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Abstract

During the CalNex study (15 May to 16 June 2010) a large suite of instruments was op-
erated at the Los Angeles area ground supersite to characterize the sources and atmo-
spheric processing of atmospheric pollution. The thermal-desorption proton-transfer-
reaction mass-spectrometer (TD-PTR-MS) was deployed to an urban area for the first5

time and detected 691 organic ions in aerosol samples, the mean total concentration of
which was estimated as 3.3 µgm−3. Based on comparison to total organic aerosol (OA)
measurements, we estimate that approximately 50 % of the OA mass at this site was
directly measured by the TD-PTR-MS. Based on correlations with aerosol mass spec-
trometer (AMS) OA components, the ions were grouped to represent hydrocarbon-like10

OA (HOA), local OA (LOA), semi-volatile oxygenated OA (SV-OOA), and low volatil-
ity oxygenated OA (LV-OOA). Mass spectra and thermograms of the ion groups are
mostly consistent with the assumed sources and/or photochemical origin of the OA
components. The mass spectra of ions representing the primary components HOA
and LOA included the highest m/z, consistent with their higher resistance to thermal15

decomposition, and they were volatilized at lower temperatures. Photochemical ageing
weakens C-C bond strengths (also resulting in chemical fragmentation), and produces
species of lower volatility (through the addition of functional groups). Accordingly the
mass spectra of ions representing the oxidized OA components (SV-OOA, and LV-
OOA) lack the highest masses and they are volatilized at higher temperatures. Chem-20

ical parameters like mean carbon number (nC), mean carbon oxidation state (OSC),
and the atomic ratios O/C and H/C of the ion groups are consistent with the expected
sources and photochemical processing of the aerosol components. Our data suggest
that chemical fragmentation gains importance over functionalization as photochemical
age of OA increases. Surprisingly, the photochemical age of OA decreases during the25

daytime hours, demonstrating the importance of rapid production of new (photochemi-
cally young) SV-OOA during daytime. The PTR detects higher organic N concentrations
than the AMS, the reasons for which are not well understood and cannot be explained
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by known artifacts related to PTR or the AMS. The median atomic N/C ratio (6.4 %) of
the ion group representing LV-OOA is a factor 2 higher than N/C of any other ion group.
This suggests a multiphase chemical source involving ammonium ions is contributing
to LV-OOA.

1 Introduction5

While the radiative forcing from greenhouse gases is reasonably understood and con-
strained, there are still major difficulties in quantifying the radiative forcing from aerosols
(IPCC, 2007). A consequence of this shortcoming is the rather large range of possible
climate sensitivities, which has been shown to hamper the accuracy of future climate
projections (Andreae et al., 2007). Both the sources of aerosols and their climate ef-10

fects are subject to major uncertainties. Goldstein and Galbally (2007) were the first to
challenge low bottom-up estimates of the global source of secondary organic aerosols
(SOA). Recent estimates of SOA formation still cover a wide range of 60–240 Tgyr−1

and it is equally uncertain what fraction of this should be attributed to natural vs. anthro-
pogenic processes (Hallquist et al., 2009; Spracklen et al., 2011; Heald et al., 2011).15

This is especially uncertain when pollution (e.g. ozone, NOx, SO2, or NO3) leads to
enhanced SOA formation from biogenic volatile organic compounds (VOC).

Chemical reactions of organic precursor species in the gas or condensed phases
lead to SOA formation. Semivolatile and/or low volatility compounds are produced by
photooxidation of biogenic or anthropogenic precursors. The precursor compounds are20

mostly hydrocarbons (isoprene, monoterpenes, aromatics, alkanes) and to a lesser
extent oxygenated hydrocarbons (e.g. Guenther et al., 2006; Jakober et al., 2008;
Dzepina et al., 2009) to which functional groups (e.g. carbonyl, alcohol, nitrate, acid
and others) are added, which decreases their saturation vapor pressure and increases
their tendency to partition to the particle phase (e.g. Pankow and Asher, 2008). On the25

other hand, gas phase chemistry can also result in fragmentation (C-C bond cleavage)
that breaks carbon chains producing smaller molecules with higher vapor pressures
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(Kroll et al., 2011). In order to model gas-phase SOA formation the total organic mass
in the atmosphere can be classified into saturation vapor pressure bins and their distri-
bution between gas and aerosol phases is calculated according to absorptive partition-
ing (Donahue et al., 2006). This concept along with previously neglected precursors
has been implemented in large atmospheric chemistry models and thus improved their5

skills in computing atmospheric evolution of organic aerosols (Hodzic et al., 2010),
however, difficulties in properly modeling OA for the right reasons still remain.

Heterogeneous and multiphase processes in particles and cloud droplets are not
yet properly represented in most atmospheric chemistry models despite mounting ev-
idence that they may represent a significant pathway to SOA formation (Ervens et al.,10

2012). Evidence for oligomerization in particles was found several years ago (Kalberer
et al., 2004). Small molecules such as glyoxal with several functional groups have been
shown to rapidly produce secondary organic aerosol and thus must be very reactive
when dissolved in the water phase of a particle (Volkamer et al., 2007). The heteroge-
neous formation of organosulfates from the originally inorganic pool of acidic sulphate15

has recently received attention (Surratt et al., 2008). In the same way organic nitro-
gen compounds in particles may be produced by chemistry of ammonium with organic
compounds (Galloway et al., 2009). Although this nitrogen driven pathway of SOA for-
mation is currently poorly constrained, multiphase chemistry involving ammonium may
be of similar importance as organic nitrate partitioning into the particle phase, which20

has been shown to dominate nighttime SOA formation at some locations (Rollins et al.,
2012).

During the past decade the wide application of Aerodyne aerosol mass spectrom-
eters (AMS, Jayne et al., 2000) has led to progress on several atmospheric aerosol
research questions, and these instruments are now commonly used in scientific field25

campaigns focusing on air pollution and atmospheric chemistry. AMS can quantify
highly time resolved concentrations of sulphate, nitrate, ammonium, organics, and chlo-
ride in non-refractory aerosol below one micron diameter (PM1). In the AMS the aerosol
constituents are evaporated at high temperatures of 600 ◦C under high vacuum and
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subsequently ionized by means of electron ionization. Detailed chemical analysis is
limited because both these processes produce a high degree of thermal decompo-
sition and ion fragmentation. This deficiency is partly overcome by applying positive
matrix factorization (PMF) to the measured mass spectra (Paatero and Tapper, 1994;
Ulbrich et al., 2009), but information about the molecular constituents of aerosol cannot5

be recovered.
In this study we exploit the data from a relatively new instrument, the thermal-

desorption proton-transfer-reaction mass-spectrometer (Holzinger et al., 2010a), which
was operated next to an AMS during the CalNex campaign (Ryerson et al., 2013) in
summer 2010 at the Pasadena ground site in the Los Angeles area of California. The10

TD-PTR-MS uses relatively soft proton-transfer reactions for ionization and lower tem-
peratures for evaporation of aerosol constituents. Thus much more organic chemical
information is preserved relative to the AMS. We focus on the comparison of AMS
and TD-PTR-MS and our results illustrate the potential of TD-PTR-MS for elucidating
different chemical pathways of aerosol formation.15

2 Experimental

2.1 The CalNex 2010 campaign

In the framework of the California Research at the Nexus of Air Quality and Cli-
mate Change (CalNex) 2010 project, a field site was operated on the campus of
the California Institute of Technology (Caltech) in Pasadena (34.1408◦ N, 118.1223◦ W,20

230 m a.s.l), approximately 18 km northeast of downtown Los Angeles. Measurements
were made from 15 May through 16 June 2010. More than 40 groups operated instru-
ments at the site to characterize VOCs, semivolatile compounds, aerosol constituents,
and additional gas phase species. Most instruments were operated in air conditioned
containers which were grouped around two 10 m scaffolding towers onto which gas and25
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aerosol inlets were mounted. An overview of the campaign including instrumentation
at the ground sites and on mobile platforms is provided by Ryerson et al. (2013).

2.2 The TD-PTR-MS instrument

The TD-PTR-MS has been described by Holzinger et al. (2010a) and is referred to
as “PTR” hereafter. For the measurements described here we used an instrument5

with a high mass resolution time-of-flight mass-spectrometer (H-TOF, Tofwerk AG) and
a dual aerosol inlet which was operated as described in Holzinger et al. (2010b). The
setup is shown in Fig. 1a. Briefly, ambient air is humidified and particles in the 0.07–
2 µm size range are collected by impaction on a Collection-Thermal-Desorption (CTD)
cell. Aerosol compounds are thermally released from the CTD-cell by ramping the tem-10

perature up to 350 ◦C in seven steps of 50 ◦C. Every temperature step is completed
in three minutes and consists of a ramp and a dwell period of approximately 2 and
1 min, respectively. A nitrogen carrier gas is used to transport desorbed aerosol com-
pounds through heated transfer lines (200 ◦C) from the CTD cell to the detector, which
is a commercial PTR-TOF-MS 8000 (Ionicon Inc. Austria). Figure 1b shows example15

timelines of the total product ion signal and m/z 59.049 over a full measurement cycle
including gas phase and aerosol background measurements. As an organic species
of m/z 59.049 is very unlikely to have been present in the aerosol, its signal is due to
contamination from the gas phase, thermal decomposition of sampled aerosols on the
CTD-cell, and/or fragmentation in the PTR during the process of ionization. The tem-20

perature steps of the CTD cell can be seen very clearly as sharp peaks in the mixing
ratio (Fig. 1b), which decrease after the bulk of the material is volatilized at a temper-
ature level. In this manner volatility information (i.e. thermograms) is obtained for each
observed aerosol ion. Note that aerosol signals such as shown in Fig. 1b are gen-
erally much higher than gas phase signals. This is due to amplification by sampling:25

aerosols of 250–400 L air are collected on the CTD-cell and desorbed into a flow of
7 mL min−1 (standard conditions), i.e. less than 0.15 L during a full analysis of (21 min)
of the aerosol sample.
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Specific conditions during field operation were as follows: E/N= 1.3×10−19

V m2 molec−1 (i.e. 130 Townsend units) to ensure ionization only by H3O+, tempera-
ture of the drift tube, Td = 120 ◦C, typical primary ion signal 5×105 counts per second,
and a mass resolution of m/∆m ≈4000 (∆m is full width at half maximum).

2.3 Operation in the field5

At the Pasadena ground site, the PTR system was located in an air conditioned lab-
container next to a 10 m scaffolding tower. Aerosols were sampled from the top of the
scaffolding tower through a 12 m long copper line (ID=6.5 mm). Coarse particles were
removed by a PM2.5 cyclone (10 Lpm, URG-2000-30EN, URG Corporation, Chapel
Hill, USA). The gas phase inlet was located next to the aerosol inlet and consisted of10

a 12 m PEEK tubing (ID= 1 mm) of which the first 10 m were heated to a temperature of
150 ◦C. The flow through the gas inlet was maintained at 50 mLmin−1(∼12 s residence
times) and the PTR sub-sampled from this flow at a rate of 7 mL min−1 (standard con-
ditions). The gas inlet was operated without a particle filter, so a significant fraction of
aerosol mass was likely evaporated (e.g. Huffman et al., 2009).15

The operation of the system was fully automated and followed a fixed scheme which
can be seen by the green, red, and brown bars below the x-axis in Fig. 1b. One cycle
was completed in 90 min and included the analysis of the first (i) and second (ii) aerosol
inlets, (iii) the analysis of ambient gas-phase (two periods of 10 min), and (iv) the analy-
sis of gas phase background (two periods of 5 and 10 min, respectively), which was ac-20

complished by leading ambient air through a platinum catalyst operated at 350 ◦C. The
sampling flow for aerosol inlets A and B was 7 liters per minute (standard conditions),
and the sampling time was 35 and 55 min, respectively. After sampling the analysis
was carried out without delay. The aerosol background was measured every other run
by sampling through a Teflon membrane filter (Zefluor 2.0 µm, Pall Corp.) that removed25

the particles from the air stream. The remaining signal (inlet A in Fig. 1b) includes con-
tamination from semivolatile gas phase compounds adhering to the CTD-cell or other
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sampling components, and instrumental background contamination. Filter samples to
determine the aerosol background have been taken by turns: when inlet A sampled
ambient air, inlet B sampled ambient air through the filter. In this way a time resolution
of 90 min was achieved.

2.4 The aerosol mass spectrometer (AMS)5

The concentrations of submicron non-refractory (NR-PM1) organic and inorganic (ni-
trate, sulfate, ammonium) aerosol particles were measured using a high resolution
time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc.,
hereinafter AMS for short; DeCarlo, et al., 2006), using the same H-TOF mass spec-
trometer from Tofwerk AG. The AMS sampled from an inlet equipped with a PM2.510

cyclone located 2 m above the roof of the container housing the instrument. The ambi-
ent air passed through a 6.8 m insulated copper inlet line and a drier prior to sampling
by the AMS. The resulting data was averaged over 2.5 min intervals. All data were an-
alyzed using standard AMS software (SQUIRREL v1.51 and PIKA v1.10) within Igor
Pro 6.2.1 (Wave Metrics, Lake Oswego, OR; Sueper, 2011). High resolution analysis15

of the mass spectra was carried out following previously published procedures (De-
Carlo et al., 2006; Aiken et al., 2008; Hayes et al., 2013). The accuracy of AMS OA
is estimated at 30 %, and was verified with intercomparisons with multiple instruments
(Hayes et al., 2013). The accuracy of the PMF components as fractions of the total OA
is estimated at 10 % of their concentrations. The accuracy of the AMS O/C, H/C, and20

N/C is estimated as 31 %, 10 %, and 22 %, respectively (Aiken et al., 2008). AMS data
were averaged to match the PTR sampling periods.

2.5 Basic data collection and processing (PTR)

A time-of flight spectrum was measured every 60 µs by pulsing ions into the spectrom-
eter. The data acquisition parameters were set to save an average spectrum every 5 s,25

which corresponds to averaging more than 83 000 individual spectra. Each spectrum
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contains ∼ 3×105 data points and covers an m/z 5–1278. 900 averaged 5 s mass
spectra were saved into each file (i.e. 75 min of measurements) and approximately 500
data-files were collected throughout the campaign. Ambient air concentrations of de-
tected ion species have been calculated according to the method outlined in Holzinger
et al. (2010a). A default reaction rate constant of 3×10−9 cm3 s−1 molecule−1 was used5

for proton transfer reactions in the PTR-MS drift tube, which has been established
the best estimate for the average rate constant of aerosol species (Holzinger et al.,
2010a,b). The use of a default reaction rate constant sets a limit to the accuracy of
the reported mass concentration. Holzinger et al. (2010a) found that the value recom-
mended by the manufacturer of the PTR-TOF-MS (2×10−9 cm3 s−1 molecule−1, Ionicon10

Inc., Austria) is too low and overestimates experimental SOA produced from ozonoly-
sis of different terpenes roughly by 35 %. However, the average reaction rate constant
may be different for different fractions of organic aerosol (OA). The accuracy for re-
ported total OA (i.e. the sum of all organic ions) and sub-fractions thereof is estimated
to be within ±30 %. The accuracy of single ion species has to be assessed individually15

for each ion but should be within ±60 % for the vast majority of ions. Note that these
accuracy levels cover the detected fraction of OA. As will be discussed below, there
are other losses of OA associated with fragmentation during ionization and thermal
desorption.

Data processing was carried out according to the procedure described by Holzinger20

et al. (2010b) using custom made routines programmed in IDL (Interactive Data Lan-
guage). The main data processing steps are (i) the calibration of the mass scale, (ii)
peak detection, (iii) peak integration, and (iv) the correction for overlapping signals
of species the separation of which is limited by the spectrometers’ mass resolving
power. A “unified mass list” has been created by evaluating the peak detection lists that25

have been created for each individual file (n≈500). For example, the ion C3H6OH+

(m/z 59.049) is an omnipresent ion which is always detected in the PTR. Thus, the
automated peak detection routine always detects this peak within the limits of the in-
strument precision. In order to establish the quality of peak detection we fitted the 500
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measured m/z values of the C3H6OH+ ion with a normal distribution, the standard de-
viation (σ) of which defines the precision of the measured m/z value. For most mass
peaks the precision was within 8–20 ppm; an example of this procedure is given in
the appendix (Fig. A2) and shows four peaks detected at m/z 113 corresponding to
C5H4O3H+, C6H8O2H+, C7H12OH+, C8H16H+, respectively. The larger uncertainties5

correspond to ions with low signal-to-noise ratios and for ions that could not be re-
solved well by the mass spectrometer. 924 ions have been added to the unified mass
list for this experiment, representing all ions that have been commonly detected in the
mass spectra.

2.6 Attribution of empirical formulas10

A library has been created to attribute empirical formulas to the detected mass peaks.
The library includes 400 hydrocarbons (C1-C40, degree of unsaturation, DoU=0–9),
3200 oxygenated hydrocarbons (O1-O8), 7200 nitrogen containing organics (N1-N2),
10 800 organosulphates, and 21 600 13C species (i.e. all ions listed before with one
13C isotope). In addition, all inorganic species that are commonly detected with the15

PTR were added to the library as well. We attributed all empirical formulas to a mass
peak of which the difference in mass with the measured m/z value was less than ±2σ,
or ±2 mDa if 2σ was lower than this.

In a second step we checked if the attributed formulas were consistent with the
natural 13C/12C ratio of ∼0.011. For example, if a 13C compound has been attributed20

to a mass peak, consistency with the signal of the parent compound (i.e. the same
empirical formula with only 12C isotopes) was checked. An empirical 13C-formula was
attributed if one of the following criteria were matched: (i) the 13C compound was the
only empirical formula attributed to the mass peak AND the expected value (calculated
from the 12C-parent compound) is at least 50 % of the measured signal, or (ii) besides25

the 13C compound there were other possible empirical formulas (e.g. N-compounds)
AND the expected value is at least 20 % of the measured signal.
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2.7 Determination of aerosol species and preparation of the final dataset

The aerosol signal has been computed for all detected ions by subtracting the signal
of the filtered ambient air sample from the signal of the unfiltered sample. The closest
filtered sample of the respective aerosol inlet was used as background and the subtrac-
tion was done point by point for each temperature level. An example of aerosol signal5

and background for species detected at m/z 125.059 is given in the appendix (Fig. A1).
For the bulk of the ions the background signal was typically less than 10–20 % of the
aerosol signal. However, for a limited number of ions the background level was much
higher due to contamination from semivolatile gas phase compounds. An example is
m/z 59.049 which exhibited very high background levels. In Fig. 1b this can be seen10

by very high mixing ratios measured at Inlet A, which was operated in the background
mode.

The computed aerosol signal of a detected ion was considered significantly en-
hanced if its mean value in the period 3–9 June 2010, was larger than 3σ (i.e. the
standard deviation of all background measurements of the same period) for two or15

more temperature levels. 748 ions fulfilled this criterion. The total aerosol signal of
each ion has been calculated as the sum of the signal at all temperatures. This dataset
is available at the CalNex data download site1 and forms the basis of the analysis
presented below.

2.8 Calculation of chemical parameters20

For the analysis presented below we calculated the following chemical parameters: the
mean carbon number (nC), the mean oxidation state of carbon (OSC), and the atomic
ratios O/C, H/C, and N/C.

1http://www.esrl.noaa.gov/csd/groups/csd7/measurements/2010calnex/Ground/
DataDownload/
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We used the attributed empirical formulas as basis for these calculations. In case of
more than one possible formula we made following choices as for which empirical for-
mula was used: (i) we did not use sulfate species because we consider their attribution
rather uncertain, (ii) we dismissed nitrogen species whenever there was a possible em-
pirical formula without nitrogen. The latter assumption may result in an underestimation5

of N-species. There were many ions at m/z that allowed alternative attributions with
a N1-compound and a CHO compound containing a 13C-isotope. According to the rules
outlined above, the 13C-species was attributed if the signal of the corresponding parent
species suggested that at least 20 % of the signal could be attributed to this isotope,
but for the chemical analysis we attributed 100 % of the signal to this species. Simi-10

larly, for many possible N2-formulas there were alternative formulas without nitrogen,
in which case the nitrogen containing formula has been dismissed. Nevertheless, 164
and 24 ion species were attributed to empirical formulas containing 1 and 2 nitrogens,
respectively.

The mean carbon number, nC, is calculated according to15

nC =
1

[TOT]

∑
i

(
[species]inCi

MWi

)
,with [TOT] =

∑
i

[species]i
MWi

, (1)

where [TOT] and [species]i represent time series vectors of the total measured con-
centration (µmolm−3) and the concentration of species i (µgm−3), respectively. MWi ,
and nCi represent the molecular weight (in gmol−1), and number of carbon atoms of
species i , respectively. The atomic ratio O/C is calculated according to20

O/C =

∑
i

(
[species]inOi

MWi

)
∑
i

(
[species]inCi

MWi

) , (2)

where nOi and nCi represent the number of oxygen and carbon atoms of species i ,
respectively. The calculation of H/C and N/C is equivalent. The mean carbon oxidation
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state (OSC) is calculated according to

OSC =
1

[TOTC]

∑
i

(
[species]i (2nOi +nNi −nHi )

MWi

)
,with [TOTC] =

∑
i

[species]inCi

MWi

(3)

Where [TOTC] represents the time series vectors of the total measured concentration
of carbon atoms (µmolm−3), and nNi and nHi represent the number of nitrogen and

hydrogen atoms of ion i , respectively. The equation to calculate OSC is an approxima-5

tion because fixed oxidation states of −2, −1 and +1 are assumed for oxygen, nitrogen
and hydrogen (Kroll et al., 2011). This is not correct for peroxide groups in which the
oxidation state of oxygen is −1. The oxidation state of nitrogen is in many cases dif-
ferent from −1 and can vary largely from −3 to +5. However, the empirical formulas
of nitrogen species suggest that these species are rather reduced and an average ni-10

trogen oxidation state of −1 is a good approximation. The uncertainty in the nitrogen
oxidation state introduces only minor biases (90 % of the calculated OSC values shift
less than 0.06 and 0.14 for nitrogen oxidation states of −2 and 0, respectively) and the
analysis presented below (especially the slopes presented in Fig. 6) is not sensitive to
variations of the assumed oxidation state of Nitrogen within the boundaries of −2 and 0.15

Similarly, peroxides are formed under low-NOx conditions and are not expected to rep-
resent a substantial oxygen fraction in OA in Los Angeles where high-NOx chemistry

dominates, and therefore we are confident that OSC is calculated with sufficient accu-
racy. The summations applied in Eqs. (1–3) can be over all detected organic species
or over sub-groups thereof.20
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2.9 Statistical methods applied

We used the Pearson’s correlation coefficient to quantify the correlation between data
series. For linear regressions we used the method described in Press and Teukolsky
(1992) which considers error in both coordinates.

3 Results and discussion5

3.1 Total organic signal from PTR and AMS

The PTR detected 691 organic ions due to organic species in aerosols. Each ion may
be composed of several structural isomers with the same elemental composition. An
ion was tagged organic when its m/z > 100, or (for ions with m/z < 100) when the
attributed empirical formula indicated an organic species. The total signal of aerosol10

organics has been computed as the sum of the 691 organic ions and is referred to
as PTR-OA hereafter. Figure 2 shows the time series and scatter plot of PTR-OA
and AMS OA throughout the campaign. The concentrations are correlated (r2 = 0.60).
The mean total concentration of PTR-OA was 3.3 µgm−3, and the 10 %, 50 %, and
90 % percentiles where 0.6, 2.2, and 7.3 µgm−3, respectively. For AMS-OA the equiv-15

alent values were 6.9, 2.5, 6.2, and 12.4 µgm−3, respectively. The lower concentra-
tions from PTR are not surprising. Known loss processes are discussed in Holzinger
et al. (2010a,b) and include (i) the fragmentation of aerosol species during the pro-
cess of protonation (the mass of the neutral fragment is not measured, unlike in the
AMS in which it can still be accounted for due to the properties of electron ionization,20

Jimenez et al., 2003), (ii) thermal decomposition during the heating of the CTD cell,
which also produces undetectable species such as CO2, H2O and nonvolatile residue
(charring) that is not volatilized at 350 ◦C. On the other hand, thermal decomposition
produces many products (e.g. acetone, acetaldehyde, formic acid and many others)
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that are very well detected by PTR and in this sense thermal decomposition helps to
detect low/nonvolatile aerosol mass that would otherwise not desorb from the CTD cell.

Contamination of the CTD cell with gas phase compounds in combination with the
selection criteria to select aerosol compounds (as outlined above) may also produce
biases towards lower PTR-OA concentrations. For example C2H4OH+ is certainly pro-5

duced as thermal composition product from OA. However, the mean aerosol signal was
lower than 3 sigma of the background signal and thus this ion has not been tagged
an aerosol compound since this selection criteria was not matched. This is important
because whole compound groups such as alkanes may have been excluded. In the
PTR alkanes larger than C8 fragment to produce C3H+

7 , C4H+
9 , C5H+

11 and C6H+
13 (Job-10

son et al., 2005). During CalNex high signals have been measured at the respective
m/z ratios, but only the C6H+

13 was tagged an aerosol compound. The aerosol signal
of the other ions was not significantly above the background, which means that there
was a significant interference with gas phase compounds. However this effect is not
thought to be large enough to account for the whole difference between PTR and AMS15

OA.
An additional reason is the relatively low thermal desorption temperature (350 ◦C) in

the PTR which does not guarantee 100 % evaporation efficiency. The latter may be an
important reason for lower PTR signals because evaporation occurs at 600 ◦C in the
AMS. Indeed when the AMS vaporizer was operated at 350 ◦C during the SOAR-200520

study in the Los Angeles Basin, the AMS detected about half of the mass than when
operated at 600 ◦C (Docherty et al., 2008). However a thermal denuder reduced the OA
signal by 90 % when operated at 225 ◦C during the same study (Huffman et al., 2009).
The latter suggests that the limit of 350 ◦C does not significantly constrain the detection
of OA in the PTR, however overall this indicates that the fraction of material evaporated25

depends strongly on the physical system and timescale used for particle evaporation.
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3.2 Correlation of PTR ions with OA components

Five OA components have been derived from PMF analysis on the AMS data (Hayes
et al., 2013). These are hydrocarbon-like OA (HOA), cooking-influenced OA (CIOA),
local OA (LOA), semi-volatile and low volatility oxygenated OA (SV-OOA, and LV-OOA).
Here we explore the correlation of the 691 organic ions with the AMS-PMF OA com-5

ponents. In fact, for all ion species we correlated the signal measured at the 6 tem-
perature levels of the CTD-cell (100, 150, 200, 250, 300, and 350 ◦C), summing up to
4146 (691×6) time series which were correlated to the 5 OA components plus total OA
from the AMS. A summary of this analysis is shown in Fig. 3 and Tables A1–A7 in the
Supplement.10

For 1124 of these time series the correlation coefficient (r2) did not exceed 0.3 for
any of the five OA components or AMS-OA. These were mostly time series with high
noise levels due to very low signals and/or high background levels (e.g. 85 % of these
data were at the 100, 300, and 350 ◦C level where the signals were typically very low,
and the instrumental background maximized at 300 and 350 ◦C) and were excluded15

from further analysis.
The signal of 481 ions (1370 time series) summing up to about 40 % of total PTR-

OA mass (referred to as OA-ions hereafter) correlated better with AMS-OA than with
any of the AMS-PMF components. The OA-ions likely originate from different OA com-
ponents. Therefore their correlation is best with total AMS-OA. Figure 3f and 3l show20

the time series and diurnal cycle of OA-ions during the campaign together with AMS-
OA, respectively. These ions have indeed a similar diurnal cycle and time series as
total AMS-OA, and account for ∼25 % of the mass of AMS-OA between 4 a.m. and
3 p.m., and for a smaller fraction of ∼15 % in the evening hours. The signal of 434 ions
(765 time series; ∼20 % of PTR-OA) correlated best with HOA (Fig. 3a and g) and25

are referred to as HOA-ions hereafter. The HOA-ions account roughly for the entire
HOA signal between 4 a.m. and 3 p.m. and for 50–80 % during evening and night. The
reason for the diurnal bias is currently not understood. This suggests that the PTR is
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detecting hydrocarbons efficiently and that losses of signal due to e.g. fragmentation
are minor. 208 ions (511 time series; ∼20 % of PTR-OA) correlated best with LV-OOA.
The LV-OOA- ions account for ∼40 % of the LV-OOA signal and no clear bias in the di-
urnal pattern is observed (Fig. 3e and k). 116 ions (226 time series; ∼4 % of PTR-OA)
correlated best with SV-OOA. The SV-OOA- ions account for ∼5 % of the SV-OOA5

signal during day (6 a.m.–6 p.m.) and slightly more (∼7 %) during night (Fig. 3d and j).
100 ions (136 time series; ∼3 % of PTR-OA) correlated best with LOA. The LOA- ions
account for 20–30 % of the LOA signal and no clear bias in the diurnal pattern is ob-
served (Fig. 3c and i). Only 10 ions (14 time series) correlated best with CIOA. The
CIOA-ions constituted less than 0.3 % of PTR-OA and less than 1 % of CIOA (Fig. 3b10

and h). Therefore we excluded this group from further analysis.
Figure 4 shows normalized mass spectra (campaign mean) of PTR-OA, HOA-ions,

LOA-ions, SV-OOA-ions, and LV-OOA-ions. Ions constituting PTR-OA cover the mass
range m/z 30–500, with ions in the mass range 90–170 constituting the bulk of PTR-
OA (note that this is the total PTR-OA signal and not just the OA-ions). The weighted15

mean m/z of HOA-ions is 199. HOA-ions include many ions in the range 350–500, and
ions below 100 are present at low relative fractions with respect to the other groups.
LOA-ions encompass the entire mass spectrum and their weighted mean m/z is 205.
Only 4 ions, C10H14OH+, C10H16OH+, C16H32O2H+, and C16H22O4H+, constitute 28 %
of the LOA signal (Table A3). The group of SV-OOA-ions lacks ions above 350; their20

weighted mean m/z is 181. The group of LV-OOA-ions is the lightest and lacks ions
above 230; their weighted mean m/z is 107

Compounds with a molecular weight of 100 a.m.u and below are not expected to par-
tition to the particle phase because their vapor pressure is too high. Therefore we con-
sider all ions of m/z 100 and below to be fragments of the original aerosol molecules.25

As discussed above, fragmentation can occur on the CTD-cell (referred to thermal de-
composition hereinafter) and during the process of ionization in the PTR. The spectra
shown in Fig. 4 bear some similarity to those from the AMS, in the sense that the pri-
mary HOA show larger m/z values than SV-OOA and LOA followed by LV-OOA which
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almost completely lacks m/z values above 90 (Hayes et al., 2013). This is thought to
be due to the higher resistance to thermal decomposition of HOA with respect to the
other components, whereas LV-OOA is thought to thermally decompose more easily.
With this correspondence we tentatively interpret ions below m/z 100 to be dominated
by thermal decomposition in the CTD cell rather than to fragmentation occurring during5

ionization in the PTR.
Figure 5 shows the fraction of the total signal desorbed at the different temperature

levels of the CTD-cell (thermogram) for the different ion groups. The HOA- and LOA-
ions mostly desorb at lower temperatures. The largest fraction desorbs at 150 ◦C; more
than 90 % of the mass is desorbed at temperatures below 200 ◦C. In contrast, over10

95 % of the mass of SV-OOA-ions is desorbed at temperatures of 250 ◦C and above,
with a maximum at 300 ◦C. Surprisingly (and to be discussed below), the LV-OOA-ions
desorb at much lower temperatures: Over 70 % of their mass is desorbed at tempera-
tures of 200 ◦C and below.

Compounds constituting primary organic aerosol are relatively volatile and consist15

of long chained molecules, which is consistent with the observed mass spectra and
thermograms of HOA- and LOA-ions. AMS derived O/C ratios are 0.14 and 0.31 for
HOA and LOA, respectively, suggesting that these fractions might also contain first
generation oxidation products of primary anthropogenic and – less likely – biogenic
hydrocarbons, besides some oxidized primary species (Hayes et al., 2013). As or-20

ganic species further age in air, more functional groups are added and chains are
broken up so that the size of the molecules decreases. Overall, as atmospheric oxi-
dation proceeds a pool of semivolatile compounds with a reduced average molecular
weight is produced. Oxidation favors also the partitioning of smaller molecules to the
particle phase, and finally oxidized species are more prone to thermal decomposi-25

tion than reduced species. A combination of these 3 reasons likely explains the lower
mean m/z of SV-OOA-ions and the fact that none of the highest masses detected
was attributed to this group. It could be expected that LV-OOA-ions would desorb at
even higher temperatures than SV-OOA ions. However the opposite is observed. PMF
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analysis on thermodenuder-AMS data from 2 field campaigns (MILAGRO and SOAR-
2005) showed that LV-OOA is less volatile than SV-OOA, and that ∼90 % of SV-OOA
is volatilized at a denuder temperature of 200 ◦C (Huffman et al., 2009). This suggests
that the thermogram of SV-OOA-ions is not representing the thermogram of the “real”
SV-OOA component. Indeed, if we repeat the analysis above and correlate the PTR5

ions only with the AMS-PMF components (i.e. excluding AMS-OA), the group of SV-
OOA-ions becomes larger, accounting for 40 % of SV-OOA, while the other groups do
not change significantly. As a consequence, the thermogram of SV-OOA-ions shifts
towards lower temperatures with fractions of the total signal of 29 %, 34 %, and 25 %
at temperatures of 200 ◦C, 250 ◦C, and 300 ◦C, respectively. This shows that the anal-10

ysis performed above rather identifies the best ion makers of SV-OOA than extracting
a quantitative representation of this component. To a lesser extent this may also hold
for the other groups, but only minor changes were observed when carrying out the
same analysis for HOA-, LOA-, and LV-OOA-ions. However, even the extended group
of SV-OOA ions desorbs at higher temperatures than the group of LV-OOA-ions. To-15

gether with the fact that weighted mean m/z of LV-OOA-ions (107) is much lower than
for SV-OOA-ions (181) we conclude that other physicochemical processes than volatil-
ity dominate the desorption of LV-OOA-ions. The higher O/C ratio (0.799 and 0.384 for
LV-OOA and SV-OOA, respectively, Hayes et al., 2013) of LV-OOA may favor stronger
thermal decomposition of this OA fraction because in general oxygen functional groups20

remove electron density from neighboring carbons, thereby weakening the C-C bonds.
Note that thermal desorption occurred under a pure N2 atmosphere, so thermal decom-
position could also be limited by the availability of oxygen. Desorption under different
geometries (isolated particles in air vs. multilayer deposits of particles in a surface),
atmospheres (air vs. N2), and possibly different timescales (seconds vs. min) may ex-25

plain the very different thermograms obtained by thermodenuder-AMS experiments
(Huffman et al., 2009) and PTR.
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3.3 Chemical evolution of PTR-OA

The chemical evolution of PTR-OA and fractions thereof are discussed on basis of
the chemical parameters nC, OSC, O/C, and H/C. Figure 6 shows nC versus OSC for
PTR-OA, HOA-, LOA-, SV-OOA-, and LV-OOA-ions. Figure 7 shows O/C versus H/C
(van Krevelen diagram) of the same PTR groups together with O/C and H/C values of5

AMS-OA and the constant atomic ratios (PMF-derived) of HOA, LOA, SV-OOA, and LV-
OOA. Figure 8 shows the median diurnal cycle of the 4 chemical parameters for HOA-,
LOA-, SV-OOA-, and LV-OOA-ions. For each time-bin in Fig. 8, 7–13 data points from
individual days were available. We removed the two most outlying points and plotted
the median (± standard deviation) of the remaining 5–11 data points.10

The chemical parameters are derived based on correlation of a large suite of ions the
signals of which were entirely attributed to HOA, LOA, SV-OOA, and LV-OOA. Since
the concentrations of these ion-groups change in time, the variability in nC, OSC, O/C
and H/C can be calculated from the abundance of the respective ion signals. Therefore
the PTR data trace different locations in diagrams showing nC vs. OSC or O/C vs.15

H/C (Figs. 6, 7). This is different than for the AMS-PMF components that have fixed
(average) spectra and are represented by single points in the van Krevelen diagram
(Fig. 7).

Kroll et al. (2011) suggested using nC and OSC as a metric for describing the chem-
istry of atmospheric OA. Primary organic aerosol consists of relatively large and re-20

duced molecules. In the nC-OSC space (Fig. 6) primary OA occupies a region near

the left bottom corner (large nC and low OSC values). As OA ages the chemical com-

position changes as organic species are oxidized (OSC increases) and longer carbon
chains are broken up (nC decreases). Thus, aged OA occupies a region near the right

top corner (low nC and large OSC values). The location of the subgroups of PTR-OA25

in the nC-OSC space is generally consistent with this picture: the primary fractions
(HOA-ions and LOA-ions) are located close to the left bottom corner, the more aged
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SV-OOA-ions occupy a region more towards the center, and the LV-OOA-ions repre-
senting the most aged fraction of OA are near the right top corner in Fig. 6.

Note that the nC and OSC values presented here is influenced by molecular changes
during analysis. Thermal decomposition on the CTD cell produces species with fewer
carbon atoms than the parent compounds that are part of OA. The same holds for5

compounds that fragment during ionization in the PTR – the detected ion will have
fewer carbon atoms than the parent compound. Both processes result in nC values
that are too low. Similarly the production of undetectable highly oxidized species (CO2,

H2O) from thermal decomposition or fragmentation would result in OSC values that
are calculated too low. Accurate correction of these biases requires more systematic10

investigation of the loss processes and will be investigated in the future.
Linear regression of PTR-OA and the ions representing HOA, LOA, and SV-OOA

reveals that the primary HOA component follows the steepest slope of −0.16 (Fig. 6).
The slope in the nC-OSC space characterizes the chemistry that acts on OA or a OA-
component. A shallow slope is consistent with chemical fragmentation (i.e. the cleav-15

age of C-C bonds as a result of oxidation, which moves organics along a horizontal
line in the nC-OSC space; NOT to be confused with fragmentation in the PTR as dis-
cussed above) dominating over functionalization (i.e. the addition of oxygen functional
groups, which moves organics along a vertical line in the nC-OSC space). The steeper
slope suggests that functionalization is more important for primary HOA. The shallower20

slope of ions representing SV-OOA (−0.06) suggests that chemical fragmentation be-
comes more important as OA ages. The shallow slope of PTR-OA (−0.07) indicates
that chemical fragmentation dominates the chemistry which is eventually producing
LV-OOA. The sequence of decreasing slopes is not unexpected: by adding oxygen
functional groups to the carbon skeleton electrons are withdrawn from carbon atoms25

thereby weakening neighboring C-C bonds (Atkinson, 2007). Therefore it can be ex-
pected that chemical fractionation becomes dominant when aerosol compounds are
more and more oxidized. While the sequence of decreasing slopes is in accordance
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with the understanding of chemistry, the above mentioned biases caused by thermal
decomposition and fragmentation in the PTR hamper a more quantitative analysis at
this moment. The group of ions representing LV-OOA actually occupies a very limited
area in both coordinates, nC and OSC. This may indicate that there are limits to further
oxidation of LV-OOA. The most likely reason is that the oxidation of LV-OOA produces5

volatile organics which do not stay in the particle phase; however, also instrumental
limitations cannot be excluded at this point.

The median diurnal variation of nC and OSC is shown in the first two columns of
Fig. 8. The most outstanding feature is the increase of nC by more than 2 between

6 a.m. and 3 p.m. local time for SV-OOA-ions. During the same period OSC significantly10

decreased and the total mass of SV-OOA-ions increased by a factor of 3 (Fig. 3j). This
is somewhat counterintuitive at first sight because the course of nC and OSC suggest
that SV-OOA is becoming photochemically less aged during the time of the highest
photochemical activity. However, large quantities of SV-OOA are produced during the
same period from a pool of gas phase precursor compounds. During daytime these15

gas phase precursors are oxidized to form semivolatile compounds that condense on
particles. So, the “rejuvenation” of SV-OOA during daytime reflects the production of
new SV-OOA mass. Photochemical ageing dominated after 3 p.m. and resulted in de-
creasing nC and increasing OSC values. Similar rejuvenation during daytime (but less
clear) was also observed for HOA- and LV-OOA-ions, however, without the large in-20

crease in concentration which is evident for SV-OOA. Nevertheless this may mean that
during daytime the production of new SOA mass dominates over chemical ageing for
these OA components. No clear diurnal trend can be seen for the group of ions best
correlating with LOA.

Another commonly used metric to explore chemical processing of OA is the repre-25

sentation of the atomic ratios O/C and H/C in a van Krevelen diagram (Fig. 7). Both,
H/C and O/C are measured by PTR and AMS. The lower H/C and O/C values in Fig. 7
show that PTR-OA is depleted in both, H and O atoms. Also the atomic ratios of the
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different groups are generally below the average values obtained from the PMF analy-
sis of AMS data. The only exception is the O/C ratio of HOA-ions (0.16) which is similar
to the average O/C of HOA (0.14). Above we argued that the low abundance of ions
with m/z < 100 may reflect that thermal dissociation is less important for HOA. Ac-
cordingly it can be argued that thermal decomposition represents the largest loss for5

oxygen and fragmentation in the PTR does not cause a strong bias in O/C. The lower
H/C of HOA-ions may reflect the fact that PTR-OA partially excludes the contribution
from alkanes.

Ng et al. (2011) and Hayes et al. (2013) observe that the slope of HOA in the
van Krevelen graph during aging should be approximately −2. The HOA-ions follow10

a steeper slope of −3.6 and it is currently not clear which processes force the steeper
slope of these ions. This fact hampers the extended use of the linear regressions in
the van Krevelen graph, which have been associated with broad chemical pathways
(Heald et al., 2010).

The diurnal variation of O/C and H/C is shown in the 3rd and 4th column in Fig. 8 for15

HOA-, LOA-, SV-OOA-, and LV-OOA-ions. The O/C ratio decreases during the period
6 a.m.–2 p.m. for SV-OOA ions while their H/C ratio increases. This reflects again the
large production of SV-OOA during the day hours as discussed above. Diurnal varia-
tions in O/C and H/C of the other ion groups are not significant and/or hard to interpret.

3.4 Nitrogen content of OA20

Based on the empirical formulas we calculated atomic N/C ratios for PTR-OA and the
subgroups of HOA-, LOA-, SVOOA-, and LVOOA-ions. Note that according to the rules
outlined above we always selected the non-nitrogen option in cases where several pos-
sible empirical formulas could be attributed to a mass peak. Therefore the calculated
N/C ratios should represent a lower limit.25

For PTR-OA we calculate a mean N/C ratio of 2.6 % and the values for the 10,
50, and 90 % percentiles are 1.7, 2.4, and 3.3 %, respectively. The corresponding
values for AMS-OA are 0.9, 0.6, 0.9, and 1.4 %, respectively. If we consider only
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data above the 80 % percentile the mean concentration of PTR-OA was 8.2 µgm−3.
During the same periods the AMS measured a mean concentration of 12.1 µgm−3,
and the derived average empirical formulas were CH1.34O0.22N0.023

2 (PTR) and
CH1.45O0.43N0.011 (AMS). This translates to concentrations of 0.16 µgNm−3 (i.e. 1.9 %
of 8.2 µgm−3) and 0.10 µgNm−3 (i.e. 0.8 % of 12.1 µgm−3) detected by PTR and5

AMS, respectively. The difference between PTR and AMS is within the 30 % uncer-
tainty of both instruments; however, as will be discussed below, we speculate that
the difference may be meaningful. Extending this analysis to the OA components re-
veals that the difference between the AMS and PTR nitrogen concentrations much
larger for HOA and LV-OOA: the PTR measured 0.047 µgNm−3 (HOA-ions, 1.9 µgm−3,10

CH1.39O0.16N0.030) and 0.064 µgNm−3 (LVOOA-ions, 1.7 µgm−3, CH1.11O0.45N0.058),
which is ∼3 times more than the corresponding AMS values (0.016 and 0.22 µgNm−3

based on CH1.62O0.144N0.01 and CH1.23O0.799N0.012 for HOA and LV-OOA, respec-
tively).

Considering the above discussed losses of carbon, oxygen and hydrogen in the PTR15

it is very likely that also nitrogen is lost. For example, ionization of alkyl-nitrates in the
PTR often produces a neutral nitric acid fragment and an alkyl ion which is detected by
the mass spectrometer, or an NO+

2 ion and a neutral organic fragment, although some
protonated nitrate ions are also detected (Aoki et al., 2007). As a result the nitrogen
contained in such compounds will be underestimated, as the NO+

2 ion is treated as20

inorganic in the PTR (similarly to the AMS). Thermal decomposition of nitrogen com-
pounds in the CTD-cell may produce inorganic molecules such as NH3, HNO3, or N2O
which are either not detected or treated as inorganic in the PTR, thus representing
a loss of organic N. Such loss mechanisms are not properly quantified yet and cannot
be properly corrected for the PTR. If such correction factors become available in the25

future, N-concentrations measured by PTR will likely be higher. Therefore we consider

2Note that atom fractions of H, O, and N in these average formulas are an exact equivalent
to the atomic ratios H/C, O/C, and N/C.
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it very likely that the difference between PTR and AMS might be significant and that
there is an unconsidered artifact in either the PTR or the AMS.

Another source of uncertainty is the assignment of empirical formulas, which is un-
certain for many ions due to the limited mass resolving power of the mass spectrome-
ter. For nitrogen the uncertainty is probably a factor 3 or more. However, we were very5

conservative in assigning nitrogen species and therefore we think that the calculated
N/C ratios are likely to be close to the lower end of the possible range of N/C ratios.

On the other hand, an underestimation of N by the AMS, other than from organic
nitrates, is inconsistent with our current understanding of N-species detection in this in-
strument. The AMS may miss organic nitrates that fragment to NO+ and NO+

2 ions that10

are treated as inorganic in most AMS field analyses (Farmer et al., 2010), while other
N-containing species are thought to be detected quantitatively and with little variation
in detection efficiency for different functional groups (Aiken et al., 2008). A possible
explanation is that larger organic nitrates that would be expected to be present in the
aerosol may decompose less in the PTR than the C1-C5 alkyl nitrates studied by Aoki15

et al. (2007), and thus that the difference can be partially explained by the stronger un-
der detection of organic nitrate N by the AMS. However, semi-volatile organic nitrates
are produced by gas phase chemistry and are expected to be part of SV-OOA. So, the
very low N-content of SVOOA-ions (see below) does not support this idea.

3.5 Nitrogen chemistry as source of OA components20

Figure 9 shows the diurnal variation of N/C for HOA-, LOA-, SVOOA-, and LVOOA-ions.
Data treatment was the same as for the data shown in Fig. 8. Figure 10 shows N/C as
a function of CTD-cell temperature for the same ion groups. The atomic N/C ratio of
LVOOA-ions (median 6.4 %) is about twice as high as N/C of the primary components
HOA-, and LOA-ions (median 3.0 and 2.9 %, respectively), and ∼20 times higher the25

N/C of SVOOA-ions (median 0.3 %). The latter value may be biased because SV-OOA-
ions account only for a ∼5 % of SV-OOA (Fig. 3d,j). As discussed above the group of
SVOOA-ions becomes much larger (∼35 % of SV-OOA) if AMS-OA is excluded from
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the correlation analysis. However N/C still remains below 1 % in this case and only
slightly different values are calculated for the other ion groups. Thus the high nitrogen
content of LV-OOA-ions cannot be explained by photochemical ageing of SV-OOA.
The accumulation of nitrogen in the low volatile component of OA excludes gas phase
nitrogen chemistry with subsequent partitioning into the particle phase as source of5

these compounds. Instead we suggest that the compounds carrying the nitrogen are
produced by multiphase chemistry. Ammonium ions in the liquid phase of particles
may play an important role which is also supported by many empirical formulas of
N-containing LVOOA-ions. Many of these ions are rather saturated and/or only moder-
ately oxidized or not oxidized at all (Table A5). The higher N/C values of LVOOA-ions10

during night may reflect a larger chemical age with respect to multiphase chemistry,
consistent with the larger aerosol water content at night. Nitrogen compounds in the
group of HOA-ions may reflect primary nitrogen compounds and the lower N/C ra-
tios during daytime may be due lower partitioning into the particle phase during the
day when the temperatures are higher. However, higher N/C values at higher desorp-15

tion temperatures in the group of HOA-, and LVOOA-ions suggests that N-containing
compounds are typically less volatile (Fig. 10), which is in conflict with the idea of tem-
perature driven gas-particle partitioning of N-compounds in the group of HOA-ions.
Therefore the diurnal cycle of N/C for HOA-ions is currently not well understood.

4 Conclusions20

We presented an evaluation of the chemical composition of organic aerosol as mea-
sured with TD-PTR-MS at the CalNex ground site in Pasadena during summer 2010.
Comparison of PTR-OA with the total concentration of OA measured with AMS shows
that PTR directly detects 25–60 % of OA. Several potential reasons for the difference
have been discussed, and the largest factors accounting for the difference between25

PTR-OA and OA are considered to be undetectable products from thermal dissocia-
tion on the CTD-cell and fragmentation in the PTR-MS.
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A correlation analysis with OA components was performed to establish groups of
ions that represent hydrocarbon-like OA (HOA), local OA (LOA), semi-volatile and low
volatility oxygenated OA (SV-OOA, and LV-OOA). The average mass spectra and ther-
mograms of these groups of ions show that (i) HOA- and LOA-ions include the highest
m/z ratios and are most volatile, SV-OOA-ions do not include masses above m/z 3505

and are least volatile, and (iii) LV-OOA-ions do not include ions above m/z 230 and
desorb at lower temperatures than SV-OOA-ions (but higher than HOA- and LOA-ions).
This is consistent with LOA- and HOA-ions being primary aerosol, SV-OOA- and LV-
OOA-ions being more aged. LV-OOA-ion are most likely predominantly products of
thermal dissociation on the CTD-cell.10

Representing the ion groups on a nC (mean carbon number) versus OSC (mean car-
bon oxidation state) diagram shows that the correlation analysis produced ion groups
that occupy district regions in this diagram which is consistent with the photochemical
age of HOA, LOA, SV-OOA, and LV-OOA. Linear regression of nC and OSC produced
slopes demonstrating that chemical fragmentation (C-C bond cleavage) gains impor-15

tance over functionalization (addition of oxygen functional groups) as aerosol ageing
proceeds. Surprisingly, the photochemical age of OA decreases during the middle of
the day. This can be understood in the light of large production of new SV-OOA during
daytime.

The TD-PTR-MS measured higher concentrations of nitrogen in OA than the AMS,20

the reasons for which are not understood, however it is hard to explain this by artifacts
related to PTR because the known artifacts result in under detection of O, C, and H;
therefore an opposite effect for N is not plausible. Similarly a large underestimation of N
for species other than organic nitrates is inconsistent with current understanding of the
AMS. Future studies should further explore this question. The median PTR N/C ratio25

is 6.4, 3.0, 2.9, and < 1 % for LVOOA-, HOA-, LOA-, and SVOOA-ions, respectively.
The high nitrogen content of LV-OOA suggests that a multiphase chemical source is
contributing to this component involving ammonium in the liquid phase of aerosols.
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5 Supplemental figures and tables

The Tables A1–A7 are available as Supplement.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/12867/2013/
acpd-13-12867-2013-supplement.zip.5
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 1 

 2 

Figure 1. Scheme of the TD-PTR-MS instrument (a). Chart (b) shows the operation during the 3 

CalNex study with example timelines of the total product ion signal and m/z 59.049 . The inlet 4 

A sampled through a particle filter while inlet B samples unfiltered ambient air. 5 

 6 

 37 

Fig. 1. Scheme of the TD-PTR-MS instrument (a). Chart (b) shows the operation during the
CalNex study with example timelines of the total product ion signal and m/z 59.049. The inlet
A sampled through a particle filter while inlet B samples unfiltered ambient air.
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 1 

 2 

 3 

Figure 2. Course of the concentrations of total organics measured with TD-PTR-MS and 4 

AMS. The insert shows a scatter plot of AMS-OA and PTR-OA. 5 

 6 

 38 

Fig. 2. Course of the concentrations of total organics measured with TD-PTR-MS and AMS.
The insert shows a scatter plot of AMS-OA and PTR-OA.

12901

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/12867/2013/acpd-13-12867-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/12867/2013/acpd-13-12867-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 12867–12911, 2013

Chemical evolution
of organic aerosol

R. Holzinger et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 1 

Figure 3. Timelines of HOA, CIOA, LOA, SV-OOA, LV-OOA, and OA together with the 2 

groups of ions best correlating with these components, respectively (a-f).  Campaign-mean 3 

diurnal cycle of the same (g-l).  4 

 5 

 6 

 39 

Fig. 3. Timelines of HOA, CIOA, LOA, SV-OOA, LV-OOA, and OA together with the groups of
ions best correlating with these components, respectively (a–f). Campaign-mean diurnal cycle
of the same (g–l).
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 1 

Figure 4. Mass spectra of PTR-OA and the sub-fractions of ions correlating best with HOA, 2 

LOA, SV-OOA, and LV-OOA. For clarity the mass spectra have been shifted in the y-3 

direction. 4 

 5 

 40 

Fig. 4. Mass spectra of PTR-OA and the sub-fractions of ions correlating best with HOA, LOA,
SV-OOA, and LV-OOA. For clarity the mass spectra have been shifted in the y-direction.
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Figure 4. Mass spectra of PTR-OA and the sub-fractions of ions correlating best with HOA, 2 

LOA, SV-OOA, and LV-OOA. For clarity the mass spectra have been shifted in the y-3 

direction. 4 

 5 

 40 

Fig. 5. Thermograms of PTR-OA and the sub-fractions of ions correlating best with HOA, LOA,
SV-OOA, and LV-OOA, respectively.
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Figure 5. Thermograms of PTR-OA and the sub-fractions of ions correlating best with HOA, 1 

LOA, SV-OOA, and LV-OOA, respectively.  2 

 3 

 4 

 5 

Figure 6. Scatter plot of the chemical parameters Cn  and COS  of PTR-OA and the sub-6 

fractions of ions correlating best with HOA, LOA, SV-OOA, and LV-OOA, respectively. 7 

 8 

 41 

Fig. 6. Scatter plot of the chemical parameters nC and OSC of PTR-OA and the sub-fractions
of ions correlating best with HOA, LOA, SV-OOA, and LV-OOA, respectively.
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 1 

Figure 7. Scatter plot of the atomic ratios O/C and H/C (van Krevelen diagram) of AMS-OA, 2 

PTR-OA and the sub-fractions of ions correlating best with HOA, LOA, SV-OOA, and LV-3 

OOA, respectively. The color-coded green circles represent the mean O/C and H/C ratio of 4 

HOA (grey), LOA (yellow), SV-OOA (magenta), and LV-OOA (brown) as derived from 5 

PMF analysis of AMS data. 6 

 7 
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Fig. 7. Scatter plot of the atomic ratios O/C and H/C (van Krevelen diagram) of AMS-OA,
PTR-OA and the sub-fractions of ions correlating best with HOA, LOA, SV-OOA, and LV-OOA,
respectively. The color-coded green circles represent the mean O/C and H/C ratio of HOA
(grey), LOA (yellow), SV-OOA (magenta), and LV-OOA (brown) as derived from PMF analysis
of AMS data.
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 1 

Figure 8. Campaign-median diurnal variation of the chemical parameters Cn , COS , O/C, and 2 

H/C of the sub-fractions of ions correlating best with HOA, LOA, SV-OOA, and LV-OOA, 3 

respectively. The vertical bars represent the standard deviation of the data in the respective 4 

time-bin. Note that the two most outlying data points have been removed in every time-bin. 5 
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Fig. 8. Campaign-median diurnal variation of the chemical parameters nC, OSC, O/C, and H/C
of the sub-fractions of ions correlating best with HOA, LOA, SV-OOA, and LV-OOA, respectively.
The vertical bars represent the standard deviation of the data in the respective time-bin. Note
that the two most outlying data points have been removed in every time-bin.
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 1 

Figure 9. Diurnal variation of atomic N/C ratios for the ion groups best correlating with HOA, 2 

LOA, SV-OOA, and LV-OOA. 3 

 4 
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Fig. 9. Diurnal variation of atomic N/C ratios for the ion groups best correlating with HOA, LOA,
SV-OOA, and LV-OOA.
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 1 

Figure 10. Atomic N/C ratios as a function of the desorption temperature for PTR-OA and the 2 

ion groups best correlating with HOA, LOA, SV-OOA, and LV-OOA. 3 
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Fig. 10. Atomic N/C ratios as a function of the desorption temperature for PTR-OA and the ion
groups best correlating with HOA, LOA, SV-OOA, and LV-OOA.
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Fig. A1. Total concentration detected at m/z 125.059 Da. The background concentration is
measured by sampling through a particle filter. Most species exhibit similarly low and constant
background levels as m/z 125.059.
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 2 

Figure A2. Histogram of detected peaks in ~500 individual files (900 five second mass 3 

spectra, 75 minutes of data per file) around 113 Da. The mass scale consist of 8ppm bins (or 1 4 

mDa bins if 8ppm<1mDa, i.e. below 125 Da).  The precision of the measured m/z ratio is 5 

defined as 2 times sigma of a Gaussian fit (red line). All empirical formulas of library 6 

matches within +/- 2σ of the measured m/z are initially attributed to the m/z signal. These are 7 

C5H4O3H+ and 13CC7HNH+ for the example shown in the Figure, however, 13CC7HNH+ has 8 

been dismissed because this species is not consistent with the expected signal of the parent 9 

compound at 112.020 Da. The short vertical lines above the peak (m/z = 113.023) indicate the 10 

m/z of potential library matches listed left in the chart area. The longer vertical lines indicate 11 

the 1-sigma (red) and 2-sigma (cyan) boundaries around the peak. 12 
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Fig. A2. Histogram of detected peaks in ∼500 individual files (900 five second mass spec-
tra, 75 min of data per file) around 113 Da. The mass scale consist of 8 ppm bins (or 1 mDa
bins if 8 ppm< 1 mDa, i.e. below 125 Da). The precision of the measured m/z ratio is defined
as 2 times sigma of a Gaussian fit (red line). All empirical formulas of library matches within
±2σ of the measured m/z are initially attributed to the m/z signal. These are C5H4O3H+ and
13CC7HNH+ for the example shown in the Figure, however, 13CC7HNH+ has been dismissed
because this species is not consistent with the expected signal of the parent compound at
112.020 Da. The short vertical lines above the peak (m/z = 113.023) indicate the m/z of po-
tential library matches listed left in the chart area. The longer vertical lines indicate the 1-sigma
(red) and 2-sigma (cyan) boundaries around the peak.
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