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Abstract. The yields of organic nitrates and of secondary

organic aerosol (SOA) particle formation were measured

for the reaction NO3+β-pinene under dry and humid con-

ditions in the atmosphere simulation chamber SAPHIR at

Research Center Jülich. These experiments were conducted

at low concentrations of NO3 (NO3+N2O5<10 ppb) and β-

pinene (peak∼15 ppb), with no seed aerosol. SOA for-

mation was observed to be prompt and substantial (∼50%

mass yield under both dry conditions and at 60% RH), and

highly correlated with organic nitrate formation. The ob-

served gas/aerosol partitioning of organic nitrates can be sim-

ulated using an absorptive partitioning model to derive an es-

timated vapor pressure of the condensing nitrate species of

pvap∼5×10−6 Torr (6.67×10−4 Pa), which constrains spec-

ulation about the oxidation mechanism and chemical identity

of the organic nitrate. Once formed the SOA in this system

continues to evolve, resulting in measurable aerosol volume

decrease with time. The observations of high aerosol yield

from NOx-dependent oxidation of monoterpenes provide an

example of a significant anthropogenic source of SOA from

biogenic hydrocarbon precursors. Estimates of the NO3+β-

pinene SOA source strength for California and the globe indi-

cate that NO3 reactions with monoterpenes are likely an im-

portant source (0.5–8% of the global total) of organic aerosol

on regional and global scales.
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1 Introduction

Organic material constitutes a major fraction (Kanakidou et

al., 2005; Fuzzi et al., 2006; Zhang et al., 2007) of atmo-

spheric aerosol particulate matter, which affects Earth’s cli-

mate by absorbing and scattering solar radiation and altering

the brightness and lifetime of clouds (Forster et al., 2007)

and has been implicated in asthma, heart and lung disease,

and mortality (Dockery and Pope, 1994; Pope et al., 1995;

Alfaro-Moreno et al., 2007; Pope, 2007). Organic particles

can be emitted directly to the atmosphere, for example by

incomplete combustion or biomass burning, constituting pri-

mary organic aerosol (POA). They can also be formed in

the atmosphere by gas-to-particle conversion of condensable

organic compounds (Seinfeld and Pankow, 2003), constitut-

ing secondary organic aerosol (SOA). Recent studies indi-

cate that SOA is a major fraction of total organic aerosol, up

to 90% regionally (Turpin and Huntzicker, 1995; Kanakidou

et al., 2005), with the source underestimated by 1–2 orders

of magnitude in models (de Gouw et al., 2005; Heald et al.,

2005; Volkamer et al., 2006; Goldstein and Galbally, 2007),

indicating that the chemistry of atmospheric secondary or-

ganic aerosol (SOA) formation remains incompletely under-

stood.

The three major atmospheric oxidants driving SOA forma-

tion from biogenic VOCs are OH, O3, and the nitrate radical

(NO3). While O3-initiated reactions occur at all times, re-

actions with OH radicals occur primarily during the day, be-

cause OH is photochemically produced, and reactions with

NO3 occur primarily during the night, because the nitrate

radical photolyzes rapidly under visible radiation.
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Table 1. Atmospheric oxidants and lifetime of β-pinene.

Oxidant kOx+β−pinene Average [Ox] τOx

(cm3 molecules−1s−1) (molecules cm−3)

O3 1.5×10−17 7×1011 (30 ppb) 26.5 hr

(24 h average)

OH 7.89×10−11 1×106 (0.04 ppt) 3.5 hr

(12 h daytime average)

NO3 2.51×10−12 2.4×108 (10 ppt) 0.5 hr

(12 h nighttime average)

Large NO3-initiated aerosol formation from biogenic

volatile organic compounds (VOCs) would provide one po-

tential resolution to an apparent paradox noted in the SOA

literature: while radiocarbon measurements indicate a large

fraction of modern carbon in aerosol from urban (∼50%)

to remote areas (80–100%) (Schichtel et al., 2008), SOA

plumes in both types of locations have been frequently ob-

served to be correlated with anthropogenic sources (de Gouw

et al., 2005; Quinn et al., 2006; Weber et al., 2007). This

mechanism, if a significant SOA source, resolves the para-

dox by requiring both an anthropogenic oxidant and biogenic

VOC to form aerosol.

In regions of high NOx (=NO+NO2) and O3, NO3 builds

up when photolysis is inefficient. As such, NO3-initiated ox-

idation processes are expected to be important in nighttime or

within-canopy atmospheric chemistry, especially downwind

of urban areas or power plants. Although the role of NO3

as a dominant sink for biogenic compounds was suggested

in the early 1980s (Winer et al., 1984), most studies on the

atmospheric oxidation of monoterpenes to date have focused

on OH- and O3-initiated oxidation, with only a few studying

NO3-initiated degradation of VOCs (Jay and Stieglitz, 1989;

Atkinson, 1997; Berndt and Boge, 1997; Hoffmann et al.,

1997; Wangberg et al., 1997; Hallquist et al., 1999; Calvert et

al., 2000; Bonn and Moortgat, 2002; Spittler et al., 2006) or

SOA formation (Hoffmann et al., 1997; Griffin et al., 1999a;

Hallquist et al., 1999; Moldanova and Ljungstrom, 2000;

Gong et al., 2005; Spittler et al., 2006; Ng et al., 2008).

While O3 is more abundant throughout the atmosphere, re-

action rates of alkenes are faster with OH and NO3, and NO3

is much more abundant during the night than OH is during

the day. This leads to atmospheric lifetimes to NO3 oxida-

tion being shorter than both OH and O3 lifetimes at typical

atmospheric concentrations for many VOCs (see Table 1 for

the values for β-pinene). Recent field studies have shown

evidence that NO3 oxidation is a significant removal process

for several alkenes in the atmosphere, even at sub-ppt day-

time concentrations (Geyer et al., 2001, 2003; Kurtenbach et

al., 2002; Aldener et al., 2006).

Here we describe measurements and kinetic modeling of

gas- and aerosol-phase chemistry during SOA formation ini-

tiated by the NO3+β-pinene reaction, under dry and humid

conditions. We find that aerosol formation is correlated with

organic nitrate formation, suggesting that this product chan-

nel is responsible for condensation and that ambient atmo-

spheric aerosol formed via this mechanism should contain

organic nitrate signatures.

2 Experimental

2.1 Atmosphere simulation chamber SAPHIR

All experiments were conducted in the atmospheric simu-

lation chamber SAPHIR at Research Center Jülich. The

SAPHIR chamber is designed for controlled studies of chem-

ical systems under atmospheric conditions, and has recently

been used to study e.g. the HCHO cross section, HONO

photolysis, NO3+aldehydes, O3+alkenes, and NO2 photol-

ysis (Bohn et al., 2005; Rohrer et al., 2005; Bossmeyer et

al., 2006; Brauers et al., 2007; Wegener et al., 2007). The

chamber is a double-walled 120 µm thick FEP foil (DuPont)

container of cylindrical shape with an effective volume of

∼270 m3 (5 m diameter and 18 m length). The space between

the two walls is flushed continuously with high-purity N2

and the chamber interior is maintained at 0.3–0.45 Torr (40–

60 Pa) above ambient pressure to avoid contamination with

outside air. The chamber interior is filled with synthetic air

(N2, O2, purity >99.9999%) and replenished through a flow

controller as gas is lost to sampling extraction over the course

of the experiment. The dilution rate for these experiments

varied between 12–15 m3 h−1, which is 4–5.5% of the cham-

ber volume per hour. Before each experiment, the cham-

ber was purged with synthetic air at 200 m3 h−1 overnight.

A shutter system kept the chamber in darkness throughout

experiments. The chamber setup includes standard instru-

ments for measurement of temperature, pressure, humidity,

and dilution flow. The ozone concentration was measured by

chemiluminescence (modified ECO Physics CLD AL 700),

and the β-pinene concentration was measured by Proton

Transfer Reaction Mass Spectrometry (PTR-MS) (Lindinger

et al., 1998), as relative to initial concentrations derived from

injected β-pinene amount (Apel et al., 2009).

2.2 NO3, N2O5, and NOyi measurements

The experiments were conducted as part of a large intercom-

parison campaign focused on measurements of NO3 Dorn et

al. (2009) and N2O5, Apodaca et al. (2009) during which

ten different instruments for measurement of NO3 and/or

N2O5 were co-located at the SAPHIR chamber. Four instru-

ments employed Cavity Ring-Down Spectroscopy (CRDS),

three Cavity Enhanced Absorption Spectroscopy (CEAS),

two Laser-Induced Fluorescence (LIF), one long-path ab-

sorption photometry (LOPAP), and one long-path Differen-

tial Optical Absorption Spectroscopy (DOAS). The NO3 and

N2O5 measurements across all instruments were found to
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be in excellent agreement throughout the campaign, with in-

strumentation located within the chamber (DOAS and CEAS

measurements) agreeing well with instruments sampling air

from the chamber. Minor discrepancies among external sam-

pling measurements were found to be due to filter losses of

NO3/N2O5. Filtering of aerosol was required for the high

sensitivity (CRDS) measurements. In the figures we show

NO3+N2O5 from the NOAA Earth System Research Lab

team (Dubé et al., 2006), but none of the conclusions of this

manuscript depend strongly on the choice of the NO3+N2O5

measurement, as the various measurements agreed well.

The Berkeley group measured NO2 by LIF with excita-

tion at 408 nm and total peroxynitrates (6PNs), total alkyl

and multifunctional nitrates (6ANs), and nitric acid (HNO3)

by subtraction of NO2 signals from thermal dissociation to

NO2 in heated quartz ovens held at different temperatures

(“NO2-TD-LIF”)(Thornton et al., 2000; Day et al., 2002).

Details of this instrument, which varies from previous Berke-

ley designs in the laser wavelength and continuous-wave op-

eration, are described in Farmer et al. (2009) and Fuchs et

al. (2009). Fuchs et al. (2009) present a comparison of six

NO2 measurements in the SAPHIR chamber during the inter-

comparison, showing good agreement throughout the cam-

paign across varying concentrations of H2O and O3.

The NO2-TD-LIF instrument pulls sample air at 3 stan-

dard liters per minute (slpm) from ca. 10 cm above the floor

of the SAPHIR chamber through a Teflon PFA inlet (40 cm

of 3.2 mm inner diameter tubing), through a glass capillary

orifice to reduce pressure, and splits it to four channels. The

distance of 10 cm from the chamber wall was found to be suf-

ficient to avoid sampling with a low bias due to wall loss in-

duced concentration gradients. With the inlet oven at ambient

temperature, NO2 is detected. At the flow rates used in these

experiments, 6PNs, 6ANs, and HNO3 dissociate to yield

NO2 at 180◦C, 350◦C, and 600◦C, respectively. The mixing

ratio of each class of nitrate is calculated from the difference

in total NO2 measured in adjacent temperature channels. In

all ovens, we expect both gaseous and semivolatile aerosol-

phase nitrates to dissociate completely. The instrument is

blind to salts such as NaNO3. The four oven channels are al-

ternately sampled in two detection cells (P∼1.5 Torr 200 Pa)

pumped in series by a single laser. Comparison of the HNO3

(gas + aerosol) channel of this instrument to a particle-into-

liquid sampler (PILS) HNO3 measurement in the presence of

high NH3 shows strong agreement (Fountoukis et al., 2007).

Laser-induced fluorescence is a highly sensitive technique

for NO2 detection. In the configuration employed here, a

continuous-wave diode laser at 408 nm (8 mW, Toptica Pho-

tonics DL100) is used to excite NO2 in the broad A←X

electronic band. Red-shifted fluorescence (λ>650 nm) is fil-

tered and imaged onto a photomultiplier tube (PMT, Hama-

matsu H7421-50) mounted at 90◦ to both the laser and sam-

ple flow on each cell. The two detection cells of this instru-

ment had detection limits of 80/100 ppt 10 s−1 for NO2 and

400/600 ppt 10 s−1 for 6PNs, 6ANs, and HNO3, accounting

for the 70–75 ppb NO2 present in these experiments. Detec-

tion limits for this instrument were calculated as described

by Day et al. (2002).

2.3 AMS and other particle instrumentation

An aerosol mass spectrometer (Aerodyne TOF-AMS) was

operated to measure the aerosol chemical composition. The

AMS was connected to the SAPHIR chamber via a stain-

less steel tube designed to minimize losses in the sampling

line. The AMS working principles and modes of operation

are explained in detail elsewhere (Canagaratna et al., 2007).

In brief, an aerodynamic lens system at the instrument in-

let is used to separate the gas phase from the aerosol parti-

cles. Aerosol particles are transferred through the vacuum

system and impacted on a vaporizer which is typically held

at ∼600◦C to insure quick volatilization of the particles. Va-

pors are ionized with 70 eV electron impact ionization. A

time of flight mass spectrometer is used for high resolution

analysis of the chemical composition of these ions. As de-

scribed in Sect. 3.5.1, the vaporizer temperature was varied

between 150 and 600◦C during parts of the experiments to

derive additional information on the aerosol constituents.

For the extraction of chemically resolved mass concentra-

tions of individual species the AMS raw data are typically

evaluated with standard assumptions as described by Allan

et al. (2004). In brief, this approach makes use of the re-

producibility of mass spectral patterns of typical inorganic

aerosol components such as ammonium, sulphate and ni-

trate. Subtracting from a measured mass spectrum the con-

tributions of inorganic constituents and the contribution of

gas phase sample, which is exclusively composed of N2, O2,

H2O and gases with mixing ratios in the ppm range, one ob-

tains the mass spectrum of the organic aerosol. Due to the

non-selective ionization with electron impact at 70 eV used

in the AMS and the high fragmentation induced, further iden-

tification of individual molecules in a complex organic com-

ponent is not possible. Nevertheless the high mass resolution

mode of operation enables derivation of the overall elemen-

tal composition of the total organic content. Inorganic nitrate

from e.g. NH4NO3 is detected as NO+ (m/z 30) and NO+2
(m/z 46) with a typical ratio of NO+2 :NO+ of 0.35. In the

W-mode (high mass resolution) of the TOF-AMS, possible

interferences on mass to charge ratios 30 (e.g. CH2O+) and

46 (e.g. CH2O+2 ) can be identified and accounted for in the

further data evaluation. This option has been used for the

experiments described here to derive the nitrate content and

identity of the SOA. The quantification of the nitrate con-

tent of the SOA was performed based on calibrations with

NH4NO3 aerosol. As described in Sect. 3.5.1, the ratio of

NO+2 :NO+ was considerably lower than 0.35 throughout the

experiments indicating that the aerosol did not contain sig-

nificant amounts of inorganic nitrate or nitric acid.

Aerosol number concentrations and size distributions were

measured with a Water Condensation Particle Counter (TSI

www.atmos-chem-phys.net/9/1431/2009/ Atmos. Chem. Phys., 9, 1431–1449, 2009
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WCPC model 3785) and a Scanning Mobility Particle Sizer

(TSI SMPS model 3936, composed of a Differential Mobil-

ity Analyzer (DMA) model 3081 in connection with a WCPC

3785), respectively. The time resolution was 20 s for the CPC

measurements and 7 min for the SMPS. SMPS size distri-

butions were corrected for diffusion losses as described in

the product manual (TSI, October, 2007). The total num-

ber concentration measured with the SMPS system and the

CPC system agreed to within 10% with the CPC number

concentration being larger than the SMPS concentration as

expected from the different cut-off sizes. SMPS size distri-

butions were converted into volume distributions for further

comparison with the AMS mass distributions. The aerosol

diameters measured with the SMPS (mobility diameter, dm)

and the AMS (vacuum aerodynamic diameter, dva) are re-

lated via the following expression:

dva = S × ρ × dm (1)

where S is a shape factor accounting for non spherical par-

ticles and ρ the particle density (DeCarlo et al., 2004). In

the absence of additional information on particle shape (i.e.,

assuming S=1), the effective particle density can thus be de-

rived from simultaneous measurements of the two diameters.

3 Results and discussion

3.1 Kinetics and mechanism of oxidation and SOA forma-

tion

The time series of gas and aerosol concentration measure-

ments for the two NO3+β-pinene experiments are shown in

Fig. 1. To initiate each experiment, NO2 and O3 are added to

the chamber that has been purged overnight with clean, dry

air (12 complete air exchanges). NO3 and N2O5 build up in

the chamber, formed by the following reactions:
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Fig. 2. NO3+β-pinene reaction mechanism. Absorptive partition-

ing of the two explicit β-pinene hydroxynitrates is included in the

model mechanism. The remaining pathways identified with ? are

discussed in the text.

NO2 + O3 → NO3 + O2 NO3 + NO2 ↔ N2O5 (R1)

At time −0.5 h in the dry experiment, the oxidant mixture is

“charged” further by a second addition of 80 ppb O3. At time

0 h in both experiments, β-pinene is added to the chamber

and immediately begins reacting away via:

NO3 + β − pinene→ hydroxynitrate (R2a)

NO3 + β − pinene→ CxHyOz (R2b)

Because the NO3+β-pinene reaction rate exceeds the decom-

position rate of N2O5, the decomposition controls the initial

rate of β-pinene consumption in these experiments. As NO3

is depleted, N2O5 decomposes to yield NO3+NO2; hence,

the measured N2O5+NO3 is a proxy for total NO3 available

for reaction. Once the initially present reservoir of N2O5

has been consumed, the decay of β-pinene becomes rate lim-

ited by NO2+O3. Once the β-pinene is completely reacted,

the NO3+N2O5 concentration increases again. NO2 and O3

concentrations remain elevated (NO2>10 ppb, O3>40 ppb)

throughout the experiments, providing a continuous source

of oxidant (Fig. 1e and f).

Immediately upon initiation of the NO3+β-pinene reac-

tion, both gas- and aerosol-phase organic nitrates begin to

build up in the chamber. The time traces of total gas-

and aerosol-phase alkyl nitrates measured by TD-LIF and

aerosol-phase nitrate measured by AMS are shown in Fig. 3.

Concentrations are plotted as parts per billion (ppb) in these

panels, as the molecular weight(s) of the nitrate(s) are un-

known. Production of both gas- and aerosol-phase organic

nitrates is prompt, with roughly the same amounts formed in

both dry and humid experiments. In addition, the gas/aerosol

partitioning appears similar in both experiments. This sug-

gests that water vapor affects the gas-phase mechanism and

partitioning into the aerosol phase minimally.

Quantitative nitrate formation branching ratios and

gas/aerosol nitrate partitioning are determined by invoking

a simple chemical mechanism (Fig. 2 and Table 2). We

assume that the NO3+β-pinene reaction forms either (A) a

Fig. 3. Observations (symbols) and model calculations (lines) for

dry NO3+β-pinene experiment. (a) NO3+N2O5
 + NO3 (�) and β
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, β-pineneβ-pinene (+) mas

∆

□
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∆ °

. (b) Total
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∆ °
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β

∆

) and aerosol nitrate (□) concentrations [ppb], during the dry (c) and humid (d) 

∆ °

organic

nitrate.

hydroxynitrate or (B) CxHyOz. A chemical kinetics box

model initialized with observed NO2, O3 and the mass of

β-pinene injected, and constrained with the known rates of

Reactions (R1–R3), observed dilution and wall loss and by

the observed [NO3] and temperature, is used to simulate the

observations. The only variable parameter is the yield of or-

ganic nitrate (Ynitrate=A/(A+B)) which is varied to reproduce

the observed total alkyl nitrates signal (Fig. 1c and d).

The simple model invoked here is essentially an abbre-

viation of the Master Chemical Mechanism MCM v3.1

(Saunders et al., 2003), with explicit treatment of RO2–

RO2 reactions replaced by a tunable branching ratio sim-

ply between hydroxynitrate and CxHyOz (non-nitrate or-

ganic) product channels. Ozone-initiated oxidation of β-

pinene is less than 1% of NO3 initiated oxidation except

for the ∼15 min immediately after initial N2O5+NO3 deple-

tion when the rate of O3 with β-pinene approaches 10% of

the NO3 rate. Relative wall loss rates of NO3 and N2O5

are determined from earlier no-hydrocarbon, no-aerosol ex-

periments (k(NO3-wall)=1.5×10−3 s−1 and k(N2O5-wall)

www.atmos-chem-phys.net/9/1431/2009/ Atmos. Chem. Phys., 9, 1431–1449, 2009
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Table 2. Reactions and rate constant values in kinetics box model. Species shown in italics are not tracked in the model. OA is a counter

species for organic aerosol. Quantities in bold are fit parameters in these experiments.

Reaction Rate constant Reference

(cm3molecule−1s−1

unless otherwise indicated)

NO3 + BPIN→ BPINNO3 Ynitrate×2.51×10−12 (Calvert et al., 2000)

NO3 + BPIN→ CxHyOz (1-Ynitrate)×2.51×10−12 (Calvert et al., 2000)

O3 + BPIN→ products 1.5×10−17 (Calvert et al., 2000)

BPINNO3 + OA→ BPINNO3AERO+2OA kon(pvap) see Sect. 3.4

BPINNO3AERO→ BPINNO3 – OA koff s−1 see Sect. 3.4

NO2+O3→ NO3 + O2 1.26×10−13× exp(−2470/T) 0.9 × JPL Kinetics Data Evaluation #15

(Sander et al., 2006)

NO3+NO2 →N2O5 3-body rate; varies around ∼1.00×10−12 (298 K) 0.85×JPL #15

(Sander et al., 2006)

N2O5 →NO3+NO2 kNO3+NO2
/Keq; Keq=2.13×10−27×exp(11025/T) s−1 SAPHIR chamber observed Keq

NO+O3 →NO2 + O2 3.0×10−12× exp(−1500/T) JPL #15 (Sander et al., 2006)

O3 → walls 3.68×10−6 s−1 (both) Fit

NO3 → walls 6×10−4 s−1(dry) 3.3×10−3 s−1(humid) Fit

N2O5 → walls 7.2×10−5 s−1(dry) 3.96×10−4 s−1(humid) Fit

=1.8×10−4 s−1). These rates are scaled by a constant factor

for each experiment, which in these two cases makes losses

five times higher for the humid experiment than the dry.

These wall losses are constrained by the NO3/N2O5 concen-

tration evolution prior to β-pinene injection. For numerical

simplicity, aerosol wall loss for this kinetic modeling is de-

termined by a fit to the decay in number density of aerosol for

each experiment, which is found to be essentially equivalent

to the wall loss determined by more sophisticated dynami-

cal modeling used to calculate aerosol yields (see Sect. 2.2).

These wall losses are significant for total nitrogen in the sys-

tem, making it impossible to use nitrogen mass balance as a

constraint on the analysis.

Ynitrate is found to be 40% (45%) in the dry (humid)

NO3+β-pinene experiments. The dry experiment is shown in

Fig. 3, but the measurement/model agreement is comparable

for the humid experiment. This model reproduces the alkyl

nitrate signal throughout the 10-h experiment (Fig. 3a), with

a maximum discrepancy of 15% during the first 5 min fol-

lowing injection of β-pinene, possibly resulting from the un-

even mixing of the chamber on short timescales. The agree-

ment of this model with the full observed alkyl nitrate time

trace indicates that the first generation of oxidation chemistry

is the only significant source of nitrates and that subsequent

chemistry during the run does not convert the nitrates to non-

nitrate species.

Humidity does not seem to affect the mechanism of

organic nitrate formation appreciably, but a change in

HNO3 is observed. In the dry experiment, HNO3 is pro-

duced continuously throughout the reaction, building up

to 6 ppb at the end of the experiment. The continu-

ous production throughout the dry experiment rules out a

source from the initial concentrated radical mixture, such as

NO3+RO2→OH; OH+NO2→HNO3. The amount of HNO3

produced greatly exceeds the expected HNO3 production rate

from NO3+HCHO or another aldehyde. If we assume an

aldehyde is produced one-to-one with CxHyOz in the non-

nitrate channel (an upper limit), and it reacts with the alde-

hyde + NO3 rate of 3×10−15 cm3 molecule−1 s−1 (Atkinson,

1997), we only predict formation of 2 ppb of HNO3 by 10 h.

In the humid experiment, by contrast, the chamber HNO3

concentration levels off at ∼2.5 ppb two hours after the β-

pinene injection and remains steady. This difference in be-

havior is not understood, nor the formation mechanism for

such a large amount of HNO3. It is possible that reactive ni-

trogen is converted to HNO3 on the chamber walls and that

the desorption rate depends on RH. Another possible source

of HNO3 in the system is the heterogeneous reaction of NO3

on organic aerosol surfaces, abstracting H from an alkane.

Laboratory studies (Moise et al., 2002) have shown this pro-

cess to have an uptake coefficient of order γ =0.0026 for alka-

nes. At the peak aerosol surface area measured during the dry

experiment (5×10−6 cm2 cm−3), this translates to a lifetime

of NO3 uptake of ∼2.7 h.

An initial attempt was made to model the NO3+β-pinene

experiments using the full mechanism and branching ra-

tios given in the Master Chemical Mechanism MCM v3.1

(http://mcm.leeds.ac.uk/MCM/), however, this model did not

accurately reproduce our experimental results. While the

observed organic nitrate yield is roughly reproduced us-

ing the full MCM, the details of the mechanism are not

appropriate to describe our chamber experiments, which

involved only a single monoterpene. In the MCM, the

nitrato-alkylperoxy radicals generated by the initial NO3

addition react with lumped RO2 radicals, which are as-

sumed to react analogously to CH3O2. These lumped RO2
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enable the formation of hydroxynitrates by β-hydrogen ex-

traction, leaving the generic RO2 partner as a carbonyl

(RO2+R(ONO2)O2→R(ONO2)OH+R-HO+O2). In the case

of our chamber experiments, the high-yield pathway is NO3

attack on the terminal end of the double bond, yielding

nitrato-alkylperoxy radicals without β-hydrogens.

An additional difference between the MCM model and

our experiments is the predicted re-release of NO2 and pro-

duction of nopinone in the non-nitrate channel (our CxHyOz

channel). The “burst” of additional NO2 produced by this

channel (NO3+β-pinene→nopinone+HCHO+NO2) in the

MCM is not observed in our data. We have no direct mea-

surement of the nopinone predicted to be produced in this

channel. Nopinone yields from NO3+β-pinene have not been

well constrained by prior observations (Jay and Stieglitz,

1989; Barnes et al., 1990; Hallquist et al., 1999), and at

least one study suggests that carbonyls other than nopinone

are formed in significant yield: Hallquist et al. report a 12–

14% yield of total carbonyls, but 0–2% yield of nopinone.

In contrast, in O3- or OH/NOx-initiated SOA formation from

β-pinene, the nopinone product has been observed by sev-

eral groups (see Lee et al., 2006 and references therein) with

yields of 15–40%.

The chemistry of the non-nitrate organic producing chan-

nel (CxHyOz) is not understood. If the mechanism is adjusted

to convert the NO2 in the CxHyOz channel into a molecule

that is invisible to all measurements, the predicted NO2 time

trace matches the observations. In addition, the model then

better matches the measured O3 decay (due to O3+NO2) dur-

ing that time range. This observation is similar to results

reported by Hoffmann et al. (1997), who found improved

fit between measured and modeled NO2 concentrations in

the NO3+β-pinene system if the reaction converting a ni-

tratoalkyoxy radical to a carbonyl and releasing NO2 was

deleted from their mechanism. In that case, the authors sug-

gested the formation of dinitrates. In our case, the nitrogen

in the non-nitrate organic forming channel of this reaction

appears to be converted chemically to a species that either

immediately partitions to the walls, or to which our NOy

instrument is not sensitive, because dinitrates would appear

simply as a doubled yield of organic nitrate. This “invisi-

ble” reactive nitrogen may be the slow source of HNO3 over

longer timescales. While the gas-phase mechanism remains

unclear, the inability to measure nitrogen mass conservation

has no impact on our later conclusions about gas/aerosol par-

titioning of organic nitrates or aerosol yield.

Based on the β-pinene structure, the nitrato-peroxy rad-

icals formed in the initial step of NO3 oxidation in these

experiments have the possibility to undergo an additional

radical propagation isomerization to yield more highly sub-

stituted oxidized species. A recent paper (Gong et al.,

2005) shows that a straight-chain alkoxy radical with a δ-

hydrogen can undergo isomerization to form a δ-hydroxy-

peroxy radical, which reacts with another RO2 to form a

diol or hydroxycarbonyl. The structure of the β-pinene

O2O2NO
OO2NO

OHO2NO

O2

OHO2NO

OH

isomerization

O2

RO2

 

Fig. 4. Proposed isomerization mechanism for the initial nitrato-

alkoxy radical leading to β-pinene dihydroxynitrates.

derived nitrato-peroxy radical contains a δ-hydrogen situ-

ated for isomerization. By analogy, the isomerization chain

shown in Fig. 4 could lead to multiply-substituted organic

nitrates of β-pinene, such as the β-pinene dihydroxynitrate

(MW=231 g mole−1) shown.

3.2 Aerosol yield

The aerosol production in our experiments occurs in two

stages. Very soon after the initiation of the NO3+β-pinene

reaction, aerosol particles are produced by nucleation. After

this initial burst, the particulate mass growth is caused by the

growth of the existing particles, not by generation of new nu-

clei. During the growth period, aerosol particles are lost to

deposition to the chamber walls as well as being flushed out

due to the sampling flow. These losses also cause a loss of

aerosol mass. Particle number is also lost by coagulation of

particles; this process, however, conserves the total aerosol

mass.

The dilution losses of the aerosol were calculated from

the measured chamber flows and the aerosol size distribu-

tion data measured by the SMPS. Dilution was assumed to

be independent of particle size. The wall loss rate was es-

timated to be mainly due to diffusion; the loss rate constant

was estimated to be proportional to the square root of the

particle diffusion coefficient (Verheggen and Mozurkewich,

2006). The loss rate constant, β, is given by:

β(r) = Cfit

√

DP (r) (2)

where Cfit is an empirical fitting coefficient and DP (r) is

the radius-dependent particle Brownian diffusion coefficient.

Cfit was numerically fitted using a sectional aerosol dynam-

ical model (Korhonen et al., 2004) together with a control

experiment with ammonium sulphate aerosol where no con-

densation was occurring; the value obtained was Cfit=0.25.

Particle volume dilution and wall losses were calculated

by computing the size-dependent particle number losses for

each measured SMPS spectrum. For these experiments, the

wall losses caused between 10–20% of the particle volume

loss; the rest of the loss was caused by dilution.

The time evolution of total particle mass loading during

the dry and humid experiments shown in Fig. 1a and b are

lower limits of the amount of aerosol produced in each ex-

periment, because these raw data do not include a correction

for loss of aerosol to the chamber walls or dilution. In order

to determine a quantitative aerosol yield for each experiment,
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Table 3. Reagent concentrations and SOA yields determined immediately after consumption of β-pinene is complete.

Temperature/ β-pinene(peak) N2O5(peak) 1Mcorr(peak) SOA Yield

RH (µg m−3) (µg m−3) (µg m−3)

293–301 K/<0.5% 90 35 48 53%

291–293 K /42–56% 90 28 41 46%

Fig. 5. Time evolution of β-pinene reactedβ-pinene (+) mas

∆

□

∆ °

and mass aerosol formed

β

loading (∆) [

□

∆ °

(using measured density) during the dry (a) and humid (b)

experiments; mass yield (o) for dry (c) and humid (d) experiments; and density (*) determined from comparison of AMS and SMPS measured

mode diameter, for the dry (e) and humid (f) experiments. Peak mass yield (calculated immediately after all β-pinene is consumed) is∼50%

under both dry and humid conditions.

we correct the aerosol mass loading for these losses using

the loss rate determined by the aerosol dynamical model de-

scribed above. We then calculate the yield as:

Y =
1M

1VOC
(3)

where 1M is the corrected aerosol mass loading (µg m−3)

and 1VOC is the total reacted concentration (µg m−3) of

β-pinene. The wall loss + dilution corrections are approxi-

mately 1% at 30 min, 15% at 3 h, and 25% at 8 h for the dry

experiment, and 3% at 30 min and 11% at 3 h for the humid

experiment (no volume data were available at later times).

The final SOA yields (Table 3) measured at the conclusion

of each experiment were ∼50% for both experiments.

Atmos. Chem. Phys., 9, 1431–1449, 2009 www.atmos-chem-phys.net/9/1431/2009/
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The corrected aerosol mass yield (Fig. 5) increases as the

β-pinene is consumed, then gradually decreases after the β-

pinene is entirely consumed. This is in contrast to the typ-

ical Odum/Pankow interpretation of SOA yield, in which

yield increases with increasing mass of organic aerosol (Mo)

(Pankow, 1994a, b; Odum et al., 1996). The fact that SOA

yield does not monotonically increase with increasing or-

ganic aerosol mass suggests that volatilization of the aerosol

competes kinetically with condensation of SOA. Although

the organic nitrates seem to be in gas/particle equilibrium

(see Sect. 3.4), the remaining constituents of the aerosol ap-

pear to undergo further reactions to yield more volatile prod-

ucts that return to the gas phase.

Evidence for particle evaporation in the dry experiment

can also be seen in the observed aerosol size distribution.

Using size distribution and total volume time traces, one can

approximate the particle growth rate at each time step. Dur-

ing the NO3+β-pinene reaction, the (positive) growth rate is

proportional to the amount of β-pinene in the chamber. Af-

ter all the β-pinene is consumed, the growth rate becomes

negative, with a constant evaporation rate of 5 nm hr−1 for

the remainder of the (dry) experiment. This suggests fur-

ther chemical evolution in the aerosol phase yielding more

volatile products. Another possibility is that the evaporation

of the particles results from re-equilibration in response to

more rapid wall uptake of the gas-phase alkyl nitrates in the

dry chamber.

By contrast, the humid experiments showed less decrease

in SOA yield over time. The solvating presence of adsorbed

water may inhibit particle revolatilization, or the existence of

water vapor may alter the gas phase reaction mechanism of

the organics to avoid producing species that could further re-

act in the aerosol particles. The average temperature during

the humid experiments was approximately 2◦C lower than

the dry experiment (Fig. 1e and f). It is possible that this

temperature difference was sufficient to inhibit revolatiliza-

tion of the particles in the cooler humid experiment.

3.3 Role of organic nitrates in nucleation and particle

growth

As can be seen in Fig. 6, organic nitrates appear to play a role

in both nucleation and particle growth processes. Figure 6a

shows the first hour of the experiment, demonstrating that or-

ganic nitrates are observed as soon as any aerosol is detected

(the AMS measures particles above 30 nm in diameter, pre-

venting direct measurement of the nucleating species). In

Fig. 6b, however, it is clear that at long times there is a con-

stant concentration of gas-phase organic nitrate. These obser-

vations seem contradictory: if organic nitrate aerosol forma-

tion is an equilibrium process with a certain vapor pressure

of organic nitrates existing over the aerosol, that amount of

gas phase nitrate should be required to build up before ho-

mogeneous nucleation begins. The observation of nitrates in

the first particles, however, suggests that a different nitrate

 

Fig. 6. (a) First 0.8 h of the time evolution of total alkyl nitrates

β

∆

), total alkyl nitrates (*) and aerosol nitrate (□

∆ °and aerosol organic nitrate

β

∆

) and aerosol nitrate (□) concentrations [ppb], during the dry (c) and humid (d) 

∆ °

concentrations [ppb] during the dry

experiment. (b) Time evolution of total alkyl nitrates

β

∆

), total alkyl nitrates (*) and aerosol nitrate (□

∆ °

, aerosol or-

ganic nitrate

β

∆

) and aerosol nitrate (□) concentrations [ppb], during the dry (c) and humid (d) 

∆ °

, and gas-phase organic nitrate (o) determined sub-

tractively.

species with much lower vapor pressure also plays a role in

the nucleation process.

This apparent contradiction might be explained by the

existence of distinct nucleating and condensing species.

Burkholder et al. (2007) successfully reproduce nucleation

and particle growth observed after the O3- and OH- initi-

ated oxidation of α-pinene and β-pinene using a model with

tunable yields of nucleating and condensing species. In all

cases, the nucleating species was found to have a signifi-

cantly lower yield (8Nuc=0.00005–0.009) than the condens-

ing species (8Con=0.06). One suggestion of what these con-

densing species might be comes from chamber studies of

NO3+isoprene (Ng et al., 2008), where chemical ionization

mass spectrometry (CIMS) indicated the presence of nitrated

organic peroxide isoprene dimers. In the case of β-pinene,

these C20 organic peroxides would have the very low volatil-

ity required to affect nucleation. In our experiments, a low-

yield nitrate product such as this peroxide may be responsi-

ble for nucleation, while the longer-term particle growth is
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driven by the 40–45% organic nitrate channel. Our kinetic

modeling did not explicitly treat the nucleation process; we

simply introduced the abrupt increase in aerosol number con-

centration as it was observed, then allowed gas-aerosol par-

titioning to proceed.

3.4 Gas/aerosol partitioning and determination of pvap of

condensing nitrate

Gas/aerosol partitioning of the organic nitrate is param-

eterized following the absorptive partitioning formalism

(Pankow, 1994a, b; Capouet et al., 2008):

Kp =
F/TSP

A
=

760 · RT · fom

MWom · 106 · ζ · pvap

(4)

This framework of partitioning is described as “absorptive”

because it implies that the fractionation between gas and

aerosol phase of semivolatile species is dependent on the

amount of aerosol phase already available. In the above

partitioning coefficient expression, F and A are the total

aerosol-phase and gaseous concentrations of the compound

of interest, and TSP is the concentration of total suspended

particulate matter. In the second expression in terms of

thermodynamic properties, R is the universal gas constant

(8.206×10−5 atm m3 K−1 mol−1), T is temperature (K), fom

is the weight fraction of organic matter in the total aerosol

(=1 for these experiments), MWom is the average molecu-

lar weight of the absorbing organic material (g mole−1), ζ

is the activity coefficient of the compound of interest in the

organic phase (assumed=1 for these experiments), and pvap

is the vapor pressure of the compound of interest (Torr); 760

(Torr atm−1) and 106 (µg g−1) are conversion factors. This

gives Kp in units of m3 µg−1.

In order to implement this partitioning in our model, we

employ a kinetic representation of this partitioning expres-

sion (Kamens et al., 1999):

Kp =
kon ·NAvo

MWom · 1012 · koff

(5)

where kon and koff are the absorption (cm3 s−1 molecule−1)

and desorption (s−1) rates of the compound of in-

terest to the aerosol, NAvo is Avogadro’s number

(6.023×1023 molecule mole−1), MWom is as defined

above, and 1012 (µg g−1 cm3 m−3) is a conversion factor.

Finally, we use an expression for the absorption rate of a

gas by a particle (kon) (Lelieveld and Crutzen, 1991):

kon =
MWom

ρNAvo
·

(

a2

3Dg

+
4a

3ωγ

)−1

(6)

where MWom and NAvo are as defined above, ρ is the aerosol

density (measured by comparison of AMS and SMPS mode

diameters to be 1.6 g cm−3 throughout both the dry and hu-

mid experiments), a is the average aerosol radius (cm), taken

at each time step from measured aerosol volume density and

number density, Dg is the diffusivity in the gas phase of

the assumed MW=215 g mole−1 condensing species as cal-

culated by the Fuller method (Poling et al., 2001), ω is the

mean gas phase molecular speed of this species (cm s−1), and

γ is the dimensionless accommodation coefficient of the or-

ganic species onto organic aerosol. In the absence of accom-

modation coefficient data for this system, we assume γ =0.2,

which was used by Capouet et al. (2008) in simulating α-

pinene photo-oxidation.

In order to implement Eqs. (4–6) in our modeling, we

add absorption of the organic nitrate product onto aerosol

(kon; BPINNO3g + OA→BPINNO3aero) and desorption off

aerosol (koff; BPINNO3aero→BPINNO3g) as chemical re-

actions in the kinetics model, keeping track of organic

aerosol mass as the nitrate adsorbs and desorbs. Con-

straining the model to reproduce the observed time traces

of total and aerosol organic nitrate (Fig. 3b) using the

vapor pressure of the condensing nitrate (pvap) as the

fitting parameter gives pvap=4×10−6 Torr=5.33×10−4 Pa

(5×10−6 Torr=6.67×10−4 Pa) in the dry (humid) NO3+β-

pinene experiments.

3.4.1 Group contribution method estimated pvap

To provide a comparison for the vapor pressure consistent

with the kinetics modeling, we employ a group contribution

method (Capouet and Müller, 2006). This calculation of va-

por pressure assumes that functional groups have an additive

effect on the vapor pressure of a molecule, which can be de-

scribed as:

log10 pvap(T ) = log10 pvap,hc(T )+

n
∑

k

νkτk(T ) (7)

where pvap,hc is the vapor pressure of the alkane “parent”

compound, which has the same carbon backbone but only

hydrogen functionalities, νk is the number of functionalities

of type k in the compounds, n is the number of types of oxy-

genated functionalities, and τ k are the group contribution pa-

rameters for each functionality type k (which also depend on

the degree of substitution of the carbon bearing the function-

ality). The parent compound vapor pressure and group con-

tribution parameters are all temperature dependent; in this

case we estimate all parameters at 298 K.

We assume the condensing species in these experiments

are hydroxynitrates, as shown in Fig. 2. We calculate the

vapor pressures of the two structural isomers of β-pinene hy-

droxynitrate. The parent compound for these species is the

same alkane as for α-pinene, as these two hydrocarbons dif-

fer only in the location of the double bond. The value for

log10pvap,hc(298), taken from Capouet and Müller (2006)

is 0.4232. The relevant group contribution values for the

dominant isomer, in which the NO3 radical attack occurs

at the terminal end of the double bond, leading to a struc-

ture with primary nitrate and tertiary hydroxyl functional-

ity, are τONO2p=−2.0897 and τOHt=−1.4418. The relevant
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values for a primary hydroxyl and tertiary nitrate function-

ality for the second isomer are, respectively, τOHp=−2.6738

and τONO2t=−1.2793. These values give the following vapor

pressures for the two β-pinene hydroxynitrates (“tert” recon-

sumption in these “prim” referring to the primary terminal

nitrate):

log10 pvap,prim(298) = 0.4323− 2.0897− 1.4418 = −3.1083

→ pvap,prim = 10−3.1083
= 7.79× 10−4 Torr = 1.04× 10−1 Pa

log10pvap,tert(298) = 0.4323− 2.6738− 1.2793 = −3.5299

→ pvap,tert = 10−3.5299
= 2.95× 10−4 Torr = 3.93× 10−2 Pa

A weighted average of these vapor pressures, using the

80:20 ratio reported in the MCM for primary:tertiary ni-

trate gives an average vapor pressure of 3.41×10−4 Torr

(4.55×10−2 Pa), two orders of magnitude higher than the

value inferred from the observations.

This vapor pressure indicates a significantly more volatile

species than the model fit pvap of 4–5×10−6Torr (5–

7×10−4 Pa) suggests. However, the addition of one further

primary hydroxyl group, such as by the mechanism shown

in Fig. 4, leads to a lowering of vapor pressure. The value

for this additional functional group is τOHp=−2.6738, lead-

ing to pvap,tri-functional=1×10−6 Torr (1.33×10−4 Pa), in

near agreement with the partitioning model. We propose

that this dihydroxy nitrate structure, with molecular formula

C10H17O5N (MW=231 g mole−1), or a similar multifunc-

tional molecule with three oxidized functional groups, is re-

sponsible for the high aerosol yield from this reaction.

3.5 Aerosol chemical composition

3.5.1 Organic nitrates

In addition to the TD-LIF evidence for nitrate yields of 40–

45%, our measurements indicate that the nitrate (NO−3 ) sig-

nal observed in the AMS is due only to organic nitrates, and

not the condensation of HNO3 (inorganic nitrate). Nitric

acid has a vapor pressure of 7 Torr (930 Pa), several orders

of magnitude higher than that predicted for the condensing

species, but is removed rapidly by surfaces (Dubowski et al.,

2004) and is highly soluble in polar matrices such as water.

Two lines of reasoning derived from distinct measurements

rule out HNO3 as a contributor to the aerosol phase. First,

Fig. 7 shows time traces of AMS aerosol nitrate (NO−3 ) ver-

sus total alkyl nitrates and HNO3 as measured by TD-LIF.

The aerosol nitrate time trace is correlated with alkyl nitrates

and not with nitric acid, indicating that it is not formed by

simple condensation of HNO3 onto aerosol. Second, a simi-

lar conclusion is drawn from the AMS data. The NO+2 :NO+

ratio (m/z 46:m/z 30) measured during NO3+β-pinene exper-

iments was ∼1:10, regardless of impactor heater tempera-

ture (150–580◦C). In contrast, the NO+2 :NO+ ratio measured

by the same AMS sampling laboratory-generated ammonium

Fig. 7. Time evolution of total alkyl nitrates

β

∆

), total alkyl nitrates (*) and aerosol nitrate (□

∆ °

, HNO3 (+), and

aerosol organic nitrate

β

∆

) and aerosol nitrate (□) concentrations [ppb], during the dry (c) and humid (d) 

∆ °

concentrations [ppb] during the dry ex-

periment.

nitrate (NH4NO3) aerosol was ∼1:2.7. This latter number

is broadly consistent with reported ratios for ammonium ni-

trate measured by other AMS groups, which have ranged

from m/z 46:m/z 30 of 1:2 to 1:3 (Alfarra et al., 2006) to

m/z 46:m/z 30 of 1:1.18 (Cottrell et al., 2008). The ratio ob-

served for the NO3+β-pinene produced SOA is clearly dis-

tinct from these inorganic nitrate fragmentation patterns.

During one portion of each NO3+β-pinene experiment,

the AMS inlet vaporizer temperature was lowered temporar-

ily. In the dry experiment the vaporizer temperature was de-

creased in ten steps from 570◦C to 145◦C, measuring for

15 to 30 min on each temperature. For the humid experi-

ment the vaporizer was held at 570◦C (majority of experi-

ment), 395◦C (28 min), and 148◦C (30 min). As tempera-

ture was lowered, total organic aerosol mass measured de-

creased, while total nitrate aerosol mass remained constant.

This is interpreted to mean that the total signal obtained at

the minimum vaporizer temperature of 145◦C (dry experi-

ment) originates from organic nitrate, allowing an estima-

tion of its molecular weight. The following assumptions are

made. The organic nitrate is measured as NO+ and NO+2
and a broad variety of other ions which are summed under

the organic component. The mass ratio of the total organic

to the sum of NO+ and NO+2 is assumed to be equal to the

molecular weight ratio of the pure organic part and the ni-

trate part of the organic nitrate. This relies on the assumption

that only the organic nitrate is present at this lowest tempera-

ture. Thus, the minimum measured organic to nitrate ratio of

2.7±0.2 in the dry experiment is used to estimate the molecu-

lar weight of the organic nitrate present. This yields a molec-

ular weight of 229±12 g mole−1 for the organic nitrate, well

in the range of the proposed structures (215 or 231 g mole−1;

see Fig. 4). The minimum ratio organic/nitrate observed in

the humid experiment was 6±0.4 at a vaporizer tempera-

ture of 148◦C. Assuming again that the total signal obtained
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Fig. 8. Potential identification of m/z=153 and 169 fragments,

which are correlated with aerosol nitrate.

is exclusively from organic nitrates we obtain a molecular

weight of 434±25 g mole−1. This greatly exceeds the molec-

ular weight of the structures proposed and indicates that ei-

ther the identity of the organic nitrates is considerably dif-

ferent in the humid case or a larger fraction of more volatile

pure organic components contributes to the signal obtained at

the lowest vaporizer temperatures when the humidity is high.

An additional piece of information about aerosol com-

position can be gained by looking at the ratio of organic

to nitrate mass measured by the AMS with the vaporizer

at ∼600◦C over the course of the experiments. In both

the dry and humid cases, this ratio throughout the experi-

ment is ∼8–10, indicating a reasonably consistent aerosol

composition. If we assume that the organic nitrate present

is a 215–231 g mole−1 hydroxynitrate or dihydroxynitrate

(C10H17O4N or C10H17O5N), this means that a roughly con-

stant 32–41% of total aerosol mass is organic nitrate. The

fraction of aerosol that is organic nitrate can also be calcu-

lated by comparing the AMS and SMPS aerosol mass mea-

sured during the periods of low (145–148◦C) vaporizer tem-

perature, when it is assumed that the AMS measured only

organic nitrate. The ratio of AMS : SMPS mass under these

conditions is 4.5±0.3 µg m−3: 11.6±0.6 µg m−3, which

gives an organic nitrate contribution to total SOA mass of

4.5/11.6=39%, similar to the above estimates.

Insight into the structure of this aerosol organic nitrate can

be derived from the AMS spectra. Throughout the experi-

ments, a bimodal peak at m/z 153 is observed which is cor-

related with the aerosol nitrate signal (R2=0.79 for the dry

experiment, R2=0.88 for the humid). The high resolution

W-mode operation of this AMS instrument allows assign-

ment of the two major component fragments at this mass as

C10H17O+ and C9H13O+2 . A smaller peak at m/z 169 is also

correlated with aerosol nitrate signal, which can be assigned

as C10H17O+2 . These fragments can speculatively be iden-

tified (Fig. 8) as organic fragments from the mono- and di-

hydroxynitrates of β-pinene, with C10H17O+ corresponding

to loss of NO3 from the monohydroxynitrate (A), C10H17O+2
corresponding to loss of NO3 from the dihydroxynitrate (B),

and C9H13O+2 corresponding to loss of CH3ONO2 from the

dihydroxynitrate, leaving a hydroxyketone (C).

O OH

keto enol

;

OH

n + n CH2O

OH OH

n-1

+ (n-1)H2O

 

Fig. 9. Keto-enol equilibrium for nopinone; potential polymeriza-

tion mechanism via enol form of nopinone.

3.5.2 Non-nitrate organic compounds

The most reasonable structure for the non-nitrate CxHyOz

channel product in the NO3+β-pinene reaction is nopinone,

based on RO2-RO2 self-reaction and loss of NO2. Nopinone

is included in the MCM mechanism as the non-nitrate prod-

uct of this reaction. By the group contribution method em-

ployed here to estimate organic nitrate volatilities, nopinone

would have a vapor pressure of pvap=4.8×10−2 Torr=6.4 Pa

(τ carbonyl=−0.8937, Capouet and Müller, 2006), indicating

a volatile species unlikely to condense appreciably into the

aerosol phase. However, the above calculations indicate that

a significant amount of organic mass must co-condense with

the organic nitrates.

Another intriguing piece of information comes from the

NO3+β-pinene study of Hallquist et al: although the au-

thors had a specific FTIR fingerprint for nopinone, in all

experiments they observed no or maximum 1–2% nopinone

formed. They did observe carbonyl groups to be formed at

about 12–14% molar yield, compared to the 60–70% yield

of nitrate. By contrast, in the NO3+α-pinene experiments,

they observed ∼70% yield of carbonyls, with essentially all

of that carbonyl signal accounted for by the known pinon-

aldehyde product. This suggests that the chemistry of the

CxHyOz channel is unknown.

Nopinone is a ketone with no α-hydrogens, so it is not

likely to be reactive with NO3. However, a possible mech-

anism for further reaction of the nopinone product is the

keto-enol isomerization, forming a double bond in the β-

pinene ring that may be reactive to further oxidation and

formation of multifunctional organics or oligomers. This

oligomer formation may be facilitated by the co-presence of

formaldehyde in a mechanism analogous to the well-known

phenol-formaldehyde step-growth polymer formation reac-

tion, (Cowie, 1991). The keto-enol equilibrium and poten-

tial oligomerization reactions are shown in Fig. 9. These

higher-molecular weight compounds would in turn be more

likely to partition to the aerosol phase. At least one reac-

tor study with FTIR analysis of the products of O3+β-pinene

(Winterhalter et al., 2000) did not find evidence of keto-enol

Atmos. Chem. Phys., 9, 1431–1449, 2009 www.atmos-chem-phys.net/9/1431/2009/
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tautomerism leading to polymer formation – sustained high

concentrations of nopinone and HCHO were observed in that

study. Nevertheless, for some reason high nopinone yields

have not been observed from NO3+β-pinene, and the ex-

periments presented here suggest that there must exist some

mechanism by which the organic compounds in that reaction

channel become less volatile.

3.6 Comparison to previous results

To our knowledge, only one previous study has measured

the aerosol mass yield from NO3+β-pinene. Hallquist et

al. (1999) conducted experiments in the EUPHORE facility

in Valencia, Spain investigating product yields and aerosol

formation from NO3 oxidation of several monoterpenes in-

cluding β-pinene, employing long-path FTIR to study the

products. At the lowest initial [N2O5] of 7 ppb and [β-

pinene] of 18 ppb, the conditions most comparable to our

experiments, they observed a molar nitrate yield of 61% us-

ing FTIR (compared to our 40–45%) and mass aerosol yield

using SMPS of 10% (compared to our ∼50%). While the

nitrate differences are relatively small, the aerosol yield dif-

ference is significant and its source is not clear at this time.

Several additional studies of aerosol formation from NO3-

initiated oxidation of β-pinene, though they do not re-

port yields, are relevant. Bonn and Moortgat (2002) re-

acted 50 ppb α- or β-pinene with 1 ppm NO3+N2O5 oxidant

(fully two orders of magnitude higher concentration than the

∼10 ppb used here). They observed no new particle nucle-

ation. They also reported observing “memory effects” in a

steady-state flow tube experiment on the same chemical sys-

tem. Throughout their NO3 experiments, particle concen-

trations rose continuously as conditions were changed, not

returning to same initial values as they did in O3 experi-

ments. They interpret this as the result of some NO3 reservoir

species depositing to the walls and then returning to the gas

phase over time, to generate more particles.

The Jülich SAPHIR chamber is operated to avoid wall per-

meation and such effects, by overnight purging before ex-

periments and the maintenance of a nitrogen-purged volume

between the double walls of the chamber. This should pre-

vent any day-to-day “memory effects” of the chamber walls.

However, on the timescale of an individual experiment, it

may be that the same nitrogen-containing species as in the

Bonn and Moortgat experiments are depositing to the walls,

to be released by subsequent chemistry on the surfaces. A

point of agreement between our results and those of Bonn

and Moortgat is in the observation of no water effect (from

RH<0.01% to 25% in their experiments and from RH<0.5 to

56% in our experiments) on particle size distribution. In ad-

dition, they were able to rule out HNO3 condensation as the

source for nucleation in the NO3+β-pinene system, in agree-

ment with our observation that aerosol nitrate is organic in

nature, and not HNO3.

In comparing chamber SOA yields and attempting extrap-

olation to the real atmosphere, it is important to recognize

that the radical chemistry in chambers may vary and may not

be representative of ambient conditions. SOA yields have

been shown to be sensitive to HO2/RO2 concentration ra-

tios (Docherty and Ziemann, 2003). In chamber experiments,

HO2/RO2 can be of order 2×10−3–4×10−2 (Jenkin, 2004),

with variation due to the use or lack of OH scavengers. In

the case of β-pinene chamber studies this ratio is likely to be

particularly perturbed, because most of the RO2 formed are

tertiary peroxy radicals with no possibility of HO2 forma-

tion. Modeling of our chamber conditions suggests very low

HO2/RO2 (<10−4 during the reactive period of the experi-

ment), with the result that less than 1% of RO2 radicals re-

act with HO2. In contrast, field measurements found ambient

HO2/RO2 ratios close to 1 (Hanke et al., 2001). This suggests

that in the real atmosphere, more nitrooxy hydroperoxides

may be formed than in our chamber experiments, as noted

in a comprehensive review of tropospheric VOC chemistry

(Atkinson, 1997). It is unclear how this difference would af-

fect the atmospheric NO3+β-pinene SOA yield. Therefore,

in the following section, we use the chamber measured yield

but encourage consideration of this limitation of the measure-

ment.

3.7 Estimated atmospheric source of SOA from NO3+β-

pinene

To assess the contribution of NO3+β-pinene products to at-

mospheric SOA loading, we use the measured 50% mass

yield in conjunction with estimates of the fraction of β-

pinene emissions which are consumed by NO3. Because

this fraction will have large regional and temporal variabil-

ity corresponding to the overlap of regions of high NOx and

O3 with monoterpene emissions, an accurate estimate of the

SOA source requires use of a spatially resolved regional or

global model. We make two independent source estimates,

one deriving from a regional model and one based on a pre-

vious global estimate.

In California, July average monoterpene emissions are es-

timated to be∼ 60 tons hr−1, using a statewide version of the

Biogenic Emission Inventory Geographic Information Sys-

tem (BEIGIS), currently in development (personal communi-

cation, Klaus Scott, CARB; a previous version of BEIGIS is

described by Scott and Benjamin, 2003). Of these monoter-

pene emissions, ∼30% occur at night (Sakulyanontvittaya et

al., 2008), and ∼25% are β-pinene (Griffin et al., 1999a);

(Guenther et al., 1995). This gives a regional estimate of

the California nighttime β-pinene source of 4.5 tons hr−1.

A regional model (WRF/chem, http://ruc.fsl.noaa.gov/wrf/

WG11/) is employed to determine what fraction of β-pinene

emitted reacts with NO3 vs. O3 and OH over a typical July

night. The region is modeled with 4 km horizontal resolution

and 1 h temporal resolution, using North American Regional

Reanalysis (NARR) meteorological data. The US EPA’s
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1999 National Emissions Inventory (NEI-99, version 3) at

4 km horizontal resolution is used for anthropogenic emis-

sions, while biogenic emissions are calculated online using

the WRF/chem supplied emission module based on the de-

scription of Guenther et al. (1995), Simpson et al. (1995)

and Richter et al. (1998). The module treats the emissions

of isoprene, monoterpenes, other biogenic VOC (OVOC),

and nitrogen emission by soil. Chemistry is modeled online

using the RADM2 mechanism, for which the emissions of

monoterpenes and OVOC are disaggregated into the lumped

species, with β-pinene emissions added into “olt”, the termi-

nal olefin species class.

In every surface grid box, the fraction of “olt” (as a proxy

for β-pinene) reacting with NO3 is calculated by comparison

of instantaneous oxidation rates for each hour of the night:

fNO3
=

kNO3-bpin×[NO3] × [olt]

kNO3-bpin×[NO3] × [olt]+kO3-bpin×[O3]×[olt]+kOH-bpin×[OH]×[olt]

(8)

Averaged over the California domain, fNO3
is observed to

be 0.75±0.03 over the course of 3 modeled nights in July

2000. Applying this factor and the observed 50% SOA mass

yield from NO3+β-pinene to the nighttime β-pinene emis-

sions estimate, we arrive at a regional nighttime NO3-β-

pinene SOA source estimate of 1.7 tons hr−1.

The model average nighttime lifetime of β-pinene is

∼5–6 h, and daytime lifetime ∼1–3 h. Based on these

lifetimes and the diurnal cycle of monoterpene emissions

(Sakulyanontvittaya et al., 2008), afternoon-emitted β-

pinene that survives past sundown would add to this source

estimate by of order 30%. The source estimate could be fur-

ther increased by daytime NO3 oxidation of β-pinene within

forest canopies, which according to some models (Forkel et

al., 2006; Fuentes et al., 2007) contributes up to 50% of day-

time oxidation of monoterpenes. On the other hand, these

models predict a fine scale vertical structure at night that is

not captured by the WRF model, in which the lowest grid box

has a height of 46 m. This (presently unquantifiable) effect

could increase or decrease the nighttime source estimate.

Another recent model study (Russell and Allen, 2005)

found that NO3+β-pinene is a significant (∼15% of monoter-

penes + aromatic derived SOA) contributor to SOA forma-

tion in the Houston, Texas area, with an August daily forma-

tion rate of 587–975 kg day−1, or 0.44–0.72 tons hr−1, in an

area of 16 km2 around the urban center. The comparison of

this Houston source with our total California (4.1×105 km2)

estimate of 1.7 tons hr−1 seems reasonable, since the latter

includes the outflow of multiple urban areas. In Califor-

nia, maximum modeled [NO3]×[olt] (β-pinene proxy) is ob-

served in the mountains downwind of Sacramento, the San

Francisco Bay area, and Los Angeles.

We can put this California SOA source estimate

of 1.7 tons hr−1 into regional context by comparing

to fine particulate matter (PM2.5) emissions for Cal-

ifornia. The California Air Resources Board esti-

mated statewide annual average PM2.5 emissions for

2006 of 1054 tons day−1=44 tons hr−1(CARB California

Emissions Forecasting System, http://www.arb.ca.gov/app/

emsinv/fcemssumcat2006.php). Hence, regional SOA pro-

duction from this single monoterpene-oxidant system is es-

timated to be ∼4% of inventoried total California fine par-

ticulate emissions. Recall that β-pinene accounts for only

one quarter of total monoterpenes emissions. Hence, if all

monoterpene SOA yields are similar to β-pinene (a gross ap-

proximation, as there have been very few measurements of

these yields), the source estimate from NO3 + monoterpenes

would be ∼16% of estimated total California PM2.5 emis-

sions. These calculations assume that the regional estimate

made here is robust despite the caveats mentioned above,

and that the state inventory of PM2.5 accurately includes

all anthropogenic and biogenic organic emissions, both of

which introduce significant uncertainty to the relative impor-

tance of this SOA source regionally. We emphasize again

that this estimate relies on our measured NO3 + β-pinene

SOA mass yield of 50%, which may or may not be repre-

sentative of other monoterpenes. Nevertheless, this calcula-

tion clearly shows the need for better quantification of the

NO3 + monoterpene SOA source.

Global annual emissions of β-pinene are∼30 Tg C year−1

out of total biogenic emissions estimated at 1150 Tg C year−1

(Griffin et al., 1999b; Guenther et al., 1995). Isoprene

makes up a large fraction of global biogenic emissions, pre-

dicted to be 389 Tg C year−1 by Ng et al. (2008) using the

MEGAN model (Guenther et al., 2006). Ng et al. estimated

an SOA source of 2–3 Tg year−1 from NO3 + isoprene, us-

ing the GEOS-Chem global model and an average of their

laboratory measured SOA mass yield of 10% (Ng et al.,

2008). If we assume that the spatial overlap of biogenic

isoprene and β-pinene emissions with regions of high NOx

are similar, we can scale this NO3 + isoprene source estimate

by the ratios of total emissions of the biogenic precursors

and SOA yields to arrive at a crude global SOA source es-

timate for NO3+β-pinene. This assumption of similar over-

lap with NOx seems roughly appropriate given the spatial

patterns of isoprene and monoterpenes emissions (Guenther

et al., 1995). It appears that this estimate will, if any-

thing, underestimate the monoterpenes-derived SOA source,

as those emissions exhibit broader spatial extent, especially

in the Northern Hemisphere summer. The result of this scal-

ing of the Ng et al. (2008) isoprene source estimate gives

a global SOA source of (2–3×(0.5/0.1)×(30/389)=) 0.8–

1.2 Tg year−1 from NO3+β-pinene.

A recent estimate of global mean monoterpene-derived

SOA source was 7 Tg year−1 (Goto et al., 2008), while

an earlier study estimated a total biogenic-derived SOA

source of 18.5 Tg yr−1 (Griffin et al., 1999b). Goto et

al. (2008) used a partitioning equilibrium constant (pro-

portional to aerosol concentration/gas concentration) for
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NO3-monoterpene products that is an order of magni-

tude smaller than that for OH products and a factor of

6 smaller than for O3 products, based on measurements

of α-pinene partitioning (Griffin et al., 1999a). This same

observational data led Griffin et al. (1999b) to neglect

NO3-oxidation from their (significantly higher) estimate of

biogenic-derived SOA. The global estimate derived here of

0.8–1.2 Tg year−1 SOA from the single oxidant/monoterpene

system of NO3+β-pinene, in conjunction with reports of

global models underpredicting SOA loading measured in

field campaigns by up to 2 orders of magnitude (Heald et al.,

2005; Volkamer et al., 2006), suggests that these NO3 oxida-

tion sources may be a significant missing source of organic

aerosol in current models.

If we again scale this SOA source estimate by a factor

of 4 to obtain an estimate for all monoterpenes (assuming

SOA yield is similar), we arrive at a global SOA source

from NO3 + monoterpenes of 3.2–4.8 Tg year−1. This can be

compared to two recent estimates of total global mean SOA

source, which vary from 12–70 Tg year−1 (Kanakidou et al.,

2005) to 140–910 Tg year−1 (Goldstein and Galbally, 2007).

The results presented here suggest that NO3 + monoterpenes

are responsible for of order 5 Tg year−1 of SOA, making

them about 8% of the highest value reported by Kanakidou et

al. (2005) and 0.5%–3% of the aerosol source suggested by

Goldstein and Galbally. These fractions suggest that a NO3

secondary organic aerosol source cannot be neglected.

4 Conclusions

Environmental chamber measurements of SOA formation in

the reaction of NO3+β-pinene are reported for dry and humid

(60% RH) conditions with no seed aerosol. A gas-phase ki-

netics model with absorptive gas/aerosol partitioning repro-

duces the observed concentration time traces. Humidity be-

low 60% RH does not appear to affect SOA formation appre-

ciably; the mass yield of aerosol is∼50% under both dry and

60% RH conditions. In both cases, SOA formation is corre-

lated with organic nitrate formation, which accounts for 40–

45% of the β-pinene loss. The vapor pressure of the condens-

ing organic nitrate in the absorptive gas/aerosol partitioning

model is estimated to be 4–5×10−6 Torr (5–7×10−4 Pa). Or-

ganic nitrates also appear in the aerosol at very early times

and therefore appear to be involved in nucleation as well.

The ratio of NO+2 :NO+ measured by the AMS in these

experiments is significantly lower than for inorganic nitrate

salts. This allows unambiguous assignment of the aerosol

nitrate as deriving from organic nitrates. The observation

of several organic fragments correlated with nitrate suggests

some elements of the chemical formula of the nitrates. This

distinct fractionation pattern could be used to identify or-

ganic nitrates in ambient data.

Based on estimated vapor pressures, AMS mass spectra,

and AMS organic to nitrate ratio at low vaporizer temper-

ature, mono- and di-hydroxynitrates are proposed as struc-

tures of the aerosol organic nitrate. These organic nitrates

constitute only 32–41% of the total aerosol mass, indicating

that significant co-condensation of pure organic molecules

must occur. The identity of these organic species is unknown.

A nopinone-derived oligomer is proposed as one possibility.

Based on regional and global emissions of monoterpenes

and estimates of relative rates of reaction with NO3 and other

oxidants, the ∼50% mass yield of SOA from NO3+β-pinene

observed here translates to a significant regional and global

SOA source. Because β-pinene constitutes only 25% of

monoterpene emissions and only 3% of total biogenic hydro-

carbon emissions, this suggests that the oxidation of biogenic

VOCs contributes significantly to global secondary organic

aerosol loading.
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