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Abstract. The key role that biogenic volatile organic com- 1 Introduction
pounds (BVOC) play in atmospheric chemistry requires a de-

tailed understanding of how BVOC concentrations will be
affected by environmental change. Large-scale screening
BVOC emissions from whole forest ecosystems is difficult
with enclosure methods. Leaf composition of BVOC, as a
surrogate for direct emissions, can more easily reflect thPLg
distribution of BVOC compounds in a forest. In this study,
BVOC composition in needles of 92 white pine trees (Pinus
strobus), which are becoming a large part of Midwest forests
are tracked for three summers at the University of Michigan
Biological Station (UMBS)«-Pinene, the dominant terpene
in all samples, accounts for 30—50 % of all terpenes on a mol(g

. : : sed on hydroxyl radical (OH) reactivity (Guenther et al.,
.baSLQ’.' _The most abundant sesquiterpenoid was a.C15 aICOhQEOO). The organic component of aerosols (OA) is the largest
identified as germacrene D-4-ol. The relationship between

. ... single fraction with an average of 45 % (Zhang et al., 2007),
limonene and total other monoterpenes shows two distinc :
. ) and recent research suggests that most of the OA mass is sec-
trends in the population of these forests. About 14:%: (13) . .
. ; ondary (Jimenez et al., 2009). BVOC are believed to be the
of the trees showed high levels of limonene (up to 36 % of

the total BVOC) in the same trees every year. Assumingdomlnant contributors to global SOA formation due to their

. . 7 lar I | emissions and high reactivity with major oxi-
that needle concentrations scale with emission rate, we esfi ge global emissions and high reactivity ajor o

timate that hydroxyl radical reactivity due to reaction with dants in the atmosphere (Ng et al., 2006). The mass of emis-

A . /sion and atmospheric reactivity makes estimation of BVOC
monoterpenes from white pine increases approximately 6 % mission rates important. Foliage is the largest source of total
at UMBS when these elevated concentrations are includedE P ) 9 g

: e o eglobal BVOC emissions, accounting for over 90 % (Guenther
we suggest that chemotyp|c. var|at|o_n within forests has th etal., 1995). Hao et al. (2011) directly measured SOA yields
potential to affect atmospheric chemistry and that large_scal?rom,oxidation of real plant emissions and suggest that the

screenlng_of_ BVOC can be used to study the importance 0specific chemical profile of BVOC emissions affects the SOA

BVOC variation. o o
outcomes. Specific BVOC compound composition depends
on the type of ecosystems, plant species composition, and
environmental conditions. Baelas and Llusia (2001) sug-
gested that emissions are controlled by plant VOC concentra-
tion, VOC vapor pressure or the resistance to VOC diffusion
to the atmosphere. The factors controlling BVOC emissions

iogenic volatile organic compounds (BVOC) lead to the
ormation of tropospheric ozone in the presence of nitrogen
oxides (NQ) (Atkinson, 2000) as well as to formation and
rowth of secondary organic aerosol (SOA) (Andreae, 2009;
aothawornkitkul et al., 2009). The total global estimated
emission rate of BVOC is about 1:210'°g C per year,
while the global anthropogenic VOC emission rate is about
1.0x 10 g C per year (Miller, 1992; Guenther et al., 1995).
BVOC emissions in North America are dominated by iso-
rene (51 %), terpenes (31 %), and oxygenated VOC (16 %),
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are complex and are still difficult to evaluate. SOA in higher yields than isoprene from photooxidation.
Several field studies have suggested that some atmospherfnalysis of white pine needles provides baseline information
reactivity is not accounted for by current emission esti- about the pools of BVOC available in the growing forest
mates in temperate forests of North America. Goldstein etand helps predict future atmospheric BVOC composition in
al. (2004) showed that forest thinning dramatically enhancedhe Midwest. This work reports BVOC levels in white pine
monoterpene (MT) emission and ozone uptake in a Califor-needles in Northern Michigan measured over three growing
nia ponderosa pine plantation. They suggested that ozonseasons and attempts to estimate the atmospheric influence
uptake was due to reactions with unmeasured BVOC, withof chemotypic diversity within this population of white pine.
ozone reaction rates fast enough to allow oxidation within the
forest canopy. Di Carlo et al. (2004) directly measured total _
OH reactivity in a northern Michigan forest, which was sig- 2 Material and methods

nificantly greater than calculations based on measurementgampling was performed at the University of Michigan Bio-

of individual compounds. . . s .
Emission rates, especially of terpenes, are related to vaI—Og'Cal Station, (UMBS), (4530 N, 84°42'W) during sum-

por pressure within plant tissues and are greatly influencecﬁn.er.S of 2.008’ 2009, and 2010. . Two forest S|te§ located
within a kilometer of each other in the same environment

by temperature (Guenther et al., 1995; Lerdau et al., 1997).". L . o . L
BVOC emission rate estimates mostly have been deriveJV'th similar soil conditions and with similar forest cover
pes were sampled. One forest was an intact, early suc-

from leaf or branch encl ts (e.g., OrtegdPes _ _
argén Heeallmiogr nggg S?t(;g;ué? geaés(;gg)m\ili’;hs t(:n?peratru?gcess'onal forest (Ameriflux) and the other has been disturbed
. ’ g N FASET). A detailed map of relative distribution of sampled
d light tions (Guenther et al., 1995). Th {FASE . lativ
and light corrections (Guenther et a ) © amountrees in the forests is shown in Fig. 1. In the FASET for-

of time and equipment required to make enclosure measure- A | ional t . d birch
ments poses logistical challenges for evaluating emissions ir?sl’ etf”‘ri/ sgcglezs!ormstal .reezz%%uesh.(a;]spen anl |tr_c ) t\;]vere
a large forest. Measuring BVOC concentration in leaves carp ectively girdied in Spring » Which IS acceléerating the

be an alternative to the branch enclosure technique if thergrowth of late successional species such as white pine (Nave

is a relationship between BVOC emission rate and their con®t al., 2011). The present cover type of the UMBS forest

centrations. Lerdau et al. (1995, 1994) studied the relation!S 8SPen (60.9%), northern hardwoods such as maple and

ship of three MTsq-pinene angs-pinene, andh-carene) in american beech (16.6 %), and white and red pines (13.3 %)
ponderosa pine (1994) and Douglas-fir (1995). In ponderos:gBergen and Dronova, 2007).

pine a-pinene ands-pinene concentrations were positively A Pruf?larlly Tg(;rstoré/ I‘;V:'Stg_rp'ni :tgrges_rwer(ta sampled at
related to emission rate, but this was not truefecarene. In meriflux (z = 35) an A =36). Two trees were

Douglas-fir, all three terpenes showed a positive relationshipunable to be sampled after 2008 and 21 trees (11 at Ameri-

Lerdau et al. (1995) suggested that terpene concentrations ifr]1ux and 10 at FASET) were added in 2010. Year-old nee-

leaves could be used as an important parameter to predi&les were collected from the southern branches at 1.3 m

S . X .
emission rates in models. While the present work does nof’md stored ai-80°C until extraction, which was conducted

explicitly explore the relationship between gas-phase emisVithin one month. In addition, needies were sampled from

sions and needle concentrations, the relationship is plausit—he top 56_17 T) 4an2dogg.ttonl g(gz_go(ryng)- of_thleo seérgfolarge
ble since the profile of compounds within a needle likely is canopy treess(= 4, =9 1=, ):

related to gas-phase emissions scaled by volatility. Measur-':rozen needles (0.2g) were cut into small pieces (5 mm) and

ing BVOC concentrations in leaves provides a benchmarkVe"® soaked in 45ml hexane (with 100 ud kridecane

for potential BVOC emissions in a whole forest and allows added as internal standard) for 24h at 2Z0The extracted

easy measurement of a large number of samples from a wid%"'““‘i” V\gé“igalﬁ_zhed' bS{ gas cthrtgmatograph%/-mass dspelc-
area in a short time and hence more precise estimation of th ome ry ( )- The ins rumentation, parameters, and cal-
BVOC pool in the biomass of a forest. ibration methods are described in supporting material. The

; : dry mass in grams (dwg) of needles was obtained by heating
Upper US Midwest forests are recovering from ) :
widespread logging and wildfires from the early 20th the residue at 55C for 24 h after extraction. SPSS 16 (SPSS

century (Frelich, 1995; Schmidt et al., 1996). Forest succes!nc" USA) was used to calculate statistical significance.

sion is allowing eastern white pine (Pinus strobus), once a

dominant species in many parts of the Great Lakes regiong Results and discussion

to grow back to replace aspens (Bergen and Dronova, 2007;

Ziegler, 2010). Succession from aspen forests to a higheg.1 Understory trees

representation of pines will cause “chemical succession”

whereby isoprene gives way to terpenes in the atmospher&able 1 lists average concentrations of the 13 major com-
This can lead to a number of atmospheric implications and tgpounds that accounted for more than 90 % of the total area
issues of forest health. For instance, Lee et al. (2006b) repotin the chromatograms of understory trees. The same BVOC
that terpenes, especially sesquiterpenes (SQT), producsompounds were observed in all three years and in both
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Fig. 1. Distribution of individual trees within the sampling site at UMBS. Squares: each understory tree, circles: trees with relatively high
concentration of limonene.

forests. Concentrations did not show statistically significantpene concentration in needles of at least one species of pines
differences between the two forests. Despite girdling in the(Blanch et al., 2009). This one environmental factor is not
FASET site, the forest structure had not been dramaticallysolely responsible for differences but is representative of dif-
affected as of 2010, and this was reflected in the analysis oferent overall growing conditions that might have influenced
needles. Therefore, the data from both forests were comthe absolute levels of compounds measured. Differences in
bined in Table 1. The dominant terpene in all samples wasnvironmental conditions appear not, though, to affect the
a-pinene, which accounts for 30-50 % of all terpenes on achemotypic ratio of MT, as discussed later.
mole basis. The most aboundant SQT was germacrene D.
A previous report of pines needles in Ontario and Wisconsin3.2 Canopy (overstory) trees
showed some of the same terpenes, including germacrene D
and a related alcohol, as observed in this study (Hunt et al.Taple 2 shows the height variation of average concentrations
1990). of BVOC in needles from the top and the bottom of large
The concentration of total BVOC did not change signif- trees that occupy the forest overstory. A small number of
icantly over the three years, although partitioning betweentrees were sampled in the FASET forest in 2008 and a larger
total MT and total SQT showed that MT and SQT concen-number was sampled in the Ameriflux forest in 2009 and
trations in 2009 were significantly different than in 2008 and 2010. Average concentrations of MT at the top of trees were
2010. In 2009, total MT showed higher concentrations and30-50 % higher than at the bottom, while SQT levels do not
a wider range of standard deviations than in 2008 and 2010have as consistent a trend. The data suggest SQT are largely
In contrast, total SQT concentration was lower in 2009 thanthe same at the top and at the bottom. The average of to-
in 2008 and 2010. In conifers, MT and SQT are producedtal BVOC in needles at the top of the canopy trees is also
by different biosynthetic pathways (e.g. Martin et al., 2002). larger than understory trees by about 50 %. The bottom nee-
MT are formed from geranyl diphosphate with monoterpenedles of canopy trees essentially have the same composition
synthase in plastids, while SQT are formed from farnesylas understory trees. A comparison of needles from the bot-
diphosphate with sesquiterpene synthases in the cytoplasntom of canopy trees and needles from understory trees for
Given that 2009 was a cooler summer (average temperatotal MT, total SQT, and total BVOC in 2008-2010 using
ture at UMBS in 2009 was 17°€, about 2-3C cooler  the non-parametric Mann-Whitney Test shows no statistical
than in 2008 or 2010), the different responses of MT anddifference ¢ < 0.05). This suggests that terpene concentra-
SQT might be related to enzyme activity and environmen-tions will increase as understory white pine trees grow into
tal factors such as light and temperature. While the impacthe canopy in the course of forest succession.
of ambient temperature on terpenes in white pine has not Differences in both light and temperature properties at
been studied specifically, it is known that temperature influ-each location in the canopy could affect these concentrations.
ences terpene synthase activity (e.g. Grote and Niinemetd\leedles on large canopy trees exist in different light environ-
2008). Also, there is evidence that temperature can affect tements at the top and the bottom and a temperature gradient
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Table 1. The average concentration (umol dwyg with standard 81
deviation in needles of understory white pine trees at UMBS. 0T %
80 1 2
Year 2008 2009 2010 ﬁg’ 70 g
(n=71) (n=70) (n=169) 560t s
:
MT % 50 3
a—Pinene 14545.1) 23.6@11.3) 18.7{8.8) E 40 T
Camphene 2.241.1)  2.8¢1.9)  25¢1.6) I
B—Pinene 4.4417) 55@29)  4.4E2.1) 105
Myrcene 24415)  41@32)  2.1¢1.6) 207 95 207
a—Phellandrene 1.040.4) 0.9 ¢-0.8) 0.9 ¢0.4) 10 T
Limonene *2416)  13@27) 15@25) o e
B—Phellandrene 1.541.0) 1.2 ¢0.7) 50 66 84 100 119 138 154 168 181 193 202 216 230
Terpinolene 0.2£0.1) N.D. 0.4 ¢0.1) m/z
SQT . .
Fig. 2. Mass spectrum of germacrene D-4-ol from a field sample
B—Caryophyllene 1.040.3) 0.1 ¢0.2) 1.2 ¢0.3) and from the NIST mass spectral library (embedded) with a pro-
Germacrene D 47:‘:(19) 3.2 6:16) 4.7 6:24) posed structure.
Germacrene B 1.240.4) 0.4 ¢0.4) 1.6 ¢-0.6)
y,8-Cadinene 2.0£1.0) 0.1 ¢0.2) 1.9 ¢1.1)

Germacrene D-4-ol 8.645.5 2.3&2.0 8.0 5.6 . .
66.5) €20 &5.6) The concentrations of germacrene D-4-ol vary in concert

Total MT 28.6(8.7) 39.7 €175  31.5(13.4) with other SQT and so may indicate that this compound is

Total SQT 17.848.1) 6135  174(86) produced and stored via similar mechanisms as SQT. Using
Total BVOC 46.5¢15.0) 45.8419.7) 48.9420.5) . .
the same response factor determined with standards of SQT
*limonene was not completely separated frgaphellandrene in 2008. .tO qu.antlf'y this aICOhOI’ we estimate that its CODCEHII’&UOHS
in white pine needles can be upwards of 50 % gfinene on
a mole basis.

of several degrees can exist between the top and bottom of Germacrene D-4-ol (or its isomers) has been reported in
a forested environment (Gu et al., 1999). Terpene emissionthe sap of several pine species where it appears to protect
into the atmosphere tend to be more sensitive to temperatrees from attack by various insects and has been cited in
ture than light because terpenes are stored within the lea@inalyses of essential oils (Nevalainen and Koskinen, 2002;
(Lerdau et al., 1994). Still, light dependent synthesis hasSmitt and Hogberg, 2002; Taweel et al., 2004). No report of
been seen in expanding conifer needles (Lerdau and Grayhis compound in the atmosphere has been made and little is
2003). Results in Table 2 support the suggestion by Gleize&nown about its gas-phase properties. Estimated/calculated
et al. (1980), who reported that synthesis of MT is more sen{physical properties (ACD/Labs) suggest that germacrene D-
sitive to photodependent activation than SQT, that light ex-4-ol is a high-boiling compound with a vapor pressure much
posure may contribute differently to production of MT than lower (5 orders of magnitude) than that of the monoterpenes
to SQT. They showed that there is no MT formation with- and about 30Q lower than that of germacrene D. While the
out light, but there is, SQT formation in both light and dark. hydroxyl group makes it more polar and thus less volatile
Determining the drivers of the variation of terpene levels atthan most SQT, it likely retains much of the increased re-

different place in the canopy will require further study. activity with ozone. While this suggests that the compound
_ may not be found in high concentration in the gas phase, it
3.3 Sesquiterpene alcohol could exist on forest surfaces and contribute to OH reactivity

o ) and could have higher yield of SOA in the atmosphere (Lee
Surprisingly, after-pinene, one of the most abundant com- gt 5., 2006a).

pounds consistently seen in field samples was a sesquiterpene

alcohol, tentatively identified as germacrene D-4-ol (CAS#3.4 Chemotypic variation within population

72120-50-4). Several experiments showed that this com-

pound was not an artifact of sampling. Authentic standardsOrtega et al. (2008) reported basal emission rates from seven
of germacrene D-4-ol are not commercially available, sowhite pine trees over the 2004-2006 growing seasons at
identification was made by indirect methods. A mass specUMBS and other places with total MT constituting 76.0—
trum of the compound in a field sample and in the NIST 9898.7 % of terpenes and total SQT constituting 1.3—24.0 %.
MS library are shown in Fig. 2. These spectra are almosiThe BVOC species observed in this work and their distribu-
identical. The presence of the hydroxyl group was confirmedtion profiles in needles are substantially different from re-
by derivatization of a field sample to the TMS ether (the MS ported gas-phase values:-Pinene was the dominant MT
spectrum of the derivatized compound is shown in Fig. S1).in the gas phase, similar to the needles from this work,

Atmos. Chem. Phys., 12, 2243252 2012 www.atmos-chem-phys.net/12/2245/2012/



S. Toma and S. Bertman: The atmospheric potential of biogenic volatile organic compounds 2249

20
Table 2. Average concentration (umol dwd) of terpenes at the

_ _ 18 Mode IT 42009
top (6—17 m) and bottom (2—4 m) of overstory trees. . /o o
o/ R2=0.611
R y
Year Total MT  Total SQT  Total BVOC oo / /A\
= S71 8 // S41
2008 @=4) Top *33.7 12.3 46.0 g 12 A )X
Bottom 25.1 *21.0 46.1 2 w0 //0\516
2009 ¢=8) Top *57.1 5.5 *62.6 § 8 N
Bottom 29.2 5.2 34.4 6 \ Va . -
2010 @=10) Top *46.3 12.8 *59.1 4 ° y=0020 + 0.158
Bottom 24.9 12.3 37.3 ) ) P

* statistically significant difference between top and bottom of needles based on a 0 10 2 30 2 50 60 2 %0 90 100
Wilcoxon signed ranks testP(= 0.05). 2008 measurements made in FASET, 2009 Total other MT (umol dwg")
and 2010 in Ameriflux.

Fig. 3. The correlation between limonene and total other monoter-
penes concentration at UMBS in 2009 and 2010. Data from 2008
but SQTs in gas phase were present in lower amountgre notincluded because limonene was not adequately resolved by
and showed different composition. The difference betweerthe GC (see Supplement).
BVOC concentrations reported in the gas-phase and mea-
sured in needles is likely related to volatility differences.

However, in contrast to compounds found in needies,  zyme activity. Martin et al. (2002, 2003) studied resin com-
caryophyllene was present in higher amounts in the gasposition of Norway spruce in bark and wood before and af-
phase than germacrene D, aadarnesene, which was a ter treatment with methyl jasmonate, to mimic insect dam-
dominant SQT in the gas phase, was not seen in needlegge  Limonene concentration was tremendously enhanced
collected at UMBS. The atmospheric effect of BVOC from after the induction, but the activity of MT and SQT syn-
white pine in northern Michigan forest could be evaluated ihases declined 15 days after treatment. Were the bimodal
by needle concentrations if the quantitative relationship beyenavior in the ratio of limonene/OMT in white pine to re-
tween needle concentrations of specific BVOC and their gasgyt from induction of environmental variations several pat-
phase emission rates was determined. Unfortunately, thesgs would be predicted. First, it is less likely that only two

data were not collected in this work. clear modes would be apparent, yet the same two modes are
Working from the assumption that there is a positive cor- seen each year. Second, the chemotypes of at least some of
relation between needle concentrations and gas-phase emitite Mode Il trees are likely to change with time during the
sions, as seen in some species (Lerdau et al., 1994, 1995jrowing season. Separate samples from representative trees
an estimate can be made of the magnitude of impact that difat Ameriflux of Mode | and Mode Il trees were tracked from
ferences in emissions from individuals within a population June to Augustin 2010. Even though absolute concentrations
might have. Chemotypic variation among individuals in a of OMT and limonene changed as the growing season pro-
population of plants is not uncommon, as described by thegressed, the limonene/OMT ratio for each tree stayed in the
essential oils industry (e.g. Tamir et al., 2011). For instancesame mode (see Fig. S2). A more expansive study spanning
six chemotypes of foliar monoterpenes were observed in theeveral seasons (April-October in 2010) was conducted with
Australian Tea Tree (Keszei et al., 2010) and the frequency obamples from the WMU campus. This study also showed
chemotypes in this plant varied by sampling site. Sesquiterthat the ratio of limonene and OMT did not change through-
pene formation was independent of the monoterpene chemaut the summer (see Fig. S3) and reflected one of the same
type of an individual. Similar chemotypic variation in high modes seen at UMBS. Third, the mode of limonene/OMT ra-
emitting trees, such as the pines, could affect atmospheritio would follow environmental parameters. Trees in Mode Il
chemistry depending on the extent and magnitude of the variwere not necessarily close to each other and were randomly
ation. About 14 % of the trees sampled at UMBS (13/92 distributed in the forest. In some cases, trees of both modes
trees) showed anomalously high levels of limonene, com-were within 2m of each other at UMBS (Fig. 1), so envi-
prising up to 36 % of the total BVOC in needles. In the ma- ronmental parameters were likely to be very similar. Sev-
jority of samples the relative composition of limonene was eral environment factors, such as light environment, tree age,
about 3%. The relationship between limonene and the sunand DBH were recorded for each sample, but there were no
of other MT (OMT) clearly shows two distinct trends, desig- statistically significant correlations of Mode I/Mode Il ratios
nated Mode | and Mode Il in Fig. 3. This phenomenon waswith any of these factors. Hence, the data suggest that the bi-
observed in specific trees and always the same trees evempodal behavior in the ratio of these two compounds is not
year. Changes in volatile compounds can be induced via enrelated to environmental factors but is more likely due to

www.atmos-chem-phys.net/12/2245/2012/ Atmos. Chem. Phys., 12, 228%2, 2012



2250 S. Toma and S. Bertman: The atmospheric potential of biogenic volatile organic compounds

genetic difference. Establishing a genetic basis for chemoAs these young forests at UMBS and the upper Midwest con-
typic variation can be challenging (Shelton et al., 2002), al-tinue to transition, terpenes will begin to rival or replace iso-
though expression of the genes involved in BVOC synthesigrene as the dominant BVOC in the near-canopy atmosphere.
positively correlate with their emission rates. There is still Since limonene reacts faster with ozone as well as with OH
much to be learned about the regulation of BVOC synthesisand yields more SOA thas-pinene, individual tree variation
rates (Laothawornkitkul et al. (2009). Because there is a highwithin the forest population of white pine could be a signifi-
degree of genetic variability in white pine, which occupies a cant factor in the BVOC impact on atmospheric chemistry.
wide distribution over very diverse environments (Buchert,

1994), it is reasonable to expect variation in BVOC produc-

tion within a population. One piece of evidence in support of 4 Summary

a genetic basis comes from chiral GC, which showed that (-)-

. . . . : dAs white pine increases in abundance across the US Mid-
limonene is almost exclusively responsible for the increase Jvest the chemical composition of BVOG in forest canoies
ratio of limonene/OMT in trees exhibiting Mode Il behav- ’ P P

ior in trees at UMBS (unpublished data). The levels of (+)- will be more represented by MT. In Whltefplne neeiles theo
limonene do not change much from tree to tree or from yearmOSt abundant 13 compounds accounted for more than 90 %
t0 year of the BVOC, of whicha-pinene was the major contributor.

If the biosynthesis of terpenes and emissions into the atia‘ bsolute concentrations varied over the course of a grow-

- . ._ing season and also interannually. In 2009, total MT showed
mosphere vary within a population as a result of genotypic

0 ) ; -
variation and lead to different pools of BVOC, emission rates32 % larger concentration and a wider range of standard devi

S i . . ations than in 2008 and 2010. In contrast, total SQT species
based on a limited sampling could result in systematic er- . S ;

: . . ) . were 65 % lower in concentration in 2009 than in 2008 and
ror in emission estimates. For instance, in the present cas

limonene emission over the forests in northern MichigaanOlo' Position within the canopy affects BVOC composi-

could be underestimated. To assess the impact of Mode ﬁion in needles as well, with total MT consistently higher in
. ' . . - ‘needles at the top of the canopy. So changes in both area
levels of limonene on atmospheric chemistry the OH reactiv- I .
itv chanae was estimated. Limonene OH reactivity can beCOVerage and canopy structure will influence atmospheric
Y 9 . . : cactivity composition. Germacrene D-4-ol was measured to consti-
expressed relative to OMT (physical and kinetic paramters . .
for SQT are too uncertain) tute a large fraction of the BVOC mass in needles, but further
' study will be needed to determine the gas-phase behavior and
d[OH] kLimonend Limoneng its role in canopy chemistry and SOA formation. Approx-
dt komT[OMT] imately 14 % of the trees at UMBS contain relatively high
levels of limonene. The ratio between limonene and OMT
d[OH] — » (kour[OMT]) @) concentrations in needles did not change seasonally or from

dt year-to-year. Including this chemotypic variation among in-

)kOMT[OMT] 1)

. P . o dividuals, limonene contribution to OH reactivity increases
wherey is the contribution of limonene to OH reactivity rel- ’ . o ;
v y about 6 % at UMBS. This is an indicator of the potential er-

ative to the rest of the MT. If BVOC emissions from white in BVOC emissi timat d ts that ch
pine needles scales with needle concentration and temperé‘—)r n emissions estimatés and suggesits that cnemo-

ture based on Raoult’s Law, can be derived from the mea- :yp(;c tdlffe_ren(;esl W'Lhm fotrfst popLéIIatlons, WT'C? are ei&elrd
sured ratio in pine needles (Fig. 3), o determine by looking at the needle concentrations, shou

be considered.
[Limonend  Piim.  Xtim. PLim.° 3)

[OMT] ~ Pomt XowmTPomt® Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/12/2245/2012/
acp-12-2245-2012-supplement.pdf

where P is the partial vapor pressure of a componéntis

the mole fraction, and’ is the vapor pressure of the pure
substance. Parameters fBf andk are shown in the sup-
plementary materials. The relative contributions to OH re-
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