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Abstract

Clouds alter the composition of atmospheric aerosol by acting as a medium for inter-
actions between gaseous and particulate phase substances. To determine the cloud
water atmospheric organic matter (AOM) composition and study the cloud processing
of aerosols, two samples of supercooled clouds were collected at Storm Peak Lab-5

oratory near Steamboat Spring, Colorado (3220 m a.s.l.). Approximately 3000 molec-
ular formulas were assigned to ultrahigh resolution mass spectra of the samples af-
ter using a reverse phase extraction procedure to isolate the AOM components from
the cloud water. Nitrogen containing compounds (CHNO compounds), sulfur contain-
ing compounds (CHOS and CHNOS compounds) and other oxygen containing com-10

pounds (CHO compounds) with molecular weights up to 700 Da were observed. Aver-
age oxygen-to-carbon ratios of ∼0.6 indicate a slightly more oxidized composition than
most water-soluble organic carbon identified in aerosol studies, which may result from
aqueous oxidation in the clouds. The AOM composition indicates significant influences
from biogenic secondary organic aerosol (SOA) and residential wood combustion. We15

observed 60 % of the cloud water CHO molecular formulas to be identical to SOA
samples of α-pinene, β-pinene, d-limonene, and β-caryophyllene ozonolysis. CHNO
compounds had the highest number frequency and relative abundances and are as-
sociated with residential wood combustion and NOx oxidation. We observed multiple
nitrogen atoms in the assigned molecular formulas for the nighttime cloud sample com-20

posite indicating the significance of nighttime emissions or NOx oxidation on the AOM
composition. Several CHOS and CHNOS compounds with reduced sulfur (in addition
to the commonly observed oxidized sulfur containing compounds) were also observed,
however further investigation is needed to determine the origin of the reduced sul-
fur containing compounds. Overall, the molecular composition determined using ultra-25

high resolution Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry
provides an unambiguous identification of the cloud water organic composition in the
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Rocky Mountain area which could help to improve the understanding of aqueous phase
processes.

1 Introduction

Cloud and fog droplets play a major role in the processing of atmospheric organic
matter (AOM) (Blando and Turpin, 2000; Collett et al., 2008; Mazzoleni et al., 2010;5

Ervens et al., 2011; Herckes et al., 2013). Under conditions of high relative humidity,
aerosol particles may act as cloud condensation nuclei (CCN) where water vapor con-
denses onto them to form droplets. Suspended droplets are subject to gas-liquid equi-
librium of volatile compounds and solid–liquid equilibrium of non-volatile compounds
(Graedel and Weschler, 1981), thus new transport and transformation pathways af-10

fecting the composition of AOM may occur (Collett et al., 2008; Lim et al., 2010; Er-
vens et al., 2011). Volatile water-soluble compounds like glyoxal and methylglyoxal can
readily transfer into the aqueous phase of droplets due to their high effective Henry’s
law constant (e.g., Heff = 3.710×103 M atm−1 at 25 ◦C for methylglyoxal, Betterton and
Hoffmann, 1988). Similarly, organic compounds in CCN aerosol can partition into the15

aqueous phase. Since water-soluble organic carbon (WSOC) may comprise up to 70 %
of the total organic aerosol mass (Saxena and Hildemann, 1996) and the particle ac-
tivation process usually favors particles with large fraction of water-soluble compo-
nents (Facchini et al., 1999) a large fraction of the WSOC may partition to the aqueous
phase. Thus a considerable number of species, either from the gas phase or the parti-20

cle phase, can be found in the liquid phase of the droplets.
The multiphase environment of the droplets facilitates aqueous phase reactions of

the water-soluble species. A number of laboratory experiments mimicking wet aerosols
showed precursors like glyoxal or methylglyoxal react with inorganic species like am-
monium nitrate or ammonium sulfate to produce a complex mixture of light absorbing25

organic compounds (Carlton et al., 2007; De Haan et al., 2009; Galloway et al., 2009;
Perri et al., 2009; Shapiro et al., 2009; Volkamer et al., 2009; Sareen et al., 2010;
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Sun et al., 2010). Likewise, a number of laboratory experiments have demonstrated
the production of secondary organic compounds with cloud-relevant conditions (Tan
et al., 2010; Yasmeen et al., 2010; Bateman et al., 2011), indicating cloud processing
of AOM. Aerosol high molecular weight compounds (also known as “oligomers”) may
also originate from aqueous phase reactions (Altieri et al., 2008; De Haan et al., 2010;5

Lim et al., 2010; Yasmeen et al., 2010). Upon droplet evaporation (> 90 % of cloud
droplets evaporate, Pruppacher, 1978), aerosols with new composition are released.
Volkamer and colleagues (Volkamer et al., 2007) suggested missing aerosol aqueous
phase reactions or cloud processing may be the reason for the under predictions of or-
ganic aerosol mass using atmospheric models (Heald et al., 2005; Yu et al., 2008). The10

aerosol mass burden and the oxygen-to-carbon (O/C) ratio of aged ambient organic
aerosol is larger than that of secondary organic aerosol (SOA) from dry smog chamber
(Aiken et al., 2008; Ng et al., 2010). SOA formation through aqueous chemistry could
explain the high O/C ratios (Ervens et al., 2011; Waxman et al., 2013). Therefore, it is
crucial to study the composition of ambient cloud samples for a better understanding15

of SOA formation.
Clouds and fog water composition has been studied for decades, however very little

study of the high molecular weight compounds in ambient cloud water has been done.
Inorganic ions including Na+, NH+

4 , Mg2+, Ca2+, K+, Cl−, NO−
3 , SO2−

4 , Br−, PO3−
4 were

observed commonly in clouds at various places and seasons (Weathers et al., 1988;20

Hindman et al., 1994; Deininger and Saxena, 1997; Collett et al., 2002; Simeonov
et al., 2003; Lowenthal et al., 2004; Decesari et al., 2005; Gioda et al., 2011; Gioda
et al., 2013). Several low molecular weight organic species have been studied and are
believed to be transferred from the gaseous phase (Marinoni et al., 2004), including
formic acid, acetic acid (Keene et al., 1995; Laj et al., 1997), formaldehyde (Keene25

et al., 1995; Munger et al., 1995; Laj et al., 1997), glyoxal, methylglyoxal (Munger
et al., 1995), phenol and nitrophenol (Lüttke and Levsen, 1997a; Lüttke et al., 1997b).
Dozens of other compounds were observed in clouds, mostly monocarboxylic acids,
dicarboxylic acids, alcohols and aldehydes (Limbeck and Puxbaum, 2000; Marinoni
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et al., 2004; van Pinxteren et al., 2005; Samy et al., 2010; Charbouillot et al., 2012).
Together these organic species comprise less than 20 % of the organic mass in cloud
water (Decesari et al., 2005; van Pinxteren et al., 2005; Hutchings et al., 2009). Com-
pounds similar to the high molecular weight organic compounds or HULIS found in
aerosols (Havers et al., 1998; Graber and Rudich, 2006) were also recently observed5

in clouds (Feng and Möller, 2004; Decesari et al., 2005; Reyes-Rodríguez et al., 2009).
For example, Reyes-Rodriguez et al. (2009) observed the high molecular weight or-
ganic compounds in cloud samples to be mostly aliphatic and oxygenated, with a small
amount of aromatic compounds based on study of the functional groups. Overall, the
previous studies either observed several individual compounds or observed functional10

groups rather than the complex mixture of the organic compounds on a molecular level.
Electrospray ionization (ESI) coupled with Fourier-transform ion cyclotron resonance

mass spectrometry (FT-ICR MS) provides detailed molecular characterization of or-
ganic matter due to its extreme high resolution and mass accuracy (Marshall et al.,
1998; Kujawinski, 2002; Sleighter and Hatcher, 2007). ESI is a soft ionization method15

which minimizes the fragmentation of analytes, allowing detection of intact molecules,
while the ultrahigh resolution and high accuracy of FT-ICR allows assignment of
a unique chemical formula to each peak detected. FT-ICR MS has been successfully
applied to ambient fog water samples (Mazzoleni et al., 2010; LeClair et al., 2012),
rainwater samples (Altieri et al., 2009a; Altieri et al., 2009b; Altieri et al., 2012) and20

aerosols (Reemtsma et al., 2006; Wozniak et al., 2008; Laskin et al., 2009; Schmitt-
Kopplin et al., 2010; Lin et al., 2012b; Mazzoleni et al., 2012). This powerful analyti-
cal approach was applied in this study to characterize the complex mixture of higher
molecular weight water-soluble organic compounds in ambient cloud water samples
collected at Storm Peak Laboratory (SPL). Here we present the results of ultrahigh25

resolution FT-ICR MS of two supercooled cloud samples collected in February 2010.
The comprehensive characterization of the cloud water AOM composition after nega-
tive ion ESI FT-ICR MS will be discussed.
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2 Methods

2.1 Cloud water sample collection

To investigate the composition of cloud water AOM, samples of ambient clouds consist-
ing of supercooled droplets were collected at the SPL. The remote continental site is lo-
cated on the western summit of Mt. Werner (3220 ma.s.l.) in the northwestern Colorado5

Park Range near Steamboat Springs. The mountain-top laboratory facilitates observa-
tions of free tropospheric air and in-cloud conditions. SPL is situated at the tree line
on a 70 km ridge oriented perpendicular to the prevailing westerly winds (Hallar et al.,
2013). SPL experiences transport from distant sources including urban areas, power
plants, and wildfires (Obrist et al., 2008). There are also abundant monoterpene emis-10

sions from the pine trees at SPL during summer months (Amin et al., 2012). Clouds that
surround the SPL with supercooled droplets form in the wintertime (Lowenthal et al.,
2002). A custom cloud sieve with stainless steel strands of 0.5 mm diameters was
used to collect supercooled droplets by impaction (Fig. S1). As described by Hindman
et al. (1992), cloud droplets with diameter > 8 µm will be collected with a 50 % collection15

efficiency on the 0.5 mm strand diameter with an average wind speed of 2 ms−1 (aver-
age wind speed during sample collection time periods). Cloud sieves were mounted on
the SPL rooftop deck railing on the west side during cloud events. After ∼ 20 min, the
cloud sieves were carried into a cold laboratory space to remove the frozen cloud water
(collected as rime) from the strands using a stainless steel blade and collection tray.20

The collected rime was stored in a freezer at −5 ◦C. Four cloud water samples were
collected during short separate cloud events. The first sample (CW1) is a composite of
two samples collected between 8:30 and 9:00 p.m. on 24 February 2010 and 7:00 and
8:00 a.m. on 25 February. The second composite sample (CW2) is a composite of two
samples, collected between 8 and 11 a.m. on 26 February. The 24 h air back trajectory25

analyses showed the air coming from west and northwest of SPL (Figs. S2 and S3).
The particle concentrations (with diameter > 3 nm) were around 1000 cm−3 during the
sampling time determined by the Condensation Particle Counter (TSI, model #3025).
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One field blank sample was prepared by leaving the cloud sieve in the air in the ab-
sence of a cloud event and then rinsed with high purity water.

2.2 Sample preparation

Cloud water samples were prepared for analysis using a reversed phase solid phase
extraction (SPE) method to concentrate the analytes and remove inorganic ions (Maz-5

zoleni et al., 2010). The Strata-X (Phenonmenex) cartridges, with both hydrophilic and
hydrophobic functional groups, were found to obtain a diverse spectrum of analytes.
Strata-X SPE cartridges were conditioned with consecutive application of the follow-
ing: 1 mL of isopropyl alcohol, 2 mL of acetonitrile, 2 mL of acidified methanol containing
0.1 % formic acid, and 2 mL of aqueous 0.1 % formic acid. Then 100 mL of cloud water10

without pH adjustment was applied at a rate of 1–2 mLmin−1 to the cartridge to allow
the AOM components to partition to the SPE stationary phase. Then the cartridges
were rinsed with high purity acidified water to remove salts and dried. Some of the low
molecular weight analytes (< 100 Da) are expected to be lost in this step (Samburova
et al., 2013). Analytes were eluted with 1.5 mL of acetonitrile. Extraction recoveries15

were not determined in this study, however a large fraction of the high molecular weight
cloud water organic carbon is expected to be retained due to the both hydrophilic and
hydrophobic characteristics of the Strata-X cartridges. The field blank and lab blank
were prepared using the same method except that 100 mL of high purity water without
pH adjustment was applied to the SPE cartridge for the lab blank. All solvents were20

HPLC grade or higher. Prepared samples were stored at −5 ◦C until further analysis.

2.3 Instrumental parameters

Ultrahigh resolution mass spectrometry analysis was performed using a 7 tesla FT-ICR
MS (LTQ FT Ultra, Thermo Scientific) equipped with an ESI source. Cloud water sam-
ples were directly infused into the ESI interface with flow rate of 4 µLmin−1. The ESI25

needle voltage was set at −3.7 kV. Capillary temperature was set at 265 ◦C. Besides
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the instrumental parameters, the electrospray efficiencies of the analytes depend on
their chemical structures. Analytes with hydroxyl or carboxyl functional groups favor
ionization in the negative ion electrospray mode. Many water-soluble organic species
in clouds contain these hydrophilic functional groups, thus most of the cloud water or-
ganic carbon species are expected to be observed in the negative mode mass spectra;5

though not all the organic carbon species are ionized. The sample delivery appara-
tus was flushed in between each analysis with a minimum of 500 µL of acetonitrile
and water (50 : 50) and 500 µL of 100 % acetonitrile until background noise levels were
reached. Negative ion mass spectra were collected using full scan analysis for the
range of 100 < m/z < 1000. Mass resolving power, m/∆m50 %, in which ∆m50 % is peak10

full width at half-maximum peak height, was set at 200 000 (at m/z 400) for all spectra.
Automatic gain control was used to consistently fill the LTQ with the same number of
ions (n = 106) for each acquisition and to avoid space charge effects from over-filling
the mass analyzer. The instrument was externally calibrated in negative ion mode with
a standard solution of sodium dodecyl sulfate and taurocholic acid. The resulting mass15

accuracy was better than 2 ppm. Over 200 individual mass spectra recorded in the time
domain were collected and stored as transients for each sample using Thermo Xcalibur
software.

2.4 Data processing and assignment of molecular formula composition

Ultrahigh resolution FT-ICR mass spectra were processed using Composer software20

(Sierra Analytics, Version 1.0.5) as previously described in Putman et al. (2012) and
Mazzoleni et al. (2012). Briefly, approximately 200 transients were co-added to improve
analysis detection (Kujawinski et al., 2002; Stenson et al., 2003). Internal recalibration
of the mass spectra (Sleighter and Hatcher, 2008) was done to improve the molecular
formula assignment accuracy. A set of naturally occurring cloud water analytes from25

the two cloud water samples was selected to represent internal recalibrants over the
mass range of 100–650 Da. The match tolerances for the internal recalibrants were set
at 3 ppm with a minimum relative abundance (RA) of 18 times the root mean square
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(RMS) of the signal-to-noise ratio between 900 < m/z < 1000 (RMS of signal-to-noise
ratio was 0.018 % for CW1 and 0.038 % for CW2). The list of internal recalibrants is
given in Table S1 in the Supplement.

The molecular formula calculator was set to allow up to 70 carbon (C), 140 hydrogen
(H), 25 oxygen (O), 4 nitrogen (N) and 1 sulfur (S) per molecular formula composition.5

The calculator is based on the PREDATOR algorithm (Blakney et al., 2005) and uses
a Kendrick mass defect (KMD) analysis (Hughey et al., 2001) to sort ions into CH2
homologous series (species with a specific number of double bond equivalents (DBE)
and heteroatom content) and then assigns the de novo molecular formulas ≤ 500 Da.
The KMD analysis is determined from Eqs. (1) and (2) (Hughey et al., 2001):10

Kendrick mass (KM) = (measured mass) × (14.01565)/(14.00000) (1)

KMD = nominal Kendrick mass (NKM) − KM (2)

Using these equations, compounds of the same CH2 homologous series will have the
same KMD. An assignment threshold of 6 times the RMS of the signal-to-noise ratio15

was applied to the detected anions. The molecular formulas resulting in measurement
errors > 3 ppm were discarded. Additional data filtering of the assigned formulas was
done by applying the rules and assumptions as described by Koch et al. (2005). The
procedures applicable to atmospheric samples are described in more detail in Putman
et al. (2012). DBE is determined by Eq. (3) (McLafferty, 1993):20

DBE = c−h/2+n/2+1 (3)

for each elemental composition CcHhNnOoSs. S and O are divalent and N is trivalent
in Eq. (3). Thus, the additional double bonds formed by tetravalent and hexavalent S or
pentavalent N are not represented in the DBE calculations (Mazzoleni et al., 2012).

Molecular formulas were assigned to the field and lab blank samples using the same25

method. The blank mass spectra contained several low molecular weight negative ions
(m/z < 400), most of which were assigned unambiguous molecular formulas as de-
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scribed above. Approximately 800 of the assigned monoisotopic formulas were in com-
mon with the cloud water samples CW1 and CW2. The common formulas represent ap-
proximately 20 % of the assigned molecular formulas in cloud water samples. Although
some carryover of the sample components to blanks may have occurred (Mazzoleni
et al., 2012), other sources of contamination could not be ruled out. Thus, all of the5

common molecular formulas assigned to negative ions in either of the blank samples
were removed from the presented cloud water composition.

3 Results and discussion

3.1 Mass spectra and molecular formula assignments

Molecular formulas of the form, CcHhNnOoSs, were assigned to the negative ion ul-10

trahigh resolution FT-ICR mass spectra of AOM extracted from cloud water samples.
Overall, 82.2 % and 82.6 % of the total ion current of the CW1 and CW2 sample mass
spectra were assigned. After blank subtraction and quality assurance filtering approxi-
mately 3000 monoisotopic molecular formulas were unambiguously identified for CW1
and CW2 (Table 1). Assignments of corresponding polyisotopic molecular formulas15

containing 13C were observed for 71 % and 69 % of the formulas assigned to CW1 and
CW2. Likewise, polyisotopic molecular formulas with 34S were observed for 54 % and
50 % of the S-containing molecular formulas assigned to CW1 and CW2. Detection of
polyisotopic anions is more limited than detection of monoisotopic anions due to the
lower RA which reflects the natural abundances of 13C at 1 % and 34S at 4 %. The high20

number frequency of corresponding polyisotopic molecular formulas with 13C at exactly
1.0034 Da higher than the monoisotopic molecular formulas confirms the molecular for-
mula assignment and the singly charged state of the detected anions. No evidence of
multiply charged species was observed.

Reconstructed mass spectra of the monoisotopic molecular formulas assigned to25

the cloud water samples after blank subtraction are shown in Fig. 1. In both of the
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cloud water mass spectra, the anions occupy a mass range of 100–700 Da, cover-
ing both the range of previously identified cloud water carbonyl species (Limbeck and
Puxbaum, 2000; Marinoni et al., 2004; van Pinxteren et al., 2005; Samy et al., 2010;
Charbouillot et al., 2012) and the range of water-soluble macromolecular compounds
also known as “HULIS” (Feng and Möller, 2004). Similar to the ambient aerosol col-5

lected at this site, the highest RA anions were observed between 200 < m/z < 400
(Mazzoleni et al., 2012). Consistent with the ultrahigh resolution mass spectra of other
atmospheric samples like aerosols (Wozniak et al., 2008; Schmitt-Kopplin et al., 2010),
fog water (Mazzoleni et al., 2010; LeClair et al., 2012) and rainwater (Altieri et al.,
2009b; Altieri et al., 2012), the mass spectra for cloud water samples are quite com-10

plex with a high number of isobaric anions. An example of the isobaric complexity with
14 molecular formulas within 0.25 Da is shown in an excerpt of the reconstructed CW1
mass spectrum (Fig. 1b).

Four subgroups of molecular formulas were determined based on their elemental
composition, they include: compounds containing only C, H and O (CHO), compounds15

containing C, H, N and O (CHNO), compounds containing C, H, O and S (CHOS), and
compounds containing C, H, N, O and S (CHNOS). The CHO compounds (N = 840
and 712) represented ∼ 26 % of the total number of assigned molecular formulas from
the CW1 and CW2 sample mass spectra (Fig. 1c and e). In general, a clear pattern of
mass differences of the CHO compounds can be seen in both of the mass spectra (blue20

peaks in Fig. 1) with spacing of the high intense anions of 14 Da. This has been com-
monly observed in natural organic matter samples (Stenson et al., 2003; Koch et al.,
2007; Mazzoleni et al., 2010). This pattern is a likely consequence of the naturally
occurring CH2 “homologous series” or formula extensions in organic matter (Hughey
et al., 2001). All of the identified CHO molecular formulas belong to a CH2 homolo-25

gous series (Fig. 2). The series range from 2 to 26 molecular formulas in length with
an average length of ∼ 10. However, it should be noted that the addition of the –CH2
to a molecular formula does not necessary lengthen the compounds’ carbon back-
bone, but may appear in any aspect of the compounds’ molecular structure. Moreover,
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each molecular formula identified may represent several organic compounds with dif-
ferent chemical structures (Hertkorn et al., 2008). Therefore, the clouds have extreme
complex organic composition considering the ∼ 3000 molecular formulas identified in
each sample. In previous studies, the CHO compounds typically represented the high-
est number fraction of the overall compounds (Wozniak et al., 2008; Schmitt-Kopplin5

et al., 2010; Altieri et al., 2012; Mazzoleni et al., 2012). However in this study, CHNO
compounds (N = 1638 and 1431) are the most frequently observed compounds in both
cloud water samples and represented > 50 % of the total number of molecular formulas
(Fig. 1c and e). From the mass spectra, the CHNO compounds (red peaks in Fig. 1)
with the highest relative abundances are in the mass range of m/z 200–400 and the10

highest density is in the mass range of 300 < m/z < 600. Consistent with the CHO
compounds, a wide number of CH2 homologous series were observed in the cloud
water CHNO compounds (Fig. 2). The S-containing compounds (CHOS and CHNOS)
represented ∼ 21 % of the total number of molecular formulas (Fig. 1c and e). 281
CHOS and 381 CHNOS molecular formulas were identified in CW1 and 221 CHOS and15

360 CHNOS formulas were identified in CW2. Typically the S-containing compounds
(green peaks in Fig. 1) are in the mass range of 200 < m/z < 600. Often the relative
abundance of these compounds are lower than the compounds in other groups. The
CH2 homologous series of the S-containing compounds are less clear in the recon-
structed mass spectra. However, they are clearly shown in the Kendrick mass defect20

plots (Fig. 2). The composition and molecular properties for each of the subgroups will
be discussed further in the following sections.

3.2 Compounds containing only C, H and O

Oxygen-to-carbon ratios (O/C) and hydrogen-to-carbon ratios (H/C) are commonly
used to describe the chemical properties of aerosol (Aiken et al., 2007, 2008; Jimenez25

et al., 2009; Bateman et al., 2010; Kroll et al., 2011). In general, O/C represents the
degree of oxidation and H/C reflects the degree of saturation of the composition stud-
ied. The O/C and H/C elemental ratios of the individual CHO compounds of the cloud
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water samples are plotted in Fig. 3a (for CW1) and Fig. S4a (for CW2). The van Kreve-
len diagram (O/C vs. H/C) indicates the oxidation, hydration, hydrogenation and alky-
lation relationships between the observed molecular formulas (Kim et al., 2003; Wu
et al., 2004; Heald et al., 2010). In Figs. 3a and S4a, we plotted simultaneously the
analyte isoabundance and individual points for each of the CHO molecular formula.5

This permits visualization of the CH2 homologous series of molecular formulas in lines
pointing to the upper left corner (H/C = 2.0) of the plot and their significance in terms
of isoabundance. In both samples, a majority of the CHO compounds have O/C ratios
< 1.0 and H/C ratio from 0.5 to 2.0. The highest intensity molecular formulas are in the
vicinity of O/C = 0.5 and H/C = 1.5. Interestingly, there are several compounds with10

O/C ratios > 1.0 in both samples and many of these have 18–22 oxygen atoms and
molecular weights of 400–500 Da. These highly oxidized high molecular weight com-
pounds may be the products of aqueous phase reactions (Lee et al., 2011). In addition,
a few CHO compounds are located in the lower left corner of the van Krevelen diagram
(O/C < 0.3, H/C < 1). These appear to be aromatic compounds with high DBE val-15

ues. Examples of the molecular formulas in this region include the homologous series
of C20H8O4(CH2)1–7 and C19H6O5(CH2)1–6. The average O/C ratios for the CW1 and
CW2 CHO compounds are 0.54 (±0.35) and 0.51 (±0.28) (Table 1). Likewise, the av-
erage H/C ratios are 1.42 (±0.36) and 1.41 (±0.34). Similarly, Altieri et al. (2009b)
observed an average O/C ratio of 0.7 (±0.5) and an average H/C ratio of 1.5 (±0.4)20

for the CHO compounds in ambient rainwater. Thus, the CHO compounds reported
here are less oxidized and somewhat less saturated, likely reflecting seasonal differ-
ences and cloud processing time differences. Other reported elemental ratios for CHO
compounds in ambient aerosol water-soluble organic compounds, include: 0.47 (±0.2)
and 1.42 (±0.3) (Mazzoleni et al., 2012); 0.6 and 1.69 (Rincon et al., 2012); and 0.4025

(±0.21) and 1.29 (±0.35) (Lin et al., 2012a). Overall, the O/C and H/C ratios of CHO
compounds in the cloud water samples are within the wide range of the previously
reported values, but are closer to those of aerosol water-soluble organic carbon than
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rainwater. This is probably related to the different extents of aqueous processing and
temperature in supercooled and precipitating clouds.

Another measure of molecular unsaturation is the DBE which indicates the num-
ber of double bonds and rings in a molecular structure (Eq. 3). A wide range of DBE
values (0–19) were observed among the cloud water CHO compounds with a clear5

trend of increasing DBE values with increasing carbon content (C3–C36) (Fig. 3b). In
both samples, the majority (> 90 %) of the compounds has DBE values ≤ 10 and the
high relative abundance compounds have DBE values within the range of 2–7. Overall,
the average DBE values for CW1 and CW2 CHO compounds are 6.4 (±3.6) and 6.3
(±3.2), similar to that of CHO compounds from other studies. Average DBE values for10

CHO compounds of 5.6 and 6.4 were reported by Lin et al. (2012a) and Mazzoleni
et al. (2012) for ambient aerosol; Mazzoleni et al. (2010) reported an average DBE
value for CHO compounds of 5.3 for low molecular weight fog water AOM; and Putman
et al. (2012) reported an average DBE value for CHO compounds of 7.0 for cham-
ber generated α-pinene ozonolysis SOA. Interestingly, several CHO compounds with15

high DBE values (i.e., 14–19) were observed and are located in the aromatic region
(O/C < 0.3 and H/C < 1.0) of the van Krevelen diagram (Fig. 3a). Generally, these
aromatic compounds are within the mass range of 300–400 Da and have< 6 O atoms.
The relative abundances of the compounds with respect to carbon are also illustrated
in Fig. 3b. The higher intensity compounds are compounds with C5–C25. Among these20

compounds, the highest relative abundances are ∼C10, followed by ∼C15. There is
also a relatively high intensity spot ∼C20 in the CW1 sample. These high relative abun-
dance compounds at C10, C15, and C20 indicate terpene characteristics in the cloud
water CHO compounds (Claeys et al., 2013).

To evaluate the oxygen content, the cloud water CHO compounds were separated25

into subclasses based on the number of oxygen atoms (O#) in the molecular formu-
las, labeled as O1, O2 and so on. The total relative abundance for each of the sub-
classes are shown in Fig. 3c. Overall, cloud water CHO compounds range from O2
to O22, with the majority of compounds in the range of O2 to O15. These subclasses
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with variable oxygen numbers may reflect multiple or various functional groups like
hydroxyl, ether, peroxyl, carbonyl, carboxyl or ester. Interestingly, the highest relative
abundances were observed for the O5, O7 and O10 subclasses. The O10 subclass con-
tains the highest number of CHO compounds (∼ 130 molecular formulas) while the
highest relative abundance CHO compounds were observed in the O5 and O7 sub-5

classes. Examples of the high relative abundance CHO compounds detected in both
samples include: C10H18O5, C11H18O5, C10H14O7, C11H16O7, C12H18O7, C13H20O7,
and C14H22O7. These high relative abundance compounds have DBE values of 2, 3
and 4. Interestingly, no formulas in the O16 and O17 classes were observed, but there
are several compounds in the higher subclasses (O18–O22). These high oxygen num-10

bers correspond to compounds with O/C ratios > 1.0 in the van Krevelen diagram.
The reconstructed mass spectra of the cloud water CHO compounds have simi-

lar characteristics to laboratory generated SOA samples. Three groups of high abun-
dance anions were observed, they include: m/z 200–350; m/z 350–500; and m/z
500–650 (Fig. 4). Similar clusters of high relative abundance anions (sometimes re-15

ferred to as “oligomers” or monoterpene accretion products in SOA samples) have
been observed in SOA samples and have decreasing ion intensities with increasing
molecular weight (Reinhardt et al., 2007; Bateman et al., 2011; Kundu et al., 2012;
Putman et al., 2012). Also the average O/C and H/C ratios of the cloud water CHO
compounds are consistent with those determined for biogenic SOA samples (Bateman20

et al., 2009, 2010; Putman et al., 2012). In addition, there are several “hot spots” at
C10, C15 and C20 in the isoabundance DBE plots (Fig. 3b) representing the high rel-
ative abundance compounds. The DBE values and the carbon numbers of the high
relative abundance compounds reflect monoterpene and sesquiterpene characteris-
tics (Putman et al., 2012). To further explore the SOA composition similarities, the25

cloud water CHO molecular formulas were compared to the CHO molecular formulas
assigned to several laboratory generated biogenic SOA mass spectra. The biogenic
SOA samples used in the comparison include: α-pinene ozonolysis SOA, β-pinene
ozonolysis SOA, d-limonene ozonolysis SOA, and β-caryophyllene ozonolysis SOA,
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all of which were generated under dark conditions without an OH scavenger (e.g.,
Kundu et al., 2012; Dalbec et al., 2013). 58 % and 64 % of the CW1 and CW2 CHO
molecular formulas were identical to those in the biogenic SOA samples (Fig. 4). Fur-
thermore, most of these common molecular formulas are high intensity anions in the
cloud water samples. Overall, the three groups of anions assigned as CHO compounds5

in the reconstructed mass spectra are less distinct than those in the SOA mass spec-
tra. This reflects the more complex conditions for ambient aerosols and clouds than
laboratory experimental conditions. Some of the differences include: the presence of
biogenic SOA from unevaluated precursors; aqueous phase reactions which alter the
composition; and compounds from other sources, etc. Despite the differences between10

ambient conditions and those of laboratory experiments, we observed highly similar
characteristics in the CHO molecular formulas of cloud water and biogenic SOA. This
suggests that a high percentage of the cloud condensation nuclei in the Rocky Moun-
tain region during the cloud sampling study contain biogenic SOA components. Simi-
larly, Sun et al. (2011) using aerosol mass spectrometry found ∼ 90 % of the aerosol15

water-soluble organic carbon at a rural site (Centreville, Alabama) in the summer are
biogenic related. The fraction decreased in the winter, but still comprised ∼ 50 % of the
total water-soluble organic carbon.

In addition to biogenic SOA, the CHO composition of the clouds appears to be af-
fected by residential wood combustion. Guaiacols and syringols (aka methoxyphenols)20

are commonly found in biomass combustion emissions and are from the pyrolysis of
wood lignin (Hawthorne et al., 1992; Mazzoleni et al., 2007). Methoxyphenols have
been shown by Sun et al. (2010) to contribute to aqueous SOA and have been ob-
served in ambient foggy atmospheres (Sagebiel and Seiber, 1993). Two of the molec-
ular formulas considered to be markers of syringol and guaiacol aqueous phase reac-25

tions in the Sun et al. (2010) experiments were observed in the cloud water samples.
They are: C16H18O6 (RA= 7 % in both samples) and C14H14O4 (RA= 2.7 % in CW1
and 4 % in CW2). As described, molecular formulas assigned to exact mass measure-
ments using ultrahigh resolution FT-ICR MS provide valuable insights regarding the
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chemical structure (e.g., elemental ratios and DBE). A large fraction of the high relative
abundance O5 (50 out of 79 formulas in CW1, 39 out of 63 formulas in CW2) and O7
(68 out of 74 formulas in CW1, 74 out of 77 formulas in CW2) CHO compounds have
DBE values ≥ 4. This combination is consistent with methoxyphenol derived structures
since there is both enough oxygen for the functional groups of –OCH3 and –OH and5

enough DBE for the benzene ring. Samy et al. (2010) analyzed aerosol and super-
cooled cloud water samples collected at the SPL. They found abundant concentra-
tions of methoxyphenols in both the aerosols and the cloud samples, which suggested
a strong biomass burning chemical signature. The emissions likely arise from nearby
residential wood combustion in the Yampa valley to the west of the SPL. In this study,10

the back trajectory analysis indicates the air was coming from west and northwest dur-
ing the sampling periods (Figs. S2 and S3) thus it was likely influenced by residential
activities in the Yampa valley. Residential wood combustion may contribute to the ob-
served biogenic SOA in the cloud samples. It is known that terpenoid emissions from
living plants are highly correlated to ambient temperature (Kesselmeier and Staudt,15

1999), thus biogenic SOA is generally not expected to be significant during the win-
ter time periods. However, trees have a large storage reservoir of the monoterpenes
compared to their emission rates (Lerdau et al., 1994; Amin et al., 2012). Thus, the
stored monoterpenes may be released during residential wood combustion for SOA
formation.20

3.3 Compounds containing only C, H, N and O

A wide range of elemental ratios was observed for the CHNO compounds (Fig. 5a). In
contrast to the elemental ratios of the CHO compounds where a majority of the com-
pounds have O/C < 1.0, many of the CHNO compounds have O/C > 1.0 and they
have some of the highest relative abundances of the CHNO group. Most of these25

CHNO compounds with high O/C ratios also have high H/C ratios (> 1.2), suggesting
the compounds are both highly saturated and oxygenated. For example, the molecular
formulas of the homologous series C5H10N2O9(CH2)1–3 with high relative abundances
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show these characteristics. Also, there are a large number (∼ 50 %) of CHNO molecu-
lar formulas with O/C < 0.7. In general, these compounds have a relatively low relative
abundance and have a large range of H/C ratios (0.3 to 2.2). Overall, the average O/C
ratios of the CHNO compounds in CW1 and CW2 are 0.72 (±0.34) and 0.73 (±0.31),
respectively. The average H/C ratios for the CHNO compounds in CW1 and CW2 are5

1.56 (±0.29) and 1.56 (±0.30) (Table 1). Previous studies of aerosol WSOC and fog
AOM observed overall less oxygenated CHNO compounds, with average O/C ratios
typically < 0.5 (Wozniak et al., 2008; Mazzoleni et al., 2010; Schmitt-Kopplin et al.,
2010). However in the study of rainwater AOM by Altieri et al. (2009b), several CHNO
compounds were identified with high O/C ratios (some even higher than 2.0). They10

reported an average O/C ratio of 1.6 (±1.4) for the CHNO compounds. The presence
of highly oxygenated CHNO compounds (O/C > 1.0) appears to be related to aqueous
phase reactions in cloud and rainwater droplets.

Consistent with the H/C elemental ratios, the majority of the CHNO compounds
have DBE values ≤ 10 (Fig. 5b). Similar to the CHO compounds, the number of carbon15

atoms in the formulas range from C2–C35 and the DBE values increase with the number
of carbon atoms. The high intensity CHNO compounds with C2–C20 have DBE values
≤ 6. The most abundant compounds are those with C11 and low DBE values (2–4).
These values indicate that most of the CHNO compounds are relatively saturated,
especially those with higher relative abundances. Only a small fraction (∼ 3 %) of the20

CHNO compounds has high DBE values from 11 to 19. As illustrated in Fig. 5b, the
high DBE CHNO compounds have low relative abundances. Overall, the average DBE
values are 5.6 (±2.6) and 5.6 (±2.8) for CW1 and CW2 CHNO compounds. Therefore
the cloud water CHNO compounds are mostly saturated with a few exceptions.

Cloud water CHNO compounds contain 1–4 nitrogen atoms (N1–N4) per molecular25

formula. The compounds with one nitrogen (N1) represented ∼ 43 % of the CHNO com-
pounds in both samples, followed by compounds containing N2 (∼ 29 %), N3 (∼ 21 %)
and N4 (∼ 7 %) in both samples. To further examine the N in the molecular formulas,
CHNO subclasses were defined by the numbers of nitrogen and oxygen in the molec-
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ular formulas, they include: NO3–23, N2O3–18, N3O2–16 and N4O1–19. The total relative
abundance for the compounds contained within the subclasses is shown in Fig. 5c.
Interestingly, the plot clearly indicates the high relative abundance CHNO compounds
are in the subclasses of NO6–14, N2O8–16 and N3O11–16. The compounds in high rel-
ative abundance subclasses correspond to the hot spots in the upper right region of5

the isoabundance van Krevelen diagram (O/C > 0.7, H/C > 1.5; Fig. 5a). All the high
relative abundance CHNO subclasses are rich in oxygen with respect to nitrogen. Al-
most all of these classes show oxygen-to-nitrogen ratio (O/N) ≥ 3. Thus, the CHNO
compounds appear to contain a large number of organonitrates (with the functional
group of –NO3), however CHNO compounds are not exclusively organonitrates since10

multifunctional compounds are anticipated. For example a study using an ultrahigh res-
olution MS/MS technique, reported only 63 % HNO3 losses from CHNO and CHNOS
compounds in fog water samples (LeClair et al., 2012).

Organonitrates or nitrooxy-organosulfates have been observed in several AOM sam-
ples (Allen et al., 1994; Nielsen et al., 1998; Zhang and Anastasio, 2001; Garnes15

and Allen, 2002; Herckes et al., 2006; Reemtsma et al., 2006; Surratt et al., 2006;
Altieri et al., 2008; Bruns et al., 2010; Fry et al., 2013). The organonitrates or nitrooxy-
organosulfates observed in the clouds may be from dissolution of CCN aerosol,
gaseous organic compounds containing nitro- or nitrate groups partitioned to the
droplets (Lüttke and Levsen, 1997; Lüttke et al., 1997), or aqueous formation within the20

cloud droplets. Alkyl nitrates have relatively high vapor pressures, so they are not ex-
pected to readily partition to the particle phase. In a study by Nielson et al. (1998), only
alkyl nitrates with > 18 carbon atoms can contribute to the particulate organic nitrogen
mass at 20 ◦C. However hydroxyl or carboxylic acid functional groups lower the vapor
pressure (Arp and Goss, 2009), allowing the multifunctional organonitrates with less25

carbon atoms to partition to the particle phase. This coupled with the low temperatures
during the sampling period (∼ −10 ◦C) enhances the significance of organonitrates in
the condensed phase. Therefore it is highly possible that a considerable number of
organonitrates are present in the supercooled cloud droplet samples.
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As mentioned ∼ 50 % of the CHNO compounds have O/C ratios < 0.7 (Fig. 5a).
These low O/C ratios are similar to those reported by Schmitt-Kopplin et al. (2010) for
a biomass burning aerosol sample. In that study, almost all the identified nitrogen con-
taining species had O/C ratios less than 0.7. The lower oxygen content suggests the
presence of reduced nitrogen compounds. Wood combustion emissions are known to5

emit reduced nitrogen compounds. In a study by Laskin et al. (2009) a substantial frac-
tion of N-heterocyclic alkaloid compounds were observed in biomass burning aerosols.
In another study by Bateman et al. (2010), an O/C ratio of 0.19 was reported for com-
bustion of dried pine needles and sticks. Thus, the residential wood combustion in the
vicinity of the SPL is a likely contributor to the reduced nitrogen containing species10

observed in the cloud water samples. However this does not exclude the possibility
of aqueous phase reactions resulting in nitrogen containing species like those formed
by aqueous phase reactions of glyoxal (Galloway et al., 2009; Shapiro et al., 2009) or
methylglyoxal (De Haan et al., 2010; Sareen et al., 2010) with (NH4)2SO4/NH4NO3.
Reaction products, such as amine, imine or imidazole, provide another likely source of15

the reduced nitrogen compounds in the cloud water samples. Alkyl amines have also
been detected in ambient aerosols (Gilardoni et al., 2009) and fog water (Zhang and
Anastasio, 2001). Regardless of their origin, reduced nitrogen functional groups can
be oxidized in the cloud droplets to form oxidized functional groups as indicated by the
high O/C ratios of products from aqueous phase reactions (Lim et al., 2010; Ervens20

et al., 2011).

3.4 Compounds containing only C, H, O and S and C, H, N, O and S

A wide range of elemental ratios is shown in Fig. 6a for the CHOS compounds and
Fig. 7a for the CHNOS compounds. Similar to the CHO (Fig. 3a) and CHNO com-
pounds (Fig. 5a), the elemental ratios align into several straight lines indicating CH225

homologous series. However instead of one large group in the isoabundance van Krev-
elen diagrams, subgroups of the CHOS and CHNOS compounds in the isoabundance
van Krevelen diagrams are depicted. Some obvious differences in the isoabundance
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van Krevelen diagrams of the CHOS and CHNOS compounds compared to those of
the CHO and CHNO compounds were observed (Figs. 6a and 7a). First, the presence
of a high number of highly unsaturated CHOS and CHNOS compounds was observed.
Second, we observed a wider overall range of elemental ratios with variable relative
abundances. These compound properties are explored in more detail in the following5

paragraphs.
Four subgroups of CHOS molecular formulas with varied unsaturations or DBE val-

ues were observed (Fig. 6). The CHOS compounds in subgroup 1 with H/C > 2 are
highly saturated with DBE values of 0 or 1 (Fig. 6b). These compounds belong to the
subclasses of O4S, O5S and O6S (Fig. 6c). Subgroup 2 CHOS compounds are less sat-10

urated and contain the subclasses of O7–12S with relatively low DBE values (mostly 3
or 4). The CHOS compounds in subgroup 3 are highly oxygenated with the subclasses
of O15–18S. They are less saturated than those in subgroup 2 with DBE values ranging
from 7 to 9. Most of the subgroup 3 molecular formulas have relatively high molecular
weight, typically > 400 Da. Thus from subgroups 1 to 3, the DBE values increase (from15

0 to 9) with the increase of oxygen content in the molecular formulas (O4 to O18). The
CHOS compounds in subgroup 4 are the most unsaturated of the CHOS compounds.
The DBE values of these molecular formulas range from 8 to 19, suggesting aromatic
moieties. Unlike the compounds in the previous subgroups, these have low O/C ratios
(< 0.4). The subclasses of O1–3S in this group contain too little oxygen to contain or-20

ganic sulfate functional groups. Overall around 1/3 of the detected CHOS compounds
are in subgroup 4 which appears to be reduced sulfur species.

Similarly, the CHNOS compounds have similar elemental ranges (Fig. 7a). The num-
ber of CHNOS compounds in subgroups 1–3 are less than those of the CHOS com-
pounds and the subgroup 4 CHNOS compounds are clearly dominant among the25

CHNOS compounds. Overall, a total of 75 % of the CHNOS compounds are in sub-
group 4 and 25 % in subgroups 1–3. The CHNOS compounds in subgroups 1–3 have
DBE values ranging from 1 to 8 (Fig. 7b). These compounds contain 1 or 2 nitrogen
atoms in the molecular formulas with a high number of oxygen atoms (> 7; subclasses
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NO7–12, 18S and N2O12–16S; Fig. 7c). Based on the oxygen numbers and DBE val-
ues, some of the molecular formulas may represent organonitrates, organosulfates or
nitrooxy-organosulfates. In contrast, the subgroup 4 CHNOS compounds are highly
aromatic with DBE values from 6 to 19. Most of the CHNOS compounds with 3 or 4
nitrogen atoms in their molecular formulas are in this group, including: N3O1–11S and5

N4O1–5S. Further, CHNOS compounds with 1 or 2 nitrogen atoms and a low number of
oxygen atoms are in this group, including: NO2–8S and N2O2–9S. Therefore consistent
with the cloud water CHOS compounds, the CHNOS compounds also include charac-
teristics that are either highly oxygenated or highly aromatic. The aromatic S-containing
compounds are dominant in number and thus greatly influence the average DBE value10

for these elemental classes.
Considering the adequate oxygen content and low DBE values (DBE for a sulfate

functional group is 0 using Eq. 3), the S-containing compounds detected in subgroups
1–3 can be organosulfates or nitrooxy-organosulfates. Examples are like the several
high relative abundance low MW CHOS compounds detected in both samples (200–15

300 Da): C12H26O4S, C9H18O8S, C14H30O4S and C8H16O6S. LeClair et al. (2012) also
detected these molecular formulas in fog water and used MS/MS to confirm the sulfate
group in the structures. Organosulfates have been detected commonly in atmospheric
samples (Surratt et al., 2006; Gómez-González et al., 2008; Hatch et al., 2011). In
fact, most of the atmospheric S-containing organic compounds reported in the litera-20

ture are organosulfates or nitrooxy-organosulfates. Observations from both chamber
simulations (Iinuma et al., 2007; Liggio et al., 2007; Surratt et al., 2007) and field mea-
surements (Surratt et al., 2008; Stone et al., 2012; Pratt et al., 2013) indicate that
organosulfates and nitrooxy-organosulfates can form in biogenic secondary organic
aerosols. The identified organosulfates in biogenic SOA usually have carbon atom25

numbers similar to their biogenic precursors, e.g., ∼ 5 or 10 (Surratt et al., 2008). In
the cloud water samples, most of the CHOS and CHNOS compounds with less than
12 carbon atoms contain more than 4 oxygen atoms. Considering the cloud water bio-
genic SOA characterization identified from the cloud water CHO compounds, these
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organosulfates and nitrooxy-organosulfates compounds (S-containing compounds in
subgroups 1–3) may have originated from biogenic precursors. Several high molecular
weight organosulfate candidates (> 300 Da) with more carbon atoms (16 to 33) were
also detected in the cloud water, including: C17H18O16S, C18H38O6S and C17H20O16S.
The high molecular weight organosulfates have been observed previously in atmo-5

spheric aerosols (Romero and Oehme, 2005; Reemtsma et al., 2006). Mostly AOM
organosulfates are secondary reaction products (Hatch et al., 2011). Two formation
mechanisms were proposed, including: esterification of hydroxyl groups with sulfuric
acid (Liggio et al., 2005; Surratt et al., 2007) and acid catalyzed reactions of epoxides
(Minerath and Elrod, 2009). Both of the pathways require sulfuric acid anions (Surratt10

et al., 2007; Minerath and Elrod, 2009). Considering the coal fired power plants located
to the west of the SPL area which are emission sources of SO2 and the aqueous phase
processing that may take place within cloud droplets, formation of organosulfates is
likely.

Although organosulfates and nitrooxy-organosulfates were observed, a dominant15

number of S-containing compounds contain reduced S (e.g., aromatic S) indicated
by the insufficient oxygen content in the molecular formulas (subgroup 4 in Figs. 6 and
7). AOM with reduced S is rarely reported (Saranjampour, 2012; Kundu et al., 2013).
Most of the high DBE S-containing compounds observed in cloud water have high car-
bon numbers (> 10; Figs. 6b and 7b). Instead of being secondary products like the20

organosulfates, they may be from primary emissions. The diesel fuel used to power
snow cats used to groom the ski area at night near the SPL may be a source of re-
duced S compounds. Further investigation is needed to determine the origin of the
unambiguously identified reduced S compounds.

3.5 Cloud water AOM properties25

Overall, the bulk properties of the two cloud water samples are very similar (Table 1).
The average O/C ratios of the CW1 and CW2 samples are 0.62 (±0.37) and 0.61
(±0.34) and the average H/C ratios are 1.46 (±0.36) and 1.46 (±0.35). The average
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elemental ratios of each compound group with and without relative abundance weight-
ing (Eqs. S1 and S2) are summarized in Table 1. The relative abundance weighted
elemental ratios are very similar in most cases to the unweighted values discussed
here. As shown in Table 1, the O/C ratios of the CHO, CHOS, and CHNOS com-
pounds are all approximately 0.5, but the O/C of the CHNO compounds is ∼ 0.7. Thus5

the overall elemental ratios are highly influenced by the CHNO compounds, given their
high number frequency and high relative abundance. In general the overall O/C ra-
tios of the cloud water samples are consistent with the O/C ratios observed for other
aerosol water-soluble organic carbon and AOM samples, but they are at the higher
end of the reported range. For example, Aiken et al. (2008) reported O/C ratios for10

various ambient aerosols from 0.2 to 0.8 using aerosol mass spectrometry. Similarly,
Lee et al. (2012) estimated O/C ratios of low-volatility cloud water organics to be be-
tween 0.52 and 0.59. The observed cloud water O/C values are higher than Mazzoleni
et al. (2010) observed in fog water collected in Fresno, California (0.43), but lower
than Altieri et al. (2009b) observed in rainwater collected in New Jersey (0.96). Similar15

to the O/C ratios, the H/C ratios of CHNO compounds are higher than those of the
CHO, CHOS and CHNOS compounds, so the overall H/C values are mainly driven by
the high number and relative abundances of CHNO compounds. The observed H/C
ratios for the cloud water are also within the range of reported values for aerosol water-
soluble organic carbon and AOM samples. Aiken et al. (2008) reported H/C ratios for20

ambient aerosols from 1.4 to 1.9. A similar range of H/C values were observed in fog
and rainwater samples.

Average DBE values and relative abundance weighted average DBE values (Eq. S3)
of each compound group are listed in Table 1. The average DBE values of the CW1
and CW2 samples are 6.30 (±3.37) and 6.29 (±3.29). Again despite the aromatic com-25

pounds identified in the CHO, CHOS and CHNOS groups, the high number of saturated
CHNO compounds lowers the overall average DBE values. The relative abundance
weighted average values of the samples are even lower than the unweighted average
DBE values due to the influence of high relative abundance saturated CHNO com-
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pounds. Similarly, the relative abundance weighted DBE value for the summer aerosol
water-soluble organic carbon at the SPL was observed to be 5.35 (±0.05) (Mazzoleni
et al., 2012). In general, the DBE values for the cloud water AOM are consistent with
a strong biogenic influence (e.g. oxidation products of terpenes and methoxyphenols)
and are comparable to other aerosol water-soluble organic carbon and AOM samples.5

The average and relative abundance weighted organic mass-to-organic carbon ra-
tios (OM/OC) for the samples and each of the compound groups were also evaluated
(Table 1). Consistent with previous studies (Altieri et al., 2009b; Mazzoleni et al., 2012),
we define OM/OC as the measured mass divided by the calculated mass of C in the as-
signed formulas. Overall, the OM/OC ratios for the clouds were ∼ 2.1. As expected, the10

compound groups with heteroatoms (N and S) have higher OM/OC ratios than the CHO
compound group. The observed OM/OC ratios for the clouds are slightly higher than
those for the ambient aerosols (Aiken et al., 2008; Mazzoleni et al., 2012), reflecting
a higher oxidized characteristic and the importance of N- and S-containing compounds
identified in clouds.15

Although the overall bulk properties for the two cloud water samples are quite sim-
ilar, detectable compositional differences between the two samples were observed
within the N-containing compounds. The reconstructed difference mass spectrum be-
tween the CW1 and CW2 CHNO compounds (Fig. 8) shows several unique peaks with
high relative abundance in CW1 in the range of m/z250–350, while those in CW2 are20

within the range of m/z350–450. The unique high relative abundance CHNO com-
pounds in CW1 are mostly saturated compounds with low DBE values (2 and 4).
Some examples of these compounds are the homologs of N2O10 with DBE values of 2
(C4H8(CH2)1–5N2O10), homologs of N2O9 with DBE values of 4 (C8H12(CH2)1–3N2O9).
However, the unique high relative abundance CHNO compounds in CW2 contain one25

nitrogen atom instead of two. Some example compounds are homologs of NO10 with
DBE values of 3, 5 or 7; homologs of NO11 with DBE values of 4, 5, 6 or 8. The aver-
age N/C ratios for the unique CHNO compounds are 0.15 in CW1 and 0.13 in CW2.
Similarly, the average N/C for the unique CHNOS compounds in CW1 is higher than in
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CW2 (0.12 vs. 0.10). These observations may be the result of nighttime NOx chemistry
(Iinuma et al., 2007; Fry et al., 2013). At night, nitrate radical (NO3) is produced from the
reaction of O3 and NO2, which can react with organics (RO2) to produce organonitrates
(RONO2, Kroll and Seinfeld, 2008). As discussed in Sect. 3.3, organonitrates observed
in the clouds may be from the CCN particulate phase, gaseous phase or formed within5

the aqueous phase. The NOx chemistry can be involved in all these pathways at night.
For example, more organonitrates would be produced in gaseous phase, partitioned to
the aerosols. Also, it has been shown that nitrate radical can transfer from atmospheric
gaseous phase to aqueous phase and is the main source of nitrate radical in aqueous
phase (Herrmann et al., 2010). Oxidation of reduced N-containing compounds or ni-10

trate radical oxidation of CHO or CHOS compounds in the aqueous phase may occur
(Perraud et al., 2010). Since part of the CW1 composite was collected at night, it is
reasonable to observe more N-containing compounds with higher nitrogen content in
the molecular formulas from nighttime NOx chemical pathways in CW1 than in CW2.

4 Conclusions15

Approximately 3000 monoisotopic molecular formulas were assigned to each of the two
supercooled cloud water samples collected at the Storm Peak Laboratory. An overall
complex organic composition with N, O, and S and a wide range of DBE values simi-
lar to other ambient aerosol water-soluble organic carbon and aqueous AOM samples
was observed. CHO, CHNO, CHOS and CHNOS compounds with molecular weights20

up to 700 Da were observed in the cloud samples. Approximately 70 % of the identified
molecular formulas were observed in the mass range of 300 to 500 Da. Unique to this
observation, the CHNO compounds had the highest number frequency and relative
abundances. The average elemental ratios (O/C = 0.6 and H/C = 1.5) and DBE val-
ues (6.3) were largely influenced by the highly oxygenated CHNO compounds in the25

clouds and were slightly higher than the aerosol water-soluble organic carbon collected
in the summer at this site. Consistent with the summer aerosol water-soluble organic
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carbon composition, a majority of the cloud water CHO compounds matched CHO
compounds assigned to chamber generated biogenic SOA. Further, the organosul-
fates observed in the clouds suggest biogenic contributions to the cloud water AOM.
Biomass stored terpenes are likely released during residential wood combustion yield-
ing significant biogenic SOA-like composition. Combustion products also influence the5

cloud water AOM composition as evidenced by the high number of nitrogen containing
compounds. Large numbers of reduced S-containing compounds were also observed.
They might be from diesel fuel combustion or power plant emissions, but further inves-
tigation is needed to determine their origin. Higher numbers of nitrogen atoms were
associated with the molecular formulas assigned to the cloud sample composite with10

a nighttime cloud sample, likely reflecting the nighttime NOx chemistry. The molecular
composition determined from ultrahigh resolution FT-ICR MS provides insights to the
organic composition of cloud water AOM in the Rocky Mountain area and indicates
significant biogenic SOA and residential wood combustion contributions to the overall
composition.15

Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/13/20561/2013/
acpd-13-20561-2013-supplement.zip.
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Table 1. Cloud water composition characteristics by elemental groups.

All CHO CHNO CHOS CHNOS

CW1 Number 3140 840 1638 281 381
frequency

O/C 0.62±0.37 0.54±0.35 0.72±0.34 0.45±0.38 0.45±0.34
O/Cw 0.63±0.03 0.47±0.04 0.77±0.04 0.43±0.09 0.44±0.04
H/C 1.46±0.36 1.42±0.36 1.56±0.29 1.37±0.45 1.21±0.41
H/Cw 1.53±0.07 1.48±0.11 1.61±0.10 1.41±0.27 1.17±0.10
DBE 6.30±3.37 6.36±3.56 5.58±2.62 6.76±4.21 8.98±3.72
DBEw 5.19±0.19 5.50±0.35 4.63±0.22 5.56±0.92 8.64±0.53
OM/OC 2.08±0.56 1.83±0.47 2.25±0.54 1.89±0.56 2.02±0.53
OM/OCw 2.20±0.06 1.79±0.09 2.44±0.08 1.98±0.23 2.14±0.11

CW2 Number 2724 712 1431 221 360
frequency

O/C 0.61±0.34 0.51±0.28 0.73±0.31 0.43±0.37 0.43±0.35
O/Cw 0.63±0.02 0.47±0.03 0.74±0.04 0.42±0.05 0.43±0.04
H/C 1.46±0.35 1.41±0.34 1.56±0.30 1.40±0.44 1.21±0.37
H/Cw 1.53±0.06 1.46±0.11 1.61±0.09 1.41±0.17 1.19±0.11
DBE 6.29±3.29 6.35±3.18 5.60±2.84 6.35±3.89 8.89±3.42
DBEw 5.25±0.18 5.64±0.32 4.75±0.22 5.52±0.55 8.00±0.52
OM/OC 2.06±0.52 1.79±0.37 2.25±0.50 1.86±0.54 1.99±0.55
OM/OCw 2.16±0.05 1.78±0.08 2.35±0.08 1.96±0.14 2.18±0.11

Note: Average values (O/C, H/C, DBE and OM/OC) are the mean and standard deviation of each data subset.
Relative abundance weighted values (O/Cw, H/Cw, DBEw and OM/OCw) were determined using Eqs. (S1)
to (S4) and have propagated standard error using the standard deviations for each subset.
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Fig. 1. Reconstructed mass spectra of the identified monoisotopic molecular formulas for CW1
(A and B) and CW2 (D): an excerpt of the CW1 mass spectrum from m/z 401.00 to 401.30 is
shown in (B) with a list of the numbered analytes and their identified molecular formulas. Pie
plots indicate the number fraction of the identified monoisotopic molecular formula groups for
CW1 (C) and CW2 (E).
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Fig. 2. The Kendrick mass defect vs. nominal Kendrick mass for the monoisotopic molecular
formulas identified in CW1 (A) and CW2 (B) with scaled symbol sizes representing the relative
abundance of the compounds.
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Fig. 3. Isoabundance van Krevelen diagram for CW1 CHO compounds (A). Isoabndance plot
of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for CW1
CHO compounds (B). The corresponding figures for CW2 CHO compounds are shown in
Fig. S4.
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(A) (B)

Fig. 4. Reconstructed mass spectra of the CHO compounds in CW1 (A) and CW2 (B). Blue
peaks show the common formulas between the cloud water samples and biogenic SOA sam-
ples (combined data of ozonolysis of α-pinene, β-pinene, d-limonene and β-caryophyllene);
pink peaks show the formulas unique to cloud water samples.
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Fig. 5. Isoabundance van Krevelen diagram for CW1 CHNO compounds (A). Isoabndance plot
of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for CW1
CHNO compounds (B). Total relative abundance (RA) of each subclass for CW1 CHNO com-
pounds, the dashed lines separate the subclasses by number of nitrogen atoms contained in
the formulas (C). The corresponding figures for CW2 CHNO compounds are shown in Fig. S5.
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Fig. 6. Isoabundance van Krevelen diagram for CW1 CHOS compounds (A). Isoabndance
plot of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for
CW1 CHOS compounds (B). Number of formulas identified in each of CW1 CHOS subclasses
(C). The red circles and boxes indicate the approximate groupings (1 to 4) of the CW1 CHOS
formulas. The bars not boxed in (C) belong to group 4. The corresponding figures for CW2
CHOS compounds are shown in Fig. S6.
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Fig. 7. Isoabundance van Krevelen diagram for CW1 CHNOS compounds (A). Isoabndance
plot of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for
CW1 CHNOS compounds (B). Number of formulas identified in each of CW1 CHNOS sub-
classes (C). The red circles indicate the approximate groupings (1 to 4) of the CW1 CHNOS
formulas. The bars not boxed in (C) belong to group 4. The corresponding figures for CW2
CHNOS compounds are shown in Fig. S7.
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Formulas with top 
10 positive relative 
abundance
1. C9H14N2O12
2. C7H14N2O9
3. C10H16N2O12
4. C10H20N2O10
5. C10H16N2O9
6. C6H12N2O9
7. C8H16N2O10
8. C11H22N2O9
9. C7H14N2O10
10. C11H18N2O12

Formulas with top 
10 negative relative 
abundance
1. C16H25NO10
2. C15H23NO10
3. C16H27NO11
4. C17H25NO11
5. C17H29NO11
6. C14H21NO10
7. C18H27NO11
8. C19H29NO11
9. C16H25NO9
10. C15H23NO9

Fig. 8. Difference mass spectra of CHNO compounds between CW1 and CW2. Positive rel-
ative abundance (black peaks) means the compound has higher relative abundance in CW1,
negative relative abundance (red peaks) means the compound has higher relative abundance
in CW2. The molecular formulas with top 10 positive and top 10 negative relative abundances
are also shown in the plot.

20610

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/20561/2013/acpd-13-20561-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/20561/2013/acpd-13-20561-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

