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Abstract

Fluxes of biogenic volatile organic compounds, including isoprene, monoterpenes, and
oxygenated VOCs measured above a mixed forest canopy in western Massachusetts
during the 2005 and 2007 growing seasons are reported. Measurements were made
using proton transfer reaction mass spectrometry (PTR-MS) and converted to fluxes5

using the disjunct eddy covariance technique. Isoprene was by far the predomi-
nant BVOC emitted at this site, with summer mid-day average fluxes of 5.3 and
4.4 mg m−2 h−1 in 2005 and 2007, respectively. In comparison, mid-day average fluxes
of monoterpenes were 0.21 and 0.15 mg m−2 h−1 in each of these years. On short
times scales (days), the diel pattern in emission rate compared well with a standard10

emission algorithm for isoprene. The general shape of the seasonal cycle and the ob-
served decrease in isoprene emission rate in early September was, however, not well
captured by the model. Monoterpene emission rates exhibited dependence on light
as well as temperature, as determined from the improved fit to the observations ob-
tained by including a light-dependent term in the model. The mid-day average flux of15

methanol from the canopy was 0.14 mg m−2 h−1 in 2005 and 0.19 mg m−2 h−1 in 2007,
but the maximum flux was observed in spring (29 May 2007), when the flux reached
1.0 mg m−2 h−1. This observation is consistent with enhanced methanol production
during leaf expansion. Summer mid-day fluxes of acetone were 0.15 mg m−2 h−1 dur-
ing a short period in 2005, but only 0.03 mg m−2 h−1 averaged over 2007. Episodes20

of negative fluxes of oxygenated VOCs, particularly acetone, were observed period-
ically, especially in 2007. Thus, deposition within the canopy could help explain the
low season-averaged flux of acetone in 2007. Fluxes of species of biogenic origin at
mass-to-charge (m/z) ratios of 73 (0.05 mg m−2 h−1 in 2005; 0.03 mg m−2 h−1 in 2007)
and 153 (5 µg m−2 h−1 in 2007), possibly corresponding to methyl ethyl ketone and an25

oxygenated terpene, respectively, were also observed.
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1 Introduction

Volatile organic compounds (VOCs) play a critical role in maintaining the oxidant bal-
ance of the lower atmosphere, acting as either a source or sink of oxidants, depending
on the local photochemical conditions. In the presence of NOx, VOC oxidation can
enhance ozone levels, contributing to poor air quality, and form peroxyacyl nitrates5

(PANs), resulting in the transport of NOx to remote areas (Atkinson, 2000). At the
same time, oxidation of VOCs can yield reaction products with reduced vapor pres-
sures, which then condense to form secondary organic aerosol (SOA), giving rise to
negative health effects and impacts on cloud formation and the atmospheric radia-
tive balance. Although these processes occur for VOCs of both anthropogenic and10

biogenic origin, several factors contribute to making biogenic volatile organic com-
pounds (BVOCs) the dominant contributors to VOC chemistry throughout most of the
troposphere (Fehsenfeld et al., 1992; Chameides et al., 1988). With a total source
strength of ca. 1150 Tg C yr−1, global emissions of BVOCs outweigh those of anthro-
pogenic VOCs by a factor of 10 (Guenther et al., 1995). Biogenic compounds also tend15

to be more reactive than their anthropogenic counterparts and to more readily form
SOA {Atkinson, 1998 #56; Griffin, 1999 #134; Kanakidou, 2005 #450; Kavouras, 1998
#48; (Helmig et al., 2006). Hence, a comprehensive understanding of the processes
regulating BVOC concentrations is of fundamental importance in modeling the chem-
istry of the troposphere and predicting its response to global environmental change20

{Kulmala, 2004 #458; Lathiere, 2006 #411; Penuelas, 2003 #459; Peñuelas, 2010
#498}.

The major classes of BVOCs (and their relative contributions to the total budget) are
the isoprenoids, consisting of isoprene (35–45%), monoterpenes (11–25%), sesquiter-
penes and functionalized terpenes (minor), oxygenated VOCs (20–30%), and other25

hydrocarbons (<10%) (Guenther et al., 1995, 2000). Together, fluxes of these com-
pounds can represent reemission of a few percent of the photosynthetically fixed car-
bon (Guenther, 2002; Kesselmeier et al., 2002). The physiological purposes served by
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these compounds vary greatly with chemical species, ranging from protection against
high temperatures or oxidative stress, to plant signaling, to regulation of metabolism,
and many are as yet not well understood (Sharkey et al., 2008; Kesselmeier and
Staudt, 1999; Fall, 2003). This variety is reflected in the dependence of emission rates
on a number of physicochemical, physiological and environmental factors, including5

radiation, temperature, phenology, water and nutrient availability, enzyme activity, plant
species and physical structure, solubility and vapor pressure (Kesselmeier and Staudt,
1999; Niinemets et al., 2004; Laothawornkitkul et al., 2009).

Emission models attempt to capture the most important of these dependencies, us-
ing data from leaf- and canopy-scale measurements of emissions under controlled10

and ambient conditions to formulate functions describing observed emissions pat-
terns. Among emission models, those for isoprene and monoterpenes are the most
robust and well characterized, though shortcomings do exist (Guenther et al., 1993,
2006; Grote and Niinemets, 2008; Keenan et al., 2009). This is in part due to the
fact that the mechanisms governing the emissions of these compounds are relatively15

straightforward. Both have sufficiently high vapor pressures that they respond rapidly
to changes in environmental conditions such as light and temperature, with minimal
mediation by the plant (Guenther et al., 1993; Niinemets et al., 2004). In contrast, the
oxygenated BVOCs are more polar, hence more soluble, exhibit lower vapor pressures
over water, and are more affected by plant processes such as transpiration and stom-20

atal opening (Fall, 2003; Seco et al., 2007). Hence, more complex models are needed
to describe their behavior (Niinemets and Reichstein, 2003a, b). There is also less
available data on the oxygenated BVOCs with which to constrain model mechanisms
(Seco et al., 2007). As a result, emissions models for the oxygenated species are less
well developed, and no standard canopy-scale formulations have yet been adopted.25

Uncertainties in the existing data on emissions of BVOCs and their dependence on
environmental factors make predictions of future emission trends and the response to
changing climate difficult (Grote and Niinemets, 2008; Keenan et al., 2009). Canopy-
scale studies, which can bridge the divide between leaf-level experiments and global
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models and be used to test the accuracy of model parameterizations, are a critical com-
ponent in improving model formulations. Although there have been studies of BVOC
emissions from forested sites in the Midwestern, Western, and Southeastern US, as
well as other sites worldwide, there are relatively few data from the Northeast (Gold-
stein et al., 1998), and very few long-term records of emission rates exist anywhere5

(Pressley et al., 2005). More are needed to help fill these gaps and to assess the
factors influencing variability of emissions over interannual and decadal time scales.

In addition to the common major BVOC species, recent studies have suggested that
a wide range of unidentified BVOCs are emitted from forests and can contribute signif-
icantly to the oxidant budget and SOA formation (Goldstein and Galbally, 2007). The10

evidence includes observations of oxidant concentrations and OH reactivity that imply
more active VOC chemistry than expected based on known emission rates (Goldstein
et al., 2004; Faloona et al., 2001; Di Carlo et al., 2004) and direct measurements of
previously undetected, sometimes highly reactive, species in forest air (Holzinger et al.,
2005; Kim et al., 2010; Ciccioli et al., 1999). Due to their reactivity, these compounds15

may contribute disproportionately to aerosol growth, despite their relatively small abun-
dances (Ng et al., 2006; Bonn and Moortgat, 2003). If emitted, some of these com-
pounds may not escape the forest canopy (Ciccioli et al., 1999), but others may have
lifetimes long enough that they have measureable canopy-scale fluxes. Direct detec-
tion of the fluxes of novel species out of forest canopies are required to assess their20

importance in local and regional photochemistry and aerosol growth.
In this study, we report emission rates of isoprenoids and oxygenated VOCs from

a New England mixed forest over two growing seasons determined by applying the
disjunct eddy covariance method to PTR-MS measurements. In addition to the major
BVOCs such as isoprene, monoterpenes, methanol, and acetone, several less-studied25

species, tentatively identified as methyl ethyl ketone and oxygenated terpenes (or iso-
mers), are also observed. The results are used to analyze the most dominant factors
determining emission rates over the course of a growing season, to test the ability of
standard emission algorithms to predict daily and seasonal variations, and to determine
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standardized emission rates suitable for comparison with studies performed under dif-
fering conditions and for inclusion in model emission inventories. They also represent
the establishment of a longer-term data record that will provide information on seasonal
to interannual patterns in emission for which there is less existing data.

2 Methods5

2.1 Site description

Field studies were carried out at the Environmental Measurement Site (EMS) at Har-
vard Forest in Petersham, MA (42.54◦ N, 72.17◦ W, elevation 340 m). The forest is
located in a rural area in western Massachusetts but is influenced by the east-coast
urban corridor (New York City, coastal Connecticut, and the Connecticut River valley)10

50 to 200 km to the southwest as well as regional-scale transport from the Midwest
and Mid-Atlantic States. Typical mean summertime mid-day ozone and NOy mixing
ratios at the site are 58±19 ppbv and 5.1±2.7 ppbv, respectively, for periods of SW
winds and 40±12 ppbv and 2.3±1.4 ppbv for periods of NW winds (Munger et al.,
1996; Moody et al., 1998).15

The forest stand is 75–110 years old and is composed of red oak (36%), red maple
(22%), red pine (8%), hemlock (13%), birch (5%), white pine (6%), cherry (3%), spruce
(2%) and beech (0.8%) (Urbanski et al., 2007). This distribution is similar to that re-
ported by Goldstein et al. (1998) fort he same site. Measurements are made from a
30-m meteorological tower extending 7 m above the forest canopy. The tower is situ-20

ated on moderately hilly terrain surrounded by several kilometers of forest, which has
been relatively undisturbed in the predominant upwind directions (NW, W, SW) over
the past 70 years (Urbanski et al., 2007). There are no paved roads within 1.5 km or
towns within 10 km. Sakai et al. (2001) estimate that ca. 80% of the turbulent fluxes
are produced within 0.7–1 km of the tower. An analysis of the spatial heterogeneity of25

isoprene fluxes at the site by Goldstein et al. (1998) suggested that mean fluxes from
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the SW, NW, and NE quadrants, which together represented 82% of the data, agreed
within ±6%. Fluxes from the SE, comprising the remaining 18% of the data, were
lower than the average of the other three quadrants by 20%, suggesting that emissions
sources at the site are distributed relatively uniformly. The measurements presented
here can be viewed in the context of a twenty-year-long data record from the site includ-5

ing meteorological conditions, eddy fluxes of heat, momentum, H2O, O3, and CO2, and
concentrations of O3, CO, CH4, NO, NOy, and PAN (Wofsy et al., 1993; Munger et al.,
1996, 1998; Goulden et al., 1996; Moore et al., 1996). In this study, non-continuous
measurements were made between May and October of 2005 and 2007 to capture the
majority of the growing season, when emissions of BVOCs are at their highest.10

2.2 Measurements of BVOCs

An air sample was drawn from the top of the 30-m tower through 50 m of FEP Teflon
tubing. In 2005, 0.25 in OD×0.156 in ID tubing was used; this was changed to 0.375
in OD×0.250 in ID tubing in 2007. Flow rates of 3.3 slpm and 11.8 slpm were used to
achieve residence times of 11.5 s and 8.2 s in 2005 and 2007, respectively. A filter at15

the inlet removed particles from the sample flow. During the first few days of the 2007
season (days 149–151), a 0.5-µm pore size filter was used but was found to produce a
large pressure drop in the sample line so it was replaced. For all other measurements,
a 2.0-µm pore size 47-mm diameter Zefluor teflon filter (Pall Corp.) was used. A small
portion of the total flow (∼300 sccm) was sub-sampled into the PTR-MS for analysis.20

Measurements of VOC mixing ratios were made using Proton Transfer Reaction
Mass Spectrometry (PTR-MS-hs, Ionicon Analytik) (Lindinger et al., 1998; Blake et
al., 2009). Briefly, PTR-MS is a chemical ionization (CI) technique in which hydronium
ions (H3O+) are used to protonate the analyte molecules, which are then selectively
detected by mass spectrometry. Hydronium ions are produced by passing water va-25

por through the hollow cathode ion source. The reagent ions and sample gas en-
ter a drift tube operated at an E/N of 126 Td where rapid (i.e., rate constant of ca.
2×10−9 cm3 s−1) proton transfer occurs to species with a proton affinity greater than
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that of water (165 kcal/mol), including many VOCs. The protonated analyte ions are
then filtered using a quadrupole mass spectrometer and detected. Low detection lim-
its (<20 pptv for a 1 s dwell time) and fast time response (integration times as short
as 20 ms) make the technique well suited to the eddy covariance flux method used
here. Most compounds are detected at the parent ion mass, hence isomeric or iso-5

baric compounds, such as the monoterpenes (C10H16) or methyl vinyl ketone (MVK)
and methacrolein (MAC, C4H6O), cannot be distinguished by PTR-MS. In these cases,
the total ion signal is attributed to the sum of the individual compounds. Species tar-
geted during these studies included isoprene (m/z =69, 41) and its oxidation products
MVK+MAC (m/z =71), monoterpenes (m/z =81, 137), acetone (m/z =59), methanol10

(m/z =33), and MEK (m/z =73), as well as unknown BVOCs at m/z =153 and 155.
The product ion signals were normalized to the corresponding reagent ion signal

before the concentration was calculated to account for variations in the total ion signal
between calibrations. Instrument sensitivity was determined by automated addition of
known amounts of methanol, acetone, isoprene, and monoterpenes to the main sam-15

ple flow ca. 50 cm upstream of the PTR-MS sample port every 3–4 h. Isoprene and
monoterpenes (a 1:1 mixture of α-pinene and β-pinene) at mixing ratios of ca. 5 ppmv
in air held in separate high-pressure gas cylinders (Scott Specialty Gases) were added
by passing a small flow (ca. 2 sccm) through a critical orifice and into the main sample
flow, resulting in mixing ratios of 0.5 to 10 ppbv (depending on the rate of the main flow).20

A permeation tube system was used to generate standards of methanol and acetone.
The permeation tubes (VICI Metronics, Inc.) were held in a water bath at 35 ◦C while
50 sccm of dry nitrogen was passed over them. Permeation rates of ca. 20 ng min−1

resulted in mixing ratios of 0.25 to 10 ppbv after dilution in the main flow. The flow
rate and temperature in the permeation tube system were held constant at all times25

to minimize passivation effects and the flow was vented via a three-way valve when
not in use. Methyl vinyl ketone, methacrolein, and methyl ethyl ketone were calibrated
periodically by direct injection using a method similar to that of Hanson et al. (2009).
The sensitivities were determined relative to that of isoprene, and the ratios were used
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to determine sensitivity factors for these compounds between calibrations. The cali-
brated sensitivity generally was found to agree within 15% with that estimated using
published proton-transfer rate constants for all compounds (Anicich, 2003; Ammann
et al., 2004; Zhao and Zhang, 2004; Smith and Spanel, 2005).

The species detected at m/z =153 and 155 and their proton transfer rate con-5

stants are unknown, but Tani et al. (2003) detected a signal due to the oxygenated
terpene camphor at m/z =153. They measured a proton transfer rate constant of
4.4×10−9 cm3 s−1 for camphor, which agreed well with the value calculated using the
trajectory method of Su and Chesnavich (Tani et al., 2003; Su and Chesnavich, 1982)
and is applied here to the signals measured at m/z =153 and 155. We emphasize10

that the resulting mixing ratios for species at these m/z values should be viewed as
approximate and may differ from the calculated values by up to a factor of 2 based on
the uncertainty in the identity of these species and of the estimated proton transfer rate
constant.

The transmission of ions through the PTR-MS system is known to be mass-15

dependent. Typically, the transmission is highest in the middle part of the m/z range
(ca. m/z =80–95) and decreases at both low and high mass-to-charge ratios (Stein-
bacher et al., 2004; Taipale et al., 2008; Kim et al., 2009). When sensitivities are
determined directly using calibration standards, the transmission factor is accounted
for and need not be known explicitly. It must be taken into account, however, when20

calculating concentrations from ion-molecule reaction parameters, such as was done
here for the unknown terpenoids. The transmission as a function of m/z was measured
by sampling the vapor pressure directly over vials containing individual VOCs with a
range of m/z values, which converts the majority of the reagent ions to protonated
VOC ions (Steinbacher et al., 2004). The transmission factor is defined as the ratio of25

the VOC-H+ ion signal to the reagent ion signal, normalized to a maximum value of 1.
At the high end of the mass scale, the transmission factor was found to decrease from
its peak value of 1 at m/z between 75 and 95 to ca. 0.4 at m/z =158. The transmission
factor was measured periodically during the time span of the measurements and found
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to vary by ca. ±20% at the high end of the mass range, but by less than 10% in the
region between m/z =55 and 100, where the majority of the compounds reported here
are detected.

Background signals at each m/z were determined by two methods: (1) the addition
of humidified zero air at the entrance of the inlet while excluding ambient air and (2)5

removal of the analyte molecules using a catalytic converter consisting of platinum on
alumina beads heated to 350 ◦C. The concentrations determined using each of the two
methods typically agree to within 10%. The catalytic converter method was applied to
the data reported here. Average sensitivities and detection limits corresponding to 2
times the standard deviation of the catalytic converter background countrate are shown10

in Table 1.
Background cycles using zero air were also used to diagnose wall effects in the sam-

ple system for compounds at each monitored mass-to-charge ratio by assessing the
signal decay after the zero air was switched on. Signals for compounds such as iso-
prene, monoterpenes, acetone, MVK+MAC, MEK, and methanol dropped rapidly (ca.15

10 s) to their background levels, indicating minimal wall effects. The signal at m/z =153
exhibited more significant tailing, with an apparent signal decay lifetime on the order of
30 s. This suggests that the compound(s) detected at this mass-to-charge ratio inter-
acts with the walls of the sample system, which, along with the issues of sensitivity and
mass spectrometer transmission at the high end of the mass range discussed above,20

contribute to a large uncertainty range (+100%/−50%) for this species.
Due to the inability of the PTR-MS to distinguish between isobaric molecules, possi-

ble interferences at the mass-to-charge ratios of targeted species must be considered.
When calculating eddy covariance fluxes, however, many interferences can be ruled
out because in order to contribute to the signal the interfering species must covary25

with the vertical wind (i.e., have a flux). This effectively restricts interferences to com-
pounds with biogenic sources or those with significant deposition sinks, the latter of
which would give rise to negative fluxes. Possible interferences for individual species
are discussed below.
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Previous studies have shown that methanol (m/z =33), exhibits little fragmentation
and no known interferences at the parent ion mass (Warneke et al., 2003; de Gouw
et al., 2003a). The main interference for acetone (m/z =59) is propanal, a species
found mainly in urban areas, and hence unlikely to contribute to the flux from Harvard
Forest (Warneke et al., 2003; de Gouw et al., 2003a).5

Isoprene (m/z =69) has several potential interferences, including biogenic species
such as 2- and 3-methyl butanal and 1-penene-3-ol (Karl et al., 2001a,b; de Gouw
et al., 2003a) and possibly anthropogenic species as well (de Gouw et al., 2003a).
The anthropogenic species are expected to be minor interferences in a relatively re-
mote location in close proximity to major isoprene sources, such as the Harvard Forest10

canopy (de Gouw and Warneke, 2007), but the biogenic species could contribute to
the flux reported here. The biogenic VOC 2-methyl-3-buten-2-ol (MBO) has a parent
ion at m/z =87, but the majority of the MBO signal is detected as a fragment with
m/z =69 (Demarcke et al., 2010). MBO is emitted in large quantities by yellow, or hard,
pines (genus Pinus, subgenus Pinus) found in western North America (Harley et al.,15

1998; Baker et al., 2001). Based on the observed fragmentation pattern, previous re-
searchers using PTR-MS at certain sites in the western US have attributed the majority
of the m/z =69 signal to MBO rather than to isoprene (Karl et al., 2002). None of the
species found by Harley et al. (1998) to have significant MBO emissions are present
at Harvard Forest, although some species that are present, such as red pine, were not20

tested. To rule out the possibility that MBO contributed significantly to the flux signal at
m/z =69 in this study, the flux at m/z =87 (MBO parent ion) was also determined and
found to be more than two orders of magnitude smaller than that at m/z =69. Hence,
we conclude that, for Harvard Forest, the signal at m/z =69 was dominated by isoprene
and that MBO contributed at most a few percent.25

MVK+MAC, the primary isoprene oxidation products, are isomers with the molecular
formula C4H6O. Hence, they are detected at the same mass-to-charge ratio (m/z =71)
and the signal at this mass is attributed to the sum of the two compounds. Although
no explicit studies of possible interferences at this mass-to-charge ratio have been
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published, PTR-MS measurements have compared well with other techniques such as
gas chromatography, suggesting minimal interferences (de Gouw and Warneke, 2007).
Since the oxidation lifetime of isoprene (ca. 1.9 h at [OH]=1.5×106 cm−3 Atkinson et
al., 2006) is long compared to the transport time out of the canopy (minutes or less),
MVK and MAC are produced from isoprene oxidation primarily above the forest canopy5

and hence a relatively small positive or possibly a negative (deposition) flux would be
expected for these compounds.

Methyl ethyl ketone (MEK, C4H8O) is detected at m/z =73. Isobaric compounds
such as butanal (C3H7CHO) and methyl glyoxal could also be detected at this mass-
to-charge ratio, though they have not been observed in studies using chromatographic10

separation prior to PTR-MS detection (de Gouw et al., 2003a). Of two published inter-
comparisons of MEK measurements by PTR-MS with other methods, the more recent
showed good agreement (de Gouw et al., 2003b, 2006). There is a known interfer-
ence at m/z =73 due to the H3O+(H2O)3 cluster ion (de Gouw and Warneke, 2007).
Under the instrumental conditions used here, the background ion signal at m/z =7315

was typically ca. 25 cps, as compared to a daytime signal due to VOCs of 400 cps.
The background, which includes the signal due to water, is monitored periodically and
subtracted from the total signal. Hence, low-frequency signal due to H3O+(H2O)3 is re-
moved. The flux signal measured for the H3O+(H2O) water cluster ion at m/z =37 and
the relationship between water clusters observed at m/z =37 and 73 was used to esti-20

mate the contribution of water to the flux at m/z =73. This signal was <10% of the total
flux signal at m/z =73. In addition, the correlation between the total fluxes at m/z =37
and 73 was relatively weak, with a correlation coefficient (R) of 0.4 for the 2005 data.
This value is reasonable for the correlation of two compounds whose fluxes both in-
crease during the day (e.g., the correlation coefficient between the flux at m/z =7325

and 59 is also 0.4). In contrast, the correlation between fluxes from ions derived from
the same chemical species (i.e., fragments) is typically larger (e.g., monoterpene ion
fluxes at m/z =81 and 137 have a correlation coefficient of 0.85). Furthermore, the
correlation between m/z =37 and 73 is much weaker during fall than during summer,
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indicating different origins and a strong seasonal dependence of the m/z =73 flux. This
suggests that the flux reported for m/z =73 is due to something other than water, likely
a biogenic compound such as MEK.

Monoterpenes are detected at the parent ion mass at m/z =137 and the major frag-
ment at m/z =81. Both of these masses are considered to be free of major inter-5

ferences (de Gouw and Warneke, 2007). When the fluxes at m/z =81 and 137 are
calculated independently the correlation coefficient (R) between the two is found to be
0.85, suggesting minimal contributions from other species to either mass. Because the
monoterpene signal is due to the sum of several contributing isomers, each of which
may have a slightly different fragmentation pattern, the sum of the m/z =81 and 13710

signals is used to determine the total abundance.
Two unknown species were detected at m/z =153 and 155. Since the compounds

are unidentified, any potential interferences are also unknown. However, as stated pre-
viously, only compounds with a forest source or sink will give rise to a flux. Hence, it
is reasonable to surmise that positive fluxes for these mass-to-charge ratios are due to15

sources of unidentified biogenic volatile organic compounds from the canopy. These
could be primary emissions or secondary products from fast reactions of primary com-
pounds within the canopy. The possible identities of these compounds will be dis-
cussed in more detail in Sect. 4.2.4.

2.3 Eddy covariance technique20

Canopy-scale fluxes were determined from high-frequency vertical velocity and com-
pound mixing ratio data using the eddy covariance method. In this technique, the
products of the deviations from the mean mixing ratio and vertical wind are averaged
over a time interval (ca. 30 min) according to the equation:

F = 〈w ′c′〉= 1
N

N∑
i=1

w ′
ic

′
i (1)25
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where c′ =c−c̄,w ′ =w−w̄ and w, w̄, c, and c̄ are the instantaneous and mean values
of the mixing ratio and vertical wind, respectively, to determine the covariance, which is
equal to the flux (McMillen, 1988). If the mixing ratio of the species of interest is higher
in updrafts than in downdrafts, the covariance will be non-zero and there will be a net
upward flux (and vice versa).5

For eddy covariance calculations, the timescale of the individual measurements is
required to be as fast as or faster than the timescale of the majority of the vertical ed-
dies responsible for transport. In the case of the Harvard Forest canopy, greater than
90% of the flux can be captured with a sample time of 1 s (Sakai et al., 2001). Al-
though multiple species detected at different mass-to-charge ratios can be measured10

using PTR-MS, the quadrupole mass analyzer monitors each mass sequentially rather
than simultaneously. This creates a virtual disjunct data set, in which the measure-
ments at any individual mass are non-continuous and the sum of the dwell times at all
masses determines the time interval between measurements at a single mass. Karl et
al. (2002) showed that virtual disjunct data sets such as this can be used to determine15

eddy covariance fluxes with minimal error as long as the individual measurements in
the disjunct dataset are uncorrelated. A number of other studies have used similar
methods to determine BVOC fluxes from forest canopies (Rinne et al., 2001; Karl et
al., 2004, 2007; Grabmer et al., 2004; Spirig et al., 2005; Lee et al., 2005; Holzinger
et al., 2006; Rinne et al., 2007). The disjunct sampling error increases with the length20

of time between measurements, restricting the length of the overall cycle and therefore
the number of masses that can be included (Karl et al., 2002). A drawback of monitor-
ing only a small number of masses in sequence is that it requires an a priori knowledge
of which species are likely to have significant fluxes; fluxes of species at masses that
are not included are missed.25

During the summer of 2005, the PTR-MS was configured to measure the mixing
ratios of the major biogenic VOCs and oxidation products (isoprene, monoterpenes,
MVK+methacrolein) and oxygenated VOCs (acetone, methanol, MEK). In addition to
the mass-to-charge ratios corresponding to these species, several diagnostic ions were
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included in the cycle. Long dwell times (1–5 s) were used to achieve high precision
mixing ratio measurements. A measurement cycle including 16 masses was repeated
every 21 s (Table 1). As a pilot study, these mixing ratio measurements were then used
to calculate species fluxes. Although the measurement parameters were not ideal
for flux calculations, the results demonstrated that covariances between BVOC mixing5

ratios and vertical wind at Harvard Forest could be readily determined. Based on the
success of this trial, the instrument was configured specifically to obtain fluxes during
the 2007 season. Shorter dwell times and fewer masses were used to optimize the
suitability of the data for eddy covariance analysis. The measurement cycle included
13 species with dwell times of 0.2 s each, for a total cycle time of 3.0 s. Compounds10

included in each data set, with their corresponding mass-to-charge ratios and dwell
times are shown in Table 1. In 2007, the PTR-MS measurement cycle was interrupted
every 108 s for 21 s to measure a larger range of masses with longer dwell times to
obtain concentration information on a wider range of species. Vertical wind data was
obtained from a sonic anemometer located less than 1 m away and at the same height15

as the PTR-MS sample line. Wind data was sampled at a rate of 10 Hz.
The time interval over which the covariances were determined was chosen such that

the elapsed time between calibration cycles (for which the high-frequency measure-
ments were temporarily interrupted) was divided into an integral number of intervals.
This ensured that all of the data was utilized and that all the intervals would have simi-20

lar statistical characteristics. The averaging intervals used were approximately 30 min
long; exact values for each data set are given in Table 1.

Before the covariance can be calculated, the mixing ration and wind data sets must
be synchronized. The data from the PTR-MS and from the sonic anemometer were
stored on two different computers, both of which were synchronized to NIST time sev-25

eral times a day. However, the instrument control and data acquisition system used
for the micrometerological measurements works off software-based timers that devi-
ated from the synchronized hardware clocks and generated an offset that increases
with time. In addition, there is a time lag in the PTR-MS signal relative to that of the
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sonic anemometer due to the residence time in the sample line. To correct for both of
these effects, the actual lag for each integration period was determined by finding the
maximum of the correlation coefficients between the two data sets calculated over a
range of lag times. The calculation was performed for m/z =69, because isoprene has
the largest emission rate and therefore the largest correlation with the vertical wind.5

Figure 1 shows an example of the correlation between the m/z =69 signal and vertical
wind as a function of the lag time between the data sets and time. High correlation
values are clearly seen during daytime h, when the isoprene flux is large. The time
lag used in the covariance calculation was determined by calculating a linear least-
squares fit to the lag time of the maximum correlation as a function of sample time.10

The correction due to time drift is ca. 23 s per day and 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 sample tube was ca. 8.3 s,
consistent with the residence time in the line. Lag times for other masses were deter-
mined relative to isoprene by first applying the isoprene lag and then finding the offset15

corresponding to the maximum of the lag correlation plot for each m/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 (w and c) in each
interval are checked for discontinuities, dropouts, and unphysical values according to
Vickers and Mahrt (1997). If any of these tests is positive, the data interval is flagged,20

but the data is not altered. Flagged intervals are later inspected and eliminated if an
instrumental problem is found. The wind and mixing ratio data for each interval are
detrended and the resulting covariances are adjusted to conform to a rotated coordi-
nate plane that minimizes the mean vertical wind and aligns the x-axis with the mean
horizontal wind (McMillen, 1988).25

To assess errors due to the long dwell times used in the 2005 data set, a hypothetical
data set was constructed by averaging the high-frequency temperature and wind data
to 1 and 0.2 Hz and calculating the covariance of w and T . Dwell times of 5 s captured
ca. 90% of the flux calculated using the high frequency data. A similar result can be
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obtained by examining w
′
T

′
cospectra obtained from the forest data (Sakai et al., 2001),

which show that ca. 3% (10%) of the total flux is carried by eddies with frequencies
greater than 1 Hz (0.2 Hz). Hence, a +3% (+10%) correction was applied to the fluxes
calculated from the 2005 data sets with dwell times of 1 s (5 s). No correction was
applied to the 2007 data. The error due to disjunct sampling was calculated based on5

the method described by Karl et al. (2002) and found to be less than 2.5% (Table 1).
Previous work has shown that sampling conditions similar to those used here

(50 m ·0.25 in ID sample line; flow rate of ca. 12 slpm) are sufficient for capturing
fluctuations at frequencies as fast as 5 Hz (Karl et al., 2002). Species such as those at
m/z =153, which exhibited tailing in the sample line, will experience additional damping10

of the high-frequency signal due to interactions with the wall. In this case, the reported
fluxes represent a lower limit.

One estimate of the uncertainty in the covariance can be obtained from the standard
deviation of the covariance calculated over a range of lag times far away from the true
lag (Spirig et al., 2005). This provides an estimate of the covariances calculated for15

uncorrelated data and hence of the minimum detectable true flux. For each flux data
point, covariances were calculated for lags of ± (140–360) s for both years of data.
The error bars shown in the following figures represent the standard deviation of the
resulting covariances at the 2-σ level.

3 Results20

Flux determinations are restricted to time periods during which both PTR-MS and wind
data were available. These consisted of a total of 7 days in 2005 and 33 days in 2007.
The specific time periods for each year are listed in Table 2. The 2005 measurements
were obtained in midsummer, but those from 2007 span the time period from early
spring through late summer, providing information on the seasonal course of forest25

emissions.
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The mean summer (JJA) temperatures, the average day of spring deciduous bud-
break (defined as the date on which 50% of leaf buds have burst), the date when 50%
of leaves have reached 75% of their final size (L75), and the mean summer deciduous
leaf area index (LAI), for each year are also given in the table. The two years are sim-
ilar in terms of climatological factors and metrics of the length of the growing season5

and forest productivity and fall within the typical range for Harvard Forest (Richardson
et al., 2009; Richardson and O’Keefe, 2009). Urbanski et al. (Urbanski et al., 2007)
showed that during the 13-year period immediately preceding these measurements
(1992–2004), Harvard Forest was experiencing increasing rates of net uptake, photo-
synthetic capacity, and ecosystem respiration, as well as increasing red oak biomass.10

Compounds associated with biomass burning (acetonitrile, m/z =42) and anthro-
pogenic emissions (benzene, m/z =79, and toluene, m/z =93) were measured by
PTR-MS and generally found to be low, with mean mixing ratios of 62, 50 pptv, and
55 pptv for acetonitrile, benzene, and toluene, respectively, indicating relatively little
anthropogenic VOC influence at the site.15

The time series of mixing ratios and fluxes of isoprene recorded during 2007 are
shown in Fig. 2, along with temperature, photosynthetic photon flux density (PPFD),
and the sensible heat flux (w′T ′) measured simultaneously at the tower. The corre-
lation between temperature and PPFD and emission rate is readily apparent: a diel
cycle is observed in which emissions are highest during the day and lowest at night,20

emissions also tend to be highest on warm, sunny days. A similar diel cycle is ob-
served for latent heat fluxes, though the seasonal pattern and day-to-day variability in
the isoprene emissions is quite different. Isoprene emissions increase in early spring
following leaf out, peak in midsummer, and decrease into fall.

Time series of methanol, acetone, methyl ethyl ketone, isoprene, and monoterpenes25

for a representative 6-day period in July 2007 are shown in Fig. 3. Diel cycles with mid-
day maxima are observed for all species, though for the compounds with the smallest
emissions the pattern is sometimes obscured by day-to-day variability.
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For the oxygenated species, statistically significant negative fluxes, relative to the
error range estimated as described above, are occasionally observed. These episodes
generally occur in the morning (e.g., day 210 of 2007), but may also appear at other
times. Before concluding that deposition is occurring, uncertainties that could lead to
the observed negative fluxes or other anomalies are considered.5

Assuming negligible horizontal advection, the mass balance is given by the following
equation,

F h
i +

∂
∂t

h∫
0

Ci (z)dz=

h∫
0

Pi (z)dz−
h∫

0

Li (z)dz−
h∫

0

Di (z)dz (2)

The first term on the left hand side is the turbulent flux of species i at measurement
height h and the second term represents storage within the canopy. The sum of the two10

should equal the sum of P, L and D, which are the height-dependent production, loss
and deposition within the canopy. The storage within the canopy was estimated by as-
suming a constant profile shape so that the column mean concentration is proportional
to the observed concentration at the measurement height:

Storage=

[
C(ti )−C(ti−1)

]
·h

∆t
, (3)15

where h=30 m and ∆t=1 h (Papale et al., 2006). This term was nearly negligible rel-
ative to the observed turbulent fluxes. Hence, storage cannot account for the “missing”
flux.

Anomalous negative fluxes could arise from the breakdown of the assumptions of
the eddy covariance method due to a stagnant boundary layer. Stagnant periods can20

be identified using a threshold value of the friction velocity, u*, of 0.2 m s−1 (Urbanski et
al., 2007). Flux data points for which 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 inaccurate flux calculations is small. Occa-
sional stagnant periods occur during the day, however. For example, during a period25
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on day 193 of 2005 when negative acetone fluxes were observed, u* also dropped to
below 0.2 m s−1. However, the fact that the hydrocarbons do not exhibit negative fluxes
during these periods suggests that, in addition to the soundness of the method, the
chemical properties of the compound also play a role.

To determine the effect of fluxes obtained during stagnant periods on the results,5

diel averages were calculated both including and excluding points for which u* is below
the threshold. For all species, the diel averages with low u* points excluded are not
significantly different from those that include all data points. Hence, points for which
u* falls below the threshold have not been excluded from the data set, but it is worth
noting that the suppression of turbulent mixing leads to a greater uncertainty in the10

eddy flux during these periods.
For most of the episodes during which negative fluxes of methanol, acetone, and

MEK were observed the eddy flux method appeared reliable. For example, Fig. 4
shows a plot of the covariance of acetone mixing ratio and vertical wind calculated as
a function of the lag time between datasets during the morning of day 210 of 2007.15

The lag covariance for isoprene during the same period is also shown. The plot clearly
shows a coherent, well behaved negative covariance for acetone that coincides with
the positive covariance for isoprene. Hence, these appear to be valid measurements
of net uptake of these compounds by the forest.

Negative fluxes of oxygenated VOCs above forest canopies have been observed in20

other studies (Karl et al., 2005; Seco et al., 2007, and references therein) and are con-
sistent with bidirectional exchange of these compounds, due in part to their solubility
in water within the leaf or on its surfaces, which can result in the vapor pressure at
the leaf surface being lower than the species partial pressure in the surrounding air.
Methanol and MEK exhibit occasional episodes of negative fluxes, such as those in-25

dicated above, and the diel average 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 a more regular pattern of early morning depo-
sition, particularly in 2007, as evidenced by both the flux time series shown in Fig. 3 and
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the diel average cycle in Fig. 5. The factors controlling the uptake of OVOCs by forests
are not well understood, and hence there is no mechanism to explain the seemingly
large uptake of acetone by the forest in 2007.

Figure 5 shows the diel mean and the statistical distribution (median, highest and
lowest quartiles and deciles) of fluxes, along with the mean mixing ratios for each5

species during 2005 and 2007. Diel means of temperature and PPFD for the same
period are shown in Fig. 6. Mean summer mid-day fluxes for both years are reported
in Table 3. The highest emission rates were observed for isoprene, which had mean
summer mid-day fluxes of 5.3 and 4.4 mg m−2 h−1 (JJA) in 2005 and 2007, respectively,
but reached values as high as 13.5 mg m−2 h−1. This compares reasonably well with10

previous measurements of the isoprene emission rate at the same site by Goldstein et
al. (1998), who found the summer mid-day average emissions to be ca. 6.5 mg m−2 h−1

using a flux-gradient similarity approach.
The average monoterpene flux from the forest is about 20 times lower than that of

isoprene, with summer mid-day mean values of 0.21 and 0.15 mg m−2 h−1 in 2005 and15

2007, respectively. Monoterpene fluxes have not been measured previously at Harvard
Forest, but these results are broadly consistent with studies at a variety of other sites,
most of which involved coniferous forests, with reported monoterpene fluxes ranging
from 0.1 to 1.1 mg m−2 h−1 (Schade and Goldstein, 2001; Grabmer et al., 2004; Spirig
et al., 2005; Holzinger et al., 2006; Graus et al., 2006; Rinne et al., 2007). At a decidu-20

ous forest in Germany composed primarily of beech, birch and oak, Spirig et al. (2005)
reported average daytime emission rates of 0.3 µg m−2 s−1 (1.1 mg m−2 h−1), somewhat
larger than those seen here. Ortega et al. (2007) predicted a canopy-scale monoter-
pene emission rate of 0.11–0.22 mg m−2 h−1 based on a branch enclosure study at a
mixed northern hardwood forest in Michigan. The good agreement with the latter value25

is reasonable considering the climate and species distribution at Harvard Forest are
probably most similar to the Michigan site.

The emission rates of the oxygenated VOCs methanol and acetone were of the
same order of magnitude as the monoterpenes, with mean summer mid-day fluxes
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of 0.14 and 0.19 mg m−2 h−1 of methanol and 0.15 and 0.03 mg m−2 h−1 of acetone in
2005 and 2007, respectively. Fluxes of MEK were a factor of 3 to 5 lower than those
of the monoterpenes, averaging 0.05 mg m−2 h−1 in 2005 and 0.03 mg m−2 h−1 2007.
Other studies at North American and European sites have found fluxes in the range
of 0.08 to 1 mg m−2 h−1 for methanol and 0.1 to 2.5 mg m−2 h−1 for acetone (Baker5

et al., 2001; Schade and Goldstein, 2001; Karl et al., 2002, 2003, 2005; Spirig et
al., 2005; Rinne et al., 2007). The values reported here largely fall within but on the
lower end of the previously observed range. In addition to environmental conditions,
differences in tree species distributions are also likely to contribute to the variation in
emission rates reported at different sites. Although to our knowledge there are no10

other quantitative reports of canopy-scale MEK fluxes, Karl et al. (2005) detected a
compound at m/z =73 with a source in the middle and top of the canopy using PTR-
MS. They attributed the signal to C3 and C4 carbonyls (including MEK) with biogenic
or atmospheric sources.

For most species, the diel average fluxes obsered in 2005 fall on the high end of15

the range of values observed in 2007. As the emission rates are not normalized for
light and temperature, these differences are in part due to the specific meteorological
conditions during the sampling periods. The data for 2005 was recorded in early July,
the peak emissions season for most species, during a period where the maximum
midday temperatures reached as high as 29 ◦C. In contrast, the 2007 data was obtained20

between May and September. The maximum temperature observed during the 2007
observation period was 27 ◦C, and the average temperature was even lower. Methanol
is an exception to the general pattern, exhibiting a higher diel average flux in 2007
than 2005. This is primarily because the 2007 average includes data from early spring,
when methanol emissions are at their peak, whereas the 2005 average does not. The25

seasonal pattern in methanol emissions will be discussed further in Sect. 4.2.1.
For acetone and, to a lesser extent, MEK, the difference between the 2005 and 2007

diel averages is larger than can be explained based on temperature differences alone.
In comparing fluxes of acetone between 2005 and 2007 using Fig. 5, it should be noted
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that the vertical axis for the 2005 data has been expanded by a factor of 10 relative to
the 2007 data. The differences are also apparent in the summer midday averages
reported above. These differences, and the relationship between OVOC fluxes and
driving variables such as temperature and light will be investigated in more detail in
Sect. 4.2.5

MVK and MAC are oxidation products of isoprene, produced primarily above the
canopy, and hence not expected to exhibit a large positive flux. Past studies have
reported negative (Karl et al., 2005, 2004; Andreae et al., 2002) or small, sporadic
positive (Spirig et al., 2005) fluxes of MVK+MAC from forest canopies. On average,
no significant net flux in either direction was detected in this study, as shown in Fig. 5.10

The mean diel cycle for m/z =153 during June and July is compared to that from
September in Fig. 7. The error bars are propagated from the flux uncertainty estimates
obtained from the covariance far from the true lag as described in Sect. 2.3. A statisti-
cally 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 ter-15

pene. 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 5 µg m−2 h−1, which is ca. 3% by mass of the monoterpene flux
for the same time period.

The diel patterns in mixing ratios for all species can also be seen in Fig. 5. Although20

for some species (e.g., isoprene) the mid-day maximum emission rate is reflected in a
maximum in mixing ratio at the same time, this is not true for all compounds. The mixing
ratio depends not only on the shape and magnitude of the diel emissions function,
but also on loss processes such as chemical reaction, advection, vertical mixing, and
deposition, which differ among the species. In particular, though emissions generally25

increase during the day, the boundary layer height is also expanding during this time,
resulting in a larger mixing volume. Oxidation rates, especially due to reaction with
OH, also increase during the day. Hence, for compounds with small emission rates,
or emission rates controlled primarily by temperature (which, unlike PPFD, does not
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go to zero at night), mixing ratios may actually decrease during the day, as observed
for monoterpenes. This is a commonly observed pattern in forest environments (e.g.,
Fehsenfeld et al., 1992; Bouvier-Brown et al., 2009).

Overall, isoprene accounts for approximately 89% by mass of the total emissions of
VOCs measured at the site, with monoterpenes, methanol, acetone, and MEK con-5

tributing approximately 4%, 5%, 2%, 0.5%, respectively.

4 Discussion

4.1 Isoprenoids

4.1.1 Isoprene

The diel average emissions of isoprene, shown in Fig. 5, exhibit a large amplitude,10

with essentially zero emissions at night and a large source during the day. This be-
havior implies that, as expected, isoprene emissions from Harvard Forest depend on
both light and temperature (Guenther et al., 1993; Goldstein et al., 1998). Guen-
ther et al. (1993, 2006) define activity factors, dimensionless functions of temperature
and PPFD, for describing this dependence. The activity factors can also be used to15

normalize observed fluxes to standard conditions, usually defined as T =303 K and
PPFD=1000 µmol m−2 s−1. Two different algorithms were used to determine the ac-
tivity factors. These included the original algorithm (G93) proposed by Guenther et
al. (1993) and the improved parameterization used in MEGAN (Guenther et al., 2006).
Among other changes, the MEGAN algorithm includes terms to account for the effect20

of temperature and PPFD over the 1- and 10-day periods prior to the measurement. In
contrast to the full MEGAN model implementation, a canopy environment model was
not used here to determine the fractions of sunlit and shaded leaves; instead, 100%
sunlit leaves were assumed. A comparison of the two models with the observed iso-
prene fluxes (Fig. 3) showed that the G93 algorithm tends to overestimate the flux at25
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low values and underestimate it at high values. In contrast, the MEGAN algorithm is
better able to capture these variations. Hence, the MEGAN algorithm was used to nor-
malize the measured isoprene fluxes, although it is important to note that the resulting
normalized values do not correspond to the commonly used standard conditions (in
MEGAN, the canopy environment activity factor, which accounts for variations in T and5

PPFD, equals 1 at T =297 K and PPFD=1500 µmol m−2 s−1; in most studies based
on the G93 algorithm, standard conditions of T =303 K and PPFD=1000 µmol m−2 s−1

are used), and hence are not directly comparable with normalized fluxes obtained using
the G93 algorithm.

To assess variation over time, emission rates at standard conditions were deter-10

mined from the best fit slope for linear regressions of measured isoprene fluxes with
the MEGAN algorithm in 2–3 day intervals. The normalized emission rates ranged
from 3.7 to 17.2 mg m−2 h−1 for measurements made in July 2005 and between May
and September 2007, with average values of 13.1 mg m−2 h−1 in midsummer. Nor-
malizing to standard conditions of T =303 K and PPFD=1000 µmol m−2 s−1 using the15

G93 algorithm yields a midsummer average of 9.4 mg m−2 h−1. This compares favor-
ably with the midsummer standard emission rate for this location reported previously
by Goldstein et al. (1998) (ca. 12 mg m−2 h−1).

The model predictions obtained by combining the standard emission rates for each
interval with the light- and temperature-dependent terms are shown for both G93 and20

MEGAN algorithms together with the data for a typical time period in Fig. 3. The
MEGAN algorithm is clearly a better match to the data. Although the model is reason-
ably good at reproducing the observations, it does seem to underpredict the emission
rate during the mid-day peak. This could be due in part to the use of air rather than
leaf temperature and the assumption of 100% sunlit leaves rather than use of a canopy25

environment model. Keenan et al. (2009) also compared the MEGAN algorithm to
measured isoprene fluxes. Their results indicate that, while the MEGAN algorithm
performed well on average, there were discrepancies between the model and mea-
sured values on short time scales. In particular, in comparison with data from a site in
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France, the model tended to overestimate fluxes during the afternoon, whereas it un-
derestimated the highest daily integrated fluxes observed at a site in Michigan (Keenan
et al., 2009).

The normalized emission rates are plotted as a function of the day of the year in
Fig. 8. Standard rates from the two years are in good agreement. The figure shows5

that even when using the MEGAN algorithm, which accounts for temperature and light
levels over the 10 days prior to the measurement, there remains a significant seasonal
component to the variation in the standard emission. Normalized emission rates are
lowest in May, increase to their maximum values in early June, and then appear to
decrease gradually over time, though there is some variability in the values.10

MEGAN uses a combination of leaf area index (LAI) and a leaf age factor, γage, to
account for seasonal effects. Here, the leaf age factor was determined based on LAI
measurements from the tower site (Urbanski et al., 2007), as described by Guenther et
al. (2006). The induction time between bud break and the onset of isoprene emissions,
ti , was determined from the PTR-MS measurements of isoprene mixing ratio, which15

began to increase on day 142 of 2007, resulting in a value of 13 days. In comparison,
the standard value of ti recommended by Guenther et al. (2006) is 12 days. The
default value of 28 days was used for tm, the time required for the leaves to reach peak
isoprene emissions. After the induction period, the leaf age factor increases from zero
to its maximum value of 1.1 over a period of ca. 20 days. It begins to decrease around20

day 230, and levels off at around 1, the value for old leaves. When combined with LAI,
the major effect of the leaf age factor is to delay the onset of isoprene emissions by
an amount corresponding to the induction period and to increase the peak midsummer
value by about 10%. It has virtually no effect on the predicted cessation of isoprene
emissions in the fall.25

Values of LAI and LAI×γage are shown together with the normalized fluxes in Fig. 8.
LAI data for 2007 are used, but LAI for 2005 was very similar. The leaf age factor does a
good job of predicting the delay in the onset of isoprene emissions in the spring relative
to leafout. The observations show, however, that isoprene emissions decrease in the
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fall well before LAI, falling to less than half their peak values by day 250 (7 September).
Phenology data from Harvard Forest indicates that a small percentage (1–5%) of oak
leaves had begun to color by this time, though leaf drop did not occur for more than a
month (O’Keefe, 2000).

The decrease in emissions in fall seen here is consistent with the observations of5

Goldstein et al. (1998), who reported fluxes decreasing to only ca. 10% of their peak
summer values by day 250. Müller et al. (2008) used MEGAN, including a canopy en-
vironment model, to simulate the Goldstein 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 overpredict emissions before day 160 and after10

day 260. müller et al. (2008) also noted model predictions of isoprene emissions were
systematically low by ca. 35% compared to the Goldstein 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 suggestion in the data of a larger15

early season peak in standard emission rate followed by a slow decline over the sea-
son that is not predicted by the product of LAI 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 assessing
effects such as this with timescales of a season or longer and continuing measure-20

ments of BVOC fluxes from Harvard Forest are planned for the future to help address
this question. There is also significant variability in the normalized emission rate during
mid-summer, suggesting effects not accounted for in the model. This could be due in
part to factors known to affect isoprene emissions but not included in the implementa-
tion used here, such as soil moisture.25

4.1.2 Monoterpenes

In contrast to isoprene, which is not stored in the plant but is emitted immediately fol-
lowing production, monoterpenes can be emitted promptly or from stored pools. In
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general, prompt emissions reflect the controls on biosynthesis in the plant, and there-
fore typically exhibit dependence on both light and temperature, whereas emission
from stored pools is regulated by the vapor pressure and hence depends on tempera-
ture alone (Laothawornkitkul et al., 2009). At the canopy scale, combinations of the two
types of mechanisms are also possible if both types of emitters are present at a given5

site (Ortega et al., 2007). Though many observations of light-dependent monoterpene
emissions from a variety of species have been made in Europe (Kesselmeier et al.,
1996, 1997; Ciccioli et al., 1997; Kesselmeier and Staudt, 1999; Dindorf et al., 2006)
and in tropical rain forests (Kuhn et al., 2002, 2004; Rinne et al., 2002; Karl et al.,
2004), relatively few have been made in North America (Ortega et al., 2007). Instead,10

most of the studies in North America, which have been carried out mainly at conifer-
ous forests, and have reported emissions depending only on temperature (Schade and
Goldstein, 2001; Lee et al., 2005; Helmig et al., 2006; Kim et al., 2010).

The standard functional form for describing temperature dependent emissions is that
of Guenther et al. (1993):15

E =Es ·exp
[
β(T −TS)

]
(4)

where E is the temperature dependent emission rate, Es is the standard emission
rate, T and Ts are the actual and standard (30 ◦C) temperatures, respectively, and β
is an empirical temperature response parameter. Es was determined for the observed
monoterpene fluxes using an exponential fit to E vs. T −Ts with β=0.10 K−1 (R =0.7420

and 0.44 for 2005 and 2007 model fits, respectively). For the time period shown in
Fig. 3, the value of Es determined from the best fit was 0.17 mg m−2 h−1. The resulting
predicted emissions as a function of time are shown together with the observations in
Fig. 3.

Similar to isoprene, the monoterpene emissions cycle has a large diel amplitude25

with the emissions decreasing to near zero at night. In addition, the peak monoter-
pene flux occurs at midday, not during the afternoon when the temperature is at its
maximum. A comparison of the data with the model fit in Fig. 3 demonstrates that

28592

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28565/2010/acpd-10-28565-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28565/2010/acpd-10-28565-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 28565–28633, 2010

Emissions of organic
compounds from a
New England mixed

forest

K. A. McKinney et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the temperature-dependent algorithm cannot capture either the nighttime minimum or
the mid-day maximum emissions. The temperature-dependent algorithm also tends to
peak later in the day than the observed maximum flux. This suggests that the monoter-
pene emissions from Harvard Forest depend not only on temperature, but also on
light. Hence, the light- and temperature-dependent G93 algorithm normally used for5

isoprene was also applied to the monoterpenes (Kuhn et al., 2002, 2004; Ciccioli et
al., 1997; Dindorf et al., 2006). In general, the agreement between the model pre-
diction and the observations is much improved by including the light-dependent term.
However, the model predicts no emissions during darkness, which leads to an under-
estimation of the fluxes measured at night, particularly for the 2005 data. The presence10

of small but non-zero nighttime fluxes implies that there may be both light-dependent
and light-independent terms contributing to the monoterpene emissions. To constrain
both terms, the nighttime (PPFD<100 µmol m−2 s−1) data for each season was first fit
using Eq. (4). The fit was used to determine a single temperature-dependent emis-
sion term for each season, which was then subtracted from the total flux. The residual15

represents the light-dependent emission term. The standard light-dependent emission
rate for each 2–3 day data interval was then obtained by fitting a regression of the
residual fluxes against the modeled activity factor, in the same manner as for isoprene.
Parameters for both terms, as well as the correlation coefficients between the mod-
eled and measured emission rates are given in Table 3. The resulting modeled fluxes,20

which are the sum of the temperature dependent and temperature-independent terms,
are shown together with the data in Fig. 3.

Because the fluxes measured in darkness were highly variable and exhibited a rel-
atively weak temperature dependence, it was not possible to separately constrain the
temperature dependent term for each 2–3 day interval. The uncertainty in the night-25

time fluxes could be a result of the innaccuracy of the eddy covariance method under
stagnant nighttime conditions; u* falls below the threshold value of 0.2 m s−1 for many
of the nighttime data points. However, nighttime data points with u* values above
0.2 m s−1 also exhibit small and variable fluxes. It may be possible to better quantify
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the temperature-dependent term in the future by increasing the measurement preci-
sion (through reducing the mass cycle time or increasing the flux integration time) or
by using alternate methods, such as a branch enclosure technique.

The observation of light-dependent monoterpene emissions at Harvard Forest is not
unprecedented. Recently, Ortega et al. (2007) reported both temperature- and light-5

and temperature-dependent emissions in branch-level enclosure studies conducted in
a mixed northern hardwood forest in Michigan. They observed light-dependent emis-
sions from red oak (Quercus rubra), red maple (Acer rubrum), and paper birch (Betula
papyrifera) (Ortega et al., 2007). The two former are the dominant tree species at the
Harvard Forest site, so it is reasonable that similar functional dependencies on T and10

PPFD would be observed.
The standard emission rates obtained by normalizing the data using the combined

T-independent and T-dependent model in 2–3-day intervals are plotted as a function
of day of the year in Fig. 8. Also included in the figure are the leaf area index and
its product with the leaf age factor, as described for isoprene. The seasonal cycle15

observed for the monoterpene emissions after normalization for temperature and light
conditions is quite similar to that of isoprene. Normalized emission rates for both peak
in early summer (13–22 June) and then begin to decrease gradually through the sum-
mer, with light-dependent monoterpene emissions falling to approximately 0 by day
250 (7 September). The observed fluxes on this date represent about 20% of the peak20

summer value, and can be described using only the temperature-dependent term in the
model. As was the case for isoprene the product of LAI and γage does not adequately
describe the decline in emissions at the end of the growing season.

The mean summertime (JJA) normalized light-dependent monoterpene emission
rate was 0.25 mg m−2 h−1 in both 2005 and 2007, with a light-independent normal-25

ized emission rate of 0.05 and 0.06 mg m−2 h−1 for 2005 and 2007, respectively. Al-
though the normalization procedure used in this study is different, making direct com-
parisons difficult, these values are lower than standard emission rates observed above
the canopy at a California ponderosa pine plantation (0.69–1.1 mg m−2 h−1, Lee et al.,
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2005), a Scots pine forest in Finland (1.1–1.6 mg m−2 h−1, Rinne et al., 2007) or a
northern European deciduous forest (0.65 mg m−2 h−1, Spirig et al., 2005), but consis-
tent with the species distribution at Harvard Forest.

4.2 Oxygenated VOCs

The oxygenated VOCs methanol, acetone, and methyl ethyl ketone (MEK) typically ex-5

hibit peak fluxes around mid-day and minima at night (Fig. 5). As discussed in Sect. 3,
negative fluxes are also observed for some species, especially during the predawn
hours. The fluxes of these species are highly correlated with one another. Table 4
lists correlation coefficients for linear least squares fits between species for a subset of
the 2007 data. The strongest correlations are between isoprene and monoterpenes,10

methanol and isoprene, and methanol and m/z =73 (MEK). Correlations with acetone
are less strong, likely due to the frequent negative fluxes exhibited by it. This suggests
that the emissions of monoterpenes, methanol, and perhaps m/z =73 respond to en-
vironmental factors in a similar manner to isoprene. Specifically, this may indicate light
dependence of these compounds.15

Small oxygenated VOCs such as methanol, acetone, and MEK are reasonably sol-
uble in water, with Henry’s Law constants at 298 K of 0.46, 4.1, and 6.8 Pa m3 mol−1,
respectively (Sander, 1999). This results in low vapor pressures within the leaf and
a small concentration gradient across the leaf/atmosphere interface. Hence, stomatal
regulation plays a larger role in emissions of OVOCs than for insoluble species such as20

isoprenoids. Other factors that may be important in determining emission rates include
the mechanism and rate of production in the plant, the stage of the plant growth cycle,
temperature and light, water availability, damage or stress, and the atmospheric con-
centration of the compound (Seco et al., 2007). Some studies have also shown that
these OVOCs can be emitted from soils and decaying plant matter as well as from live25

plants (Warneke et al., 1999; Schade and Goldstein, 2001; Schade and Custer, 2004)
and there could be a soil contribution to canopy-scale flux measurements of these
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species. At present, there are no widely accepted models for predicting the emis-
sions of these compounds. Nevertheless, several canopy scale studies have indicated
that emissions of most OVOCs respond to temperature among other possible drivers
(Schade and Goldstein, 2001; Karl et al., 2003, 2004, 2005). Some have also reported
good correlations between OVOC fluxes and sensible heat fluxes (Karl et al., 2002).5

Assessing the relationship between fluxes and these parameters is a reasonable first
step in the absence of more detailed models.

The relatively long atmospheric lifetimes of most small OVOCs (several days for
methanol and acetone) mean that they are unlikely to be oxidized between emission
and escape from the canopy (Rinne et al., 2007). Advection from upwind anthro-10

pogenic sources can contribute to levels seen at the forest. In addition to biogenic
and anthropogenic emissions, secondary production is also a major source of these
compounds. Longer lifetimes and more diffuse sources lead to generally higher atmo-
spheric concentrations for these species and less pronounced diel mixing ratio cycles
than are observed for the isoprenoids.15

4.2.1 Methanol

Studies have shown that methanol emissions depend strongly on stomatal conduc-
tance, as well as temperature and possibly PPFD, though these factors are in turn
are interrelated, so it is difficult to deconvolve the relationships into independent terms
(Macdonald and Fall, 1993; Nemecek Marshall et al., 1995; Harley et al., 2007). Ul-20

timately, however, it is the methanol production rate within the plant, which in turn
depends on temperature and growth rate, that determines emissions (Harley et al.,
2007). The higher growth rate experienced by young leaves is responsible for observa-
tions of higher methanol fluxes from plants in the spring (Fall and Benson, 1996; Fall,
2003; Karl et al., 2003). Huve et al. (2007) have shown that diurnal variations in growth25

rate lead to corresponding variations in methanol production, which can contribute to
the diel emissions pattern. Niinemetz and Reichstein (2003a, b) have developed a
methanol emissions model based on physiological and physicochemical processes.
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However, the full model depends on a variety of leaf characteristics (Niinemets and
Reichstein, 2003a, b), not all of which are known for all species. It is also necessary
to predict the methanol production rate in the plant and the stomatal conductance as a
function of temperature and light (Harley et al., 2007). Though progress is being made,
there is not as yet a canopy-scale model that explicitly incorporates these processes.5

Previous canopy-scale studies have used a variety of methods to describe the ob-
served diurnally varying methanol emissions. Karl et al. (2003) and Schade and Gold-
stein (2001) fit their measurements with the standard temperature-dependent function
(Eq. 4), though Schade and Goldstein (2001) noted that the fluxes were also corre-
lated with light. Karl et al. (2002) compared their observations with linear functions of10

w′T′ (sensible heat) and w′q′ (latent heat), an exponential function of T , and two dif-
ferent functions of both T (linear or exponential dependence) and PPFD (linear depen-
dence), and found the best correlation between methanol emissions and w′T′. Folkers
et al. (2008) evaluated two functions, each including a sum of temperature-dependent
and light and temperature-dependent terms, both of which compared well with field15

observations.
To test the influence of light and temperature, the observed methanol fluxes were

modeled with the standard exponential temperature dependence function (Eq. 4) and
with the Guenther et al. (1993) (G93) algorithm. A linear function of the sensible
heat flux was also tested and found to yield a low correlation coefficient (R =0.42).20

The Eq. (4) and G93 model fits are compared to the measured fluxes in Fig. 3.
The nighttime methanol emissions were near zero (mean dark flux of −0.007 and
0.002 mg m−2 h−1 in 2005 and 2007, respectively). Though there is some indication of
a small temperature-dependent emission term during darkness, it was not sufficient to
obtain a fit. In addition to the low nighttime values, the high correlation of the methanol25

fluxes with those of isoprene implies that the factors controlling methanol emissions
are similar to those for isoprene. This evidence suggests that, under the conditions of
these experiments, both temperature and light influence methanol emissions. Hence,
although the correlation coefficients were similar (R =0.72 for Eq. (4) and 0.80 for G93
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for the 2007 data), the G93 algorithm was chosen for subsequent analysis.
The flux data was fit using the G93 algorithm for 2 – 3-day periods, yielding mid-

summer average normalized methanol emission rates of 0.27 and 0.34 mg m−2 h−1 in
2005 and 2007. This is consistent with the standard emission rates determined in
canopy flux experiments by Karl et al. (2005) (0.36–0.42 mg m−2 h−1), but somewhat5

lower than those observed by Schade and Goldstein (2001) (2.87 mg m−2 h−1) and Karl
et al. (2003) (0.87–1.5 mg m−2 h−1).

Several studies have reported morning pulses of methanol at sunrise (Nemecek Mar-
shall et al., 1995; Huve et al., 2007; Harley et al., 2007; Niinemets and Reichstein,
2003a). Although there is some suggestion in the diel average cycle (Fig. 5) of a shoul-10

der at this time, and a sharp rise is observed in some individual mornings (Fig. 3, Day
208), we did not observe a consistent pattern of morning bursts. Karl et al. (2004, 2005)
reported canopy-scale methanol deposition in a tropical rain forest and a loblolly pine
plantation in the southeastern US. Most episodes were observed at night. Both the
diel average fluxes (Fig. 5) and the time series shown in Fig. 3 suggest that instances15

of uptake by the forest do occur, most commonly in the hours before sunrise, though
they are relatively infrequent. These uptake events could be explained by uptake on
surfaces wet with morning dew.

Standard emission rates are plotted as a function of day of the year in Fig. 8. The
peak methanol emissions were observed in early spring, just as measurements be-20

gan. Methanol mixing ratios and fluxes from this spring period are shown in Fig. 9.
On day 149 and 150 (29 and 30 May), fluxes as high as 1.0 mg m−2 h−1, three times
higher than the summer average, were observed. Mixing ratio measurements were
started a week earlier than flux measurements (due to the instrument configuration),
and these showed a peak methanol mixing ratio of nearly 25 ppbv on Day 145. By25

the time the flux measurements started on day 149, the mixing ratio had decreased
to <10 ppbv. This suggests that the peak spring flux may have been even larger than
that observed on days 149–150. A spring maximum is consistent with the theory that
methanol is produced by pectin demethylation during cell wall elongation in growing
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leaves (Galbally and Kirstine, 2002; Nemecek Marshall et al., 1995; Fall and Benson,
1996) and with previous field observations Karl et al. (2003), although the magnitude
of the enhancement is strikingly large. Normalized fluxes decreased roughly exponen-
tially from the spring peak throughout the growing season with a time constant of about
15 days (Fig. 8), leveling off at ca. 0.25 mg m−2 h−1 in fall.5

Niinemets and Reichtenstein (2002, 2003b, a) described a detailed process-based
model to predict methanol emissions from the internal methanol production rate,
changes in the size of liquid and gas phase pools, and stomatal conductance. The
spring emission surge observed in this study could provide an extremely valuable test
of these models. At present, the models are tailored to leaf-level emissions and mod-10

ifications would be necessary to apply them at the canopy scale (Harley et al., 2007).
This deficiency highlights the need for ecosystem-scale models that capture the key
attributes of the methanol production and emission mechanisms in plants.

4.2.2 Acetone

Enclosure experiments have found that acetone emissions are usually correlated with15

temperature (Schade and Goldstein, 2001; Cojocariu et al., 2004; Grabmer et al.,
2006; Janson and de Serves, 2001), whereas any dependence on light appears to
be weak (Cojocariu et al., 2004). Like methanol, acetone is a water soluble compound
and hence might be expected to respond similarly to factors such as stomatal conduc-
tance. Yet, several studies have found no clear relationship between the two (Filella20

et al., 2009; Cojocariu et al., 2004). Filella et al. (2009) did observe bursts of acetone
emission upon illumination under drought-stressed conditions. Winters et al. (2009)
observed an inverse correlation between emission rate and ambient concentration,
suggesting bidirectional exchange of acetone between the plant and the atmosphere.
Consistent with these results, Cojocariu et al. (2004) observed acetone uptake in the25

dark, though the authors note that the consumption pathway in the plant responsible
for this acetone sink is unknown. Other factors observed to influence acetone emis-
sions in some studies include wetting, humidity, stress, ozone and CO2 levels, and
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flooding (Warneke et al., 1999; Warneke et al., 2002; Cojocariu et al., 2004; Holzinger
et al., 2000; Filella et al., 2009; Kreuzwieser et al., 2002; Cojocariu et al., 2005). In
addition to direct emissions from leaves, there is evidence that acetone is emitted from
decaying biomass and soils (Warneke et al., 2002; Schade and Goldstein, 2001). As
in the case of methanol, there is not yet a standard process-based model for emissions5

of acetone.
To investigate the functional dependence of acetone emissions, data from the two

years was binned and averaged as a function of temperature as shown in Fig. 10.
In general, the acetone flux increases at higher temperature in both years. However,
as can be seen in both Figs. 10 and 5, the measured flux of acetone from the forest10

differed markedly between 2005 and 2007. As Fig. 5 shows, in 2007 acetone exhibited
a diel cycle of positive fluxes from the forest during the afternoon hours, and negative
fluxes in early morning. During the short observation period in 2005, deposition events
were observed less frequently and the mid-day average flux was a factor of 5 higher
than in 2007. Although the temperatures observed in 2005 were significantly higher,15

the temperature dependence in Fig. 10 shows that temperature alone does not account
for the difference in the emission rates.

One possible explanation fort he difference is an experimental artifact. Acetone is
a polar, water soluble compound that, under certain circumstances, might be lost (or
the high-frequency signal of which might be damped) during sampling. Experimental20

evidence suggests, however, that this is not the case. During zero air addition to the
sample line, the acetone signal decays with a residence time of less than 10 s, indicat-
ing wall interactions are minimal. Methanol is more soluble than acetone and is known
to have more significant wall interactions, yet the fluxes of methanol in 2005 and 2007
are comparable, which argues against loss of high-frequency signals of soluble species25

due to damping in the sample lines. Finally, the amplitude of the observed diel average
mixing ratio cycle of acetone is smaller in 2007 than in 2005, in keeping with a smaller
source of acetone from the forest. We conclude that the difference in the observed
fluxes is real.

28600

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/28565/2010/acpd-10-28565-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/28565/2010/acpd-10-28565-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 28565–28633, 2010

Emissions of organic
compounds from a
New England mixed

forest

K. A. McKinney et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Though differences in micrometerological or physiological conditions other than tem-
perature could have been factors, 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 humidity could play a role. On average, under
similar conditions of light and temperature, fluxes observed during periods of low rela-5

tive humidity (RH<75%) 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. It is possible that the 2005
measurements were made during an unusually hot, dry period whereas those made
in 2007 were confined to cooler, wetter conditions, giving rise to the apparent discrep-10

ancy. Though the reasons are unclear, it does appear that there was significantly more
uptake during the observation period in 2007 than 2005, which would have resulted
in a lower rate of escape from the canopy, even during periods of net positive flux.
Additional measurements from subsequent seasons could help to resolve this issue.

Patterns of mid-day emission maxima and nighttime sinks such as the one seen in15

2007 have been observed in other canopy-scale experiments (Karl et al., 2004, 2005).
Karl et al. (2002), Goldstein and Schade (2000), Rinne et al. (2007), Schade and
Goldstein (2001), and Karl et al. (2003) also report higher emissions during daylight,
but no uptake at night. In some studies, however, no distinct diel cycle was found
(Baker et al., 2001).20

Equation (4) was used to quantify the relationship between the measured acetone
fluxes and temperature, with the caveat that its usefulness is limited because it can-
not reproduce observed features such as the episodes of acetone uptake. An ex-
ponential fit of the full data series using Eq. (4) yielded standard emission rates of
0.68 mg m−2 h−1 and 0.20 mg m−2 h−1 and β values of 0.26 K−1 and 0.33 K−1 for the25

2005 and 2007 data, respectively. The model prediction is shown together with the
data for a short time window in Fig. 3. The standard emission rates are consistent
with those determined in canopy flux experiments by Schade and Goldstein (2001)
(0.37 mg m−2 h−1), Karl et al. 2003 (0.85–2.10 mg m−2 h−1), and Karl et al. (2005)
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(0.38 mg m−2 h−1).
Additional plant-level studies are needed to better define the mechanism of acetone

production and release. These could then be used to develop process-based models
to be tested against data sets such as this one.

4.2.3 Methyl ethyl ketone5

Although the signal at m/z =73 has not been positively identified as MEK, the temporal
patterns exhibited by this compound highly suggest that it is of biogenic origin. Very
little is known about biogenic sources of MEK. de Gouw et al. (2003a) identified a
compound observed in ambient air at m/z =73 as MEK using a GC-PTR-MS technique,
and observed no interferences. It has also been observed via PTR-MS by de Gouw10

et al. (1999), Karl et al. (2005), de Gouw et al. (2006), and Holzinger et al. (2000).
Kirstine et al. (1998) detected emissions of MEK in enclosure studies over grassland
using gas chromatography. There is little data on fluxes of this compound from forests.

The temperature dependence of the flux at m/z =73 (MEK) is shown in Fig. 10. Like
acetone, the flux of this compound observed at each temperature was higher in 200515

than in 2007, though the difference is smaller and within the experimental uncertainty.
Given the similarity in properties of these two compounds, it is reasonable to expect
similar behaviour. 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 cy-
cle, which reaches a minimum just before sunrise, but is not significantly below zero.20

Hence, this compound may escape the canopy more readily. The temperature depen-
dence of the flux is determined by fitting to Eq. (4) in the same manner as for acetone,
yielding Es and β values of 0.12 mg m−2 h−1 and 0.22 K−1 in 2005 and 0.10 mg m−2 h−1

and 0.25 K−1 in 2007. This suggests that the source of this compound from the canopy
is about one half to one fifth that of acetone. The model prediction is shown together25

with the measured fluxes as a function of time in Fig. 3.
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4.2.4 m/z =153

The signals at m/z =153 and 155 were chosen for flux determinations because
they correspond to the molecular formulas of oxygenated terpenoids (C10H16O and
C10H18O, respectively) and because diurnally varying signals were observed at these
and several other mass-to-charge ratios during the summer of 2005. These signals5

could be due to primary emissions of oxygenated VOCs or to VOC oxidation prod-
ucts. Karl et al. (2005) suggested that, in addition to production in the gas phase,
compounds of this type could be formed from reactions of ozone with leaf surfaces. As
shown in Fig. 7, a positive flux from the forest with a mid-day maximum was detected for
m/z =153 during summer, but not during fall, consistent with a biogenic source. Fluxes10

were also computed for m/z =155 but no significant diel mean flux was detected.
Signals due to various BVOCs have been detected at m/z =153 in other studies.

Tani et al. (2003) determined the proton transfer rate constant for camphor (MW=152)
and found that it experiences minimal fragmentation in the PTR-MS. Kim et al. (2010)
detect a signal at this m/z in air above a pine forest, which they suggest could be due15

to camphor or other oxygenated terpenes with the same molecular formula (C10H16O).
Using enclosure measurements, they determined mean daytime emission rates for this
class of compounds of 0.4 µg g−1 (leaf dry weight) h−1 in August and 0.15 µg g−1 h−1

in September. Emissions of camphor were also detected from Mediterranean species
by Owen et al. (2001) and at a series of locations in the US by Ortega et al. (2008) in20

branch enclosure experiments using GC methods. Although the compounds detected
at m/z =153 in this study may not be camphor, the emission rate of 5 µg m−2 h−1, when
normalized using an LAI of 3.6 m2 m−2 and a mean specific leaf weight for Harvard
Forest of 62 g m−2 (Munger and Wofsy, 1999), gives 0.3 µg g−1 (leaf dry weight) h−1,
which is consistent with the flux reported by Kim et al. (2010) for this mass-to-charge25

ratio. The absence of detectable fluxes in fall is also consistent with Kim et al. (2010)
who reported lower emission rates in September than in August.
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The m/z =153 fluxes from June, July, and August were binned in 1-◦C intervals and
averaged; the result is shown in Fig. 10. The standard temperature dependent equa-
tion (Eq. 4) was used to fit the data, yielding values for Es and β of 0.012 mg m−2 h−1

and 0.21 K−1, respectively. However, due to the low signal and level of uncertainty, it
was not possible to determine which type of function – whether dependent on tempera-5

ture, light, a combination of these, or other factors – would best describe the emissions.
More measurements and improved precision are necessary to further characterize the
source of this species.

5 Conclusions

We have presented measurements of the fluxes isoprene, monoterpenes, and OVOCs10

methanol, and acetone from a mixed temperate forest over parts of two growing sea-
sons. The quantities emitted are consistent with results from other locations, though
Harvard Forest tends to produce more isoprene and somewhat less monoterpenes and
acetone than are seen at other sites, many of which are coniferous forests in the west-
ern US and Europe. We have also reported data on compounds for which there are few15

existing measurements or which have only recently been detected, such as m/z =73
(MEK) and m/z =153. These results indicate that there are organic compounds emit-
ted to the atmosphere that remain unidentified, particularly in forested regions.

Although many aspects of the observed emissions behaviour are consistent with
the current understanding of the biological and environmental factors governing BVOC20

emissions, and standard models do a good job of simulating the short-term variations,
the results of this analysis points to several areas in need of improvement. These in-
clude the representation of the seasonal cycle for the isoprenoids as well as inclusion
of both light- and temperature-dependent emissions for monoterpenes and possibly
OVOCs. In general, the models have difficulty reproducing the amplitude of the diurnal25

cycle, including the midday peaks and nighttime lows near zero for most species. In-
clusion of a full canopy environment model and leaf rather than air temperatures may
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help to reduce this discrepancy. The uncertainty associated with the nighttime flux
measurements, particularly on nights when the boundary layer is very stable, makes
determination of the functional dependence of the nighttime fluxes difficult. Neverthe-
less, the low nighttime fluxes observed in this study imply a light-dependent compo-
nent of the emissions of many compounds reported here, particularly monoterpenes5

and methanol, perhaps due to the predominance of deciduous tree species at this site.
Another contributing factor to the low nighttime fluxes is the observation of frequent
episodes of deposition the oxygenated VOCs, particularly during times of high relative
humidity, which are often encountered at night.

Models of OVOC emissions are at an earlier stage of development than those for the10

isoprenoids, and the processes they must describe are more complex. For example,
in order to reproduce the observed negative fluxes, a canopy-scale model of acetone
emissions would need to take into account not only processes within the plant, but also
those taking place in the canopy after emission, where uptake can occur. By illuminat-
ing these processes and providing tests for model mechanisms, canopy-scale studies15

such as the one reported here form a key link in the model development process. More
are needed to further refine emission algorithms so that accurate predictions of cur-
rent and future BVOC emissions in a changing environment can be made and their
contribution to oxidant and aerosol production can be assessed.
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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 1.4 0.5 14.1 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 4.4 0.2 1 4.5 0.18 0.2
C10H16O 153 25.6 0.02 0.2
C10H18O 155 24.7 0.02 0.2
Total masses* 16 13
Total mass cycle time (s) 21.1 3.0
Number of points in covariance calculation 150 396
Covariance Integration Time (min) 56 27
Disjunct Sampling Error 2.5% 1.5%

* Includes additional diagnostic masses not shown in the table
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Table 2. Dates of reported observations during the 2005 and 2007 measurement seasons.
Mean temperature, PPFD, the average day of deciduous bud break, the day by which 50% of
the leaves in the canopy reached 75% of their mature size (L75), and the peak LAI for each
year are also given.

Mean
Mean deciduous

Mean T PPFD bud break Peak
Dates Days of Year (◦C) (µmol m−2 s−1) (day #) L75 LAI

2005 19.6 429 128 158 3.6
9–18 Jul 190–199 20.8 379

2007 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
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Table 3. Summer mid-day average fluxes and standard emission rates of each species. Stan-
dard emission rates are obtained using the model and other fit parameters listed below.

Year Summer Model Light-dep T -dependent (Eq. 4)
(JJA) mid-day Es Es β R

avg flux (mg m−2 h−1) (mg m−2 h−1) (mg m−2 h−1) (K−1)

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

m/z =73 (MEK) 2005 0.045 Eq. (4) 0.12 0.23 0.60
2007 0.028 Eq. (4) 0.10 0.25 0.49

m/z =153 2007 0.005 Eq. (4) 0.013 0.21 0.89*

* R value for fit to binned data
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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 m/z =73 terpenes m/z =153

methanol 1
acetone 0.37 1
isoprene 0.64 0.18 1
m/z =73 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
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Figure 1. Contour plot of the correlation coefficient as a function of the measurement time and 

the time lag between the vertical wind and isoprene mixing ratio. Large correlation coefficients 

are observed during the day when the isoprene flux is high. Due to acquisition of the wind and 

concentration data sets on two different computers using different software architectures, the 

time lag corresponding to the peak correlation drifts toward more negative values at a rate of 23 s 

per day and is reset periodically when a new anemometer data file is initiated. The lag at the start 

of each new data file is ca. +8 s, consistent with the transit time in the sample tube. The solid line 

is a fit to the lag yielding the peak correlation as a function of time and represents the lag value 

used to compute the isoprene flux.  

 

  

Fig. 1. Contour plot of the correlation coefficient as a function of the measurement time and
the time lag between the vertical wind and isoprene mixing ratio. Large correlation coefficients
are observed during the day when the isoprene flux is high. Due to acquisition of the wind and
concentration data sets on two different computers using different software architectures, the
time lag corresponding to the peak correlation drifts toward more negative values at a rate of
23 s per day and is reset periodically when a new anemometer data file is initiated. The lag at
the start of each new data file is ca. +8 s, consistent with the transit time in the sample tube.
The solid line is a fit to the lag yielding the peak correlation as a function of time and represents
the lag value used to compute the isoprene flux.
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52 

 

Figure 2. Isoprene mixing ratio (4
th
 panel) and flux (bottom panel) measurements for 2007. Also 

shown are photosynthetic photon flux density (PPFD, top panel), temperature (2
nd

 panel), and 

sensible heat flux (3
rd

 panel) measured at the tower.  

 

  

Fig. 2. Isoprene mixing ratio (4th panel) and flux (bottom panel) measurements for 2007. Also
shown are photosynthetic photon flux density (PPFD, top panel), temperature (2nd panel), and
sensible heat flux (3rd panel) measured at the tower.
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(a)
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Figure 3a. Fluxes of VOCs computed for half-hour intervals during July, 2007. The grey shaded 

region is the 2 uncertainty range, computed from the covariance at times far away from the true 

lag as described in the text. Open points indicate time periods of stagnant air, as determined by 

values of u* below 0.2 m/s. The red line is a 5-point running mean of the flux measurements. 

The best model fit and an alternate are also shown. The models used are as follows: isoprene – 

MEGAN algorithm (best), G93 algorithm (alt); monoterpenes – G93 algorithm with Eq 4 fit to 

nighttime data (best), Eq. 4 only (alt); methanol – G93 (best); Eq. 4 (alt); acetone – Eq. 4 (best); 

MEK – Eq. 4 (best). Temperature and PPFD measured during this time period are also shown. 

Fig. 3a. Fluxes of VOCs computed for half-hour intervals during July, 2007. The grey shaded region is the 2σ
uncertainty range, computed from the covariance at times far away from the true lag as described in the text. Open
points indicate time periods of stagnant air, as determined by values of u∗ below 0.2 m/s. The red line is a 5-point
running mean of the flux measurements. The best model fit and an alternate are also shown. The models used are
as follows: isoprene – MEGAN algorithm (best), G93 algorithm (alt); monoterpenes – G93 algorithm with Eq. (4) fit to
nighttime data (best), Eq. (4) only (alt); methanol – G93 (best); Eq. (4) (alt); acetone – Eq. (4) (best); MEK – Eq. (4)
(best). Temperature and PPFD measured during this time period are also shown.
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Figure 3b. Continued. 

Fig. 3b. Continued.
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Figure 4. Lag covariance plot of acetone and isoprene for the morning of day 210 of 2007, 

during which negative fluxes of acetone were observed.   

Fig. 4. Lag covariance plot of acetone and isoprene for the morning of day 210 of 2007, during
which negative fluxes of acetone were observed.
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(a)
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Figure 5a. Diel cycles of mean fluxes (filled circles) and mixing ratios for a range of BVOCs 

during 2005 (left) and 2007 (right). The box and whisker plots show the median (horizontal line), 

upper and lower quartiles (shaded boxes), and highest and lowest deciles (error bars) of the 

individual measurements. Due to the small number of measurements in 2005, only the quartiles 

can be determined. The vertical axes are the same in both years for all species except acetone, for 

which the y axis is expanded by a factor of 10 in 2005 relative to 2007. The mean temperature 

and PPFD for the time period of the observations are shown in Figure 6. 

Fig. 5a. Diel cycles of mean fluxes (filled circles) and mixing ratios for a range of BVOCs during
2005 (left) and 2007 (right). The box and whisker plots show the median (horizontal line), upper
and lower quartiles (shaded boxes), and highest and lowest deciles (error bars) of the individual
measurements. Due to the small number of measurements in 2005, only the quartiles can be
determined. The vertical axes are the same in both years for all species except acetone, for
which the y-axis is expanded by a factor of 10 in 2005 relative to 2007. The mean temperature
and PPFD for the time period of the observations are shown in Fig. 6.
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Figure 5b. Continued.    

 

 

 

Fig. 5b. Continued.
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Figure 6. Diel cycles of temperature and PPFD corresponding to the diel average fluxes shown in 

Figure 5.  

 

 

 

 

Figure 7. Diel average flux at m/z = 153 during June, July, and August, compared to that for 

September. The error bars are the 2-σ uncertainty estimate derived from the covariance at lags 

far away from the true lag, as described in the text.  

 

 

 

Fig. 6. Diel cycles of temperature and PPFD corresponding to the diel average fluxes shown
in Fig 5.
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Figure 6. Diel cycles of temperature and PPFD corresponding to the diel average fluxes shown in 

Figure 5.  

 

 

 

 

Figure 7. Diel average flux at m/z = 153 during June, July, and August, compared to that for 

September. The error bars are the 2-σ uncertainty estimate derived from the covariance at lags 

far away from the true lag, as described in the text.  

 

 

 

Fig. 7. Diel average flux at m/z =153 during June, July, and August, compared to that for
September. The error bars are the 2-σ uncertainty estimate derived from the covariance at
lags far away from the true lag, as described in the text.
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Figure 8. Normalized emission rates for isoprene (A), monoterpenes (B), and methanol (C) over 

the course of the 2007 growing season. Also shown are the leaf area index and the product of the 

leaf area index and the leaf age factor (LAF). An exponential fit with a time constant (b) of 15 

days is also shown for methanol. 

A. Isoprene 

B. Monoterpenes 

C. Methanol 

Fig. 8. Normalized emission rates for isoprene (A), monoterpenes (B), and methanol (C) over
the course of the 2007 growing season. Also shown are the leaf area index and the product of
the leaf area index and the leaf age factor (LAF). An exponential fit with a time constant (b) of
15 days is also shown for methanol.
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Figure 9. Time series of methanol mixing ratio and flux during the spring of 2007. Also shown 

are PPFD and temperature. 

 
  

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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Figure 10. Binned average fluxes of acetone, m/z = 73, and m/z = 153 during 2007 as a fucntion 

of temperature. For m/z = 153, only the summer (JJA) of 2007 data is used. Error bars represent 

1 standard deviation. Also shown are exponential fits to the data using Equation 4 and the 

parameters for each species given in Table 3. 

Fig. 10. Binned average fluxes of acetone, m/z =73, and m/z =153 during 2007 as a fucntion of
temperature. For m/z =153, only the summer (JJA) of 2007 data is used. Error bars represent
1 standard deviation. Also shown are exponential fits to the data using Equation 4 and the
parameters for each species given in Table 3.
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