-factors solution from 'H-NMR spectra factor analysis. Results from all 4 different

1216 algorithms were reported: Projected Gradient (red line), Multiplicative (green line), MCR-ALS (orange line) and MCR-
1217  WALS (violet line). Signal intensity of the spectral profiles was normalized (integral=1). The samples suffixes indicate

1218  “day-time” (_D) and “night-time” (_N) sampled filters. For more details refer to the text.
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1221  Fig. 6: Average concentrations of NMR and AMS factors for WSOC and OOA, respectively, in the three main periods
1222 of the field campaign. Concentrations are expressed in hydrogen (upper panels) and carbon units (lower panels).
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1225  Fig. 7: Correlation plots between NMR and AMS total biomass burning contributions: NMR F2 + F4, and AMS BBOA
1226  + O0Ac). An orthogonal fitting was used for the regression lines.
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Fig. 8: Reference 'H-NMR spectra for different stages of biomass burning aerosol ageing: a) laboratory wood burning

POA (sharp peaks at 1.3, 2.2 and 3.3 ppm are from contaminants); b) ambient near-source biomass burning aerosol; c)

biomass burning aerosol from long-range transport.
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1236
1237 Fig. 10: Carbon budget of acrosol TC for the whole campaign (upper two panels) and for the period covered by the
1238  isotopic analyses (lower panels). Budgets are reconstructed based on PMF-AMS components (left) and NMR factors for
1239 WSOC (right). For more explanations refer to the text.
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