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Abstract. We report measurements of ambient atmosphericl Introduction
mixing ratios for methyl chavicol and determine its biogenic
emission rate. Methyl chavicol, a biogenic oxygenated aro-

) . - Plants contain thousands of different volatile and semi-
matic compound, is abundant within and above Blodgett For- . .

. . : . volatile organic compounds (Adams, 2007), and the atmo-

est, a ponderosa pine forest in the Sierra Nevada Mountains

of California. Methyl chavicol was detected simultaneously Spheric chemistry commumty hgs _hlst_oncally focuseq on a
ST 2 small subset of these. With continuing improvements in ana-
by three in-situ instruments — a gas chromatograph with

lytical instrumentation, a wider suite of biogenic volatile or-
mass spectrometer detector (GC-MS), a proton transfer reacytca strumentation, & wider suite of biogenic volatile o

. ! i BV h in th -
tion mass spectrometer (PTR-MS), and a thermal desorptloﬁanIC compounds (BVOCs) have been measured in the atmo

i .. ~sphere in recent years (e.g. Goldan et al., 1993; Schade and
aerosol GC-MS (TAG) — and found to be abundant W'th”.] Goldstein, 2001; Helmig et al., 2007), and the list of specific

and above Blodgett Forest. Methyl chavicol atmospherchVOCS included in emission inventories and atmospheric

mixing ratios are strongly correlated with 2-methyl-3-buten- chemistry models is growing (e.g. Sakulyanontvittaya et al
2-ol (MBO), a light- and temperature-dependent biogenic . Y 9 g(e.9. y Y 0
e . 008; Steiner et al., 2008). Here we focus on methyl chavicol
emission from the ponderosa pine trees at Blodgett Fores i )
Scaling from this correlation, methyl chavicol emissions ac- 4 o A Name: 1-methoxy-4(2-propenyl)-benzene; CASH
9 ' y 140-67-0), a compound previously uncharacterized in the at-

count for 4-68% of the carbon mass emitted as MBO in .
. . . . mosphere. Also known as estragole or 4-allylanisole, methyl
the daytime, depending on the season. From this relation- X . .
. . . L chavicol (GgH120) is an oxygenated aromatic BVOC, and
ship, we estimate a daytime basal emission rate of 0.72- ) o .
although it has 10 carbon atoms, it is not a terpenoid com-

1p-1 ; ;
10.219Cg™" ", depending on needle age and seasonallty.pound_ Plants synthesize this compound, which smells like

We also present the first observations of its oxidation prOd'Iicorice from the amino acid phenylalanine via the shikimate
ucts (4-methoxybenzaldehyde and 4-methyoxy benzene ac- ' pheny

etaldehyde) in the ambient atmosphere. Methyl chavicol ispathway (Sangwan et al., 2001) (Fig. 1). Analysis of ex-

) o . “tracted plant oils show that methyl chavicol is produced by
a major essential oil component of many plant species. This . .
; L . a variety of plants (Table 1). For example, methyl chavicol

work suggests that methyl chavicol plays a significant role in. ; AR
: . IS @ major essential oil component of many common herbs

the atmospheric chemistry of Blodgett Forest, and potentially

. . L . .”such as basil (up to 70%) (Simon et al., 1990; Leung and
other_ sites, an_d should be mcl_uded explicitly in bo_th blog?mCFoster, 1996; Sajjadi, 2006), tarragon (up to 86%) (Werker
volatile organic carbon emission and atmospheric chemistr

Yet al., 1994; Leung and Foster, 1996; De Vincenzi et al.,

models. 2000), and fennel (up to 65%) (Barazani et al., 2002; De
Vincenzi et al., 2000). It is also a major component in the

Correspondence to: oils of culturally-significant plants found worldwide, includ-

N. C. Bouvier-Brown ing a Latin American herb (up to 97%) (Ciccio, 2004), an
BY (nbouvier@nature.berkeley.edu) ubiquitous Korean herb (up to 49%) (Shin and Kang, 2003),
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Fig. 1. Schematic of methyl chavicol synthesis modified from the glueesphenylalanine and phenylalanire methyl chavicol mecha-
nisms presented by Yoshida (1969) and Sangwan et al. (2001), respectively.

an Indian herb (up to 93%) (Hazarika and Nath, 1995), aspectrometry (PTR-MS) monitoringn/z 149 (Holzinger et
Turkish herb (up to 90%) (Kaya et al., 2007), and a Mex- al., 2005). Subsequent studies using instrumentation with
ican avocado (up to 95%) (Pino et al., 2006b; Leung andmass spectrometer libraries confirmed the PTR-MS identifi-
Foster, 1996). Methyl chavicol has been identified in thecation (Bouvier-Brown et al., 2007, 2009). Branch enclosure
resin of pinesiinusspp.) (Mirov, 1961; Salom and Hobson, measurements using PTR-MS and solid phase microextrac-
1995 and references therein), such as Caribbean (Snyder atidn (SPME) fibers analyzed with ion trap GC-MS identified
Bower, 2005), black (Rezzi et al., 2001), Scots, slash (Chadponderosa pine as the source plant for methyl chavicol emis-
wick and Palkin, 1941), longleaf (Mirov, 1948), lodgepole, sions to the Blodgett forest ecosystem and provided estimates
loblolly (Strom et al., 2002; Werner, 1972), and ponderosaof emission rates and ecosystem flux (Bouvier-Brown et al.,
(e.g. Cobb et al.,, 1972; Adams and Edmunds Jr., 1989). Ir2009). Emissions of methyl chavicol were 9-117% of the
fact, studies of ponderosa pine oil show that methyl chavi-total measured terpene (sum of the total measured monoter-
col accounts for 3—40% of the total needle oil (Zavarin et al.,penes and sesquiterpenes) flux, but each branch had a differ-
1971), an abundance comparable to (Krauze-Baranowka etnt emission profile which varied over time (Bouvier-Brown
al., 2002) or higher than the monoterpene 3-carene (Kuroset al., 2009). As a result of this variation, methyl chav-
etal., 2007). icol basal emissions ranged from 0.159 to 1@@g(dry

In the late 1960s, examination of ponderosa pine trees inweighty 2 h~! and an average daytime ecosystem flux was
jured by photochemical air pollution in southern California estimated to be 1.3Zmolm=2h~! (Bouvier-Brown et al.,
revealed that some of the damaged trees were also being iR009).
fested by bark beetles. The most significant difference in Methyl chavicol oxidation has been studied in the lab-
the chemical makeup between the healthy and infested treesratory using a PTR-MS. Full photochemical oxidation of
was the amount of methyl chavicol in their resin (Cobb et methyl chavicol in a smog chamber produced a 42% yield of
al., 1972). Methyl chavicol is an effective behavioral inter- an unknown compound detectednatz137 and a 23% vyield
ruptant for a variety of bark beetle species in many differentof a compound, hypothesized to be gHz00, aldehyde, de-
geographic locations, as shown through lab assays of walktected atn/z151 (Lee et al., 2006b). An unidentified product
ing behavior (Hayes et al., 1994; Werner, 1995) and fielddetected atn/z151 was also generated from ozonolysis ex-
tests of flight behavior (Hayes and Strom, 1994; Joseph eperiments at a 25% yield, which was the largast151 yield
al., 2001; Snyder and Bower, 2005). Although walking or of any terpene tested (Lee et al., 2006a). These experiments
flight responses of some bark beetle species are reduced tajlso showed that methyl chavicol oxidation leads to the pro-
methyl chavicol, others species are attracted to it (Wernerduction of secondary organic aerosol (SOA) with yields of
1972; Joseph et al., 2001). Protecting trees with methyl chav40% from full photochemical oxidation (Lee et al., 2006b)
icol after artificially encouraging beetle attack was not a suc-and 6% from ozonolysis (Lee et al., 2006a).
cessful treatment tactic (Strom et al., 2004), thus it is unclear Here we report a more detailed characterization of the en-
if methyl chavicol plays a significant role in host coloniza- vironmental factors that drive methyl chavicol emissions in
tion behavior by bark beetles. It likely works in concert with Blodgett Forest, a ponderosa pine forest. We also present
other compounds or plays a role in the behavior of only cer-the first observations of its oxidation products in the ambient
tain species. atmosphere. To elucidate processes driving methyl chavi-

Methyl chavicol is volatile enough to be readily emitted col emissions, we compare its mixing ratios and average di-
from vegetation, but until recently, atmospheric measure-urnal profiles to that of 2-methyl-3-buten-2-ol (MBO) and
ments and emission rates have been notably absent in thbe monoterpenea-pinene. MBO, a known prominent bio-
literature (Lerdau et al. 1997; Fuentes et al., 2000). Methylgenic emission from this site, is emitted from the ponderosa
chavicol was first measured in the ambient air of a Califor- pine trees as a function of light and temperature in a similar
nia ponderosa pine forest with proton transfer reaction massnanner to that of isoprene (Baker et al., 1999; Lamanna and
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Table 1. A variety of plants are known to produce methyl chavicol. Percentage of methyl chavicol present in the plant’s essential oil is noted
if available. The primary reference describes the measurement and analytical technique; the secondary reference provides numerical dat

without detailed analytical information.

Plant species containing methyl chavicol ~ Common name/description

Oil % methyl chavicol

Primary reference Secondary reference

Ocimumminimum basil 36.3%
Ocimum basilicunt.. cv. purple purple basil from Iran 52.4%
Ocimum basilicunt.. cv. green green basil from Iran 40.5%
Ocimum basilicunt.. (Lamiaceae) basil (sweet) 5-43%
Ocimum basilicunt.. (Labiatae) basil (sweet) 70%
Artemisia dracunculuk. (Asteraceae) French tarragon 77-86%
Artemisia dracunculuk. (Asteraceae) Russian tarragon 0.1-0.3%
Artemisia dracunculus. (Asteraceae) tarragon 60-81%
Foeniculum vulgarear. vulgare bitter fennel 3-65% cultivated/wild

Foeniculum vulgaravill. (Apiaceae) sweet fennel 5-20%
Pimpinella anisuni.. anise

Pimpinella anisuni. (Apiaceae) anise vert 1%
lllicium verumHook.f. star anise 5-6%
(Magnoliaceae)/(llliciaceae)

Pimpinella anisum Mexican spice (grain) 1-2%
Syzygium aromaticutn. Merrill. clove

L.M. Perry

Pimenta racemosa.W. Moore West Indian bay

(Myrtaceae)

Origanum majorand.. (Labiatae) marjoram

Anthriscus cerefoliunioffm. (Apiaceae) chervil

Backhousia anisat¥ickery (Myrtaceae)  sub-tropical Australian tree 4.4-77.5%

Tagetes lucidgAsteraceae) aromatic herb (Latin America)

Costa Rican: 95-97%

Tchoumbougnang et al. (2006)

Sajjadi (2006)
Sajjadi (2006)
De Vincenzi et al. (2000) Salom and Hobson (1995);
Simon et al. (1990)
Leung and Foster (1996);
Duke (2001)
Werker et al. (1994) Salom and Hobson (1995)
Werker et al. (1994)
De Vincenzi et al. (2000) Leung and Foster (1996);
Duke (2001)
Barazani et al. (2002)
De Vincenzi et al. (2000) Salom and Hobson (1995);
Leung and Foster (1996);
Duke (2001)
Leung and Foster (1996)
De Vincenzi et al. (2000)
De Vincenzi et al. (2000) Salom and Hobson (1995);
Duke (2001)
Ondarza and Sanchez (1990)
Salom and Hobson (1995);
Duke (2001)

Leung and Foster (1996)

Leung and Foster (1996)
Leung and Foster (1996)
Brophy and Boland (1991)
Ciccio (2004)

Agastache rugosKuntze Korean herb 42-49%  Shin and Kang (2003)

Agastache foeniculum anise hyssop/W.N. American shrub/herb 96-97% Mazza and Kiehn (1992) Adams (2007)

Amomum linguforme rhizomatous herb (India) 93.2% Hazarika and Nath (1995) Adams (2007)

Clausena dunniana S. China shrub 93.1% Adams (2007)

Dictamnus gymnostylis “burning bush”/middle-east bush 15% Fleisher and Fleisher (2004)

Dictamnus hispanicus endemic to Mediterranean area (Spain) 79% Merle et al. (2006)

Helenium amarunfRaf.) H. Rock yellowdicks — Cuba, also present in US 84.4% Pino et al. (2006a)

Scandix ibericaBieb. herb in Turkey 85.8-90.5% Kaya et al. (2007)

Echinops graecus endemic to Greece 42.5% Papadopoulou et al. (2006)

Ravensara aromaticgonn. endemic to Madagascar 79.7% Ramanoelina et al. (2006)

Persea arnericanMill. (Lauraceae) Mexican type of avocado 53.9-95% Pino et al. (2006b) Leung and Foster (1996)

Ochrosperma linearéMyrtaceae) Straggley Baeckea (Australia) 81.6%  Southwell et al. (2003)

Pinus caribaeaMorelet Caribbean pine 1.5-3% Snyder and Bower (2005) Salom and Hobson (1995)

Pinus nigraArnold black pine 0-1.3% Rezzietal. (2001) Salom and Hobson (1995)

Pinus sylvestrig. Scots pine Salom and Hobson (1995)

Pinus elliottivar elliotti slash pine 5-13% Chadwick and Palkin (1941) Salom and Hobson (1995);
Mirov (1961)

Pinus elliottivar densa (Florida) 3% Mirov (1961)

Pinus palustrisMill longleaf pine, southern yellow pine 1-5% Salom and Hobson (1995);
Hayes et al. (1994)

Pinus palustrisMill longleaf pine (Southern US) 0-0.7%  Mirov (1948) Mirov (1961)

Pinus taedd.. loblolly pine (South Eastern US) 1-11%  Sutherland and Welles (1956); Salom and Hobson (1995);

Werner (1972) Mirov (1961)
Pinus taedd.. loblolly pine 0.22-2.5%  Strom et al. (2002)

oleoresin weight

Pinus contortaDougl. lodgepole pine

Pinus hartwegii (upper elevations Mexico) 3%
Pinus lumholtzii (western Mexico) 2-3%
Pinus michoacana (Mexico) 2-3%
Pinus patula (Mexico) 5%
Pinus jeffriyi Jeffrey pine (Western US)

Pinus ponderosa ponderosa pine 7.4-25.7%
Pinus ponderosa ponderosa pine 8%
Pinus ponderosa ponderosa pine present
Pinus ponderosa ponderosa pine 0.4-5.3%
Pinus ponderosa ponderosa pine 3-40%
Pinus ponderosa ponderosa pine 10.50%

Pinus ponderosa ponderosa pine 0-2% depend on location

Nebeker et al. (1995)
Mirov (1961)

Joseph et al. (2001)

Mirov (1961)

Mirov (1961)
Mirov (1961)

Mirov (1961)

Cobb et al. (1972)
Krauze-Baranowska et al. (2002)
Himejima et al. (1992)
Adams and Edmunds (1989)
Zavarin et al. (1971)
Kurose et al. (2007)

Mirov (1961)
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Goldstein, 1999; Schade et al., 2000; Schade and Goldstein
2001; Gray et al., 2005)x-Pinene is a significant contribu-
tor to the monoterpene flux out of this forest, and like other
monoterpenes at this site, it is emitted as a function of tem-
perature (Shade et al., 1999; Schade and Goldstein, 2003;
Lee et al., 2005; Holzinger et al., 2005, 2006).
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2.1 The site Fig. 2. A timeline showing the temperature (orang¢ and rain-
fall patterns (solid grey bars) during BEARPEX. The shaded region

Methyl chavicol was measured at the Blodgett Forest Amer-(PIu€) corresponds to the time when the Berkeley GC-MS was mea-

iflux site, a ponderosa pine plantation owned by Sierra Pa_suring at 1.5 m above the forest floor (day of year 231-255), while

cific Industries, located on the western slope of the Sierr the un-shaded region corresponds to the time when the Berkeley

. . . aGC-MS was sampling from 9.3 m above the forest floor (day of year
Nevada Moun,tams of California (38'981’_ 120.63 W, and 255-281). The dashed area (green) marks the 3 days (day of year
1315m elevation) as a part of BEARPERipsphereEffects 567 5570 4) when the Berkeley GC-MS and the NOAA GC-MS
on AeRosols andPhotochemistryEXperiment) 2007. The \yere co-located at 9.3 m.

site’s vegetation is dominated by an overstory of ponderosa
pine (Pinus ponderosd..) with an average height of 8 m
and an understory of manzanitartostaphylospp.) and
whitethorn ceanothusCeanothus cordulatysshrubs. Mix-
g‘zgorzztlozloingd vaiL,:;](ersng:eg?g:)oogr;cgiogfr(;’mvé?éfsr Vﬁg\%’ sggValve anq Fitting, Inc., Fremont, CA) to Silcosteel (R_estek
measu'red at the site since 1997, and are repc;rted in detal orporation, Bellefc_)nte, PA) becau_se the metal t_ublng al-
elsewhere (e.g. Goldstein et al 2'000_ Bauer et al., 2000) Fows fo_r even heatdlspers_al and the internally passivated sur-

BEARPEX. iﬁcluded WO di'étinctly’ different rr';eteoro: face minimizes wall reactions and subsequent losses. To re-

. : . . duce the chance of sample adsorption, the chemically-active
logical periods. The first period from 20 August to 12

: ozone trapping material was changed from impregnated glass
September (day of year 232-255) was characterized W\/ool to aplzrr? pore size Pall A/Egglass fiberpfiltgr (VWIg
warm and dry conditions (average daytime meteorologl-Ann Arbor, MI). This filter was coated with sodium thiosul-

_ \ : meteore
cal parameters: temperature°Z7, relative humidity 26%, 0 (sigma-Aldrich, St. Louis, MO), following Pollmann et

and maximum photosynthetically active radiation (PAR) al. (2005), and housed in a heated stainless steel filter holder

—2 o1 ; )

1410umol m™s~). The second period from 13 Septer_n éCoIe—Parmer, Vernon Hills, IL). The filter was also used to

ber to 10 October (day of year 256—-283) was characterize ; .
femove particulate matter from the sample. To ensure its ef-

by cool and wet conditions (average daytime meteorological, _ .. i
) N . - fectiveness, the ozone filter was changed at least once per
parameters: temperature°Th relative humidity 49%, and
_2 _l . .
PAR 1010umolm™s ™). Figure 2 shows the temperature Ambient air was pulled through 6.35mm outer diameter

and rainfall time series during BEARPEX and highlights the Silcosteel tubing at-4 L min-L, scrubbed of 0zone, and sub-

measurement periods for the gas chromatography technlqu%%mpled through 3.18 mm outer diameter Silcosteel tubing at
described below.

~20mLmin1. Once per hour, a 600 mL sample was col-
lected over a 30 min period. The pre-concentrated sample
was heated from ambient temperature to°Z2®&ithin 10 s to
2.2.1 Berkeley GC-MS desorb the trapped compounds into ultra high purity helium
carrier gas and transferred to the head of the chromatographic
The gas chromatograph with quadrupole mass spectrometa&olumn (30 nx0.25 mmx0.25um phase thickness, Ritx-5;
(GC-MS) instrument described by Millet et al. (2005) was Restek Corporation). The GC oven temperature was held at
optimized to quantify @—Cis biogenic compounds with the 43°C for 4.25min, increasing to 16Q at $C min~!, then
redesign of the inlet system described here. Methyl chavicoto 220°C at 10Cmin~! and held at this temperature for
was never reliably observed at Blodgett Forest during the 10L1.75 min. The mass spectrometer (HP 5971) was operated
years of sampling until these modifications were made. Toin single ion mode, and methyl chavicol was quantified with
reduce sample loss due to condensation, all tubing and fitm/z148.
tings prior to the GC oven were heated+&0°C (Omega Since methyl chavicol is a semi-volatile compound, it is
Engineering Stamford, CT) and the sub-zero water trap wasiot readily available as a gas phase standard. Bouvier-Brown
eliminated. With ambient water vapor in the sample, theet al. (2007) produced a gas phase methyl chavicol stan-
hydrocarbon preconcentration trap packed with Tenax TAdard by volatilizing diluted pure liquid standards in a Tedlar

remained at ambient temperature during sample collection.
All tubing and fittings were changed from PTFE (Oakland

2.2 Analytical techniques

Atmos. Chem. Phys., 9, 2062674 2009 www.atmos-chem-phys.net/9/2061/2009/
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bag. Alternatively, in this work, methyl chavicol was cali- 624 column (Restek) with a temperature program ramping
brated in the Berkeley GC-MS by manually injecting liquid from 38C to 127C at 8.FCmin~! and a helium carrier
standards (Sigma-Aldrich) diluted in cyclohexane (Sigma-flow of 2mLmin~1. The two columns were plumbed into
Aldrich) into a 100-200 mL min® stream of nitrogen gas, a 4-port valve (Valco) which was then connected to the lin-
where the injector port was heated to 1060 This standard ear quadrupole mass spectrometer (Agilent 5973).
flow was then subsampled and collected through the same
tubing and at the same flow rate as an ambient sample. Toer2.2.3 PTR-MS
sure no liquid standard condensed in the sampling lines, sub-
sequent blank nitrogen samples were also collected througholatile organic compounds were also quantified by proton
the calibration pathway. The direct liquid injection technique transfer reaction mass spectrometry (PTR-MS), which has
was reproducible to within 10% of the gas phase techniquébeen described elsewhere in detail (Lindinger et al., 1998; de
when the Tedlar bag was placed in #@®ven and the stan- Gouw and Warneke, 2007). Five inlets were used to sample
dard gas was sampled through Silcosteel tubing heated twertical gradients within (1.5m, 6.0 m above the forest floor)
50°C. The Berkeley GC-MS system was calibrated at leastand above (9.3 m, 14.3m, 17.7 m above the ground) the for-
once per day. Measurement uncertainty for methyl chavicolest canopy where ambient air from each height was sampled
and monoterpenes were 27% and 18%, respectively. using 6.35 mm outer diameter PFA tubing. The set-up was
Berkeley GC-MS measurements were made at two differ-similar to that described by Holzinger et al. (2005). Ambient
ent inlet heights during two distinct sampling periods. Oneair was drawn down from the tower at 20 L mihcontin-
inlet was located 1.5 m above the forest floor, below the mainuously from all levels simultaneously and sub-sampled di-
trees of the canopy but near the juvenile saplings, from 19rectly into the instrument at 400 mL mih. Each hour-long
August through the morning of 12 September (day of yearsample cycle consisted of a 6-minute sampling period at each
231-255). The other inlet was located 9.3 m above the fordevel. Twelve individual ions, including the primang/zsig-
est floor, which corresponds te2 m above the mean forest nal for methyl chavicol, were measured with a variable dwell
canopy height, from the afternoon of 12 September througHime that increased at highav/zratios to obtain reasonable
8 October (day of year 255-281). The sampling timeline issignal to noise ratios across the set. Methyl chavicol was de-

outlined in Fig. 2. tected aim/z149, and although the PTR-MS likely detected
other compounds ah/z149, methyl chavicol is assumed to
2.2.2 NOAA GC-MS dominate the signal. The PIT-MS instrument described be-

low was used during branch enclosure measurements to ver-
Volatile C,—Cyg organic compounds, in particular 2-methyl- ify this assumption.
3-buten-2-ol (MBO) and isoprene, were quantified using a Methyl chavicol was quantified by correlating the PTR-
gas chromatograph with mass spectrometer detector (NOAAS response detected at/z 149 to the Berkeley GC-MS
GC-MS). The sample acquisition procedure is described inquantification of methyl chavicol using an authentic standard
detail by Goldan et al. (2004), but more recent modificationswhen the two measurements were co-located at 9.3m. The
to the analysis system will be briefly described here. The in-slope of correlation had a 19% relative standard error. MBO
let was located at 9.3 m above the canopy floor for three daysvas quantified by correlating the summfz87 andm/z69
(24-27 September, day of year 267-270) (Fig. 2) and conto the NOAA GC-MS quantification of MBO using an au-
sisted of 12 m of 6.35 mm outer diameter PFA tubing throughthentic standard when the two instruments were co-located
which approximately 8 L min! of air was drawn. Care was at 9.3m. The slope of correlation had an 8% relative stan-
taken to prevent permeation of VOCs into the sample streangard error. Since isoprene is also detecteth&t69, MBO
from the mobile laboratory housing the GC-MS. Once thewas isolated from the isoprene interference after determining
sample inlet tubing entered the laboratory, it was containedhe ratio of MBO to isoprene present using the NOAA GC-
inside a 12.7 mm outer diameter PFA line. The bulk sampleMS measurements. MBO can be separated this way because
flow (>95%) was then exhausted through the larger diametethe isoprene mixing ratio diurnal pattern is very predictable.
coaxial line so that the sample flow itself acted as a counterThe only significant isoprene influence at Blodgett Forest is
flowing sheath gas. regularly transported to the site in the afternoon from down-

The 2-channel custom built system consisted of paral-wind sources (e.g. Dreyfus et al., 2002).

lel systems for sample acquisition and separation for subse-
guent analysis by a single mass spectrometer (formally a GC2.2.4 PIT-MS
FID/MS system). Two 5 min samples were acquired concur-
rently every 30 min at a rate of 70 mL mih then analyzed  Proton transfer ion trap mass spectrometry (PIT-MS) uses the
serially. Light alkanes and alkenes {&Cs) were separated same proton transfer reactions employed in PTR-MS to ion-
on a KCI washed Alumina column and analyzed first. Iso-ize VOCs, but subsequention analysis occurs with an ion trap
prene and MBO, along with the heavier species{G), mass spectrometer (Warneke et al., 2005a, b). In addition
were cryofocused and then separated using a metal MXTto measuring VOCs with high time resolution, the PIT-MS

www.atmos-chem-phys.net/9/2061/2009/ Atmos. Chem. Phys., 9, 20842009
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1.0 A transferred onto the head of a gas chromatographic column

prior to separation (30m, 0.25mm, 0.2 film Rxi-5ms
column; Restek Corporation) and detection by mass spec-
trometry. Samples (0.75hvolume) were collected for 1.5

of every 2 h at a sampling rate of 9 L mihthrough 9.52 mm

0.8 —

0.6 4 Branch Enclosure 0.6 H

methyl chavicol
—o— m149

—o— m149

relative abundance (%)

04— —O-mi21 0.4 4 —o— m121 / . ; ; i
outer diameter insulated stainless steel tubing from an inlet

021 02 located 9.3 m above the ground. The TAG methyl chavicol

0.0 00 data are normalized to the maximum response observed dur-

T T T T T T T T T ;
000 005 010 015 020 000 005 010 015 020 ing the study.
FNF Amplitude (V)

2.2.6 SPME fibers
Fig. 3. Proton transfer ion trap mass spectrometer (PIT-MS)

collision-induced dissociation (CID) takéa) during the enclosure  ggjid Phase MicroExtraction (SPME) fibers were period-
of ponderosa pine branch #1 in July 2005 (as described by Bouvier:;

B e ab dard of methul ch ically used for qualitative analysis of ambient air dur-
Brown etal., 2009) an(b) on a laboratory standard of methyl chav- g ARPEX . Field portable 66m polydimethylsiloxane-
icol. Relative abundances of parent and fragment ions are shown,

versus the voltage amplitude of the filtered noise field (FNF) that isdlvlllr13;lbenzene (FIIDMS/DVB? Stgblef_lex flb?rs (SIlIJpelco,
used to fragment the parent ions. Bellefonte, PA) collected analytes in air samples pulled over

their surfaces at-4 L min~1 for 4-24h and were analyzed

using a gas chromatograph with ion trap mass spectrometer
can provide additional chemical detail by selectively trapping@s described by Bouvier-Brown et al. (2007). SPME fibers
ions of interest and performing collision-induced dissocia- Were co-located with both Berkeley GC-MS inlets at 1.5 and
tion (CID) on these masses before measuring the fragmer-3 M above the forest floor.
ions. During the branch enclosure measurements described
by Bouvier-Brown et al. (2009), the PIT-MS alternated be-
tween full mass scans and CID. 3 Results and discussion

PIT-MS measurements of ponderosa pine branch #1 in

July showed a 30:1 ratio for the signalratz149 versus the To characterize methyl chavicol abundance, emission, and
signal atm/z205 (usually attributed to sesquiterpenes) with 0xidation products, this section is broken into four parts:
both ions reaching peak concentrations just after noon PSTNethyl chavicol mixing ratios, methyl chavicol emissions,
Many sesquiterpenes fragment omtdz 149 under typical ~atmospheric implications, and oxidation products. In 3.1,
PTR-MS operating conditions, but the concentration differ- @mbient mixing ratios are used to evaluate the measurement
ences make interferences from fragments of sesquiterpenédreement among the three analytical instruments that de-
onm/z149 very unlikely. CID spectra of th@/z149 parent tected methyl chavicol and show methyl chavicol’s variabil-
ion taken during the branch enclosure measurement reveal iy relative to total terpene mass. In 3.2, methyl chavicol’s
unique fragment jon ain/z121 (F|g 3) Subsequent labo- emission dependence on ||ght and temperature is revealed
ratory experiments with a liquid standard (Aldrich) droplet through comparison to MBO and the monoterperginene.
volatilized in air show that methyl chavicol also produces The correlation between methyl chavicol and MBO is then
a fragment atm/z 121 with a similar relative abundance. Used to estimate methyl chavicol basal emission rates. An
Slight differences in filtered noise field (FNF) voltages be- estimation of methyl chavicol reaction rates and its atmo-
tween the field and laboratory measurements are expectegPheric lifetime as well as observations of the proposed ox-
because fragmentation is h|gh|y dependent on PIT-MS Operj.dation prOdUCtS are discussed in Sects. 3.3 and 3.4, respec-
ational parameters. These data show that the signat/an tively.
149 in ponderosa pine branch enclosures can very likely be
attributed to methyl chavicol without significant inference. 3.1 Methyl chavicol mixing ratios

225 TAG Methyl chavicol was simultaneously measured by the Berke-
ley GC-MS and PTR-MS, and at the same time it was also de-
Organic constituents in particulate matter were sepa-tected in the aerosol phase by the TAG instrument. Ambient
rated and measured using a Thermal Desorption Aerosameasurements from the three instruments consistently show
GC-MS (TAG) instrument (custom built from Agilent a methyl chavicol diurnal profile with mixing ratio maxima
GC6890/MS5973), which has been described in detail elsein the morning and late evening (Fig. 4). The slight differ-
where (Williams et al., 2006; Kreisberg et al., 2009). Briefly, ences in each instrument’s profile reflect the different sam-
ambient aerosol samples (BN) are collected by humidifi-  pling times and inlet types (see Sect. 2.2). The maxima oc-
cation and inertial impaction. Following collection, the con- cur at times when the light and temperature are high enough
tents were thermally desorbed into helium carrier gas ando induce emissions from the trees into a shallow boundary
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tem, enhanced monoterpene emissions occur immediately
following wetting by rain. Methyl chavicol emissions, fol-
lowing more closely the emissions of 2-methyl-3-buten-2-ol
(MBO), do not increase until a few days after the rain when
the temperature begins to increase and full light is available
(Fig. 5). The correlation between ambient methyl chavicol
and a-pinene, an abundant monoterpene, mixing ratios is
poor (R2=0.1,n=186) during this cool period.

During BEARPEX, ambient MBO and monoterpene mix-
ing ratios were largest in the lower canopy and MBO showed
the same diurnal pattern throughout the canopy, as seen
by Holzinger et al. (2005). During the cool period (12

September—8 October, day of year 255-281), an average di-
urnal profile of methyl chavicol mixing ratios at each of the
five gradient levels measured by the PTR-MS also show the
5 10 15 20 largest mixing ratios low in the canopy (Fig. 6). This clearly
Hour of Day indicates that methyl chavicol emissions are local and bio-
genic in origin, similar to MBO.
Fig. 4. Diurnal variation of methyl chavicol at Blodgett Forest mea- At 9.3 m above the ground during three cool days (24—
sured using three different in-situ instruments (mgastandard er- 27 September, day of year 267-270) following a large rain
ror): the Berkeley gas chromatograph with mass spectrometer degvent, the average ambient diurnal profiles of methyl chav-
tector (Berkeley GC-MS, greex), thermal desorption aerosol GC- o and MBO are strikingly similar, but differ from that of
MS (TAG, blueo), and proton-transfer mass spectrometer (PTR-,_ninene (Fig. 7). Characteristic of temperature and light-
MS, reo_l A) du”ng. BEARPEX. All three instruments capture the driven emissions, methyl chavicol and MBO mixing ratios
same diurnal profile at 9.3 m above the ground. All data are from . ’ . ]
12 September—8 October (day of year 255-281). are rglatlvely constant. during the hours of full sunlight and
significantly larger during the day than at night. On the other
hand, for monoterpenes, sucheapinene, mixing ratios are

layer with low oxidant mixing ratios leading to an accumu- largest at night when vertical mixing is weak and there are
lation of emissions. The mid-afternoon minima are charac-continuous temperature-driven emissions from storage pools
teristic of vertical mixing into a deeper boundary layer and in plant resins. .
chemical destruction with both effects overwhelming the in- During the warm measurement period (20 August-12
creased daytime emissions at higher temperature and sola€Ptember, day of year 232-255) at 1.5m above the for-
radiation. Without the influence of vertical mixing and ox- €St floor, the average diurnal profiles of methyl chavicol
idation in the canopy, methyl chavicol mixing ratios would @hd MBO measured by PTR-MS were similar, particularly
peak in mid-afternoon as observed during branch enclosurdith respect to the morning and evening peaks (Fig. 8).
experiments (Bouvier-Brown et al., 2009). One important dlstlnptlon beMeen .the profiles is the pres-
The ratio of methyl chavicol to total terpene (sum of the €nce of methyl chavicol at night (Fig. 8). The evidence of
total monoterpenes, sesquiterpenes and oxygenated terpenddghttime emission is corroborated by the PTR-MS gradient
mass is highly variable. During the warm period (20 August—data from the cool period (Fig. 6). Conversely, MBO mix-
12 September, day of year 232—255), methyl chavicol mix-Ing ratios are very low at night and do not show a ver.tlcal
ing ratios averaged 15% of the total terpene mass measuregfadient (Holzinger et al., 2005). The presence of night-
at 1.5 m above the forest floor. During the cooler period (12{ime methyl chavicol mixing ratios and a vertical gradient
September—8 October, day of year 255-281), methyl Ch(.j“,im_dlcates a likely temperat_ur_e-dependent emission mecha-
col mixing ratios averaged 36% of the total terpene mass jusfiSm from storage pools similar to the monoterpene emis-
above the canopy at 9.3 m above the ground. These relativélon mechanism at this site. Contrary to monoterpenes, this
mixing ratios are both within the 9-117% range measuredi€mperature-dependent emission mechanism is less signifi-

in ponderosa pine branch enclosures (Bouvier-Brown et al.cant to methyl chavicol's overall emission. Methyl chavicol
2009). mixing ratios are 1.8 times larger at night than during the

day, whereas monoterpene mixing ratios average 3.5 times
more at night at 1.5m above the ground during the warm

period. Methyl chavicol may have a hybrid emission mecha-

Although monoterpenes and methyl chavicol are all 10-nism where emission occurs both from storage pools and di-
carbon BVOCs emitted from this ecosystem, our resultsrectly after production. However, the daytime emission dom-

show different physical and environmental factors drive theirinantly occurs directly after production by a temperature and

emissions. For example, in this drought-stressed ecosydight-driven emission mechanism, similar to that of MBO.

3.2 Methyl chavicol emissions

www.atmos-chem-phys.net/9/2061/2009/ Atmos. Chem. Phys., 9, 20842009
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Fig. 6. Average diurnal profiles of methyl chavicol mixing ratios

3.2.1 Estimating methyl chavicol emission rates

Since methyl chavicol’s diurnal profile and atmospheric life-
time (discussed in Sect. 3.3.) are very similar to that of MBO,
we can estimate the ecosystem emission of methyl chavicol
by scaling the known emission rate for MBO to the slope of
their correlation. When the NOAA GC-MS and the Berkeley
GC-MS measurements were co-located (Fig. 2), a linear re-
gression of methyl chavicol vs. MBO daytime mixing ratios
yields a slope of 0.3#0.03 (meant standard deviation) and

a correlation coefficient of 0.82 (Fig. 9). Assuming that these
compounds have similar sources and sinks, their correlation
during this cool period indicates that methyl chavicol emis-
sions are, on average, 34% of MBO emissions. In terms of
the amount of photosynthetic carbon lost to the atmosphere
during the three days, methyl chavicol emissions account for
68% of the carbon mass of MBO emissions because methyl
chavicol has twice the amount of carbon per molecule. Given
a MBO basal emission range of5-15,gCgth=1, de-
pending on needle age, from ponderosa pine trees at Blod-
gett Forest during a similar cool fall period (day of year 256—

taken at each level of the vertical gradient measured by PTR-MS287) (Schade et al., 2000; Gray et al., 2005), an estimated

from 12 September—8 October, day of year 255-281 (rdeatan-
dard error).

Atmos. Chem. Phys., 9, 2062674 2009

basal emission rate for methyl chavicol is 3-+1§Cg 1 h—.

Additional analysis of the branch enclosure measurements
from summer 2005 conducted in a warm and dry environ-
ment described by Bouvier-Brown et al. (2009) reveals that

www.atmos-chem-phys.net/9/2061/2009/
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Fig. 8. Average diurnal profiles of methyl chavicol (gregy, MBO

(blacke), anda-pinene (redk) (meanz standard error). Measure- (blacke), anda-pinene (reds) (meanz standard error). Measure-

ments were made at 9.3 m from 24—27 September (day of year 2g7ments were made at 1.5m above the ground from 20 August-12
270), and MBO was measured by NOAA GC-MS. September (day of year 232-255), and MBO was measured by PTR-

MS.

Fig. 7. Average diurnal profiles of methyl chavicol (greg MBO

this relative emission rate varies with season because MBO
emissions have a stronger temperature dependence. A sim- 3
ilar linear regression of methyl chavicol vs. MBO yields a
slope within the range of 0.02—-0.12, depending on the branch
(R%=0.81-0.96,1=164-814). As a result, methyl chavicol
emissions account for 4-24% of the carbon mass emitted by.
MBO in warm and dry conditions. Using the maximum av-
erage MBO basal emission rate from ponderosa pine trees
Blodgett Forest of 1gCg 1 h~! (Schade et al., 2000), an
estimated methyl chavicol basal emission rate ranges from
0.7-4.3ugCg 1 h~! in warm and dry conditions. The esti- °
mated ecosystem flux of 0.4@5Cg-1h~1 (which is equiv- =3
alent to 1.37%wmol m—2h~1) reported by Bouvier-Brown et o os 0 s
al. (2009) under similar warm and dry conditions is likely un- MEBO (ppb)
derestimated because controlled experiments were not con-

ducted to assess the light dependence parameters of the emisg. 9. Methyl chavicol measured by the Berkeley GC-MS and

I (ppb)

VICO

Metf% Cha

sions. MBO measured by the NOAA GC-MS were tightly correlated when
daytime measurements were co-located at 9.3 m above the for-
3.3 Atmospheric implications est floor (24-27 September, day of year 267-270). A slope of

0.34+0.03 (R2 of 0.82, intercept of-0.04, n=24) indicates that
No reaction rates for methyl chavicol have been reportedthe methyl chavicol emissions average 34% of MBO emissions by
in the literature, so we used data collected during ozonol-nolecule (or 68% by mass carbon) during this period, assuming
ysis and photooxidation chamber studies described by Leéheir atmospheric loss rates are similar.
et al. (2006a, b) to estimate reaction rate coefficients.
We correlated the loss rate of methyl chavicol with the
loss rate of other compounds tested that have reactiod hese estimated rate coefficients are very similar to that of
rate coefficients in the literature. These estimatesy( MBO (ko = 5.8 x 10 em®*molects™, koz = 9.7 x
= 57 x 10 cm® molec? st and koz = 1.4 x 107 cm®molects~1; Atkinson and Arey, 2003), thus sup-
1017 cm® molec 1s™1) agree with rate coefficients calcu- porting our method of estimating methyl chavicol’s emission
lated using the Environmental Protection Agency’s Esti- rate from that of MBO.
mation Program Interface Suitédy = 5.4 x 10~ cm?® Significant amounts of methyl chavicol escape from the
molec? s71, ko3 = 1.2 x 10717 cm® molec! s71) based  Blodgett Forest canopy and are transported downwind. Us-
solely on chemical structure (US EPA AOPWIN, 2000). ing an average OH mixing ratio of 54.0° moleccnt?

www.atmos-chem-phys.net/9/2061/2009/ Atmos. Chem. Phys., 9, 20842009
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Fig. 10. Schematic of methyl chavicol oxidation products from

reanalysis of laboratory methyl chavicol oxidation experiments by Fig. 11. Schematic of 4-methoxy benzene acetaldehyde derivati-

Lee et al. (20064, b). Mass/charge/g ratios detected by PTR-MS  zation and chemical ionization mass spectrometric detection from

are indicated in parentheses. the reanalysis of filter samples collected during the experiment at
Blodgett Forest described by Cahill et al. (2006).

(0.25ppt) observed at 9.4 m between 09:00-16:00 PST at .
BEARPEX (W. Brune and J. Mao, personal communica- €€ et al. (2006a, b) observed a productélz 151 via
tion, 2008), an 0zone mixing ratio of 1.¥80*2 molec cnm3 both photooxidation and ozonolysis of methyl chavicol. The

(55 ppb), and the estimated reaction rates of methyl chaviProposed oxidation product at PTR-M8&/z151 is identi-
col, the lifetimes are-55 min and~1100 min with OH and  fied as 4-methoxy benzene acetaldehyde (CAS# 5703-26-
ozone, respectively. These lifetimes are significantly longer?) (Fig. 10). Previous observations of/z151 have been

than the estimated 1-10 min canopy sweep time (Kurpius angh@de at Blodgett Forest, but this fragment was attributed
Goldstein, 2003; Holzinger et al., 2005; Farmer and Cohen&ntirely to pinonaldehyde (Holzinger et al., 2005). The ob-

2008), indicating that essentially all of the emitted methyl S€rved gaseous/z151 fragment at Blodgett Forest is most
chavicol escapes from the forest canopy and contributes tgkely the combination of at least these two aldehydes. 4-
regional photochemistry through reaction with OH. Look- Methox_y benzene ac_etaldehyd_e has also been tentatively de-
ing at all the VOCs at Blodgett Forest, methyl chavicol con-tected in a reanalysis of particulate samples collected by

tributes 1-3% to the overall OH reactivity just above the for- Cahill et al. (2006) (Fig. 11). These results show that 4-
est canopy (J. Mao, personal communication, 2008). methoxy benzene acetaldehyde was 1.3-5.5 times higher at
night compared to the day, for a 5 day sampling period. This

nighttime abundance is within the range of monoterpene ox-
idation product increases (2—8 times) at night reported by
o Cabhill et al. (2006).

Based on products reported from laboratory oxidation ex- pye to methyl chavicol's atmospheric lifetime, its oxida-
periments presented by Lee et al. (2006a, b), we Prosjon products will be produced regionally and affect areas
pose a schematic of methyl chavicol oxidation (Fig. 10) qownwind from the emission sources. The observation of 4-
and identify the major products detected at PTR-M&  eihoxybenzaldehyde in Roseville demonstrates that methyl

137 and 151. The photooxidation product observed atchayicol and its oxidation products contribute to regional sec-
m/z137, 4-methoxybenzaldehyde (CAS# 123-11-5) was de'ondary organic aerosol (SOA) loading.

tected at Blodgett Forest during BEARPEX by TAG and

SPME fiber analysis of ambient air. TAG detected 4-

methoxybenzaldehyde in the aerosol phase, but the phase Conclusions

of compounds collected by SPME fibers in ambient air

is unclear. SPME fibers, while usually employed for Methyl chavicol is abundantly emitted by a ponderosa pine
gas phase analysis are able to detect particulate mattdorest and was simultaneously quantified by three indepen-
(Koziel et al.,, 2001). Spada et al. (2008) quantified 4-dent in-situ analytical methods (Berkeley GC-MS, PTR-MS,
methoxybenzaldehyde in Roseville, CA, a site that receivesand TAG). In ambient air, its abundance equaled 15-36% of
air from the Sierra Nevada Mountains during nighttime the total gas phase terpene mass within and just above the
downslope flow, and highlighted its biogenic origin with in- canopy. Methyl chavicol mixing ratios were highly corre-
creased summer concentrations. lated with MBO suggesting that methyl chavicol daytime

3.4 Oxidation products
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emissions can be modeled using a light- and temperatureBaker, B., Guenther, A., Greenberg, J., Goldstein, A., and Fall, R.:
dependent algorithm. Scaling from its correlation with  Canopy fluxes of 2-methyl-3-buten-2-ol over a ponderosa pine
MBO, methyl chavicol's carbon mass accounts for 68% of forest by relaxed eddy accumulation: Field data and model com-
the carbon mass emitted as MBO during cool and wet con-_Parison, J. Geophys. Res., 104, 26107-26114, 1999. .

ditions and 4—24% of the MBO carbon mass emitted duringBarazani, O., Cohen, Y., Fait, A., Diminshtein, S., Dudai, N., Ravid,
warm and dry conditions. From these relationships, we es- U., Putievsky, E., and Friedman, J.: Chemotypic differentiation

timate methvl chavicol basal emission rate from ponderosa in indigenous populations of Foeniculum vulgare var. vulgare in
y P Israel, Biochem. Syst. Ecol., 30, 721-731, 2002.

p?r}e trees to be 3_]'@9(.:?1 qﬁl d_uring cool and wet Con,' Bauer, M. R., Hultman, N. E., Panek, J. A., and Goldstein, A. H.:
ditions and 0.7-4.2gCg"~ h™" during warm and dry condi-  oz0ne deposition to a ponderosa pine plantation in the Sierra
tions, depending on needle age and seasonality. These emis-Nevada Mountains (CA): A comparison of two different climatic
sion parameters should be incorporated in BVOC emission years, J. Geophys. Res., 105, 22123-22136, 2000.
models. Bouvier-Brown, N. C., Holzinger, R., Palitzsch, K., and Gold-
Both methyl chavicol as a primary emission and its ox- Stein, A. H.: Quantifying sesquiterpene and oxygenated terpene
idation products (4-methoxybenzaldehyde and 4-methyoxy e_mlssmnsfrom live vegetation using solid-phase microextraction
benzene acetaldehyde) contribute to the aerosol loading at f'b?rS'B‘]' Chroﬁ“%‘)g': A;,_llGl,élsp—lﬁo, ZSOZ' 4 Goldste
Blodgett Forest and throughout the region. Similar to MBO ouvuer? rown, IN. L., Hozinger, R., Falizsch, 1., and Lsoldstein,
. . A. H.: Large emissions of sesquiterpenes and methyl chavicol
or monoterpenes, such aspinene, methyl chavicol effec-

. o . quantified from branch enclosure measurements, Atmos. Envi-
tively escapes the forest canopy because its lifetiiel) is ron., 43, 389-401, 2009.

significantly longer than the estimated canopy sweep timegophy, J. J. and Boland, D. J.: The leaf essential oil of two chemo-
(1-10min). Therefore, methyl chavicol will have an im-  types ofBackhousia anisat¥ickery, Flavour Frag. J., 6, 187—
pact on atmospheric chemistry at the regional scale, perhaps 188, 1991.

similar in scope to that demonstrated for MBO by Steiner Cahill, T. M., Seaman, V. Y., Charles, M. J., Holzinger, R., and
et al. (2007), and therefore should be incorporated in atmo- Goldstein, A. H.: Secondary organic aerosol formed from ox-
spheric chemistry models. idation of biogenic volatile organic compounds in the Sierra
Nevada Mountains of California, J. Geophys. Res., 111, D16312,

A wide variety of plants around the world are known to _
doi:10.1029/2006JD007178, 2006.

Contam met_hyl Ch.aVI.COI (Table 1), and therefore itis likely Chadwick, T. C. and Palkin, S.: Composition of American gum ter-
th‘tit biogenic emISS|0n§ of methyl ChE:'_lVIC(?| are comm_on. pentine exclusive of the pinenes, USDA Technical Bulletin No.
With the deploymen_t of improved analytical m_strumentatlon 749, 16 pp., 1941.

targeting less volatile compounds, we predict that methylciccio, J. F.: A source of almost pure methyl chavicol: volatile oil

chavicol will be found in the ambient air near many other  from the aerial parts of Tagetes lucida (Asteraceae) cultivated in

ecosystems, where it will play a role in regional atmospheric  Costa Rica, Rev. Biol. Trop., 54(4), 853-857, 2004.

chemistry and production of SOA. Cobb Jr., F. W,, Zavarin, E., and Bergot, J.: Effect of air pollution on
the volatile oil form leaves of Pinus ponderosa, Phytochemistry,
11, 1815-1818, 1972.
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compounds in the Earth’s atmosphere using Proton-Transfer-
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