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Abstract. We applied hierarchical cluster analysis to an were not removed during pre-processing. This study demon-
Aerodyne aerosol mass spectrometer (AMS) bulk mass spedcstrates that hierarchical clustering is a useful tool to analyze
tral dataset collected aboard the NOAA research vessethe complex patterns of the organic peaks in bulk aerosol
R. H. Brown during the 2002 New England Air Quality Study mass spectra from a field study.

off the east coast of the United States. Emphasizing the or-
ganic peaks, the cluster analysis yielded a series of categories

that are distinguishable with respect to their mass spectrg |ntroduction

and their occurrence as a function of time. The differences

between the categories mainly arise from relative intensityParticles in the atmosphere play important roles in the Earth’s
changes rather than from the presence or absence of specififimate and human health@Bchl, 2005). In urban and rural
peaks. The most frequent category exhibits a strong signal dbcations the main components of the aerosol are often am-
m/z 44 and represents oxidized organic matter probably orig-monium sulphate and organics (Zappoli et al., 1999). While
inating from both anthropogenic as well as biogenic sourcesmost of the sulphate aerosol originates from anthropogenic
On the basis of spectral and trace gas correlations, the secorurces, the situation is more complex for the organic com-
most common category with strong signalsratz 29, 43,  ponent, which consists of complex mixtures of substances
and 44 contains contributions from isoprene oxidation prod-from different anthropogenic as well as biogenic sources. Or-
ucts. The third through the fifth most common categoriesganic particles are either emitted directly into the atmosphere
have peak patterns characteristic of monoterpene oxidationy fossil fuel or biomass combustion thus forming primary
products and were most frequently observed when air massesyganic aerosols or form from gaseous precursors leading
from monoterpene rich regions were sampled. Taken toto secondary organic aerosols (Kanakidou et al., 2005). In
gether, the second through the fifth most common categoriethe aerosol phase or during cloud events the organic aerosol
represent on average 17% of the total organic mass that stenis still further processed (Kalberer et al., 2004; Blando and
likely from biogenic sources during the ship’s cruise. TheseTurpin, 2000; Bschl, 2005). Ambient measurements of their
numbers have to be viewed as lower limits since the mostbundance, size, and chemical composition lead to an in-
common category was attributed to anthropogenic sourcegreased understanding of their sources and how they evolve
for this calculation. The cluster analysis was also very ef-in the atmosphere. Individual organic tracers can be used to
fective in identifying a few contaminated mass spectra thatapportion organic particulate matter among its sources us-
ing a chemical mass balance approach. This method in-
Correspondence taC. Marcolli volves the extraction and analysis of filter samples usually
(claudia.marcolli@env.ethz.ch) by GC/MS and is therefore limited in its time resolution as
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Table 1. Assignment of fragments for the most intemsgz of the
investigated mass spectra. Bar Harbor

0
July Isoprene Emissions (g m”

m/z  Fragments

26  CNT, CHCH"

27  CHpCHT

29  CHgCHJ, CHO', CHgN*

30 NO&, CH,OT, CHyN*t

31 CHOF

41 CH,CHCHJ and isomers

42  CHyCH,CHZI, CH,COT

43 CI—bCHZCng CH,CHOt, CHsCO™

21
44 COp

Latitude

55  CHCHCH;CHJ} ,CH,CHCO' and isomers Sty 74 700 700 68°
57 CH3CHCHoCHJ, CH;CHCH,OF Longitude

CH3CH,CO™ and isomers
67  CHy(CH)3CHJ and others “5(’?_-_'-_?:.‘:‘4‘.: L2k wzy b ‘ T 25
69  CF} and others g i ] S AR LR
119 CRCF} and others s

169 CRCRCF; and others

Latitude

42%?
well as laborious and costly (Turpin et al., 2000). An alter- x
native to this off-line technique is offered by real-time mea- a1
surements that use mass Spectrometry to determine aerosol 3 0 500 1000 1500 2000 2500
July Monoterpene Emissions (ug m? h")

compositions (Middlebrook et al., 2003). 40° | : :
The Aerodyne aerosol mass spectrometer (AMS) has been T4 2 _— 70 68
designed to measure size-resolved mass distributions and to- ¢

tal mass loadings of non-refractory chemical species fromFig_ 1. Maps showing the ship track (yellow) and isoprene emis-

submicron particles (Jayne et al., 2000; Allan et al., 2003a;sions (top panel) and monoterpene emissions (bottom panel) for

Jimenez et al., 2003). In the AMS, particles are focused intahe month of July from the Megan biogenic source emission pro-
a vaporizer located within the electron impaction ionization file (Guenther et al., 2006). The dark blue patch &t Rihgitude
source region of a quadrupole mass spectrometer. When H#nd 42.5 latitude is the Boston urban area. The ship sailed out of
is operated in the mass spectrum mode, mass spectra fro@harleston, SC on 12 July 2002 (off the map) to outside New York
m/z 1-300 can be collected from several particles with goodCity on 16 July. On route to the study region, an issue with the
time resolution yet without particle size information. By ex- AMS sampling inlet was discovered, rendering all of the data col-
tracting the mass spectral ion signals for various species, i€cted up to 18 July unusable. The ship sailed into the study region
has been shown to yield quantitative aerosol compositiond" 17 July, was downwind of Boston on July 18, and then remained
for sulphate, nitrate, ammonium and total organic particu-north of Cape Ann off the New Hampshire/Massachusetts coast un-

. e til 24-26 July when it sailed up the coast of Maine past Bar Harbor.
late matter (Allan et al., 2003b, 2004a; Bahreini et al., 2003; 1, o ship was docked in New Hampshire from 2629 July . The ship

Schneider et al., 2004). A hl_erarchlcal clus_terlng algorlthmwas positioned directly downwind of Boston on 31 July. From 1-5
has been successfully applied to categorize mass spectig,qust, the ship was off the New Hampshire coast and left the study
from individual particles measured by the Particle Analysis region on 5 August. On 10 August, the ship sailed into Chesapeake
by Laser Mass Spectrometry (PALMS) instrument (Murphy Bay before heading back to Charleston and reaching the home port
et al., 2003). In the present study, we apply this algorithmon 11 August (both cities are off the map).

to a quadrupole AMS dataset of particle ensembles collected

during the 2002 New England Air Quality Study (NEAQS)

to observe the occurrence of typical organic mass spectrahe electron impact ionization spectra found in standard mass
features. The AMS signals in most/z channels are due to spectrometry libraries yet with generally more fragmenta-
organic species; however, the exact assignment of peaks ition (Allan et al., 2003b; Alfarra, 2004). Furthermore, in-
complex mixtures such as those found in atmospheric aerosalreased fragmentation has been observed in the AMS with
particles is impossible. For organic substances, the AMS hascreased vaporizer temperature (Alfarra, 2004). Organic
been shown to generate mass spectra that are consistent wiftnctional groups can be identified from the smaid)/¢ <50)
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Fig. 2. Time series of the AMS non-refractory (NR) aerosol mass loadings, NR mass fraction, and wind direction.

ion fragments and information about the oxidation and sat-spectra fromn /z 1-300 and particle time-of-flight mass dis-
uration state of the organic aerosol fraction can be retrievedributions were recorded every 2min with 1 min sampling
by means of the so-called ion series or delta analysis (McLaftimes in each mode for most of the study. More experimental
ferty and Turéek, 1993; Allan et al., 2003b; Schneider et al., details of the AMS dataset and how the mass loadings were
2004; Bahreini et al., 2003; Alfarra et al., 2004; Canagaratnaneasured were reported elsewhere (de Gouw et al., 2005).
etal., 2004; Bahreini et al., 2005). However, specific patternsvolatile organic compounds (VOCs) were measured by on-
of the organic signals can not be captured by this methodine gas chromatography-mass spectrometry (Goldan et al.,
alone. Although discrimination between fragments with the2004) and proton-transfer-reaction mass spectrometry (de
same nominak /z such as those listed in Table 1 is now pos- Gouw et al., 2003), and ozone measurements were obtained
sible with a high resolution time-of-flight AMS (DeCarlo et using a commercial UV absorbance instrument (Thermo En-
al., 2006), several research groups have obtained low resolwironmental Instruments Inc., Model 49C).
tion data with the quadrupole AMS. The question therefore
arises. as to what other information about the aerosol organic The AMS non-refractory mass loadings for organic ma-
material can be extracted from an AMS dataset. One methogy g sulphate, ammonium, and nitrate are shown in Fig. 2
that hag been useq involves multlvarllate !mear regrgsspnsabng with the wind direction during sampling. As previ-
separating the ambient mass spectra into linear combinationgysy reported, the overall submicron aerosol composition
of two (or three) components using/z 44 and 57 (plus 43)  qyring this study was predominantly organic and sulphate
as initial seeds for the deconvolutlon of the ;pectrg_ (Zha”Q(Quinn and Bates, 2003; Bates et al., 2005). The highest
et al., 2005a). Scatter plots of organic peak intensities haV‘?oadings of both sulphate and organic mass occurred when
also been used to compare ambient AMS data with referencg, o \wind direction was from the southwest where the air
spectra (Alfarra et al., 2006). masses had recently come from urban sources. Classification
of the synoptic weather in New England shows that trans-
port from the west, southwest, and south results in hot, hu-
mid conditions (Atlantic Return) and the highest fine parti-
2.1 Samp"ng' ana|ysi3' and data summary cle concentrations (Slater et al., 2002; Keim et al., 2005).
The AMS non-refractory aerosol mass loadings were sig-
The AMS dataset was collected aboard the NOAA researchificantly lower and dominated by organic material when
vessel Ronald H. Brown off the east coast of the Unitedthe winds were from the north where monoterpene emis-
States between 18 July and 10 August 2002 as part ofions were prevalent (see Fig. 1). Low fine particle con-
NEAQS 2002. A map of the ship track is shown in Fig. 1. centrations with more organic carbon relative to sulphate
For this study, many different types of air masses and sourcethan in the southwesterly winds are common in the region
were sampled (e.g., urban from Boston and New York Citywhen the transport is from the northwest, north, and north-
and biogenic from Maine) and therefore a detailed clustereast with cold, dry conditions (Canadian High) (Slater et al.,
analysis was performed to see whether or not specific mas2002; Keim et al., 2005). Hence, grouping the AMS dataset
spectral signatures of the several different types of generaby wind direction is reasonably representative of these two
sources in the bulk mass spectra could be detected. Masseather conditions.

2 Experimental methods
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2.2 Derived guantities: photochemical age and delta analobtain a weighted average when subsequent spectra are in-
ysis cluded. For categories containing a small number of spectra,
the stopping condition is loosened (loose criterion) to allow
In this manuscript we will make use of the photochemical |ess-closely matched spectra to be combined in small cate-
age of an air mass, an isoprene source term, and a delta angjories. At the end of clustering, a final pass is made to en-
ysis of the AMS mass spectra. The photochemical age okure all of the spectra are placed in the appropriate category,
the air masses was determined from the VOCs by examiningyhich reduces the bias of the sequence for combining.
the ratios of toluene to benzene, and the amount of isoprene The PALMS hierarchical clustering algorithm was adapted
from the source was extrapolated from the ratio of methyltg the AMS mass spectra. Spectra obtained during the field
vinyl ketone (MVK) plus methacrolein (MACR) to isoprene stydy from ammonium nitrate calibration particles or that
(see Egs. 1, 2a, and 2b in de Gouw et al., 2005). For the deltgere known to contain contaminants were initially removed,
analysis, eactw/z in the spectrum corresponds to a delta resylting in 12 730 spectra for the cluster analysis. The peaks
value equal tan/z—14n+1 where nis an integer (McLafferty ynown to be dominated by air or by inorganic ioms/¢ 14—
and Turéek, 1993). The delta value of a particutayz pro- 24, 28, 32-34, 36, 39, 40, 47-50, 64-66, 80-83, 98—100)
vides an indication of the functionality, given that hydrocar- \yere excluded and the peaksmatz 29, 30, 38, and 44 were
bons typically differ by a CHl group which is 14 amu, with  corrected for contributions from air using the method of Al-
negative delta values generally indicating unsaturated hydrogn et al. (2004a). Although:/z 38 and 41 can originate
carbons and positive delta values generally indicating oxi-from inorganic species (specifically3fCI* and 43K+, re-
dized hydrocarbons. The intensity-weighted averages of thgpectively), they were not excluded in this analysis. The av-
delta values are then calculated for various ranges of carbograge noise levels as determined by the method described by
number (Bahreini et al., 2005). Allan et al. (2003a) have been subtracted from the peak sig-
nals at eachn/z and any negative values were set to zero.
This was done to give the channels with high noise level and
The hierarchical clustering algorithm that was developed forlo‘.’v signal less vye|ght. Although there_ could pe abias due to
PALMS (Particle Analysis by Laser Mass Spectrometry) datathls procedgre, it would occur mainly in the h|gh’_z_peaks .
(Murphy et al., 2003) is briefly described here. The mostWhere the signals were smgll a.”d doe; not S|gn|f|cantly im-
similar spectra or clusters are sequentially combined until gact the cluster analysis using linear signals. Finally, the to-

stopping condition is met. The algorithm uses the dot produc al signal O_f ea_‘Ch spectrum was normalized to unit intensity.
between mass spectra as the similarity criterion: the mos n the application for the PALMS datasets, a combination of

similar spectra or clusters are assigned the same category altlr&e linear scaled peak intensities and the log scaled raw spec-

their mass spectra are averaged. Mathematically, the toteHl:m vytgs used.  For dtheupr es?ﬂt vlvork, fotr;lly the I|r|1e§1rtpea_k
signal in each spectrum is normalized to unit intensity byIn ensities were used. Using the log ot the signais intensi-

dividing the peak intensities by the square root of the sum oiﬁed the noise level of the high/z peaks and did not con-

the squares of the individual peak intensities and then eacﬁaln useful mformatlon since most of Fhe spectral signal was
spectrum is represented as a vector: in the smaller ion fragments. The diversity (or number of

categories) and the relative occurrence of the categories for
A=[a1, ay, a3, etc] (1) approximately every two hours were calculated by forming
groups of sixty of the 2 min averaged spectra as a function of
time.

2.3 Hierarchical cluster analysis

where a, &, ag, etc. are the normalized peak intensities at
variousm/z. The dot product of two normalized vectous,
andB, is simply:

A-B=a1b1+axby+azbz + etc. 2) 3 Results and discussion

This dot product is the cosine of the angle between the twaB.1 Categorization

vectors: if it is zero the normalized spectra are orthogonal

and if it is one the normalized spectra are identical. In hierar-The AMS mass spectra in this study were from ambient at-
chical clustering, the data are searched for the pair of spectrenospheric aerosols, which are composed of humerous or-
with the highest dot product. Those two spectra are averganic compounds with varying concentrations rather than a
aged and renormalized to produce a category that replacefew individual organic species. Thus, these data did not form
them. Then the dataset, now smaller by one spectrum, iglistinct clusters per se, and the choice of the stopping con-
again searched for the highest dot product, whether it is bedition and the number of resulting categories was arbitrary.
tween two spectra or a spectrum and a category. These afféor our dataset, the 12 730 spectra were first divided into four
averaged and the process is continued until all the remainingubsets by time. To reduce computing time, the clustering al-
dot products are less than a stopping condition (strict crite-gorithm was run separately for each subset with strict criteria
rion). The number of spectra in each category is retained taintil the number of categories was low enough to be easily

Atmos. Chem. Phys., 6, 5649666 2006 www.atmos-chem-phys.net/6/5649/2006/
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Table 2. Criteria used for generating clusters.
Category 1

55 Pass  Strict Loose No. Spectrafor Resulting

Al b ' No.  Criterion Criterion Loose No.
Category 2 Criterion Categories

0.97 0.97 - 4120
0.97 0.97 - 2233
0.97 0.97 - 1715
0.93 0.77 50 48

55

A WN PR

Category 3

55

Category 4

55

m der et al. (2004) also show a strong dominance of Aoyx

peaks whereas around 40% of the total organic signal dur-
ing the ACE-Asia campaign was due to fragments with
W above 50 (Bahreini et al., 2003). The individual spectra are
0 assigned to the category which gives the best match based on
a“ Category 7 the dot product as the similarity criterion. While still meeting
il JAII.. 5|5 o the criterion, the sequence of most intense peaks for individ-
ual category members can deviate from the one of the aver-
Category 10 aged spectrum: 8% of category 1 spectra exhibit the strongest
2|7 ud 55 119 169 signal atm/z 43 instead ofn/z 44 as the average in Fig. 3
il B V7 s Rt e : : : shows; in category 2, 46% of the spectra shay 29 as
5 Category 13 the strongest peak, 31%/z 43, and 19%n/z 44, reflecting
55 the similar intensities ofz/z 29, 43, and 44 in the averaged
R e o spectrum.
4 Category 14 Some of the most abundant peaks can be unambiguously
o J 55 8 119 assigned to specific organic fragments as shown in Table 1.
il a : : Massm /z 44 is a sign of oxidized organic species since it is
50 100 150 due to Cq e.g. from oxo- and dicarboxylic acids as well
m/z as highly oxygenated species (Alfarra, 2004). It is strong
in category 1 (Fig. 3), thus, this category can be considered
Fig. 3. Relative peak intensiti_es (linear arbitrary units) for the top 5 54 highly oxidized. Although they could arise from ammo-
and other prominent categories. nium or sodium nitraten /z 30 and 46 were included in this
analysis since they could also be due toN&hd Nq from
organic nitrates, nitro aromatics, and possibly other organo-
handled in one set for the last pass. The stopping conditiomitrogen or organo-oxygen containing species. Mags30
for the last pass was optimized to yield clusters with differ- is the most abundant peak in category 7 (Fig. 3), the second
ent spectral features as well as distinct time sequences. Thaost abundant peak in category 13, and is common in many
criteria for each pass and the resulting number of categoriesther categories (Table 3). The peaksmat; 69, 119, and
are shown in Table 2. After the categories were established, 469 have been observed in fluorinated hydrocarbon oil from
final pass of all the spectra was performed to ensure that thegnechanical pumps (J. Jimenez and P. Silva, personal com-
were placed in the appropriate categories. We stopped witlnunication). Mass:/z 69 and 169 are the second most and
48 categories — the largest one comprising 9505 of the tothe most abundant ones in categories 10 (with 60 spectra) and
tal of 12 730 spectra, the smallest ones containing one spec4 (with 24 spectra), respectively (Fig. 3).
trum each. Table 3 lists the most prominent peaks in the In many of the categories;/z 57 is typically not a major
top 15 categories and the averaged mass spectra of some impeak. A strong peak at/z 57 along withm /z 55 and other
portant categories are shown in Fig. 3. The top 5 categorietiydrocarbon fragments differing from these two masses in
comprise over 92% of the spectra. The categories mainlysteps of 14 amu due to GHyroups have been found in the
differ in the relative intensity rather than in the presence orAMS spectra from direct emissions of diesel exhaust (Cana-
absence of specific peaks. Most of them are dominated bgaratna et al., 2004) and this distinct pattern has been ob-
peaks withm /z below 50. Thus, the sampled organic aerosol served in urban mass spectra during the morning (Allan et
fraction either consisted of quite small molecules or stronglyal., 2003b; Alfarra et al., 2004; Zhang et al., 2005a,b). Dur-
fragmented in the mass spectrometer. The Aerodyne madsg the NEAQS 2002 study, however, the only time when
spectra collected during the MINOS campaign by Schnei-a relatively highm/z 57 was observed was when the ship’s

Category 5

55

|
=
=g

Relative Peak Intensity
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Table 3. Characteristics of the 15 most abundant categories.

Category No. spectra  Most intenggz (intensities normalized to the largest peglstandard deviation)

1 9505 44 (108:15), 43 (58:16), 29 (44£16), 27 (38:11), 30 (29:11), 41 (25:12), 42 (22£8), 55 (16t£9)
2 1052 29 (108:16), 43 (86£20), 44 (83:22), 27 (55:16), 30 (44:18), 41 (34t17), 42 (2A411), 55 (24:13)
3 513 43 (108:14), 44 (92:16), 27 (39:15), 30 (33:15), 41 (32:18), 42 (26:15), 26 (15:9), 55 (14:11)
4 414 43 (108:11), 44 (4@:18), 27 (3113), 30 (25:12), 29 (23£16), 42 (15:10), 41 (14:12), 55 (12:11)
5 275 41 (108-22), 43 (99:27), 44 (93t31), 27 (6423), 30 (53£23), 29 (51-26), 42 (33:16), 55 (36£20)
6 259 44 (108:22), 27 (7H117), 43 (54:20), 30 (5@:20), 55 (32:19), 42 (25:16), 26 (26:13), 53 (15:12)
7 163 30 (108:-15), 44 (6Q:22), 43 (49:18), 27 (36£13), 29 (36:19), 41 (24:15), 55 (1#11), 42 (1210)
8 137 27 (108:19), 43 (74:22), 44 (62£21), 30 (3A17), 29 (3121), 42 (23t15), 41 (22£17), 26 (1&13)
9 82 29 (106&:16), 44 (49t24), 27 (29:16), 30 (26:13), 43 (23:14), 42 (15:10), 41 (13:12), 26 (13:10)
10 60 44 (10@:23), 69 (92:27), 43 (5@:22), 27 (38:15), 29 (29:17), 30 (25:12), 41 (23:18), 169 (12:20)
11 53 43 (108-20), 27 (78:17), 30 (52:21), 55 (29:22), 31 (22£13), 42 (2115), 41 (2@:18), 26 (18:15)
12 38 55 (106-21), 44 (57-22), 43 (45:18), 29 (32:17), 27 (36:15), 30 (24:11), 42 (15£8), 41 (14:12)
13 25 44 (10@:16), 30 (3&15), 43 (28:17), 53 (13t9), 55 (11:11), 27 (9t8), 31 (8+9), 67 (~8)
14 24 169 (108:20), 44 (66£21), 43 (3@t11), 69 (25:16), 29 (22:17), 27 (21£8), 30 (156), 41 (14+11)
15 15 57 (10&:18), 44 (44:18), 43 (46:16), 30 (25:13), 29 (23t14), 27 (22£6), 41 (26£9), 42 (12+6)
m 29
fulvic acid 43 isoprene + OH
2“? o880 7 Al ||||. RYPR I S
29| 43
29 4 Pittsburgh OOA > isoprene + OH (low NO,)
I||I ll‘l. |5|5 g o |.. “
43 é 29 4544 . .
> o a-pinene + OH o isoprene + OH (high NO,)
g A, |.||.. N 2 (| I -
= S 29 43
K 43 - = 44 MACR + OH (very high NO.)
o 2729 55 a-pinene + O, | 57 x
e LI S
§ 29 29 43
2057 a4 o cP isoprene + NO,
|| - l; x :
43 50 100 150
2 1,3,5-TMB miz
,|||, ,..|I|., UCSNG NSPO A A
44 Fig. 4b. Reference spectra (linear arbitrary units): laboratory gen-
29 ¥ meta-xylene erated spectra of the aerosol oxidation products of isoprene plus
d. .||. hydroxyl radical (OH) (unpublished data from R. Bahreini), iso-
' 5 100 150 prene plus OH with varying levels of nitrogen oxides (N@Kroll

et al., 2006), methacrolein (MACR) plus OH with very high NO
(Kroll et al., 2006), and isoprene plus nitrate radical @Y@Qwork
in progress from S. Murphy). Low NOwas less than 1 ppbv, high
NO, was 400 ppbv, and very high NQvas 800 ppbv.

m/z

Fig. 4a. Reference spectra (linear arbitrary units): laboratory gener-
ated spectra of fulvic acid (Alfarra et al., 2006), Pittsburgh oxidized
organic aerosol (OOA) from a field study (Zhang et al., 2005a),
the aerosol oxidation products efpinene plus OH (Alfarra et al.,
2006) and plus ozone () (Bahreini et al., 2005), cyclopentene exhaust was inadvertently sampled while changing position,
(CP) plus @ (Bahreini et al., 2005), 1,3,5-trimethylbenzene (TMB) and these spectra were removed from the cluster analysis dur-
plus OH (Alfarra et al., 2006), and meta-xylene plus OH (Bahreini ing pre-processing. The lack of fresh organic aerosol spec-
etal,, 2005). tra during this study is consistent with the VOC data which
nearly always exhibited some degree of aging (de Gouw
et al., 2005). The hydrocarbon-like fraction described by

Atmos. Chem. Phys., 6, 5649666 2006 www.atmos-chem-phys.net/6/5649/2006/
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Zhang et al. (2005a) might have been too dilute or highlypinene oxidation with hydroxyl radical (OH) (Alfarra et al.,
processed to yield a specific signal in the mass spectra. Cat@006), especially whem /z 44 is excluded (Fig. 5¢). Hence,
gory 15 with 15 spectra was the only one with strang 57 it could be characteristic of more strongly oxidized products

(Table 3). than present in the reference. Category 4 is extremely similar
to the spectra formed by OH oxidation @fpinene or 1,3,5-
3.2 Comparison with mass spectra trimethylbenzene (TMB) (Alfarra et al., 2006) (Fig. 5d) and

the pattern of the main peaks of category 5 has the highest

Very recently, mass spectra of secondary organic aerosoleesemblance to the one formed durimgpinene ozonolysis
formed from the oxidation of anthropogenic and biogenic experiments (Bahreini et al., 2005) (Fig. 5e). A list of dot
precursors have been measured by different research groupsoducts using all of the peaks and calculated in the same
with the quadrupole AMS (Alfarra et al., 2006; Bahreini et way as for the clustering program is presented in Table 4.
al., 2005). Secondary organic aerosol has also recently beenhese results are similar to those from the linear regression
observed in chamber studies of isoprene oxidation (Kroll etcorrelations: category 1 is closest to the Pittsburgh OOA and
al., 2005, 2006), and AMS mass spectra of these particlesneta-xylene, category 2 is closest to the isoprene plus OH
have been obtained in similar experiments (unpublished datander high NQ conditions and methacrolein (MACR) plus
from R. Bahreini and work in progress from S. Murphy). OH under very high NQ conditions, category 3 is closest
Note that methacrolein (MACR) is an oxidation product of to a-pinene plus OH, category 4 is closesttpinene plus
isoprene. The laboratory spectra are shown in Fig. 4 togetheDH and TMB, and category 5 is closest to batipinene ox-
with reference spectra for fulvic acid (Alfarra et al., 2006) idation products. If the clustering algorithm was used to put
and oxidized urban aerosol derived from a multivariate linearthe reference spectra into categories, OOA and meta-xylene
regression of the aerosol sampled in Pittsburgh in Septembeakould have been placed in category 1, isoprene plus OH un-
2002 (Pittsburgh OOA) (Zhang et al., 2005a). These spectraler high NQ conditions and methacrolein (MACR) plus OH
are compared to the top 5 categories to find similarities andinder very high NQ conditions in category 2, ang-pinene
their correlations are shown in Fig. 5. Since aerosols fromplus OH and TMB would have been placed in category 4. All
different sources may have been sampled at the same time lnf the other reference spectra would not have been placed in
the AMS spectrometer during the field study, the measuredhe top 5 categories when applying the strict criterion.
mass spectra might be dominated by one type of aerosol or In addition to subtle differences in the mass spectra of the
contain a mixture of aerosol types. Because of its abundanckw m /7 peaks from various precursors, the higliz frag-
throughout the whole campaign, category 1 spectral featurements may also exhibit distinct mass spectral patterns. These
are the most likely to be mixed into other categories result-can be analyzed by the ion series or delta analysis technique
ing in a relatively largen/z 44 signal. Furthermore, other which uses the delta value\=m/z-14n+1 (where n is the
peaks in the spectra may form distinct patterns in the absencthominal” number of CH groups), as an indication of the
of m/z44. Therefore, the correlations were carried out with functional groups in the molecule. Bahreini et al. (2005)
and withoutn /z 44. The complete set of peaks used for thesepreviously used this technique to examine the delta patterns
correlations are ak/z 12, 13, 25, 26, 27, 29, 31, 37, 38, 41, of oxidation products from many types of precursors (ter-
42,43, 44, 45, 51, 53, 55, 57, 67, 69, 71, 73, 85, 87, 89, anghenoid, cycloalkene, and meta-xylene). In that study, the
91, which have the most signal intensity. larger carbon fragments (C5-C6 and C7-C15) of secondary

The best correlations of category 1 occur with the spec-organic aerosols from different biogenic (terpenoid) precur-
trum of oxidized organic aerosols obtained in Pittsburgh,sors showed negative delta values which was in sharp con-
which become distinctly better than the ones with meta-trast to the positive ones observed for secondary organic
xylene whernm /z 44 is excluded (Fig. 5a). Therefore, cat- aerosols formed from cycloalkenes and meta-xylene repre-
egory 1 can be considered as highly oxidized. The patternsenting anthropogenic precursors.
observed in categories 2-5 are quite similar to spectra ob- The average delta patterns for the top 5 categories (Fig. 6)
tained from oxidation of mostly biogenic precursors (Alfarra are similar to each other and more similar to those from bio-
et al., 2006; Bahreini et al., 2005; Kroll et al., 2006) and genic precursors than those from anthropogenic precursors,
these particles are less oxidized than whefy 44 domi-  implying that the organic mass of higher/z fragments in
nates the spectrum (Alfarra, 2004). The category 2 specthese categories is biogenic in origin. Note that 23% of the
trum has a large peak ai/z 29, similar signal intensities total organic signal is represented by these peaks. Indeed all
atm/z 43, andm/z 44 and relatively low signal at:/z 41, of the top 15 categories, with the exception of category 14,
m/z 55, andm/z 57 which signifies the prevalence of car- have comparable average delta patterns. The delta pattern of
bonyls (C=0) from either ketones, aldehydes, and carboxyliccategory 5 is nearly identical to that frampinene ozonoly-
acids (McLafferty and Turgek, 1993; Alfarra et al., 2004). sis products (Bahreini et al., 2005) which strongly indicates
This category shows the highest correlation with the iso-that secondary organic aerosol fraipinene ozonolysis was
prene oxidation spectra (Fig. 5b). Category 3 most closelypresent in these spectra. However it must be noted that the
resembles the spectrum observed of aerosols produced by delta patterns for the aerosol products of only one aromatic
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Table 4. Dot products of the reference spectra with the top 5 categories. The bold values indicate the reference spectra that have the highes
dot products for each category spectrum.

Category 1 Category 2 Category 3 Category4 Category 5

Fulvic Acid 0.89 0.69 0.80 0.58 0.70
Pittsburgh OOA 0.96 0.93 0.87 0.79 0.87
Isoprene + OH 0.75 0.91 0.65 0.73 0.73
Isoprene + N@ 0.69 0.87 0.65 0.78 0.71
Isoprene + OH (low N@) 0.76 0.91 0.72 0.84 0.75
Isoprene + OH (high N®) 0.93 0.97 0.86 0.86 0.85
Methacrolein + OH (very high N© 0.88 0.95 0.87 0.92 0.84
a-Pinene + OH 0.90 0.92 0.96 0.98 0.93
a-Pinene +Q 0.80 0.86 0.81 0.83 0.91
CP 0.78 0.85 0.62 0.58 0.75
TMB 0.78 0.84 0.89 0.98 0.82
Meta-xylene 0.95 0.90 0.91 0.85 0.83

anthropogenic precursor compound (meta-xylene) have beeGategory 2 is prevalent on 23-24 July , 3 August, and 5—

investigated (Bahreini et al., 2005). 6 August during wind shifts at the end of the high organic
mass events and is highest on August 5 when categories 3
3.3 Trends with time and wind direction through 5 are altogether absent. During these time periods

the winds are from the southwest (Figs. 2 and 8) and have

To judge whether the categories are related to certain timg@assed over the Boston urban area as well as an isoprene
periods, we investigated them as a function of time (Fig. 7).“hot spot” (Fig. 1a). This further supports the notion of cat-
The top two panels show the organic mass loadings and thegory 2 as being indicative of isoprene oxidation products
diversity of the organic aerosol fraction over the whole mea-which might be mixed together with oxidized urban aerosol
surement period. It can be seen that the diversity — i.e. thes established from the correlations in Fig. 5b. Categories
number of different categories within groups of 60 consec-3 through 5 are most common mainly during two time peri-
utive measurements — is highest at times when the overalbds (24-26 July and 6—7 August ) when the organic mass
mass loading is lowest. Since category 1 comprises 75% ofoading was relatively low and winds are from the north
the spectra, there is a very strong anti-correlation betweerfFigs. 2 and 8). Because northerly winds come from over
the diversity and this category. The high diversity at low Canada with relatively low isoprene and high monoterpene
mass loadings might be to some extent a statistical effectemissions (Fig. 1), the incidence of categories 3 through 5
since for averaging times of 1 min and at low mass loadingssupports the interpretation of these categories as originating
only few particles are responsible for the detected signal at &om monoterpene oxidation products. Although categories
specificm /z channel and the presence of one large particle7 and 13 both have relatively large peaksmtz 30, their
might influence the resulting mass spectrum (Bahreini et al.time trends are different: Category 7 was observed mainly on
2003). Since also at low mass loadings some time periodshree days — 21 July, 3 August, and 7 August — whereas cat-
are strongly dominated by category 1, the diversity can notegory 13 was observed mainly on 7 August, the day with the
be completely explained by counting statistics. The low di- lowest submicron aerosol mass throughout the whole cam-
versity for high mass loadings may indeed be an indicationpaign. Categories 10 and 14 occurred mainly on 10 August
that the air masses are homogeneous and well-mixed. between 03:00 and 16:00 UTC, when the ship was in Chesa-

Category 1 was dominant during almost the whole mea-peake Bay. The ship’s movement during this time did not
surement period, being most abundant at times when the owcreate sufficient relative wind off the bow to sample air away
ganic mass loading was high. Its incidence dropped notablyrom the ship. The clear signature of fluorocarbons in cate-
during three periods: on 23 July, 3 August, and 6 Augustgories 10 and 14 indicates that the AMS sampled mechanical
(Fig. 7). In all three instances, the organic mass loadinggpump exhaust from other sampling equipment on the ship.
were much lower, due to either the passage of cold fronts or Other top 15 categories (6, 8, 9, and 11, not shown in
major wind direction shifts from the southeast to the south-Figs. 3 or 7) were observed most frequently during low mass
west or north in a westerly fashion (Fig. 2). Although the periods when the spectra showed a large variation of compo-
contribution to any wind direction is dominated by category 1 sition as is reflected by the high diversity (Fig. 7b). They
spectra, the relative contribution for category 1 spectra is thecontain between 53 and 259 spectra and exhibit the main
highest when the winds are from the east or south (Fig. 8)peak ain/z 27 (category 8)y/z 29 (category 9), anak /7 43
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Fig. 5. Correlation plots of the peaks (arbitrary units) in the reference spectra (Fig. 4) with the peaks (arbitrary units) in categories 1-5
(Fig. 3). Note only the reference spectra with the highest correlation coefficients are shown. The correlation coefficients in parentheses are
for correlations withoutn /z 44 (points in the box).

(category 11), indicating a low degree of oxidation at thesepling period as well as the average relative occurrence of
low mass periods. The exception is category 6 which has dahe top 5 categories are shown in Fig. 9. Although spec-
large peak ain/z 44. Category 11 with hardly any signal at tra were averaged that were collected at different locations
m/z 44 was only present when the organic mass was belovand under varying weather conditions, it still allows for sum-

4 pglmd. marizing general trends: The particulate organic matter ex-
. . hibits the highest values from 14:00 to 18:00 UTC (10:00
3.4 Diurnal and photochemical age trends to 14:00 local time) when the solar radiation was at a maxi-

mum during the afternoon. This is consistent with secondary

The diurnal cycles of the total organic mass loading, 0zoNne ,anic aerosol formation by gas-to-particle conversion that
and the shortwave radiation averaged over the whole sam-
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mum. Therefore, gas-to-particle conversion may only partly £
explain the diurnal cycle of category 1, indicating that further ~ $ 10 A/w\.r« /\ML [
processing might take place within the particles. Another ¢ o Cats
possibility is the change in composition to more oxidized £ 10
particles from the free troposphere as the nocturnal bound- :3 5 ML/\M V\M \L A M
ary layer collapses. The diurnal pattern of ozone is similar © 4 A il An MA /
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has a significant drop in frequency during midday (14:00to 12 Cat 10

19:00 UTC or 10:00 to 15:00 local time), whereas the fre- 5,

guency of category 1 spectra increases during this time pe- 3 s

riod. Category 5 is not abundant at high solar irradiance and © o A o LA At c “t13

typically peaks in the morning. g : °
Figure 10 shows the relative occurrence of the top five cat- 5 ¢

egories versus the photochemical age of their air masses. The S f) | \ ﬁl 1

fraction of spectra placed in category 1 increased with age g 8 Cat 14

and there is a decreasing trend for category 2 spectra. Since o j

category 1 has a significant peakrafz 44, this could in- g 2 \

dicate processing of the organic material detected in cate- ‘july18 July 25 August 1 August 8

gory 2 spectra to form more oxidized organic material. Al- 00:00 00:00 00:00 00:00

ternatively, the increase in relative occurrence of category Date and Time (UTC)

1 spectra may be due to condensation of oxidized material

from a different source. It must be noted that the sampled™ig- 7. Time series of the aerosol organic mass loadiay the

air masses probably originated from or passed over differenfliversity (b), and the relative occurrence (%) of the top 5 and other
source regions (Fig. 8), so the relative contribution of eachProminent categories.

category as a function of photochemical age is not necessar-

ily indicative of changes to the aerosol composition as ur-

ban air ages. However, categories 1 and 2 tend to both bare broad, yet tend to be relatively more important in younger
abundant when winds are from the direction of major urbanair masses. Since the photochemical age is determined from
areas. Furthermore, the relative peak intensity &t 44 in- anthropogenic VOCs originating from source regions in the
creased over time in chamber studies of secondary organiaest or southwest, only a weak correspondence with the de-
aerosol formation (Alfarra et al., 2006), which is indicative gree of oxidation for categories 3-5, which mainly occur dur-
of further oxidation during aging and consistent with the field ing times with northerly winds, can be expected. The low
data. The distributions shown in Fig. 10 for categories 3-5correlation with photochemical age in Fig. 10 is therefore
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Fig. 9. Relative occurrence of particulate organic matter (top panel

in green), ozone (top panel in red), and shortwave radiation (topFig. 11. Organic aerosol mass, isopropyl nitrate (a secondary an-

panel in black) for a mean day averaged over the whole samplinghropogenic volatile organic compound or VOC), ozone (from both

period. Relative occurrence for categories 1 through 5 as a functioiogenic and anthropogenic hydrocarbons), isoprene source (from

of time of day (bottom panel). de Gouw et al., 2005) and monoterpenes (biogenic VOCs), and the
relative occurrence of categories 1 through 5 when the ship was
sailing off the coast of Maine.

consistent with the particulate organic matter in categories

3-5 being comprised of only minor contributions from an-

thropogenic precursors that have been oxidized during transthe region was a Canadian High, characterized by northerly

port and aging. or northwesterly winds from over Canada (Keim et al.,
2005) with relatively high monoterpene emissions, moderate

3.5 Correlations of categories 1-5 with gas phase speciesisoprene emissions, and low anthropogenic emissions (see
Fig. 1). Biogenic organic aerosols were previously reported

The occurrence of categories 1 through 5 is shown as a functo be present during these conditions (Slater et al., 2002).

tion of time in Fig. 11 for 25-26 July , the time period when Also shown are the organic mass loadings as well as the

winds were from the north and the ship was sailing off the concentrations of ozone and selected volatile organic com-

coast of Maine (detailed ship track and wind directions for pounds (VOCSs): isopropyl nitrate, isoprene from the source,

this time period are given in Fig. 13a of de Gouw et al., and the sum of all the monoterpenes. As discussed by de

2005). At this time, the synoptic climate classification for Gouw et al. (2005) and shown in the top panel of Fig. 11,
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the organic mass during this study is correlated with a secilevels of primary anthropogenic contributions are confirmed
ondary anthropogenic species (isopropy! nitrate), despite théy the toluene gas phase concentration (shown in Fig. 5a of
relatively high concentrations of isoprene and monoterpenesde Gouw et al., 2003) which was less than 0.2 ppbv prior to
For this time period, category 1 exhibits a distinct correla- 12:00 UTC and further declined when category 1 started to
tion with ozone. Indeed, 93% of the spectra when ozonerise at 12:00 UTC. The correlations between the various bio-
concentrations are above 75ppbv are placed in category fjenic gas phase species and categories 2-5 are strong during
and 6% are placed in category 2. This is consistent withthe time period depicted in Fig. 11 when the anthropogenic
the relative contribution of:/z 44 to the total organic mass VOC concentrations were relatively low (iso-propyl nitrate
correlating with the fraction of calculated mass correspond-<6 pptv and toluene<0.2 ppbv compared with plume val-
ing to secondary anthropogenic processes (de Gouw et alyes that are 5 times higher, see de Gouw et al., 2003, 2005).
2005), which refer to reactions involving either biogenic or These trends (especially those with isoprene) are not as clear
anthropogenic VOCs with secondary anthropogenic oxidantsn other air masses due to the increased abundance of cate-
(ozone or nitrate radical) or with hydroxyl radical in the gory 1 spectra as well as anthropogenic VOCs.

presence of high nitrogen oxide concentrations. Although The findings shown here indicate that some of the organic
the concentrations of monoterpenes and isoprene (shown imaterial originated from biogenic species that may have been
Fig. 5b of de Gouw et al., 2003) declined during the morn- oxidized in the presence of anthropogenic pollution via ei-
ing on 25 July (1000 to 14:00 UTC or 6:00 to 12:00 local ther ozone, hydroxyl radicals, or nitrate radicals in the pres-
time), the isoprene source concentrations remained high foence of nitrogen oxides. Categories 2-5 appear to be char-
several hours, characteristic of an increased loss rate of thacteristic of biogenic secondary organic aerosols (Figs. 5
monoterpenes and isoprene from photochemistry as the asind 6) and their occurrence is correlated with biogenic gas
passed over the water to the ship rather than decreasing emiphase species (Fig. 11). Categories 2-5 are not as oxidized
sions or a change of air mass, as can be seen from Fig. 13#s category 1 spectra (Fig. 3) and they decrease in occur-
of de Gouw et al. (2005) showing the ship track and wind rence during the middle of the day when category 1 was
direction during this sampling period. Category 4 and to aprominent (Fig. 9). The lack of correlation for category 1
lesser degree categories 3 and 5 correlate with the monotewith biogenic species does not preclude its organic material
penes, which is consistent with their spectral similarities withfrom being biogenic. Indeed, during 23 July from 15:30 to
a-pinene oxidation products as shown in Fig. 5. Whereas18:00 UTC (11:30 to 14:00 local time) when 60-70% of the
the rise of category 3 is simultaneous with the rise of theozone is attributed to biogenic hydrocarbons as determined
monoterpenes, its decline is delayed, which might be indicafrom the peroxycarboxylic nitric anhydrides (Williams et al.,
tive of category 3 consisting of more oxidized, longer-lived 1997; Marchewka et al., 2006), 75% of the AMS spectra are
monoterpene oxidation products that become relatively moreplaced in category 1 and 25% are placed in category 2. On
abundant than category 4 and 5 species with increasing exhe basis of the evidence gathered in this study — comparison
posure to sunlight. Category 2 correlates better with the isowith reference spectra, delta analysis, incidence as a func-
prene source concentrations, corroborating its characterizaion of wind direction, and correlation with gas phase species
tion as isoprene oxidation products. Note that the isoprene- category 1 cannot be conclusively assigned to either bio-
source term is determined from the first generation oxidationgenic or anthropogenic particulate organic matter. Rather, it
products (methacrolein and methyl vinyl ketone). Including might contain anthropogenic and biogenic contributions that
the second generation products as well as the first generare not distinguished with the stopping condition used in the
tion monoterpene products (such as pinonaldehyde) mightluster analysis. Aerosol processing leading to similar ox-
show other trends. Shipboard measurements from 10:00 t@lation products for anthropogenic and biogenic precursors
15:00 UTC indicate that the surface winds were from theor strong fragmentation in the mass spectrometer might be
same direction after sunrise, the wind speeds were approxeasons for high spectral similarities between anthropogenic
imately 5 knots, the ship moved much more slowly, and itsand biogenic oxidation products. A high biogenic contribu-
track roughly paralleled the coast where the emissions wergion to category 1 would be in accordance with radiocarbon
relatively constant. Hence, the time since emission for themeasurements which show that modern carbon (rather than
air mass sampled from 10:00 to 15:00 UTC was approxi-carbon from fossil fuel) is prevalent in atmospheric aerosols
mately 6 h. Therefore, the air sampled had left the coast durin a variety of urban areas in the U. S. (Klinedinst and Currie,
ing the night and was exposed to increasing levels of sunlightt999; Lemire et al., 2002; Lewis et al., 2004; E. Edgerton,
as the day progressed. Considering the quite constant wingersonal communication) and around the world (Shibata et
direction, the increase of the organic mass and the rise oél., 2004; Szidat et al., 2004).

category 1 at 12:00 UTC are rather due to enhanced gas-

to-particle conversion with the onset of solar illumination 3.6 Calculated biogenic organic mass from categories 2-5
than with a change of air mass source region, implying that

from 12:00 to 15:00 UTC the particulate organic mass rep-Assuming all of the organic mass in categories 2-5 is due to
resented by category 1 could have biogenic sources. Minobiogenic species, the amount of biogenic organic mass can
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be calculated by an hourly average of the mass in those cate-

gories. On an hourly basis the total organic mass from Specrijg 13, A scatter plot of biogenic mass calculated from the AMS

tra in categories 2-5 was divided by the total organic massjata (black trace in Fig. 12) versus that from the gas parameteriza-
in all categories (the fraction of organic mass in categoriesion (yellow trace in Fig. 12, de Gouw et al., 2005).

2-5) and multiplied by the average organic mass. The cal-

culated biogenic mass from the spectra is shown in Fig. 12

along with the biogenic mass determined from the fractiontion from the gas phase parameterization and the isoprene
of organic mass attributed to biogenic processes based ogource concentration) and the monoterpene concentrations
the isoprene source concentrations (de Gouw et al., 2005)were averaged to the AMS hourly average times. The cor-
The agreement in the calculated biogenic mass is quite googelation of all the data is quite weak (slope=0.7%40.33).

for the second part of the study and during high mass loadThe time period depicted in Fig. 11 is represented by the
ing periods. During the time period off the coast of Maine, high monoterpene data (yellow points) above the 1:1 line,
the biogenic mass from the categories is significantly higherwhere the AMS calculation is larger than the gas parameter-
than that from the gas phase parameterization likely becausiation. This is because the gas parameterization does not
monoterpenes were not included. Because category 1 is thigclude monoterpene compounds whereas the AMS calcula-
most abundant category during the campaign, an accuratgon apparently does. Data where the isoprene source con-
quantification of the contribution of biogenic species to the centrations are low may indicate either low original biogenic
organic aerosol mass strongly depends on the estimated bi@missions or aged biogenic airmasses that have lost MVK
genic contribution to category 1. If it was significant, the and MACR in addition to isoprene. The data with high iso-
biogenic mass loadings shown in Fig. 12 would be a lowerprene source concentrationsQ.5 ppbv) and low monoter-
limit. On the other hand, a part of the mass especially in catpene concentrations<0.08 ppbv) do appear to correlate bet-
egory 2 but also in categories 3-5 might be anthropogenicter (slope=0.78,%=0.55). A slope less than 1 may be an in-
The assumption that the mass in categories 2-5 is totally bioelication that there is some biogenic contribution to category
genic might therefore lead to an overestimate of the biogenid that is not included in the AMS biogenic mass calculation.
organic mass at times when these categories are abundamfiost of the highest biogenic mass calculationsgt(1g/m3)

With this in mind, the contribution of biogenic species to are comparable with the two methods whereas the lowest bio-
the total organic mass by categories 2-5 alone averaged 17%enic mass calculations differ by less thangtm®. Further-

for the entire study and 10% (ranging from 0-50%) whenmore, the highest “biogenic” mass concentrations occurred
the total organic mass was more thargdm?®. These val-  for isoprene rather than monoterpene biogenic species.

ues are comparable to 12% of the organic mass being at-

tributed to biogenic sources for the whole dataset by the gas.7 Categories with a large peakmatz 30

phase method (de Gouw et al., 2005). A scatter plot of bio-

genic mass calculated from the AMS data versus that fromMass spectrometer signals:ayz 30 and 46 can arise from
the gas parameterization is shown in Fig. 13. In order tomany species, yet the most prevalent in atmospheric submi-
make this plot, the gas phase data (biogenic mass calcularon particles are ammonium nitrate and organic nitrate. In
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5 are large concentrations of NQvhich can form HNQ and
. ] e c— | organic nitrates (Brown et al., 2004). In contrast, the cate-
| Category 13 gory 13 spectra are observed throughout the day (top panel
of Fig. 14). Although there are less data points to consider,
2 _U_HL,_ = the category 7 spectra have a strong decreasing trend with
; _r'_‘_ photochemical age (bottom panel of Fig. 14) compared to the
spectra in categories 1-5 (Fig. 10). Furthermore, category 7
000 o000 o o 0000 spectra represent over 30% of the freshest air masses sam-
Time of Day (UTC) pled (ages:4 h). There are only 5 spectra from category 13
20 with corresponding gas phase data for calculating their pho-
o tochemical ages; yet they are present in older air masses than
— Colegory 13 the spectra in category 7. Thus, the relative contributions of
10 aerosol “nitrate” atn/z 30 and oxidized organic material at
m/z 44 in these categories appear to be attributable to differ-
b
10 20 30

Relative Occurrence (%)

Relative Occurrence (%)

ences in photochemical ages of the air masses sampled, with
the older air masses (category 13 as well as all the top 5 cat-
0 © egories) containing more oxidized organic material than the
Photochemical Age (hrs) younger air masses (category 7).
The category 7 spectra appeared when both the AMS and
Fig. 14. Relative occurrence for categories 7 and 13 as a functionPILS instruments detected significant nitrate levels, the sub-
of time of day (top panel) and photochemical age (bottom panel). micron sodium mass was less than @gm?, and the or-
ganic mass was less tharug/m>®. For these spectra, the
sulphate mass was always less thangdm® and there was
the NEAQS 2002 study, the average mole ratio of ammo-generally more ammonium than predicted if the sulphate was
nium to sulphate was 1.7 from the AMS data and 1.5 fromcompletely neutralized. Consequently, the spectra in cate-
the PILS data, which indicates that on average not all ofgory 7 are likely from particles containing ammonium ni-
the sulphate was completely neutralized with ammonium.trate.
Since sulphate needs to be neutralized in order for signifi- The organic mass was less thang/m® and the sulphate
cant amounts of ammonium nitrate to form, it is not surpris- mass was nearly always less tha,mgym?’ when category 13
ing that the average nitrate levels for the entire study werespectra were present. For these spectra, the ammonium mass
low (Quinn and Bates, 2003; Brown et al., 2004; Bates et al.was below the detection limit (0Zg/m3), so the degree of
2005). Massn/z 30 could also arise from sodium nitrate sulphate neutralization could not be determined. Hence, the
formed in the atmosphere by reactions of nitrogen oxidessource of the signal at/z30 in the category 13 spectra is
with sea salt (e.g., Beichert and Finlayson-Pitts, 1996; Nobleynclear.
and Prather, 1997). Sodium nitrate has been detected in at- |n addition to being in categories 7 and 13,/z 30 is
mospheric particles with an AMS operating at 88) which  present at lower levels in the other top 15 categories (Ta-
is a fairly high vaporization temperature necessary to detecple 3). Yet on average the sulphate in these particles was
sea salt (Allan et al., 2004b). Indeed, sodium nitrate wasslightly acidic and ammonium nitrate did not usually form.
present during short periods of the NEAQS study when sub-The AMS nitrate did not correlate well overall with the PILS
micron sodium and nitrate were detected by the PILS instrumitrate, probably because the PILS detected soluble nitrate
ment. However, the vaporization temperature of the AMS (from ammonium and sodium nitrate) and the AMS detected
during NEAQS 2002 was 53C (too low to efficiently va-  volatile nitrate (from ammonium and organic nitrate). The
porize sodium nitrate) and AMS nitrate concentrations wereratios ofm /z 30 tom /z 46 for the NEAQS 2002 data are typ-
typically low during time periods when submicron sodium jcally greater than 5, which is larger than the ratio from lab-
nitrate was present. oratory calibrations of ammonium nitrate particles (around
Both categories 7 and 13 contain large peaks: At 30: 2). Ratios larger than 4 for these peaks have also been ob-
in category 7 it is the dominant peak whereas it is the secserved in oxidation studies where ammonium nitrate was
ond most common peak after/z 44 in category 13 (Fig. 3). not present (Alfarra et al., 2006; Bahreini et al., 2005). In
The two categories are quite similar and their dot productfact, the reference spectra from isoprene and methacrolein
is 0.76; without m/z 44 their dot product is 0.82. Category oxidation products (Fig. 4b) have/z 30 with an intensity
7 is mainly observed between 03:00 and 17:00 UTC (23:00that is similar to typical values in the top five categories
and 13:00 local time), with a significant peak between 10:00(Fig. 3) and son/z 30 could have organic contributions or
and 12:00 UTC (top panel of Fig. 14). At this time (6:00 perhaps nitric acid was produced in the smog chamber stud-
to 8:00 local), NQ and NOs are depleted, HN®is at a  ies. Thereforem/z 30 in many of the NEAQS 2002 spectra
morning minimum, OH is beginning to increase, and therecould be due to organic nitrate (if relatively more N@han
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NO}r is formed compared to ammonium nitrate), an oxy- tive importance ofn/z 44 affects the placement of ensemble
genated organic fragment (GB™), and/or an amine frag- spectra in different clusters. Nevertheless, cluster analysis
ment (CHNT). Unless a high resolution mass spectrometerhas been useful in this application for separating out various
is used to separate these isomers At 30 (such as described spectral features that tended to be indicative of the air masses
by DeCarlo et al., 2006), the identification of the species con-sampled.
tributing to this peak remains ambiguous.
3.9 Comparison of hierarchical clustering with other data
3.8 Comparison of cluster analysis with single particle or analysis methods
ensemble data
Many mass spectra in the analyzed AMS dataset were very

While the method of generating clusters of mass spectra witluniform with a strong peak at/z 44 as the main feature.
single particle data or with ensemble data is similar, the prin-The remaining spectra exhibited considerable variation of
ciple goals of cluster analysis with these two types of data argpectral characteristics that seemed to be specific for differ-
different. From single particle data, the results of the clusterent sources or aging processes. In a principal component
analysis are indicators of mixing state of individual particles. analysis, such minor numbers of mass spectra could easily
For example, spectra from individual particles measured inbe missed, since this method is designed to capture the main
the stratosphere formed major clusters composed of primarvariances of a dataset. Moreover, a principal component
ily sulphate. Some were observed to also contain meteoritianalysis per se is not able to extract characteristic spectra but
material and trends in these particles were used to determingroduces factors that are not directly comparable with refer-
their source and approximate residence time (Murphy et al.ence spectra. An alternative way of analyzing AMS data is
1998). In the troposphere, a wider variety of distinct par- their deconvolution based on mass spectral tracers as demon-
ticle types have been detected (e.g., Sullivan et al., 2006strated by Zhang et al. (2005a). This method must anticipate
Pekney et al., 2006; Ondov et al., 2006). However, most parthe relevant peaks and might become inconvenient if a high
ticles in the troposphere are composed of internally-mixednumber of tracers were required. In contrast to this tech-
sulphate/carbonaceous material (Murphy et al., 2006). Thesgique, the cluster analysis neither needs a preselection of rel-
particles are formed by coagulation, gas-to-particle partition-evant peaks nor any additional information such as gas phase
ing, and particle-to-particle repartitioning (Marcolli et al., concentrations of correlated species or wind directions. The
2004) rather than co-emission since sulphate and organic pause of the dot product as a similarity criterion for clustering
ticulate material do not originate from the same source. implies that the most intense peaks primarily determine the

In contrast, cluster analysis of ensemble data cannot infecategorization and are therefore the common features of all
the mixing state of individual particles; spectral signatures ofspectra in a category. In the investigated dataset, peaks with
groups of particles can be used to infer “mixing state” of air m/z below 50 dominate the organic mass signals. Since they
masses. In this study, most of the organic material in the aifare fragments of larger molecules and indicative of functional
masses sampled had similar spectra features and, when corgroups, they cannot be used to identify the presence of spe-
bined with the gas-phase data, implied that aged air massasfic organic molecules. Nevertheless, clustering based on
may be homogeneous. Furthermore, the AMS data are quarthese lown /z peaks was able to extract categories that match
titative, thus providing an estimate of the biogenic organicwell the mass spectral signatures of monoterpene and iso-
mass based on spectra clusters. prene oxidation products and identify spectra with contami-

For both types of data sets, the relative occur-nants. Thus, the clusters derived from the hierarchical cluster
rence/frequency of various clusters must be weighted withanalysis can be employed to facilitate the further analysis of
the mass or number concentration to determine their relative dataset, either by comparing with other measurements and
importance. In this study, the largest classification of specsource identification or inspecting the representative spectra
tra (category 1) comprised 75% of the spectra sampled andf each cluster and comparing with reference spectra. This
represented a larger fraction of the organic mass (82%). Withechnique may also be useful in probing the 'partly oxidised’
the laser-based single particle instrumentation, quantificationmass spectra, frequently observed by the AMS when sam-
is difficult to achieve mainly due to irregular ionization ef- pling regional emissions, that conform to neither the model
ficiencies. Strides in single particle quantification may be “hydrocarbon-like” or “oxidized” organic aerosol defined by
possible with the new high-resolution, time-of-flight AMS Zhang et al. (2005a).
instruments (DeCarlo et al., 2006; Canagaratna et al., 2006). In the present dataset, 75% of the spectra are assigned to

Cluster analysis works best on data sets with distinct fea-one category without any further discrimination. To retrieve
tures, affecting the results from single particle and ensembledditional information regarding the behaviour within cate-
data. Those with a continuum can place spectra in differengory 1, the cluster analysis could be repeated with a stricter
classes yet the variations may be due to differences in relativetopping condition leading to more categories. Repeating
peak intensities rather than purely different particle composithe cluster analysis with a whole set of stopping conditions
tions (Middlebrook et al., 2003). Here we found that the rela- might indeed be beneficial to elaborate specific features of
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the dataset. A prior knowledge of air mass history or possibleThis study demonstrates that hierarchical clustering is a use-
reference spectra might help to optimize the stopping con4ul tool to analyze the complex patterns of the organic peaks
dition and thus increase the relevance and specificity of then bulk aerosol mass spectra from a field study.

categories. Alternatively, a dataset could be clustered around
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