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a b s t r a c t

Organic aerosol chemical markers from normalized concentrations of independent measurements of mass
fragments (using Aerosol Mass Spectrometry, AMS) are compared to bond-based functional groups (from
Fourier Transform Infrared spectroscopy, FTIR) during eight field projects in the western hemisphere.
Several field projects show weak correlations between alcohol group fractions and m/z 60 fractions,
consistent with the organic hydroxyl groups and the fragmentation of saccharides, but the weakness of
the correlations indicate chemical differences among the relationships for ambient aerosols in different
regions. Carboxylic acid group fractions and m/z 44 fractions are correlated weakly for three projects, with
correlations expected for aerosols dominated by di-acid compounds since their fragmentation is typically
dominated by m/z 44. Despite differences for three projects with ratios of m/z 44 to m/z 57 fragments less
than 10, five projects showed a linear trend between the project-average m/z 44 to m/z 57 ratio and the
ratio of acid and alkane functional groups. While this correlation explains only a fraction of the fragment
and bond variability measured, the consistency of this relationship at multiple sites indicates a general
agreement with the interpretation of the relative amount of m/z 44 as a carboxylic acid group marker and
m/z 57 as an alkane group marker.

� 2009 Elsevier Ltd. All rights reserved.
1. Background

The limitations in our ability to measure and model the quantity,
size distribution, and chemical composition of particles in the
atmosphere are among the largest uncertainties in quantifying
human impacts on climate change. Organic components typically
account for 10–50% of the fine particle mass of aerosol in the atmo-
sphere, with some regions having as much as 80% (Jacobson et al.,
2000; Turpin and Lim, 2001). Quantifying the thousands of molecules
present in these complex and variable particle types remains an
important but elusive goal for instrument development, as this ability
would help us to improve our descriptions of the properties and
chemical reactivity of organic particles. Current gas chromatographic
techniques can identify and quantify only a small fraction of the
total organic mass (OM) (Fuzzi et al., 2006). Measurements of the
organic chemical composition of total particle OM thus are limited to
: þ1 858 534 4851.
.
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measurements of components (such as atoms, bonds, fragments,
and ions) rather than specific compounds. Given these limitations,
improving our understanding of the organic composition of atmo-
spheric particles in the decades before new instruments are devel-
oped is aided by comparing multiple simultaneous measurements of
organic properties.

Comparisons of complementary measurement techniques
on real atmospheric particles can improve our understanding of
instrument-specific operational definitions of ‘‘organic aerosol’’ or
‘‘organic mass’’ (OM). The purpose of the comparative approach in
this work is to go beyond these operational metrics to gain insight
into the organic composition itself, as opposed to exercises that
either compare nominally identical measurements (such as sulfate)
or adjust calibration parameters for ‘‘validation.’’ This approach
recognizes the individual strengths of different techniques and the
limitation that none of the methods are complete. Comparisons of
independent methods can yield a more complete picture of particle
composition, moving us one step closer to understanding the
organic chemical composition rather than just identifying particles
as method-dependent organic types.
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2. Measurement campaigns

Quadrupole Aerosol Mass Spectrometers (Q-AMS from Aerodyne
Inc.) collect near real-time, in situ measurements of molecular
fragments (Jimenez et al., 2003; Allan et al., 2004) that provide
a contrasting perspective to a more traditional filter-based ‘‘offline’’
technique that measures chemical bonds, such as Fourier Transform
Infrared (FTIR) spectroscopy (Maria et al., 2003; Russell, 2003). Both
techniques, as deployed here, nominally measure submicron particles.
The components measured by the Q-AMS are referred to as non-
refractory (NR) and are defined as all chemical components that
vaporize at the operating temperature of 550–600 �C. This vapor-
ization temperature includes some inorganic compounds such as
ammonium nitrate and ammonium sulfate (but not mineral dust,
elemental carbon, or sea salts) and most organic reference compounds
that have been calibrated in the laboratory (Quinn et al., 2006;
Matthew et al., 2008). Organic compounds associated with refractory
and solid particles may not fully vaporize in the AMS, because
substrate effects such as particle bounce may affect the detection of
these compounds disproportionately. In addition, the transmission
efficiency of the AMS aerodynamic lens is less than 100% for particles
with diameters greater than 500 nm. Compounds present on particles
larger than 500 nm diameter may be under-sampled, although
collection efficiencies can be applied to address this shortcoming.

FTIR analysis is performed on Teflon filters downstream of
a 1 mm impactor (SCC 2.229PM1, BGI Inc., Waltham, Massachusetts),
with nominal 50% cut-off corresponding to the reported trans-
mission efficiency of the aerodynamic lens (Jayne et al., 2000). FTIR
spectroscopy measures the absorption of organic functional groups
associated with the frequency of a particular type of bond, including
saturated aliphatic C–CH (abbreviated here as ‘‘alkane’’), carboxylic
COH with associated C]O in an acid group COOH (abbreviated
here as ‘‘acid’’), non-acidic carbonyl C]O groups (abbreviated as
‘‘carbonyl’’ and including ketone), non-acidic hydroxyl COH
(abbreviated here as ‘‘alcohol’’ which we have specified to include
non-acidic organic hydroxyl groups such as straight chain and fatty
Table 1
Projects with complementary organic aerosol measurements by FTIR and Q-AMS.

Project OM (mg m�3):

AMS (y) AMSa OM

FTIR (x) FTIR OM

Slope (m), intercept (c) m

Correlation coefficient (r) (r)

ICARTT Chebogue Point (Nova Scotia) 0.56
2004: July (Gilardoni et al., 2007) (0.75)
ICARTT-NEAQS R/V Ronald Brown 1.26
2004: July (Gilardoni et al., 2007) (0.55)
MILAGRO Altzomoni (Mexico) 0.83
2006: Mar–Apr (Gilardoni et al., 2009; Liu et al., 2009) (0.65)
TexAQS-GoMACCS R/V Ronald Brown 1.02
2006: Aug–Sep (Russell et al., 2009) (0.79)
ICEALOT R/V Knorr 0.91
2008: Apr–May (Russell et al., submitted for publication) (0.57)
Scripps Pier 0.99
2008: Jun–Aug (0.51)
VOCALS R/V Ronald Brown 0.38
2008: Oct–Nov (Hawkins et al., submitted for publication) (0.70)
Scripps Pier 1.22
2009: Feb–Mar (0.83)

Linear Fits for Projects Above 0.99
2004–2009 (0.80)

a AMS collection efficiencies used for this comparison were calculated according to Q
sulfate by ion chromatography (Hawkins et al., submitted for publication). Each projec
duration.
alcohols, polyols such as triols and tetrols, and saccharides such as
sugars, cellulose and starches), primary amine C–NH2 groups,
and organosulfate groups characterized by C–OSO3. Aromatic and
unsaturated aliphatic (or ‘‘alkene’’) groups were below detection for
more than 80% of samples and are omitted from this discussion,
recognizing that these groups may account for 2–5% of OM
depending on sample duration. Bond absorption is measured by
transmission, automated algorithms for peak fitting and integration
are employed to minimize bias (Russell et al., 2009), and absorption
is converted to mass by reference to calibration standards that
have been shown to represent atmospheric organic composition
with uncertainties of up to 20% (Maria et al., 2003; Russell, 2003;
Gilardoni et al., 2007).

Despite the potential sampling differences, the general agreement
of these two independent techniques in quantifying organic mass
for many ambient and laboratory aerosols has been demonstrated
for a series of campaigns. A few cases also have highlighted some
important differences. Table 1 summarizes the comparisons for
atmospheric measurement campaigns. The correlations between the
techniques are typically mild (0.5< r< 0.75), with two exceptions for
the Scripps pier in winter (2009) and TexAQS with slightly stronger
correlations (r¼ 0.83 and r¼ 0.79, respectively). For all projects taken
together, the correlation is strong at r¼0.80, and the fitted slopes vary
from 0.38 to 1.26. For campaigns dominated by small, water or
organic-containing particles, the AMS technique reports up to 40%
more OM than quantified by FTIR absorption, after corrections to
account for the AMS collection efficiencies are applied. Such
discrepancies are within the conservative 20–30% uncertainties of
each technique and suggest that losses of OM due to both volatiliza-
tion in sample collection and omission of organic groups not resolved
by FTIR or AMS are typically less than 20% (Russell et al., 2009). Larger
discrepancies in which FTIR exceeds AMS occur in campaigns with
larger concentrations of dust or other non-refractory particles (such
as VOCALS where the linear slope is 0.38), as these solid particles may
not be efficiently sampled by the AMS (even though they can serve as
a condensational sink for a significant fraction of the organic mass).
Fraction: Fraction: Fraction: Fraction: Fraction:

m/z 60 m/z 57 m/z 43 m/z 44 m/z 44

Alcohol Alkane Alkane Acid Alcohol

m, c m, c m, c m, c m, c

(r) (r) (r) (r) (r)

0.015, 0.00 �0.38, 0.2
(0.54) (-0.25)

0.07, 0.0
(0.34)

0.020, 0.00 �0.04, 0.0 0.37, 0.1 �0.20, 0.2
(0.44) (�0.54) (0.41) (�0.36)
0.022, 0.00 0.16, �0.1 0.74, 0.0
(0.39) (0.28) (0.35)
0.036, �0.01 0.84, 0.0
(0.26) (0.24)

0.04, 0.0
(0.49)

0.015, 0.00 1.12, �0.3 �0.61, 0.2
(0.46) (0.29) (�0.35)
0.007, 0.00 �0.05, 0.0 �0.30, 0.2
(0.26) (�0.28) (�0.30)

0.017, 0.00
(0.48)

uinn et al. (2006), except for VOCALS where 1.0 was used based on co-sampling of
t data set contains approximately 60 samples, each typically between 6 and 12 h
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Of greater value is a comparison of the specific fragments and
groups that are detected byeach technique. Here our scope is limited to
existing campaigns, 1-amu-resolution AMS, and a normalized, single-
component approach. The normalization as a fraction of OM is used to
remove the inherent correlation due to collocated or co-emitted
sources, in order to identify relationships in the organic composition
itself. Fig. 1 shows a comparison of the atmospheric Q-AMS fragment
fractions m/z 43, 44, 57, and 60 to the FTIR carboxylic acid, alcohol
(including sugars, other saccharides, and other polyols), and alkane
Fig. 1. Comparison of AMS and FTIR organic metrics for the projects identified in Table 1 (u
alcohol fraction of OM, (b) AMS m/z 43 fraction of OM and FTIR alkane fraction of OM, (c) AM
(e) AMS m/z 44 and FTIR alcohol fraction. Solid circles show measurements for projects wit
correlation coefficient (r), slope (m) and non-zero intercept (c) of best linear fit for the form
group fractions, with these three FTIR groups typically constituting
more than 80% of the OM. In general, weak (0.25 < r < 0.5) to mild
(0.5 < r < 0.75) correlations appear for the limited project durations
and their specific regions of measurement, which are illustrated here
by grouping the comparisons by project. The variety of comparisons
were chosen to show the different mixtures and compounds that
dominate the range of organic compounds in aerosol particles, with
specific fragment-group comparisons selected on the basis of previ-
ously observed laboratory or ambient relationships (Alfarra, 2004;
sing the color scheme shown in the legend): (a) AMS m/z 60 fraction of OM and FTIR
S m/z 57 and FTIR alkane fraction, (d) AMS m/z 44 and FTIR carboxylic acid fraction, and
h jrj> 0.24 and small dots show measurements for all other projects. Legend gives the

y ¼ mx þ c, for correlations with jrj > 0.24.
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Allan et al., 2004; Aiken et al., 2008). The stronger correlations may
indicate either that the fragment and bond belong to the same organic
compound or that the compounds associated with the fragment and
the bond co-vary in the mixture for the location and duration of the
project. The variation in slopes between projects for the correlated
bonds and fragments reflect both differences in detection efficiencies
and in the location-specific mixtures.

3. Results and discussion

The fragment-to-group fraction correlations use concentrations
normalized by the respective OM concentrations and are at most weak
(0.25 < r < 0.5) or mild (0.5 < r < 0.75) for each project, as shown in
Fig. 1a. The correlations observed in the largest number of projects
were between m/z 60 (representing C2H4O2 fragments) and the
alcohol (or organic hydroxyl) groups. The correlation coefficients for
six of the eight projects ranged from 0.26 to 0.54, with linear slopes
varying by a factor of 5 from 0.007 to 0.036 for the AMS mass fragment
as the dependent variable and FTIR functional group as the indepen-
dent variable. One interesting aspect of the variation in the ratio is that
the highest slope and largest offset from zero for the intercept
corresponds to the recent ship-based polar ICEALOT project, where
marine saccharides that typically have a large number of hydroxyl
groups were associated with sea salt (Russell et al., submitted for
publication). The lower slope may indicate chemical differences in the
relative frequencies of m/z 60 fragments and hydroxyl groups in the
molecules as well as differences in collection efficiencies. Higher ratios
of m/z 60 fractions to alcohol fractions were measured in projects with
alcohol fractions associated with non-marine sources (Russell et al.,
2009; Liu et al., 2009), including Altzomoni near Mexico City (0.02)
and TexAQS near Houston (0.02).

A weak and infrequent correlation was seen for two mass frag-
ments with the alkane fraction. AMS m/z 43 fractions (representing
C3H7 and C2H3O fragments) showed a weak correlation with alkane
fractions aboard the ship during ICARTT and at the Scripps pier in
summer 2008, which both measured frequently in air masses that
were directly downwind of a large number of urban combustion
Fig. 2. Comparison of AMS and FTIR organic ratios of oxidized and non-oxidized markers for th
FTIR composition with FTIR functional group contributions given by the colors in the legend sh
AMS m/z 44 to 57 ratio of 48. (For interpretation of the references to color in this figure legen
emissions. The slope of the best-fit line of m/z 43 fractions to alkane
fractions was 0.07 for ICARTT on the R/V Ronald Brown. A lower slope
of the two markers was found for the Scripps pier. One marker found
to be associated with hydrocarbon-like organic aerosol (HOA) is m/z
57 (Zhang et al., 2005). The only positive correlation between m/z 57
fractions and alkane fractions was found for another project domi-
nated by proximate urban emissions – TexAQS, a result mirrored by
the finding of m/z 57 associated strongly only with fresh combustion
exhaust during NEAQS (Marcolli et al., 2006). Two projects showed
a mild-to-weak negative correlation, which may indicate that m/z
57 and alkane groups had sources located in different directions so
that they were anti-correlated. However, these negative correlations
could also reflect the fact that the Q-AMS m/z 57 includes both non-
oxygenated (C4H9) and oxygenated (C3H5O) fragments.

Perhaps the most frequently discussed individual mass fragment
that has been linked most strongly to a semi-specific chemical struc-
ture is m/z 44 (representing CO2 fragments), a marker of oxidized
organic aerosol (OOA) and typically associated with fragmentation of
mono and di-carboxylic acids (Alfarra, 2004; Zhang et al., 2005). Three
projects showed a weak positive correlation (r> 0.24) with a range of
slopes – Altzomoni (0.37), ICEALOT (0.84), and VOCALS (1.12) – and
one project showed a weak negative correlation (Chebogue Point). The
slopes of the line fits differ from the carboxylic acid standards reported
to date (Alfarra, 2004) and from ambient relationships reported (Aiken
et al., 2008), but may reflect the variability of atmospheric mixtures in
different regions. There is a weak positive correlation between m/z 44
fractions and alcohol fractions (r¼ 0.35) for TexAQS, which may result
from the fragmentation of polyols such as saccharides. The more
frequent negative correlations between m/z 44 and alcohol fractions
indicates that the relationship cannot be generalized to a wider variety
of particle compositions.

A clear trend is seen in comparing the relative fractions of
oxygenated and hydrocarbon-like organic compounds for many of
the project averages, as shown in Fig. 2. Most of the projects fall near
a single linear relationship between the acid/alkane ratio for 44/57
ratios of 10 and above. The exception is the 2008 Scripps pier
measurements, which had near-detection values of m/z 57 making
e projects identified in Table 1. Markers for each project are labeled and show the average
own. Note that the y-axis is broken to include the Scripps Pier (2008 Jun–Aug), as it has an
d, the reader is referred to the web version of this article.)
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the ratio very large at 48. For AMS m/z 44 to m/z 57 ratios under
10, there is significantly more variability, suggesting that in these
conditions these two markers have influence from functional groups
other than carboxylic acid and alkane groups. This interpretation is
consistent with the significant carbonyl contribution in the ICARTT
measurements on the R/V Ronald Brown and the significant alcohol
contribution in the ICEALOT measurements on the R/V Knorr. Tex-
AQS measurements on the R/V Ronald Brown also show a different
trend, resulting either from the large contribution of the relatively
unique sources of emissions related to oil refining or from differ-
ences in collection efficiencies indicated by the larger than usual
slope and intercept of the measured OM between the AMS and FTIR.

An analogous approach for organic aerosols from a different
region has already been investigated for AMS and water-soluble
organic components by proton Nuclear Magnetic Resonance spec-
troscopy (HNMR) (McFiggans et al., 2005). The relationships pre-
sented here reveal a similar range and complexity and go beyond the
limitations of water-soluble extraction, with the higher sampling
frequency of FTIR with respect to HNMR providing some preliminary
metrics characteristic of alcohol groups from biomass burning
and marine production, carboxylic acid groups from atmospheric
oxidation of fossil fuel combustion products, and alkane groups in
urban areas. As additional measurements are collected to allow us to
identify specific source signatures, multivariate techniques can be
used to build on these underlying primary relationships.

4. Conclusions

By using more chemically-specific techniques, such as FTIR, to
interpret the chemical functionality associated with specific AMS
mass fragments in different aerosol organic mixtures, we can then use
the size and time resolution of the AMS to improve quantification of
the chemical properties and reactions that occur in the atmosphere.
Here we have shown the occasional correspondence of the AMS
markers to FTIR functional groups such as carboxylic acid, alkane, and
alcohol groups in specific regions for local emission sources and their
mixtures. The relationships of alcohol group fractions and m/z 60
fractions show that a significant fraction of the OM in these samples
can be identified with sugar-type compositions. The differences in the
slopes of the relationships provide a way to identify the fragmentation
of the organic hydroxyl compounds produced from sources such as
marine saccharides. The correlations of carboxylic acid group fractions
and m/z 44 fractions show consistency with the trend expected based
on di-acid fragmentation patterns, but significant differences among
the projects studied show that in some regions m/z 44 fraction is
dominated by mono-acids that have a weaker m/z 44 signal or by
components other than carboxylic acid groups.

In summary, the correlations of mass fragments with functional
groups provide support for their use as markers of chemical
functionality in some conditions. The weakness of correlations is
consistent with the multitude of variables that control aerosol
composition in the atmosphere. Nonetheless, in regions where
sufficient m/z 44 and m/z 57 fragments are both present, the m/z 44
to m/z 57 ratio is indicative of the ratio of carboxylic acid and alkane
functional groups.

In many cases, the sophistication of climate model representation
of aerosol properties and reactions of organic compounds exceeds
the available observations, in that models predict changes in the
hydrophobic character of organic-containing mixtures without the
benefit of observational data sets for comparison. The consequence
is that models rely on extrapolations and interpolations from avail-
able data, and this practice increases the uncertainty of their
predictions. By using both characteristic fragmentation patterns
and functional groups, we improve the measurements collected by
quantifying the contribution of carboxylic acid and hydroxyl group
containing compounds of a majority of the OM, providing informa-
tion with which appropriate model compounds can be constrained.
As an example, the significant variability in the contributions of m/z
44 and carboxylic acid groups suggests that aerosol particles contain
a regionally-dependent mixture of compounds. While factorization
approaches are beyond the scope of this work, we can extend similar
caveats to factors that are strongly reliant on single mass fragment
markers. This synthesis of multiple complementary techniques can
be used to reduce the uncertainties associated with organic water
uptake and reactivity, providing additional information that may
help diagnose problems in sub-grid and other chemically-relevant
model parameterizations.
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