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Abstract. Fluxes of biogenic volatile organic compounds, VOCSs, particularly acetone, were observed periodically, es-

including isoprene, monoterpenes, and oxygenated VOCsecially in 2007. Thus, deposition within the canopy could

measured above a mixed forest canopy in central Mashelp explain the low season-averaged flux of acetone in 2007.

sachusetts during the 2005 and 2007 growing seasons are reluxes of species of biogenic origin at mass-to-changé)

ported. Mixing ratios were measured using proton transferatios of 73 (0.05mgm?hr1 in 2005; 0.03 mgm?hr—1

reaction mass spectrometry (PTR-MS) and fluxes computednh 2007) and 153 (5pugnt hr=1 in 2007), possibly corre-

by the disjunct eddy covariance technique. Isoprene was bgponding to methyl ethyl ketone and an oxygenated terpene

far the predominant BVOC emitted at this site, with sum- or methyl salicylate, respectively, were also observed.

mer mid-day average fluxes of 5.3 and 4.4 mchr1 in

2005 and 2007, respectively. In comparison, mid-day aver-

age fluxes of monoterpenes were 0.21 and 0.15 mgmm !

in each of these years. On short times scales (days), th

d|el_ pgttern In emission rate compared well with a St‘fjmd"j‘r%olatiIe organic compounds (VOCs) play a critical role in

emission algorithm for isoprene. The general shape of the = " - :

seasonal cycle and the observed decrease in isoprene emlrg_amtamlng the oxidant balance of the lower atmosphere,
acting as either a source or sink of oxidants, depending on

sion rate in early September was, however, not well cap- . -
. ... the local photochemical conditions. In the presence ofNO
tured by the model. Monoterpene emission rates exhibite o o
OC oxidation can enhance ozone levels, contributing to

dependence on light as well as temperature, as determinedOor air quality, and form peroxyacyl nitrates (PANS), re-
from the improved fit to the observations obtained by inCIUd'Eultin inqthe t);,ans ort of Ntho ?/em{)te areas (Atkinsé)n
ing a light-dependent term in the model. The mid-day aver g P ’

a "2000). At the same time, oxidation of VOCs can yield re-
1
ia:]gezzélgé Z;geghle;n;g??rr;]ilf ?nag%%);ngtotﬁ: g)?rrnum action products with reduced vapor pressures, which then

flux was observed in spring (29 May 2007), when the flux condense to form secondary organic aerosol (SOA), giving

) S . , i ive health eff i I f -
reached 1.0 mg r? hr—1. This observation is consistent with rise to negative health effects and impacts on cloud forma

: : . tion and the atmospheric radiative balance. Although these
enhanced methanol production during leaf expansion. Sumbrocesses occur for VOCs of both anthropogenic and bio-
mer mid-day fluxes of acetone were 0.15 mgihr—1 dur-

ing a short period in 2005, but only 0.03 mg#hrL aver- genic origin, several factors contribute to making biogenic

. . olatile organic compounds (BVOCSs) the dominant contrib-
aged over 2007. Episodes of negative fluxes of oxygenate%tors to VOC chemistry throughout most of the troposphere

(Fehsenfeld et al., 1992; Chameides et al., 1988). With a to-
tal source strength of ca. 1150 Tg Cyr global emissions of
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to be more reactive than their anthropogenic counterparts antions of future emission trends and the response to changing
to more readily form SOA (Atkinson and Arey, 1998; Griffin climate difficult (Grote and Niinemets, 2008; Keenan et al.,
et al., 1999; Kanakidou et al., 2005; Kavouras et al., 1998;2009). Canopy-scale studies, which can bridge the divide be-
Helmig et al., 2006). Hence, a comprehensive understandingween leaf-level experiments and global models and be used
of the processes regulating BVOC concentrations is of fun-to test the accuracy of model parameterizations, are a criti-
damental importance in modeling the chemistry of the tro-cal component in improving model formulations. Although
posphere and predicting its response to global environmentahere have been studies of BVOC emissions from forested
change (Kulmala et al., 2004; Lathiere et al., 2006jUdas  sites in the Midwestern, western, and southeastern US, as
and Llusia, 2003; Heuelas and Staudt, 2010). well as other sites worldwide, there are relatively few data

The major classes of BVOCs (and their relative con-from the Northeast (Goldstein et al., 1998), and very few
tributions to the total budget) are the isoprenoids, con-long-term records of emission rates exist anywhere (Press-
sisting of isoprene (35-45%), monoterpenes (11-25%)Jey et al., 2005). More are needed to help fill these gaps and
sesquiterpenes and functionalized terpenes (minor), oxyto assess the factors influencing variability of emissions over
genated VOCs (20-30 %), and other hydrocarbenB(%) interannual and decadal time scales.
(Guenther et al., 1995, 2000). Together, fluxes of these com- In addition to the common major BVOC species, recent
pounds can represent reemission of a few percent of the phcstudies have suggested that a wide range of unidentified
tosynthetically fixed carbon (Guenther, 2002; Kesselmeier eBVOCs are emitted from forests and can contribute signif-
al., 2002). The physiological purposes served by these comicantly to the oxidant budget and SOA formation (Goldstein
pounds vary greatly with chemical species, ranging from pro-and Galbally, 2007). The evidence includes observations of
tection against high temperatures or oxidative stress, to planbxidant concentrations and OH reactivity that imply more ac-
signaling, to regulation of metabolism, and many are as yetive VOC chemistry than expected based on known emission
not well understood (Sharkey et al., 2008; Kesselmeier andates (Goldstein et al., 2004; Faloona et al., 2001; Di Carlo et
Staudt, 1999; Fall, 2003). This variety is reflected in the de-al., 2004) and direct measurements of previously undetected,
pendence of emission rates on a number of physicochemicatometimes highly reactive, species in forest air (Holzinger
physiological and environmental factors, including radiation, et al., 2005; Kim et al., 2010; Ciccioli et al., 1999). Due
temperature, phenology, water and nutrient availability, en-to their reactivity, these compounds may contribute dispro-
zyme activity, plant species and physical structure, solubil-portionately to aerosol growth, despite their relatively small
ity and vapor pressure (Kesselmeier and Staudt, 1999; Niabundances (Ng et al., 2006; Bonn and Moortgat, 2003). If
inemets et al., 2004; Laothawornkitkul et al., 2009). emitted, some of these compounds may not escape the forest

Emission models attempt to capture the most importantcanopy (Ciccioli et al., 1999), but others may have lifetimes
of these dependencies, using data from leaf- and canopylong enough that they have measureable canopy-scale fluxes.
scale measurements of emissions under controlled and anbirect detection of the fluxes of novel species out of forest
bient conditions to formulate functions describing observedcanopies are required to assess their importance in local and
emissions patterns. Among emission models, those for isoregional photochemistry and aerosol growth.
prene and monoterpenes are the most robust and well charac- In this study, we report emission rates of isoprenoids and
terized, though shortcomings do exist (Guenther et al., 1993pxygenated VOCs from a New England mixed forest over
2006; Grote and Niinemets, 2008; Keenan et al., 2009). Thigwo growing seasons determined by applying the disjunct
is in part due to the fact that the mechanisms governing theeddy covariance method to PTR-MS measurements. In addi-
emissions of these compounds are relatively straightforwardtion to the major BVOCs such as isoprene, monoterpenes,
Both have sufficiently high vapor pressures that they respondnethanol, and acetone, several less-studied species, tenta-
rapidly to changes in environmental conditions such as lighttively identified as methyl ethyl ketone and oxygenated ter-
and temperature, with minimal mediation by the plant (Guen-penes (or isomers), are also observed. The results are used
ther et al., 1993; Niinemets et al., 2004). In contrast, theto analyze the most dominant factors determining emission
oxygenated BVOCs are more polar, hence more soluble, exrates over the course of a growing season, to test the ability
hibit lower vapor pressures over water, and are more affectedf standard emission algorithms to predict daily and seasonal
by plant processes such as transpiration and stomatal operariations, and to determine standardized emission rates suit-
ing (Fall, 2003; Seco et al., 2007). Hence, more complexable for comparison with studies performed under differing
models are needed to describe their behavior (Niinemets andonditions and for inclusion in model emission inventories.
Reichstein, 2003a, b). There is also less available data on th€hey also represent the establishment of a longer-term data
oxygenated BVOCs with which to constrain model mecha-record that will provide information on seasonal to interan-
nisms (Seco et al., 2007). As a result, emissions models fonual patterns in emission for which there is less existing data.
the oxygenated species are less well developed, and no stan-
dard canopy-scale formulations have yet been adopted.

Uncertainties in the existing data on emissions of BVOCs
and their dependence on environmental factors make predic-
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2 Methods and 11.8 slpm were used to achieve residence times of 11.5s
and 8.2s in 2005 and 2007, respectively. A filter at the in-
2.1 Site description let removed particles from the sample flow. During the first

few days of the 2007 season (days 149-151), a 0.5-um pore
size filter was used but was found to produce a large pres-

Field studies were carried out at the Environmental Mea—Sure drop in the sample line so it was replaced. For all other
surement Site (EMS) at Harvard Forest in Petersham, MA P P P :

(42.5% N, 72.17 W, elevation 340 m). The forest is located MEasurements, a 2.0-um pore size 47-mm diameter Zefluor
in a rural area in central Massachusetts but is influenced b eflon filter (Pall Corp.) was used. A small portion of the to-

the east-coast urban corridor (New York City, coastal Con- al flow (~300 sccm) was sub-sampled into the PTR-MS for

necticut, and the Connecticut River valley) 50 to 200 km to an&lyss. £ VOC mixi . d .
the southwest as well as regional-scale transport from th%rotgisgrr:r?;?grtngaction '\T;S(g]% r:ggin\;‘/;:e (In;?Rel\/lIJ;”r]]i
Midwest and Mid-Atlantic States. Typical mean summer- lonicon Analytik) (Lindinger et allo 1998- élake ot al '
time mid-day ozone and NOy mixing ratios at the site are2009) Briefly PTR-MS isga chemi.c;al ioniz,ation (®))] tecH-
58119 ppbv and 5.42.7 ppbv, respectively, for periods of nique.in whigﬁ hydronium ions (407) are used to proto-
EY/VV vv\\;::(cjji ?,CI?J: gﬂ;;ze;t)g:)vglgdGZ“ﬂ:goisp;t;\;;‘orlggrégds of nate the analyte molecules, which are then selectively de-

. . cted by mass spectrometry. Hydronium ions are pro-
The forest stand is 75-110 years old and is composed otfe :
red oak (36 % of biomass), red maple (22 %), red pine (8 %)’duced by passing water vapor through the hollow cathode

hemlock (13 %), birch (5 %), white pine (6 %), cherry (3 %), ion source. The reagent ions and sample gas gnter a drift

. . tube operated at af/N of 126 Td where rapid (i.e., rate
spruce (2 %) and beech (0.8 %) (Urbanski et al., 2007). Th'sconstant of ca. 2109 cnes1) proton transfer occurs to
distribution is updated from that reported by Goldstein et i

: species with a proton affinity greater than that of water
al. (1998) for the same site. Measurements are made fror?165 kcal/mol), including many VOCs. The protonated an-

a 30-m meteorological tower extending 7m above the for'alyte ions are then filtered using a quadrupole mass spec-

es_t canopy. The tower is S'tl.Jated on moderately h_|IIy ter trometer and detected. Low detection limits20 pptv for a
rain surrounded by several kilometers of forest, which has . : . ) .

. . . . . .~1's dwell time) and fast time response (integration times as
been relatively undisturbed in the predominant upwind di-

: .—_short as 20 ms) make the technique well suited to the eddy
rections (NW, W, SW) over the past 70 years (Urbanski etcovariance flux method used here. Most compounds are de-

aI_., 2007)' There are no paved roaqls within 1.5 km or town%ected at the parent ion mass, hence isomeric or isobaric
within 10 km. Sakai et al. (2001) estimate that ca. 80 % of the
compounds, such as the monoterpenegkigs) or methyl

turbulent f_ques are prqduced within (_).7—1.km of the tower. vinyl ketone (MVK) and methacrolein (MAC, 150), can-
An analysis of the spatial heterogeneity of isoprene fluxes at e
the site by Goldstein et al. (1998) suggested that mean querOt be distinguished by PTR-MS. In these cases, the total

y : ggest ion signal is attributed to the sum of the individual com-
from the SW, NW, and NE quadrants, which together repre'pounds Species targeted during these studies included iso-
sented 82 % of the data, agreed with%. Fluxes from the '

_ . D N
SE, comprising the remaining 18 % of the data, were Iowerprene (”/Z_69’ 41) and its OX|dat|9n products MVK
MAC (m/z=71), monoterpenesn(/z =81, 137), acetone
than the average of the other three quadrants by 20%, sug- , _ = .
esting that emissions sources at the site are distributed re m/z=59), methanol /2 =33), and MEK fn/z=73), as
gesting 1SSt u : ISINDULEd Tey o1 s unknown BVOCs at/z = 153 and 155.

atively uniformly. The measurements presented here can be The product ion signals were normalized to the corre-

wewe_:d n the gontext ofa twe_nty-year-l_o_ng data record from sponding reagent ion signal before the concentration was cal-
the site including meteorological conditions, eddy fluxes of o . . .
culated to account for variations in the total ion signal be-

heat, momentum, }O, O3, and CQ, and concentrations tween calibrations. Instrument sensitivity was determined
of O, CO, CH,, NO, NOy, and PAN (Wofsy et al., 1993, by automated addition of known amounts of methanol, ace-

Munger et al., 1996; Goulden et al., 1996; Moore et al., 1996’tone, isoprene, and monoterpenes to the main sample flow

Munger et al., 1998). In this study, non-continuous measure- _ -
ments were made between May and October of 2005 an(ﬁa' S0cm upstream of the PTR-MS sample port every 3—-4h.

2007 to capture the majority of the growing season, when ;??;Z:i)agtmex?:Otgt?::i? C(: %:1 mmli(/t?nr@ai{rﬁ;::geina:: N
emissions of BVOCs are at their highest. P 9 PP P

rate high-pressure gas cylinders (Scott Specialty Gases) were
added by passing a small flow (ca. 2 sccm) through a critical
2.2 Measurements of BVOCs orifice and into the main sample flow, resulting in mixing
ratios of 0.5 to 10 ppbv (depending on the rate of the main
An air sample was drawn from the top of the 30-m tower flow). A permeation tube system was used to generate stan-
through 50m of FEP Teflon tubing. In 2005, 0.25 in dards of methanol and acetone. The permeation tubes (VICI
ODx0.156 in ID tubing was used; this was changed to 0.375Metronics, Inc.) were held in a water bath at°& while
in ODx0.250 in ID tubing in 2007. Flow rates of 3.3slpm 50 sccm of dry nitrogen was passed over them. Permeation
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Table 1. Sensitivities, detection limits (1 s), dwell times and measurement cycle and covariance calculation parameters for each species and
season.

2005 2007

Sensitivity Detection Limit  Dwell Time Sensitivity Detection Limit  Dwell Time
Compound m/z  (ncps/ppbv)  (ppbv) (s) (ncps/ppbv)  (ppbv) (s)
Methanol 33 14.8 14 0.5 141 1.3 0.2
Isoprene 41 2.8 0.9 0.2
Acetone 59 28.3 0.13 0.5 28 0.14 0.2
Isoprene 69 10.5 0.16 5 10.5 0.18 0.2
MVK + MAC 71 27.9 0.06 1 28.1 0.06 0.2
MEK 73 29.5 0.08 1 29.2 0.08 0.2
Monoterpenes 81 13.4 0.09 1 13.1 0.09 0.2
Monoterpenes 137 44 0.2 1 4.5 0.18 0.2
C10H160 153 25.6 0.02 0.2
C10H180 155 247 0.02 0.2
Total massées 16 13
Total mass cycle time (s) 211 3.0
Number of points in covariance calculation 150 396
Covariance Integration Time (min) 56 27
Disjunct Sampling Error 25% 1.5%

2|ncludes additional diagnostic masses not shown in the table.

rates of ca. 20 ng min® resulted in mixing ratios of 0.25to  (Steinbacher et al., 2004; Taipale et al., 2008; Kim et al.,
10 ppbv after dilution in the main flow. The flow rate and 2009). When sensitivities are determined directly using cal-
temperature in the permeation tube system were held conbration standards, the transmission factor is accounted for
stant at all times to minimize passivation effects and the flowand need not be known explicitly. It must be taken into ac-
was vented via a three-way valve when not in use. Methylcount, however, when calculating concentrations from ion-
vinyl ketone, methacrolein, and methyl ethyl ketone weremolecule reaction parameters, such as was done here for the
calibrated periodically by direct injection using a method unknown terpenoids. The transmission as a functiom of
similar to that of Hanson et al. (2009). The sensitivities werewas measured by sampling the vapor pressure directly over
determined relative to that of isoprene, and the ratios wererials containing individual VOCs with a rangemf/z values,
used to determine sensitivity factors for these compounds bewhich converts the majority of the reagent ions to protonated
tween calibrations. The calibrated sensitivity generally wasVOC ions (Steinbacher et al., 2004). The transmission fac-
found to agree within 15 % with that estimated using pub-tor is defined as the ratio of the VOCtHon signal to the
lished proton-transfer rate constants for all compounds (Ani-reagent ion signal, normalized to a maximum value of 1. At
cich, 2003; Ammann et al., 2004; Zhao and Zhang, 2004;the high end of the mass scale, the transmission factor was
Smith and Spanel, 2005). found to decrease from its peak value of lngt; between

The species detectediafz = 153 and 155 and their proton 75 and 95 to ca. 0.4 at/z=158. The transmission factor
transfer rate constants are unknown, but Tani et al. (2003)vas measured periodically during the time span of the mea-
detected a signal due to the oxygenated terpene camphor &rements and found to vary by £20 % at the high end of
m/z=153. They measured a proton transfer rate constanthe mass range, but by less than 10 % in the region between
of 4.4x102cm3s 1 for camphor, which agreed well with 7/z=55 and 100, where the majority of the compounds re-
the value calculated using the trajectory method of Su andPorted here are detected.
Chesnavich (Tani et al., 2003; Su and Chesnavich, 1982) and Background signals at eaetyz were determined by two
is applied here to the signals measurea At =153 and 155. methods: (1) the addition of humidified zero air at the en-
We emphasize that the resulting mixing ratios for species atrance of the inlet while excluding ambient air and (2) re-
thesem/z values should be viewed as approximate and maymoval of the analyte molecules using a catalytic converter
differ from the calculated values by up to a factor of 2 basedconsisting of platinum on alumina beads heated to°€50
on the uncertainty in the identity of these species and of therhe concentrations determined using each of the two meth-
estimated proton transfer rate constant. ods typically agree to within 10%. The catalytic converter

The transmission of ions through the PTR-MS system isM€thod was applied to the data reported here. Average sensi-
known to be mass-dependent. Typically, the transmission idivities an_d (_jetectlon limits co_rrespondlng to 2 times the stan-
highest in the middle part of the /z range (cam/z=80— dard deviation of the catalytic converter background coun-

95) and decreases at both low and high mass-to-charge rati¢&te are shown in Table 1.

Atmos. Chem. Phys., 11, 4804831, 2011 www.atmos-chem-phys.net/11/4807/2011/



K. A. McKinney et al.: Emissions of isoprenoids and oxygenated biogenic volatile organic compounds 4811

Background cycles using zero air were also used to di-sibility that MBO contributed significantly to the flux signal
agnose wall effects in the sample system for compoundstm/z =69 in this study, the flux a/z =87 (MBO parent
at each monitored mass-to-charge ratio by assessing then) was also determined and found to be more than two or-
signal decay after the zero air was switched on. Signalders of magnitude smaller than thatmatz =69. Hence, we
for compounds such as isoprene, monoterpenes, acetonepnclude that, for Harvard Forest, the signahdt, = 69 was
MVK+MAC, MEK, and methanol dropped rapidly (ca. 10s) dominated by isoprene and that MBO contributed at most a
to their background levels, indicating minimal wall effects. few percent.
The signal atn/z =153 exhibited more significant tailing, MVK+MAC, the primary isoprene oxidation products, are
with an apparent signal decay lifetime on the order of 30 s.isomers with the molecular formulas860. Hence, they
This suggests that the compound(s) detected at this massre detected at the same mass-to-charge natio € 71) and
to-charge ratio interacts with the walls of the sample sys-the signal at this mass is attributed to the sum of the two
tem, which, along with the issues of sensitivity and masscompounds. Although no explicit studies of possible inter-
spectrometer transmission at the high end of the mass randerences at this mass-to-charge ratio have been published,
discussed above, contribute to a large uncertainty rang®TR-MS measurements have compared well with other tech-
(+100 %50 %) for this species. nigues such as gas chromatography, suggesting minimal in-
Due to the inability of the PTR-MS to distinguish between terferences (de Gouw and Warneke, 2007). Since the oxida-
isobaric molecules, possible interferences at the mass-taion lifetime of isoprene (ca. 1.9h at [OH] = x80° cm—3
charge ratios of targeted species must be considered. Whetkinson et al., 2006)) is long compared to the transport
calculating eddy covariance fluxes, however, many interfertime out of the canopy (minutes or less), MVK and MAC are
ences can be ruled out because in order to contribute to thproduced from isoprene oxidation primarily above the for-
signal the interfering species must covary with the verticalest canopy and hence a relatively small positive or possibly a
wind (i.e., have a flux). This effectively restricts interfer- negative (deposition) flux would be expected for these com-
ences to compounds with biogenic sources or those wittpounds.
significant deposition sinks, the latter of which would give  Methyl ethyl ketone (MEK, GHgO) is detected at
rise to negative fluxes. Possible interferences for individualm /z =73. Isobaric compounds such as butanaH&ECHO)
species are discussed below. and methyl glyoxal could also be detected at this mass-to-
Previous studies have shown that methame}z(=33), charge ratio, though they have not been observed in studies
exhibits little fragmentation and no known interferences atusing chromatographic separation prior to PTR-MS detec-
the parent ion mass (Warneke et al., 2003; de Gouw etion (de Gouw et al., 2003a). Of two published intercompar-
al., 2003a). The main interference for acetong {=59) isons of MEK measurements by PTR-MS with other meth-
is propanal, a species found mainly in urban areas, anads, the more recent showed good agreement (de Gouw et
hence unlikely to contribute to the flux from Harvard Forest al., 2003b, 2006). There is a known interference:at =73
(Warneke et al., 2003; de Gouw et al., 2003a). due to the HO™(H,0)3 cluster ion (de Gouw and Warneke,
Isoprene f1/z = 69) has several potential interferences, in- 2007). Under the instrumental conditions used here, the
cluding biogenic species such as 2- and 3-methyl butanal anlackground ion signal at/z =73 was typically ca. 25 cps,
1-penene-3-ol (Karl et al., 20014, b; de Gouw et al., 2003ajas compared to a daytime signal due to VOCs of 400 cps.
and possibly anthropogenic species as well (de Gouw et al.The background, which includes the signal due to water,
2003a). The anthropogenic species are expected to be mindgg monitored periodically and subtracted from the total sig-
interferences in a relatively remote location in close prox-nal. Hence, low-frequency signal due tg®i(H,0)s is re-
imity to major isoprene sources, such as the Harvard Formoved. The flux signal measured for the® (H,O) water
est canopy (de Gouw and Warneke, 2007), but the biogenicluster ion atn/z =37 and the relationship between water
species could contribute to the flux reported here. The bio-clusters observed at/z =37 and 73 was used to estimate
genic VOC 2-methyl-3-buten-2-ol (MBO) has a parent ion at the contribution of water to the flux at/z =73. This signal
m/z =87, but the majority of the MBO signal is detected as was <10 % of the total flux signal az/z=73. In addition,
a fragment withm /z =69 (Demarcke et al., 2010). MBO is the correlation between the total fluxesnatz =37 and 73
emitted in large quantities by yellow, or hard, pines (genuswas relatively weak, with a correlation coefficiem)(of 0.4
Pinus subgenusPinug found in western North America for the 2005 data. This value is reasonable for the correlation
(Harley et al., 1998; Baker et al., 2001). Based on theof two compounds whose fluxes both increase during the day
observed fragmentation pattern, previous researchers using.g., the correlation coefficient between the fluxugt =73
PTR-MS at certain sites in the western US have attributedand 59 is also 0.4). In contrast, the correlation between fluxes
the majority of them/z =69 signal to MBO rather than to from ions derived from the same chemical species (i.e., frag-
isoprene (Karl et al., 2002). None of the species found byments) is typically larger (e.g., monoterpene ion fluxes at
Harley et al. (1998) to have significant MBO emissions arem/z =81 and 137 have a correlation coefficient of 0.85). Fur-
present at Harvard Forest, although some species that ateermore, the correlation betweeryz =37 and 73 is much
present, such as red pine, were not tested. To rule out the posteaker during fall than during summer, indicating different
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origins and a strong seasonal dependence ofitfe=73 This creates a virtual disjunct data set, in which the measure-
flux. This suggests that the flux reported fofz =73 is due  ments at any individual mass are non-continuous and the sum
to something other than water, likely a biogenic compoundof the dwell times at all masses determines the time interval
such as MEK. between measurements at a single mass. Karl et al. (2002)
Monoterpenes are detected at the parent ion mass ahowed that virtual disjunct data sets such as this can be used
m/z =137 and the major fragmentmat/z =81. Both of these to determine eddy covariance fluxes with minimal error as
masses are considered to be free of major interferences (deng as the individual measurements in the disjunct dataset
Gouw and Warneke, 2007). When the fluxesi@t =81 and  are uncorrelated. A number of other studies have used simi-
137 are calculated independently the correlation coefficientar methods to determine BVOC fluxes from forest canopies
(R) between the two is found to be 0.85, suggesting minimal(Rinne et al., 2001, 2007; Karl et al., 2004, 2007; Grabmer
contributions from other species to either mass. Because thet al., 2004; Spirig et al., 2005; Lee et al., 2005; Holzinger
monoterpene signal is due to the sum of several contributinget al., 2006). The disjunct sampling error increases with the
isomers, each of which may have a slightly different frag- length of time between measurements, restricting the length
mentation pattern, the sum of the'z =81 and 137 signalsis of the overall cycle and therefore the number of masses that
used to determine the total abundance. can be included (Karl et al., 2002). A drawback of moni-
Two unknown species were detectedhdt; = 153 and 155.  toring only a small number of masses in sequence is that it
Since the compounds are unidentified, any potential interferrequires an a priori knowledge of which species are likely to
ences are also unknown. However, as stated previously, onlfpave significant fluxes; fluxes of species at masses that are
compounds with a forest source or sink will give rise to a not included are missed.
flux. Hence, itis reasonable to surmise that positive fluxes for During the summer of 2005, the PTR-MS was configured
these mass-to-charge ratios are due to sources of unidentifigd measure the mixing ratios of the major biogenic VOCs
biogenic volatile organic compounds from the canopy. Theseand oxidation products (isoprene, monoterpenes, MVK +
could be primary emissions or secondary products from fasmethacrolein) and oxygenated VOCs (acetone, methanol,
reactions of primary compounds within the canopy. The pos-MEK). In addition to the mass-to-charge ratios correspond-
sible identities of these compounds will be discussed in morgng to these species, several diagnostic ions were included

detail in Sect. 4.2.4. in the cycle. Long dwell times (1-5s) were used to achieve
high precision mixing ratio measurements. A measurement
2.3 Eddy covariance technique cycle including 16 masses was repeated every 21s (Table 1).

As a pilot study, these mixing ratio measurements were then
Canopy-scale fluxes were determined from high-frequencyused to calculate species fluxes. Although the measurement
vertical velocity and compound mixing ratio data using the parameters were not ideal for flux calculations, the results
disjunct eddy covariance method. In this technique, the proddemonstrated that covariances between BVOC mixing ratios
ucts of the deviations from the mean mixing ratio and verticaland vertical wind at Harvard Forest could be readily deter-
wind are averaged over a time interval (ca. 30 min) accordingmined. Based on the success of this trial, the instrument was

to the equation: configured specifically to obtain fluxes during the 2007 sea-
v son. Shorter dwell times and fewer masses were used to op-

F— (w/c/> _ lzwi/ci/ ) t|m|ze the suitability of the da_ta for eddy covariance analy-
N = sis. The measurement cycle included 13 species with dwell

times of 0.2s each, for a total cycle time of 3.0s. Com-

wherec’ =c—¢,w' = w—w andw, w, ¢, and¢ are the in-  pounds included in each data set, with their corresponding
stantaneous and mean values of the mixing ratio and vertimass-to-charge ratios and dwell times are shown in Table 1.
cal wind, respectively, to determine the covariance, which isin 2007, the PTR-MS measurement cycle was interrupted ev-
equal to the flux (McMillen, 1988). If the mixing ratio of the ery 108s for 21 s to measure a larger range of masses with
species of interest is higher in updrafts than in downdraftslonger dwell times to obtain concentration information on
the covariance will be non-zero and there will be a net up-a wider range of species. Vertical wind data was obtained
ward flux (and vice versa). from a sonic anemometer located less than 1 m away and at

For eddy covariance calculations, the timescale of the inthe same height as the PTR-MS sample line. Wind data was
dividual measurements is required to be as fast as or fastesampled at a rate of 10 Hz.
than the timescale of the majority of the vertical eddies re- The time interval over which the covariances were deter-
sponsible for transport. In the case of the Harvard Foresmined was chosen such that the elapsed time between cali-
canopy, greater than 90 % of the flux can be captured withbration cycles (for which the high-frequency measurements
a sample time of 1s (Sakai et al., 2001). Although mul- were temporarily interrupted) was divided into an integral
tiple species detected at different mass-to-charge ratios canumber of intervals. This ensured that all of the data was
be measured using PTR-MS, the quadrupole mass analyzettilized and that all the intervals would have similar sta-
monitors each mass sequentially rather than simultaneouslyistical characteristics. The averaging intervals used were
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is reset periodically when a new sonic anemometer data file
is initialized. For the conditions used in 2007, the apparent
time offset between the data sets due to transit through the
04 sample tube was ca. 8.3 s, consistent with the residence time
in the line. Lag times for other masses were determined rel-
ative to isoprene by first applying the isoprene lag and then
finding the offset corresponding to the maximum of the lag
correlation plot for eacln/z averaged over time. These are
treated as constant offsets from the isoprene lag.

After adjusting the time lag, spikes are removed and the
data fv andc¢) in each interval are checked for discontinu-
ities, dropouts, and unphysical values according to Vickers
202 204 205 208 20 2 and Mahrt (1997). If any of these tests is positive, the data in-

Day of 2007 terval is flagged, but the data is not altered. Flagged intervals
are later inspected and eliminated if an instrumental problem
Fig. 1. Contour plot of the correlation coefficient as a function of the 5 tound. The wind and mixing ratio data for each interval are
measurement time and the time lag between the vertical wind antyoenged and the resulting covariances are adjusted to con-
isoprene mixing ratio. Large Correlat'on quﬁ'c'ems are Obs.e.r\.’edform to a rotated coordinate plane that minimizes the mean
during the day when the isoprene flux is high. Due to acquisition

of the wind and concentration data sets on two different computersvertlcal wind and aligns the x-axis with the mean horizontal

using different software architectures, the time lag corresponding tgVind (McMillen, 1988).
the peak correlation drifts toward more negative values at a rate of 10 assess errors due to the long dwell times used in the
23s per day and is reset periodically when a new anemometer datd005 data set, a hypothetical data set was constructed by av-
file is initiated. The lag at the start of each new data file is ca. +8 s,eraging the high-frequency temperature and wind data to 1
consistent with the transit time in the sample tube. The solid lineand 0.2 Hz and calculating the covariancewcdndT . Dwell
is a fit to the lag yielding the peak correlation as a function of time times of 5s captured ca. 90 % of the flux calculated using
and represents the lag value used to compute the isoprene flux.  the high frequency data. A similar result can be obtained
by examiningw’T’ cospectra obtained from the forest data
(Sakai et al., 2001), which show that ca. 3 % (10 %) of the to-
approximately 30 min long; exact values for each data setal flux is carried by eddies with frequencies greater than 1 Hz
are given in Table 1. (0.2Hz). Hence, a +3% (+10 %) correction was applied to
Before the covariance can be calculated, the mixing ra-the fluxes calculated from the 2005 data sets with dwell times
tio and wind data sets must be synchronized. The data fronof 1 s (5s). No correction was applied to the 2007 data. The
the PTR-MS and from the sonic anemometer were stored orrror due to disjunct sampling was calculated based on the
two different computers, both of which were synchronized tomethod described by Karl et al. (2002) and found to be less
NIST time several times a day. However, the instrument conthan 2.5 % (Table 1).
trol and data acquisition system used for the micrometero- Previous work has shown that sampling conditions simi-
logical measurements works off software-based timers thatar to those used here (50>0.25 in ID sample line; flow
deviated from the synchronized hardware clocks and generrate of ca. 12 slpm) are sufficient for capturing fluctuations
ated an offset that increases with time. In addition, there isat frequencies as fast as 5Hz (Karl et al., 2002). Species
a time lag in the PTR-MS signal relative to that of the sonic such as those at/z =153, which exhibited tailing in the
anemometer due to the residence time in the sample line. Teample line, will experience additional damping of the high-
correct for both of these effects, the actual lag for each in-frequency signal due to interactions with the wall. In this
tegration period was determined by finding the maximum ofcase, the reported fluxes represent a lower limit.
the correlation coefficients between the two data sets calcu- One estimate of the uncertainty in the covariance can be
lated over a range of lag times. The calculation was per-obtained from the standard deviation of the covariance cal-
formed form/z =69, because isoprene has the largest emisculated over a range of lag times far away from the true lag
sion rate and therefore the largest correlation with the vertica(Spirig et al., 2005). This provides an estimate of the co-
wind. Figure 1 shows an example of the correlation betweenvariances calculated for uncorrelated data and hence of the
them/z =69 signal and vertical wind as a function of the lag minimum detectable true flux. For each flux data point, co-
time between the data sets and time. High correlation valvariances were calculated for lags140-360) s for both
ues are clearly seen during daytime hours, when the isoprengears of data. The error bars shown in the following figures
flux is large. The time lag used in the covariance calculationrepresent the standard deviation of the resulting covariances
was determined by calculating a linear least-squares fit to that the 2¢ level.
lag time of the maximum correlation as a function of sample
time. The correction due to time drift is ca. 23 s per day and
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Table 2. Dates of reported observations during the 2005 and 2007 measurement seasons. Mean temperature, PPFD, the average day «
deciduous bud break, the day by which 50 % of the leaves in the canopy reached 75 % of their mature size (L75), and the peak LAl for each
year are also given.

Year Dates Days of Year Medh Mean PPFD Mean deciduous L75 Peak LAI
(°C) (umoln2s™1)  bud break (day #)
2005 24 Jun-8 Sep 175-250 19.6 429 128 158 3.6
9-18 Jul 190-199 20.8 379
2007 29 May-6 Sep 149-249 18.4 467 129 148 3.6
29-31 May 149-151 17.4 609
13-22 Jun 164-173 16.2 468
5-7 Jul 185-187 17.9 400
20-31 Jul 201-212 20.0 469
15 Aug 227 12.3 50
31 Aug—6 Sep  243-249 16.5 470
3 Results % 2000
% oo L A
Flux determinations are restricted to time periods during £ o 1 e 70 1§o‘ 19 200 236 ‘2‘2‘0‘ 20 240 250
which both PTR-MS and wind data were available. These +-&2
consisted of a total of 7 days in 2005 and 33 days in 2007. _ w0 0 e 0 e 0 20 20 20 20 20 20
The specific time periods for each year are listed in Ta- P?”WMWW Sl b gy M}j
ble 2. The 2005 measurements were obtained in midsummer 40 150 160 170 180 1% 200 210 220 230 z4o 250

20

but those from 2007 span the time period from early spring
through late summer, providing information on the seasonal

Mixing Ratio
(pPbv)
3

gL MMM AJ! 'u W MAMJJ MAMA M st

course of forest emissions. < 5 e B

The mean summer (JJA) temperatures, the average da' 2% 12: MA’ LJ MJ“ |
of spring deciduous budbreak (defined as the date on which £ T T e T 20(11 U YT “250 Sl
50 % of leaf buds have burst), the date when 50 % of leaves Day of 2007

have reached 75 % of their final size (L75), and the mean_ » )

summer deciduous leaf area index (LAI), for each year ard '9- 2 ISoprene mixing ratio (4th panel) and flux (bottom panel)

also given in the table. The two years are similar in terms Ofmeas_urements for 2007. Also shown are photosynthetic photon f_qu
. . . density (PPFD, top panel), temperature (2nd panel), and sensible

_cllmatologlcal factors and met_rlgs of the Iength_ of the 9rOW- ot flux (3rd panel) measured at the tower.

ing season and forest productivity and fall within the typical

range for Harvard Forest (Richardson et al., 2009; Richard-

son and O’Keefe, 2009). Urbanski et al. (2007) showed that

during the 13-year period immediately preceding these meall Which emissions are highest during the day and lowest

surements (1992-2004), Harvard Forest was experlencmgt night, emissions also tend to be highest on warm, sunny

increasing rates of net uptake, photosynthetic capacity, and2ys: A similar diel cycle is observed for latent heat fluxes,

ecosystem respiration, as well as increasing red oak biomasd10Ugh the seasonal pattern and day-to-day variability in the
Compounds associated with biomass burning (acetomtnle'SOprene emissions is quite different. Isoprene emissions in-

m/z=42) and anthropogenic emissions (benzeng, = 79, crease in early spring following leaf out, peak in midsummer,

and tolueney /z = 93) were measured by PTR-MS and gen- and decrease into fall.

erally found to be low, with mean mixing ratios of 62,  Time series of methanol, acetone, methyl ethyl ketone,

50 pptv, and 55 pptv for acetonitrile, benzene, and tolueneisoprene, and monoterpenes for a representative 6-day period

respectively, indicating relatively little anthropogenic VOC in July 2007 are shown in Fig. 3. Diel cycles with mid-day

influence at the site. maxima are observed for all species, though for the com-

The time series of mixing ratios and fluxes of isoprene Pounds with the smallest emissions the pattern is sometimes
recorded during 2007 are shown in Fig. 2, along with tem-0obscured by day-to-day variability.
perature, photosynthetic photon flux density (PPFD), and For the oxygenated species, statistically significant nega-
the sensible heat flux(7T’) measured simultaneously at the tive fluxes, relative to the error range estimated as described
tower. The correlation between temperature and PPFD andbove, are occasionally observed. These episodes generally
emission rate is readily apparent. a diel cycle is observedccur in the morning (e.g., day 210 of 2007), but may also
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appear at other times. Before concluding that deposition is
‘ ‘ ‘ ‘ ‘ occurring, uncertainties that could lead to the observed neg-
" 1soprene *_Flux — Running mean —— Bestfit model - Alterate model | | ative fluxes or other anomalies are considered.

;:107 5 " Assuming negligible horizontal advection, the mass bal-
é 1 ance is given by the following equation,
“5‘ : ' 3 h h h h

;oe 207 208 209 210 211 212 Fih+%/ci (Z)dZZ/Pi (Z)dz—/L,' (z)dz—/D,' (2)dz (2)

0.5 T 0 0 0 0

T
Monoterpenes

The first term on the left hand side is the turbulent flux of
species at measurement heightand the second term rep-
resents storage within the canopy. The sum of the two should
equal the sum oP, L andD, which are the height-dependent
production, loss and deposition within the canopy. The stor-
age within the canopy was estimated by assuming a constant
profile shape so that the column mean concentration is pro-
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g oz height:
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where h=30m andAt=1h (Papale et al., 2006). This
term was nearly negligible relative to the observed turbulent
fluxes. Hence, storage cannot account for the “missing” flux.

Anomalous negative fluxes could arise from the break-
down of the assumptions of the eddy covariance method due
to a stagnant boundary layer. Stagnant periods can be iden-
| tified using a threshold value of the friction velocity;, of
l ol 0.2ms ! (Urbanski et al., 2007). Flux data points for which

1 u* fell below this threshold are shown with open symbols in

Fig. 3. Most of these occur at night, when emission rates
of biogenic VOCs are low, and hence the error arising from
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Flux (mg m?2 h“)
o
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o

02“6 20 2% = &g " i inaccurate flux calculations is small. Occasional stagnant pe-
= ErRD riods occur during the day, however. For example, during a
21500 . =, period on day 193 of 2005 when negative acetone fluxes were
& \ ¢ observedy* also dropped to below 0.2 m$. However, the
e | fact that the hydrocarbons do not exhibit negative fluxes dur-
g so0l ,15‘5“ ing these periods suggests that, in addition to the soundness

of the method, the chemical properties of the compound also
play arole.

To determine the effect of fluxes obtained during stag-
) ) _nant periods on the results, diel averages were calculated
Fig. 3. Fluxes of VOCs computed_ for_ half-hour |nt9rvals during both including and excluding points for whiah is below
July, 2007. The grey shaded region is the Incertainty range, the threshold. For all species, the diel averages withddw

computed from the covariance at times far away from the true lag_ t luded t significantly diff tf th that
as described in the text. Open points indicate time periods of stag_po'n S excluded are not significantly difrerentirom those tha

nant air, as determined by values f below 0.2m/s. The red include all data points. Hence, points for whichfalls be-

line is a 5-point running mean of the flux measurements. The bestoW the threshold have not been excluded from the data set,

model fit and an alternate are also shown. The models used are 44t it is worth noting that the suppression of turbulent mix-

follows: isoprene — MEGAN algorithm (best), G93 algorithm (alt); ing leads to a greater uncertainty in the eddy flux during these

monoterpenes — G93 algorithm with Eq. (4) fit to nighttime data periods.

(best), Eq. (4) only (alt); methanol — G93 (best); Eq. (4) (alt); ace-  For most of the episodes during which negative fluxes of

tone — Eq. (4) (best); MEK — Eq.. (4) (best). Temperature and PPFDnethanol, acetone, and MEK were observed the eddy flux

measured during this time period are also shown. method appeared reliable. For example, Fig. 4 shows a plot
of the covariance of acetone mixing ratio and vertical wind

R
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Table 3. Summer mid-day average fluxes and standard emission rates of each species. Standard emission rates are obtained using the moc
and other fit parameters listed below.

Year Summer (JJA) Model Light-dep T-dependent (Eq. 4)
mid-day avg flux Es Es B R
(mgm-2h~1) (mgm-2h~1) (mgm-2h~1) (K71
Isoprene 2005 5.30 MEGAN 9.9-11.5 0.90
2007 4.40 MEGAN 3.7-17.2 0.93
Monoterpenes 2005 0.21 G93+Eq. (4) 0.14-0.37 0.045 0.10 | 0.84
2007 0.15 G93+Eq. (4) 0-0.54 0.063 0.10 | 0.69
Methanol 2005 0.14 G93 0.24-0.31 0.78
2007 0.19 G93 0.22-1.8 0.80
Acetone 2005 0.15 Eq. (4) 0.68 0.26 | 0.47
2007 0.028 Eq. (4) 0.20 0.33 | 0.33
mlz=73 (MEK) 2005 0.045 Eqg. (4) 0.12 0.23 | 0.60
2007 0.028 Eq. (4) 0.10 0.25 | 0.49
mlz =153 2007 0.005 Eq. (4) 0.013 0.21 | 0.8%

2 R value for fit to binned data.

0.020 6.8 Pammol~1, respectively (Sander, 1999)). Gas-phase
= acetone mixing ratios of these compounds will respond to changes in
0.015 | eeee isoprene aqueous-phase concentrations from production or consump-
é tion in the mesophyll and to changes in water volume on
0.010 - H canopy surfaces. Thus, they will exhibit either positive or
. negative fluxes depending on whether ambient concentra-
; 0.005 tions are above or below the partial pressure in equilibrium
with aqueous concentrations in the mesophyll (compensation
0.000 +— point). Because canopy-scale flux measurements detect the
net ecosystem exchange, they reflect the sum (either positive
-0.005 or negative) of these production and removal processes.
0.010 . . . . . . Methanol and MEK exhipit pccasional episodes of nega-
tive fluxes, such as those indicated above, and the diel av-
-150 -100 -50 0 50 100 150

erage fluxes of these species reach a minimum in the hours
before daybreak, but the minimum diel mean value does not
differ significantly from zero. In contrast, acetone exhibited
Fig. 4. Lag covariance plot of acetone and isoprene for the morninga more regular pattern of early morning deposition, particu-
of day 210 of 2007, during which negative fluxes of acetone werelarly in 2007, as evidenced by both the flux time series shown
observed. in Fig. 3 and the diel average cycle in Fig. 5. The factors con-
trolling the uptake of OVOCs by forests are not well under-
stood, and hence there is no specific mechanism to explain
calculated as a function of the lag time between datasets duthe seemingly large uptake of acetone by the forest in 2007.
ing the morning of day 210 of 2007. The lag covariance Figure 5 shows the diel mean and the statistical distribu-
for isoprene during the same period is also shown. The plotjon (median, highest and lowest quartiles and deciles) of
clearly shows a coherent, well behaved negative covarianc@yxes, along with the mean mixing ratios for each species
for acetone that coincides with the positive covariance forduring 2005 and 2007. Diel means of temperature and PPFD
isoprene. Hence, these appear to be valid measurements gy the same period are shown in Fig. 6. Mean summer mid-
net uptake of these compounds by the forest. day fluxes for both years are reported in Table 3. The highest
Negative fluxes of oxygenated VOCs above forestemission rates were observed for isoprene, which had mean
canopies have been observed in other studies (Karl et alsummer mid-day fluxes of 5.3 and 4.4mgfir1 (JJA)
2005; Seco et al., 2007) and are consistent with bidirectionaln 2005 and 2007, respectively, but reached values as high
exchange. Compounds such as methanol, acetone, and ME&s 13.5mgm?hr~1. This compares reasonably well with
are somewhat soluble in water within the leaf and on itsprevious measurements of the isoprene emission rate at the
surfaces (Henry’s Law constants at 298 K of 0.46, 4.1, andsame site by Goldstein et al. (1998), who found the summer

time lag (s)
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Fig. 6. Diel cycles of temperature and PPFD corresponding to the
diel average fluxes shown in Fig. 5.
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previously at Harvard Forest, but these results are broadly

08 ar [ °° consistent with studies at a variety of other sites. Monoter-
00 i Vg 0o pene fluxes measured at midlatitude coniferous forests range
o e 12 . 2 o s 12 1w 2 from 0.1 to 1.1mgm?hr~1 (Schade and Goldstein, 2001;
Hourorbay our ofbay Grabmer et al., 2004; Spirig et al., 2005; Holzinger et al.,
5 2005 . o5 2007 . 2006; Graus et al., 2006; Rinne et al., 2007). VOCs emis-
= s Aostene | sions from a deciduous-dominated ecosystem such as Har-
10 ::ly\/\ 0.10
2 2 vard Forest may differ significantly from those from the
o FM‘ 1 oo 1 coniferous ecosystems cited above. The comparisons here
T ° g 00 | pap 0 and elsewhere in the paper to BVOC emissions at forest sites
T o nE s T with larger fractions of coniferous species are provided with
: E e MOl o4 g this caveat in mind but are included because of the rela-
= S ~: oo 03 & tively small number of published studies at comparable mid-
g 0z § latitude deciduous-dominated forests. At a deciduous for-
N Mg est in Germany composed primarily of beech, birch and oak,
_ o iy Spirig et al. (2005) reported average daytime emission rates
L o0 |MVKeHAC 5 of 0.3pgnT?s7! (1.1 mgnT2hr-t), somewhat larger than
004 those seen here. Ortega et al. (2007) predicted a canopy-scale
: 0.2 . .
ﬂﬁrhl_ﬁ monoterpene emission rate of 0.11-0.22 md ! based
o0 ﬁ%ﬂﬂf}f o0 on a branch enclosure study at a mixed northern hardwood
004 i 02 forest in Michigan. The good agreement with the latter value
o 8 1@ 3 u is reasonable considering the climate and species distribution

Hour of Day

at Harvard Forest are probably most similar to the Michigan
Fig. 5. Diel cycles of mean fluxes (filled circles) and mixing ra- site.
tios for a range of BVOCs during 2005 (left) and 2007 (right). The  The emission rates of the oxygenated VOCs methanol
box and whisker plots show the median (horizontal line), upper andgnd acetone were of the same order of magnitude as
lower quartiles (shaded boxes), and highest and lowest deciles (errqhe monoterpenes, with mean summer mid-day fluxes of
bars) of the individual measurements. Due to the small number °b.14 and 0.19 mgmzhr‘l of methanol and 0.15 and
measurements in 2005, only the quartiles can be determined. Th8 03 mg nT2hrL of acetone in 2005 and 2007, respectively

flux detection limits for each species, calculated from the covari- | f MEK fact f3105| than th f
ance far away from the true lag as described in the text, are alsg UXES 0 were a factor o 0 > lower than those o

shown. The vertical axes are the same in both years for all specie§!® monoterpenes, averaging 0.05 mg?rh~* in 2005 and
except acetone, for which the y-axis is expanded by a factor of 100-03 mg nT2hr-1 2007. Other studies at North American
in 2005 relative to 2007. The mean temperature and PPFD for thé@nd European sites have found fluxes in the range of 0.08
time period of the observations are shown in Fig. 6. to 1mgnm2hr1 for methanol and 0.1 to 2.5mgmihr1
for acetone (Baker et al., 2001; Schade and Goldstein, 2001;
Karl et al., 2002, 2003, 2005; Spirig et al., 2005; Rinne et al.,
mid-day average emissions to be ca. 6.5mgm—! using  2007). The values reported here largely fall within but on the
a flux-gradient similarity approach. lower end of the previously observed range. In addition to en-
The average monoterpene flux from the forest is aboutvironmental conditions, differences in tree species distribu-
20 times lower than that of isoprene, with summer mid-daytions are also likely to contribute to the variation in emission
mean values of 0.21 and 0.15 mgfhr—1in 2005 and 2007, rates reported at different sites. Although to our knowledge
respectively. Monoterpene fluxes have not been measurethere are no other quantitative reports of canopy-scale MEK
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fluxes, Karl et al. (2005) detected a compoundnat =73 0.0100
with a source in the middle and top of the canopy using PTR- —o— JJA
MS. They attributed the signal to C3 and C4 carbonyls (in- 0.0075 -

cluding MEK) with biogenic or atmospheric sources. -

For most species, the diel average fluxes obsered in 200%™ _ g o509
fall on the high end of the range of values observed in 2007. ey
As the emission rates are not normalized for light and tem-
perature, these differences are in part due to the specific me
teorological conditions during the sampling periods. The
data for 2005 was recorded in early July, the peak emis-
sions season for most species, during a period where the
maximum midday temperatures reached as high &C29
In contrast, the 2007 data was obtained between May anc
September. The maximum temperature observed during the ~ -0-0050 T T T
2007 observation period was 2Z, and the average temper- 0 6 12 18 24
ature was even lower. Methanol is an exception to the gen- Hour of Day
eral pattern, exhibiting a higher diel average flux in 2007
than 2005. This is primarily because the 2007 average inFig. 7. Diel average flux at:/z =153 during June, July, and Au-
cludes data from early spring, when methanol emissions argust, compared to that for September. The error bars are ¢he 2-
at their peak, whereas the 2005 average does not. The sefocertainty estimate derived from the covariance at lags far away
sonal pattern in methanol emissions will be discussed furtheffom the true lag, as described in the text.
in Sect. 4.2.1.

For acetone and, to a lesser extent, MEK, the difference hich is ca. 3% by mass of the monoterpene flux for the

between the 2005 and 2007 diel averages is larger than can B.éf!'ame time period
explained based on temperature differences alone. In com- ne p o . .
The diel patterns in mixing ratios for all species can also

paring fluxes of acetone between 2005 and 2007 using Fig. %e seen in Fig. 5. Although for some species (e.g., isoprene)

0.0025

0.0000 ]

Flux (mg m

-0.0025 -

it should be noted that the vertical axis for the 2005 data ha h id-d : L te is reflected i .
been expanded by a factor of 10 relative to the 2007 data. Th € mid-day maximum emission rate is refiecled in a maxi-
Joum in mixing ratio at the same time, this is not true for all

differences are also apparent in the summer midday avera L i
bp y g compounds. The mixing ratio depends not only on the shape

reported above. These differences, and the relationship be- . . . :
tween OVOC fluxes and driving variables such as temperaf’md magnitude of the diel emissions function, butalso on loss
ture and light will be investigated in more detail in Sect. 4.2. processes such as cher.mcalireactlon, advection, yertlcal mix-
MVK and MAC are oxidation products of isoprene, pro- Ing, and dePOS't'Or." V.Vh'Ch differ among the SPECIES. In par-
duced primarily above the canopy, and hence not expecttzg:u'ar’ though emissions genera!ly increase du_rlng t_he_day,

e boundary layer height is also increasing during this time,

to exhibit a large positive flux. Past studies have reporte T g s

negative (Karl et al., 2005; Karl et al., 2004; Andreae et al. rgsultmg n a Iargger mixing vqume._ Oxidation rates, espe-

2002; Karl et al., 2010) or small, sporadic positive (Spirig et cially due to reaction with OH, also increase during the day.

al 2605) ﬂuxe.s, of MVK + MAé from forest canopies. As Hence, for compounds with small emission rates, or emis-

Fig; 5 shows, no significant net flux in either direction was sion rates controlled primarily by temperature (which, unlike
) § PPFD, does not go to zero at night), mixing ratios may actu-

detected in this study. The mixing ratios of MVK + MAC ally decrease during the day, as observed for monoterpenes
above the canopy were relatively low (0.1-0.6 ppbv), thus it ya unng Y v 1oterp ’
This is a commonly observed pattern in forest environments

is possible that no flux was observed because the ambient

concentrations were close to the compensation point (Karl e €.9., Fehsgnfeld etal,, 1992; Bouwer-Brov_vn etal, 20(?9)'
al., 2010). Overall, isoprene accounts for approximately 89% by

The mean diel cycle fom/z =153 during June and July mass of the total emissions of VOCs measured at the_site,
is compared to that from September in Fig. 7. The errorWIth monot.erpenes,ometr(ljanolc,) acetoone, and MI.EK contribut-
bars are propagated from the flux uncertainty estimates obM9 approximately 4%, 5%, 2%, 0.5 %, respectively.
tained from the covariance far from the true lag as described
in Sect. 2.3. A statistically significant flux with a robust diel
cycle is observed during the summer but absent in the fall.
We attribute this signal to an unknown BVOC, possibly an
oxygenated terpene or methyl salicylate. Using an estimated
proton transfer rate constant to calculate the species mixing
ratio as described above, the mean daytime flux of the species

at this mass-to-charge ratio is estimated to be 5pgm?,

Atmos. Chem. Phys., 11, 4804831, 2011 www.atmos-chem-phys.net/11/4807/2011/



K. A. McKinney et al.: Emissions of isoprenoids and oxygenated biogenic volatile organic compounds 4819

4 Discussion The model predictions obtained by combining the stan-
_ dard emission rates for each interval with the light- and
4.1 Isoprenoids temperature-dependent terms are shown for both G93 and

MEGAN algorithms together with the data for a typical time
period in Fig. 3. The MEGAN algorithm is clearly a better

The diel average emissions of isoprene, shown in Fig. 5, ex-matCh o the data. Although the model is reasonably good

- . . . oY at reproducing the observations, it does seem to underpredict
hibit a large amplitude, with essentially zero emissions at o . . .
: : . . ~. the emission rate during the mid-day peak. This could be due
night and a large source during the day. This behavior im-, .
. . - in part to the use of air rather than leaf temperature and the
plies that, as expected, isoprene emissions from Harvard For- . .
. assumption of 100 % sunlit leaves rather than use of a canopy
est depend on both light and temperature (Guenther et al.,” .
. . environment model. Keenan et al. (2009) also compared the
1993; Goldstein et al., 1998). Guenther et al. (1993, 2006 . . )
EGAN algorithm to measured isoprene fluxes. Their re-

define activity factors, d|nje.n3|on!ess functions of temperg sults indicate that, while the MEGAN algorithm performed
ture and PPFD, for describing this dependence. The activ- . .
. . well on average, there were discrepancies between the model
ity factors can also be used to normalize observed fluxes

to standard conditions, usually defined Bs 303 K and and measured values on short time scales. In particular, in

PPFD = 1000 umol mPs-L. Here, two different algorithms comparison with data from a site in France, the model tended

were used to determine the activity factors. These are théo overestimate fluxes during the afternoon, whereas it un-

original algorithm (G93) proposed by Guenther et al. (1993)d§rgstlmatgd the highest daily integrated fluxes observed at a
; T . site in Michigan (Keenan et al., 2009).

and the improved parameterization used in MEGAN (Guen- The normalized emission rates are plotted as a function of

ther et al., 2006). Among other changes, the MEGAN al- P

. . {he day of the year in Fig. 8. Standard rates from the two
gorithm used here includes terms to account for the effec . :
of temperature and PPFD over the 1- and 10-day periodé’ears are in good agreemenfc. The f_|gure shows that even
prior to the measurement. In contrast to the full MEGAN when using the MEGAN algorithm, which accounts for tem-

. . : perature and light levels over the 10 days prior to the mea-
model implementation, a canopy environment model was no : e
urement, there remains a significant seasonal component to

used here to determine the fractions of sunlit and shade?h L . . e
o ; e variation in the standard emission. Normalized emission
leaves; instead, 100 % sunlit leaves were assumed. A com-

. . ; rates are lowest in May, increase to their maximum values in
parison of the two models with the observed isoprene fluxes .
. . . early June, and then appear to decrease gradually over time,
(Fig. 3) showed that the G93 algorithm tends to overestimat . S
the flux at low values and underestimate it at high values hough there is some variability in the values.
9 " MEGAN uses a combination of leaf area index (LAI) and a

In contrast, the MEGAN algorithm is better able to capture leaf age factoryage to account for seasonal effects. Here, the

these variations. Hence, the MEGAN algorithm was used toI .
. ) ... leaf age factor was determined based on LAl measurements
normalize the measured isoprene fluxes, although it is im-,

from the tower site (Urbanski et al., 2007), as described by

portant to note that the resulting normalized values do notGuenther et al. (2006). The induction time between bud

correspond to the commpnly used s_tqndard condiFions (irbreak and the onset of isoprene emissignsyas determined
MEGAN, the canopy environment activity factor, which ac- from the PTR-MS measurements of isc;prene mixing ratio

counts for variations ii” and PPFD, equals 1 dt=297 K which began to increase on day 142 of 2007, resulting in a
and PPFD = 1500 umol nfs~1; in most studies based on g ) day : 9
value of 13 days. In comparison, the standard valugeret-

the G93 algorithm, standard conditions Bf=303 K and .
PPFD = 1000 pmol m?s-2 are used), and hence are not di- ommended by Guenther et al. (2006). is 12 da)_/s. The default
value of 28 days was used fgy, the time required for the

rectly comparable with normalized fluxes obtained using theIeaves to reach peak isoprene emissions. After the induction

G93 algorithm. eriod, the leaf age factor increases from zero to its maxi-

To assess variation over time, emission rates at standar . .
o . ' : mum value of 1.1 over a period of ca. 20 days. It begins to
conditions were determined from the best fit slope for linear

. . ; ecrease around day 230, and levels off at around 1, the value
regressions of measured isoprene fluxes with the MEGA . . ]
. } . . .— . for old leaves. When combined with LAI, the major effect
algorithm in 2—-3 day intervals. The normalized emission

rates ranged from 3.7 to 17.2mgAhr! for measure- of the leaf age factor is to delay the onset of isoprene emis-

ments made in July 2005 and between May and Septembesrlons by an amount corresponding to the induction period

i i 0,
2007, with average values of 13.1 mg#&hr-L in midsum- and to increase the peak mldsummer value b;_/ abou_t 10 %. It
. L has virtually no effect on the predicted cessation of isoprene
mer. Normalizing to standard conditions Bf=303 K and emissions in the fall
_ 71 . . . .
PPFD 1000 pmol m?s~* using theﬁ% a]gonthm yields a Values of LAl and LAlx yageare shown together with the
midsummer average of 9.4 mgrhhr—1. This compares fa- : —
. . o ._normalized fluxes in Fig. 8. LAl data for 2007 are used, but
vorably with the midsummer standard emission rate for this

X : . LAI for 2005 was very similar. The leaf age factor does
T;i:g:;fﬁ:)—q?d previously by Goldstein et al. (1998) (Ca'a good job of predicting the delay in the onset of isoprene

emissions in the spring relative to leafout. The observations

4.1.1 Isoprene
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21 : : : : 6 The decrease in emissions in fall seen here is consistent
A. Isoprene with the observations of Goldstein et al. (1998), who re-
ported fluxes decreasing to only ca. 10 % of their peak sum-
mer values by day 250. Mler et al. (2008) used MEGAN,
including a canopy environment model, to simulate the Gold-
stein et al. (1998) isoprene flux measurements. They were
able to capture some seasonality by using the leaf age factor,
though they also noted the tendency of the model to overpre-
dict emissions before day 160 and after day 26Qill&t et

al. (2008) also noted model predictions of isoprene emissions
were systematically low by ca. 35% compared to the Gold-
stein et al., (1998) measurements, most likely due to a lower
standard emission factor in the MEGAN inventory than is
representative of the Harvard Forest site.

In addition to the fall decrease, there is also some sug-
gestion in the data of a larger early season peak in standard
emission rate followed by a slow decline over the season that
is not predicted by the product of LAl and leaf age factor.
Additional data over subsequent seasons would be helpful in
determining the representativeness of this behavior. Longer
term measurements at a single location are desirable for as-
sessing effects such as this with timescales of a season or
longer and continuing measurements of BVOC fluxes from
Harvard Forest are planned for the future to help address this
guestion. There is also significant variability in the normal-
ized emission rate during mid-summer, suggesting effects

Normalized Flux (mg m-2 h'1)

1.0 1 L3 not accounted for in the model. This could be due in part to
factors known to affect isoprene emissions but not included
-2 in the implementation used here, such as soil moisture.
0.5
1 4.1.2 Monoterpenes
0.0 ' ' 0 In contrast to isoprene, which is not stored in the plant but
100 150 200 250 300 350 is emitted immediately following production, monoterpenes
Day of Year can be emitted promptly or from stored pools. In general,

prompt emissions reflect the controls on biosynthesis in the
plant, and therefore typically exhibit dependence on both
light and temperature, whereas emission from stored pools is

2007 MEGAN (A) or G93 (B,C)
2005 MEGAN (A) or G93 (B, C)

Oem O

2007 Eq4

2005 Eg4 regulated by the vapor pressure and hence depends on tem-

LAI perature alone (Laothawornkitkul et al., 2009). At the canopy
— — — LAl X LAF scale, combinations of the two types of mechanisms are also

possible if both types of emitters are present at a given site
_ ) o ) (Ortega et al., 2007). Though many observations of light-
Fig. 8. Normalized emission rates for isopre(#, monoterpenes  gependent monoterpene emissions from a variety of species
(B), and methano(C) over the course of the 2007 growing season. have been made in Europe (Kesselmeier et al., 1996, 1997;
Also shown are the leaf area index and the product of the leaf are%:iccioli et al.. 1997: Kesselmeier and Staudt. 1999: Dindorf ’
index and the leaf age factor (LAF). An exponential fit with a time tal. 2006 v di ’t ical rain f ts (K h i ’I 2002
constant of 15 days is also shown for methanol (grey line). gogA; Rinné Zrt] alm ggglzgaK;?:netO;?S ;‘0(0;; ?e?ati/ély feW’
have been made in North America (Ortega et al., 2007). In-

show, however, that isoprene emissions decrease in the fafité@d, most of the studies in North America, which have been
well before LAI, falling to less than half their peak values by Carried out mainly at coniferous forests, and have reported
day 250 (7 September). Phenology data from Harvard Foresgmissions depending only on temperature (Schade and Gold-
indicates that a small percentage (1-5 %) of oak leaves hagt€in: 2001; Lee et al., 2005; Helmig et al., 2006; Kim et al.,
begun to color by this time, though leaf drop did not occur 2010).

for more than a month (O’Keefe, 2000).
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The standard functional form for describing temperatureit was not possible to separately constrain the temperature de-

dependent emissions is that of Guenther et al. (1993): pendent term for each 2-3 day interval. The uncertainty in
the nighttime fluxes could be a result of the innaccuracy of
E=EsxexpB(T —Ts)] 4) the eddy covariance method under stagnant nighttime con-

ditions; u* falls below the threshold value of 0.2 msfor

whereE is the temperature dependent emission ralgis  many of the nighttime data points. However, nighttime data
the standard emission ratg,andTs are the actual and stan- points with u* values above 0.2nT$ also exhibit small
dard (30°C) temperatures, respectively, gfies an empirical  and variable fluxes. It may be possible to better quantify
temperature response parametgg.was determined for the  the temperature-dependent term in the future by increasing
observed monoterpene fluxes using an exponential fif to the measurement precision (through reducing the mass cy-
vs.T —Tswith =0.10K™* (R =0.74 and 0.44 for 2005 and  cle time or increasing the flux integration time) or by using
2007 model fits, respectively). For the time period shownajternate methods, such as a branch enclosure technique.
in Fig. 3, the value ofts determined from the best fit was ~ The observation of light-dependent monoterpene emis-
0.17mgnr?hr-t. The resulting predicted emissions as a sjons at Harvard Forest is not unprecedented. Recently, Or-
function of time are shown together with the observations intega et al. (2007) reported both temperature- and light- and
Fig. 3. temperature-dependent emissions in branch-level enclosure

Similar to isoprene, the monoterpene emissions cycle hastudies conducted in a mixed northern hardwood forest in
a large diel amplitude with the emissions decreasing to neaMichigan. They observed light-dependent emissions from
zero at night. In addition, the peak monoterpene flux occurged oak Quercus rubrd, red maple Acer rubrun), and pa-
at midday, not during the afternoon when the temperature igper birch Betula papyrifery (Ortega et al., 2007). The two
at its maximum. A comparison of the data with the model former are the dominant tree species at the Harvard Forest
fitin Fig. 3 demonstrates that the temperature-dependent akite, so it is reasonable that similar functional dependencies
gorithm cannot capture either the nighttime minimum or theon T and PPFD would be observed.
mid-day maximum emissions. The temperature-dependent The standard emission rates obtained by normalizing the
algorithm also tends to peak later in the day than the ob-data using the combine@-independent and"-dependent
served maximum flux. This suggests that the monoterpenenodel in 2—3-day intervals are plotted as a function of day
emissions from Harvard Forest depend not only on temperof the year in Fig. 8. Also included in the figure are the
ature, but also on light. Hence, the light- and temperaturedeaf area index and its product with the leaf age factor, as
dependent G93 algorithm normally used for isoprene wasdescribed for isoprene. The seasonal cycle observed for the
also applied to the monoterpenes (Kuhn et al., 2002, 2004monoterpene emissions after normalization for temperature
Ciccioli et al., 1997; Dindorf et al., 2006). In general, the and light conditions is quite similar to that of isoprene. Nor-
agreement between the model prediction and the observamalized emission rates for both peak in early summer (13—-22
tions is much improved by including the light-dependent June) and then begin to decrease gradually through the sum-
term. However, the model predicts no emissions during darkmer, with light-dependent monoterpene emissions falling to
ness, which leads to an underestimation of the fluxes meaapproximately 0 by day 250 (7 September). The observed
sured at night, particularly for the 2005 data. The presence ofluxes on this date represent about 20 % of the peak sum-
small but non-zero nighttime fluxes implies that there may bemer value, and can be described using only the temperature-
both light-dependent and light-independent terms contribut-dependent term in the model. As was the case for isoprene
ing to the monoterpene emissions. To constrain both termsthe product of LAl and/agedoes not adequately describe the
the nighttime (PPFD<100 pmol nT?s~1) data for each sea- decline in emissions at the end of the growing season.
son was first fit using Eq. (4). The fit was used to determine a The mean summertime (JJA) normalized light-dependent
single temperature-dependent emission term for each seasomonoterpene emission rate was 0.25mgftw—1 in both
which was then subtracted from the total flux. The residual2005 and 2007, with a light-independent normalized emis-
represents the light-dependent emission term. The standarsion rate of 0.05 and 0.06 mgthhr—1 for 2005 and 2007,
light-dependent emission rate for each 2-3 day data interrespectively. Although the normalization procedure used
val was then obtained by fitting a regression of the residuain this study is different, making direct comparisons diffi-
fluxes against the modeled activity factor, in the same man<cult, these values are lower than standard emission rates ob-
ner as for isoprene. Parameters for both terms, as well as theerved above the canopy at a California ponderosa pine plan-
correlation coefficients between the modeled and measurethtion (0.69-1.1 mgm? hr-1, Lee et al., 2005), a Scots pine
emission rates are given in Table 3. The resulting modeledorest in Finland (1.1-1.6 mgnf hr1, Rinne et al., 2007)
fluxes, which are the sum of the temperature dependent andr a northern European deciduous forest (0.65 méghmr1,
temperature-independent terms, are shown together with thgpirig et al., 2005), but consistent with the species distribu-
data in Fig. 3. tion at Harvard Forest.

Because the fluxes measured in darkness were highly vari-
able and exhibited a relatively weak temperature dependence,
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Table 4. Correlation coefficients between fluxes of individual species calculated for days 201 to 212 of 2007.

species methanol acetone isoprene/z=73 terpenes m/z=153
methanol 1
acetone 0.37 1
isoprene 0.64 0.18 1
m/z=173 0.59 0.46 0.56 1
Terpenes 0.33 —0.02 0.72 0.39 1
m/z=153 0.15 0.007 0.23 0.15 0.18 1
4.2 Oxygenated VOCs tween fluxes and these parameters is a reasonable first step in

the absence of more detailed models.

The oxygenated VOCs methanol, acetone, and methyl ethy& The relatively long atmospheric lifetimes of most small

ketone (MEK) typically exhibit peak fluxes around mid-day VOCs (sev_eral days for _m_ethanol and acetc_me_\) mean that
and minima at night (Fig. 5). As discussed in Sect. 3, neg_they are unlikely to be oxidized between emission and es-
ative fluxes are also observed for some species, especial pe from the canopy (Rinne et al., 2007.)' Advection from

during the predawn hours. The fluxes of these species ar pwind anthropogenlc.s',ources can cpntrlbute (o levels seen
highly correlated with one another. Table 4 lists correlation at t_he_ forest. Indaddltlondto _b|og_en|(|: and an_thropogenlcf
coefficients for linear least squares fits between species fopmIssions, secondary production is also a major source o

a subset of the 2007 data. The strongest correlations are btgeie compoulr;di._ Lt:)nger I|fet|rrT]1es_ and more d|ffusefsouhrces
tween isoprene and monoterpenes, methanol and isopren a to generally higher atmospheric concentrations for these

and methanol ane:/z =73 (MEK). Correlations with ace- species and less pronounced diel mixing ratio cycles than are

tone are less strong, likely due to the frequent negative ﬂuxegbserved for the isoprenoids.
exhibited by it. This suggests that the emissions of monoter—4 21 Methanol
penes, methanol, and perhapgz =73 respond to environ-

mental factors in a similar manner to isoprene. Specifically,gy,gies have shown that methanol emissions depend strongly
this may indicate light dependence of these compounds.  opy stomatal conductance, as well as temperature and possi-
Short-chain alcohols and ketones, which are slightly solu-bly PPFD, though these factors are in turn are interrelated,
ble, exist partially in the aqueous phase inside the foliageso it is difficult to deconvolve the relationships into indepen-
Because their vapor pressure is buffered by the aqueousdent terms (Macdonald and Fall, 1993; Nemecek Marshall et
phase concentration, emissions of these compounds are moaé¢, 1995; Harley et al., 2007). Ultimately, however, it is the
sensitive to stomatal conductance than the highly volatile isoimethanol production rate within the plant, which in turn de-
prenoids and terpenoids, which accumulate high internal parpends on temperature and growth rate, that determines emis-
tial pressures that compensate for reduced stomatal condusions (Harley et al., 2007). The increase in methanol produc-
tance (Niinemets and Reichstein, 2003a). Other factors thation due to pectin demethylation in rapidly growing young
may be important in determining emission rates include theleaves is responsible for observations of higher methanol
mechanism and rate of production in the plant, the stage ofluxes from plants in the spring (Fall and Benson, 1996; Fall,
the plant growth cycle, temperature and light, water avail-2003; Karl et al., 2003). Huve et al. (2007) have shown that
ability, damage or stress, and the atmospheric concentratiodiurnal variations in growth rate lead to corresponding vari-
of the compound (Seco et al., 2007). Some studies have alsations in methanol production, which can contribute to the
shown that these OVOCs can be emitted from soils and dediel emissions pattern. Niinemets and Reichstein (2003a, b)
caying plant matter as well as from live plants (Warneke ethave developed a methanol emissions model based on phys-
al., 1999; Schade and Goldstein, 2001; Schade and Custeglogical and physicochemical processes. However, the full
2004) and there could be a soil contribution to canopy-scalenodel depends on a variety of leaf characteristics (Niinemets
flux measurements of these species. At present, there are ramd Reichstein, 2003a, b), not all of which are known for all
widely accepted models for predicting the emissions of thesespecies. It is also necessary to predict the methanol produc-
compounds. Nevertheless, several canopy scale studies hatien rate in the plant and the stomatal conductance as a func-
indicated that emissions of most OVOCs respond to tempertion of temperature and light (Harley et al., 2007). Though
ature among other possible drivers (Schade and Goldsteirgrogress is being made, there is not as yet a canopy-scale
2001; Karl et al., 2003, 2004, 2005). Some have also reimodel that explicitly incorporates these processes.
ported good correlations between OVOC fluxes and sensible Previous canopy-scale studies have used a variety of meth-
heat fluxes (Karl et al., 2002). Assessing the relationship beods to describe the observed diurnally varying methanol
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emissions. Karl et al. (2003) and Schade and Goldsteirrelatively infrequent. These uptake events could be explained
(2001) fit their measurements with the standard temperatureby uptake on surfaces wet with morning dew.
dependent function (Eq. 4), though Schade and Goldstein Standard emission rates are plotted as a function of
(2001) noted that the fluxes were also correlated with light.day of the year in Fig. 8. The peak methanol emissions
Karl et al. (2002) compared their observations with linear were observed in early spring, just as measurements began.
functions ofw’T’ (sensible heat) and’q’ (latent heat), an  Methanol mixing ratios and fluxes from this spring period
exponential function off’, and two different functions of are shown in Fig. 9. On day 149 and 150 (29 and 30 May),
both T (linear or exponential dependence) and PPFD (lin-fluxes as high as 1.0 mgrihr1, three times higher than
ear dependence), and found the best correlation betweetile summer average, were observed. Mixing ratio measure-
methanol emissions and’T’. Folkers et al. (2008) eval- ments were started a week earlier than flux measurements
uated two functions, each including a sum of temperature{due to the instrument configuration), and these showed a
dependent and light and temperature-dependent terms, boffeak methanol mixing ratio of nearly 25 ppbv on Day 145.
of which compared well with field observations. By the time the flux measurements started on day 149, the
To test the influence of light and temperature, the ob-mixing ratio had decreased to10 ppbv. This suggests that
served methanol fluxes were modeled with the standard exthe peak spring flux may have been even larger than that ob-
ponential temperature dependence function (Eq. 4) and witlserved on days 149-150. A spring maximum is consistent
the Guenther et al. (1993) (G93) algorithm. A linear func- with the theory that methanol is produced by pectin demethy-
tion of the sensible heat flux was also tested and found tdation during cell wall elongation in growing leaves (Galbally
yield a low correlation coefficientR=0.42). The Eq. (4) and Kirstine, 2002; Nemecek Marshall et al., 1995; Fall and
and G93 model fits are compared to the measured fluxes iBenson, 1996) and with previous field observations Karl et
Fig. 3. The nighttime methanol emissions were near zeraal. (2003), although the magnitude of the enhancement is
(mean dark flux 0f-0.007 and 0.002 mgnthr—!in 2005  strikingly large. Normalized fluxes decreased roughly expo-
and 2007, respectively). Though there is some indication ohentially from the spring peak throughout the growing season
a small temperature-dependent emission term during darkwith a time constant of about 15 days (Fig. 8), leveling off at
ness, it was not sufficient to obtain a fit. In addition to the ca. 0.25 mgmZhr=1in fall.
low nighttime values, the high correlation of the methanol  Niinemets and Reichtenstein (2002, 2003a, b) described a
fluxes with those of isoprene implies that the factors con-detailed process-based model to predict methanol emissions
trolling methanol emissions are similar to those for isoprene.from the internal methanol production rate, changes in the
This evidence suggests that, under the conditions of thesgize of liquid and gas phase pools, and stomatal conductance.
experiments, both temperature and light influence methanothe spring emission surge observed in this study could pro-
emissions. Hence, although the correlation coefficients wer&ide an extremely valuable test of these models. At present,
similar (R =0.72 for Eq. (4) and 0.80 for G93 for the 2007 the models are tailored to leaf-level emissions and modifica-
data), the G93 algorithm was chosen for subsequent analysisions would be necessary to apply them at the canopy scale
The flux data was fit using the G93 algorithm for 2— (Harley et al., 2007). This deficiency highlights the need for
3-day periods, yielding midsummer average normalizedecosystem-scale models that capture the key attributes of the

methanol emission rates of 0.27 and 0.34mgm !  methanol production and emission mechanisms in plants.
in 2005 and 2007. This is consistent with the stan-

dard emission rates determined in canopy flux experimentg.2.2 Acetone
by Karl et al. (2005) (0.36-0.42 mgTAhr1), but some-
what lower than those observed by Schade and Goldsteiknclosure experiments have found that acetone emissions are
(2001) (2.87mgm?hr1) and Karl et al. (2003) (0.87— usually correlated with temperature (Schade and Goldstein,
1.5mgnr2hr 1. 2001; Cojocariu et al., 2004; Grabmer et al., 2006; Janson
Several studies have reported morning pulses of methanand de Serves, 2001), whereas any dependence on light ap-
at sunrise (Nemecek Marshall et al., 1995; Huve et al., 2007pears to be weak (Cojocariu et al., 2004). Like methanal,
Harley et al., 2007; Niinemets and Reichstein, 2003a). Al-acetone is a water soluble compound and hence might be
though there is some suggestion in the diel average cyclexpected to respond similarly to factors such as stomatal
(Fig. 5) of a shoulder at this time, and a sharp rise is ob-conductance. Yet, several studies have found no clear re-
served in some individual mornings (Fig. 3, Day 208), we did lationship between the two (Filella et al., 2009; Cojocariu
not observe a consistent pattern of morning bursts. Karl eet al., 2004). Filella et al. (2009) did observe bursts of ace-
al. (2004, 2005) reported canopy-scale methanol depositiotone emission upon illumination under drought-stressed con-
in a tropical rain forest and a loblolly pine plantation in the ditions. Winters et al. (2009) observed an inverse correlation
southeastern US. Most episodes were observed at night. Bothetween emission rate and ambient concentration, suggest-
the diel average fluxes (Fig. 5) and the time series shown iring bidirectional exchange of acetone between the plant and
Fig. 3 suggest that instances of uptake by the forest do occuthe atmosphere. Consistent with these results, Cojocariu et
most commonly in the hours before sunrise, though they aral. (2004) observed acetone uptake in the dark, though the
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< 2000

2000 2000 nificant wall interactions, yet the fluxes of methanol in 2005
1000 /U\j\ 1000 J\/V\j\\ 1000 MJ\J\\ and 2007 are comparable, which argues against loss of high-
. frequency signals of soluble species due to damping in the

0
MoooMe w0 et s e e er e sample lines. Finally, the amplitude of the observed diel av-

SN NN w A B A erage mixing ratio cycle of acetone is smaller in 2007 than in
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e . . 2005, in keeping with a smaller source of acetone from the
1 145 e 147 149 150 151 152 185 166 167 168 forest. We conclude that the difference in the observed fluxes
£ » " i is real. . o _ _ _
E‘Cmgm 10 10 Though differences in micrometerological or physiologi-
s ,ﬂj\/f PR % cal conditions other than temperature could have been fac-

Y
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tors, there were no marked differences in the leaf area index,
PPFD, total precipitation, or relative humidity between the
two years. There is, however, some indication that relative
145 146 147 149 150 151 152 165 166 167 168 humidity could play a role. On average, under similar con-
Day of 2007 ditions of light and temperature, fluxes observed during peri-
ods of low relative humidity (RKE75 %) are systematically
higher than those observed during periods of high relative
humidity. However, the trend is too small to be statistically
significant or to account for the differences between 2005 and

: . 2007. Itis possible that the 2005 measurements were made
author_s note th_at the CO“SP’“F’“O” pathway in the plant re"oluring an unusually hot, dry period whereas those made in
sponsible for this acetone sink is unknown. Other factors ob- 007 were confined to cooler, wetter conditions, giving rise

served to influence acetone emissions in some studies inclu 8 the apparent discrepancy. Though the reasons are unclear

wetting, humidity, stress, ozone and g@vels, and flood- . R
| C . it does appear that there was significantly more uptake dur-
ing (Warneke etal., 1999, 2002; Cojocariu etal., 2004, 2005’ing the observation period in 2007 than 2005, which would

Holzinger et al., 2000; Filella et al., 2009; Kreuzwieser et al:, have resulted in a lower rate of escape from the canopy, even

20%2)- lntﬁdsltlont to direct i;ngilonsdfrom I.eavsis, there ISauring periods of net positive flux. Additional measurements
evidence that acetone 1S emitted from decaying blomass ang, ,, subsequent seasons could help to resolve this issue.

soils (Warneke et al., 2002; Schade and Goldstein, 2001). As Patterns of mid-day emission maxima and nighttime sinks

in the case of methqnql, there is not yet a standard ProCeS¥uch as the one seen in 2007 have been observed in other
baseq modgl for emlssmn_s of acetone. ~ canopy-scale experiments (Karl et al., 2004, 2005). Karl et

. To investigate the functional depgndence of acetone emisy|. (2002), Goldstein and Schade (2000), Rinne et al. (2007),
sions, data from each year was binned and averaged as gchade and Goldstein (2001), and Karl et al. (2003) also re-
function of temperature as shown in Fig. 10. In general, theport higher emissions during daylight, but no uptake at night.

acetone flux increases at higher temperature in both yearsy some studies, however, no distinct diel cycle was found
However, as can be seen in both Figs. 5 and 10, the measurggaker et al., 2001).

flux of acetone from the forest differed markedly between Equation (4) was used to quantify the relationship be-

2005 and 2007. As Fig. 5 shows, in 2007 acetone exhibitedyeen the measured acetone fluxes and temperature, with the
a diel cycle of positive fluxes from the forest during the af- caveat that its usefulness is limited because it cannot repro-
ternoon hours, and negative fluxes in early morning. Duringduce observed features such as the episodes of acetone up-
the short observation period in 2005, deposition events werggke. An exponential fit of the full data series using Eq. (4)
observed less frequently and the mid-day average flux was dielded standard emission rates of 0.68 mgfmr— and
factor of 5 higher than in 2007. Although the temperaturesg 2 mgnr2hr-! and B values of 0.26 K! and 0.33K*
observed in 2005 were significantly higher, the temperatureor the 2005 and 2007 data, respectively. The model pre-
dependence in Fig. 10 shows that temperature alone does n@iction is shown together with the data for a short time
account for the difference in the emission rates. window in Fig. 3. The standard emission rates are consis-
One possible explanation for the difference is an experi-tent with those determined in canopy flux experiments by
mental artifact. Acetone is a polar, water soluble compoundSchade and Goldstein (2001) (0.37 mgdhr—1), Karl et
that, under certain circumstances, might be lost (or the highal., (2003) (0.85-2.10 mgn$ hr-1), and Karl et al. (2005)
frequency signal of which might be damped) during sam-(0.38 mgnT2hr-1).
pling. Experimental evidence suggests, however, that this Additional plant-level studies are needed to better define
is not the case. During zero air addition to the sample linethe mechanism of acetone production and release. These
the acetone signal decays with a residence time of less thacould then be used to develop process-based models to be
10s, indicating wall interactions are minimal. Methanol is tested against data sets such as this one.
more soluble than acetone and is known to have more sig-

Flux
(mgm 2h )
o = N
o = N w0
o - N =Oo

N
=

Fig. 9. Time series of methanol mixing ratio and flux during the
spring of 2007. Also shown are PPFD and temperature.
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0.6 : : : : : MS by de Gouw et al. (1999), Karl et al. (2005), de Gouw et
®  Acetone, 2005 T al. (2006), ar_ld Holzinger et gI. (2000). Kirsting et al. (1998)

O  Acetone, 2007 detected emissions of MEK in enclosure studies over grass-
——  Eq4 fit, 2005 land using gas chromatography. There is little data on fluxes
— — Eq4 fit, 2007 of this compound from forests.

The temperature dependence of the fluxnatz =73
(MEK) is shown in Fig. 10. Like acetone, the flux of this
compound observed at each temperature was higher in 2005
than in 2007, though the difference is smaller and within the
experimental uncertainty. Given the similarity in properties
0.0 - _§_§_ BT of these two compounds, it is reasonable to expect similar
behavior. Both do show evidence of deposition episodes, but
they are less pronounced for MEK than for acetone. This
is reflected in the MEK diel average cycle, which reaches a
minimum just before sunrise, but is not significantly below
zero. Hence, this compound may escape the canopy more
readily. The temperature dependence of the flux is deter-
mined by fitting to Eq. 4 in the same manner as for acetone,
yielding Es and 8 values of 0.12mgm? hr—! and 0.22 K1
in 2005 and 0.10mgnfhr—! and 0.25 K1 in 2007. This
suggests that the source of this compound from the canopy is
0.00 —Q—§— ----------------------------------- about one half to one fifth that of acetone. The model predic-
tion is shown together with the measured fluxes as a function
0.015 t '. '. : '. of time in Fig. 3.

O m/z=153, 2007 ,
— — Eq4 fit, 2007 / 424 m/z=153

0.2 1

0.15 t t t t t
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o
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0.05

Flux (mg m2 h'1)

0.010 -
T / The signals ai:/z =153 and 155 were chosen for flux deter-
minations because they correspond to the molecular formulas
0.005 of oxygenated terpenoids {gH160 and GgH1gO, respec-
tively) and because diurnally varying signals were observed
at these and several other mass-to-charge ratios during the
0.000 {----Q™ [T ) 11 summer of 2005. These signals could be due to primary
= emissions of oxygenated VOCs or to VOC oxidation prod-
. , , . , ucts. Karl et al. (2005) suggested that, in addition to pro-
-0-005 T T T T T . . .
duction in the gas phase, compounds of this type could be
5 10 15 20 25 30 35 . .
formed from reactions of ozone with leaf surfaces. Another
Temperature (C) possible candidate with protonated/z = 153 is methyl sal-
. . icylate (GHsgO3), a plant hormone signaling stress (Loreto
Fig. 10. Binned average fluxes of acetomé/z =73, andn/z =153 and Schnitzler). Further studies using a method that provides

during 2007 as a fucntion of temperature. ko =153, only the  aqgitional structural information, such as GC-MS or PTR-
summer (JJA) of 2007 data is used. Error bars represent 1 standar.FIOF_MS are needed to identify this species. As shown in
deviation. Also shown are exponential fits to the data using Eq. (4) ’ P :

and the parameters for each species given in Table 3. Fig. 7, a positive flux from the for?St with & mid-day maxi-

mum was detected fat /z = 153 during summer, but not dur-
ing fall, consistent with a biogenic source. Fluxes were also
computed forn /z = 155 but no significant diel mean flux was
4.2.3 Methyl ethyl ketone detected.

Signals due to various BVOCs have been detected at

Although the signal ai: /z = 73 has not been positively iden- m/z =153 in other studies. Tani et al. (2003) determined
tified as MEK, the temporal patterns exhibited by this com-the proton transfer rate constant for camphor (MW =152)
pound highly suggest that it is of biogenic origin. Very lit- and found that it experiences minimal fragmentation in the
tle is known about biogenic sources of MEK. de Gouw et PTR-MS. Kim et al. (2010) detect a signal at thigz in
al. (2003a) identified a compound observed in ambient air aair above a pine forest, which they suggest could be due to
m/z=73 as MEK using a GC-PTR-MS technique, and ob- camphor or other oxygenated terpenes with the same molecu-
served no interferences. It has also been observed via PTRar formula (GoH160). Using enclosure measurements, they
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determined mean daytime emission rates for this class ofeveral areas in need of improvement. These include the rep-
compounds of 0.4pugd (leaf dry weight) T in August  resentation of the seasonal cycle for the isoprenoids as well
and 0.15pggth~! in September. Emissions of camphor as inclusion of both light- and temperature-dependent emis-
were also detected from Mediterranean species by Owen etions for monoterpenes and possibly OVOCs. In general, the
al. (2001) and from a variety of mainly coniferous speciesmodels have difficulty reproducing the amplitude of the di-
at a series of locations in the US by Ortega et al. (2008) inurnal cycle, including the midday peaks and nighttime lows
branch enclosure experiments using GC methods. Althougimear zero for most species. Inclusion of a full canopy en-
the compounds detectedayz =153 in this study may not vironment model and leaf rather than air temperatures may
be camphor, the emission rate of 5ug4r~—1, when nor-  help to reduce this discrepancy. The uncertainty associated
malized using an LAI of 3.6 im—2 and a mean specific leaf  with the nighttime flux measurements, particularly on nights
weight for Harvard Forest of 62 g™ (Munger and Wofsy, ~ when the boundary layer is very stable, makes determination
1999), gives 0.3ugd (leaf dry weight) hl, which is con-  of the functional dependence of the nighttime fluxes diffi-
sistent with the flux reported by Kim et al. (2010) for this cult. Nevertheless, the low nighttime fluxes observed in this
mass-to-charge ratio. The absence of detectable fluxes istudy imply a light-dependent component of the emissions of
fall is also consistent with Kim et al. (2010) who reported many compounds reported here, particularly monoterpenes
lower emission rates in September than in August. Karl etand methanol, perhaps due to the predominance of deciduous
al. (2008) report ecosystem-scale fluxes of methyl salicylatdree species at this site. Another contributing factor to the low
from a walnut orchard in California. Emission rates as highnighttime fluxes is the observation of frequent episodes of de-
as 0.25 mg m2 hr—1 were observed when the plants were un- position the oxygenated VOCs, particularly during times of
der stress. These results suggest that methyl salicylate carigh relative humidity, which are often encountered at night.
have a significant canopy-scale flux and is also a viable can- Models of OVOC emissions are at an earlier stage of de-
didate for detection by PTR-MS at this mass-to-charge ratiovelopment than those for the isoprenoids, and the processes
Them/z =153 fluxes from June, July, and August were they must describe are more complex. For example, in or-

binned in 1°C intervals and averaged; the result is shownder to reproduce the observed negative fluxes, a canopy-scale
in Fig. 10. The standard temperature dependent equatiomodel of acetone emissions would need to take into account
(Eq. 4) was used to fit the data, yielding values frand not only processes within the plant, but also those taking
B of 0.012mgm2hr1 and 0.21 K1, respectively. How- place in the canopy after emission, where uptake can oc-
ever, due to the low signal and level of uncertainty, it wascur. By illuminating these processes and providing tests for
not possible to determine which type of function — whether model mechanisms, canopy-scale studies such as the one re-
dependent on temperature, light, a combination of these, oported here form a key link in the model development pro-
other factors —would best describe the emissions. More measess. More are needed to further refine emission algorithms
surements and improved precision are necessary to furthego that accurate predictions of current and future BVOC
characterize the source of this species. emissions in a changing environment can be made and their

contribution to oxidant and aerosol production can be as-

sessed.
5 Conclusions
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