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Abstract

The Biosphere Effects on AeRosols and Photochemistry EXperiment (BEARPEX) took
place in Blodgett Forest, a Ponderosa pine forest in the Sierra Nevada Mountains
of California, during summer 2009. We deployed a Proton Transfer Reaction – Mass
Spectrometer (PTR-MS) to measure fluxes and concentrations of biogenic volatile or-5

ganic compounds (BVOCs). Eighteen ion species including the major BVOC expected
at the site were measured sequentially at 5 heights to observe their vertical gradient
from the forest floor to above the canopy. Fluxes of the 3 dominant BVOCs methanol,
2-Methyl-3-butene-2-ol (MBO), and monoterpenes, were measured above the canopy
by the eddy covariance method. Canopy scale fluxes were also determined by the10

flux-gradient similarity method (K -theory). A universal K (Kuniv) was determined as the
mean of individual K ’s calculated from the measured fluxes divided by vertical gra-
dients for methanol, MBO, and monoterpenes. This Kuniv was then multiplied by the
gradients of each observed ion species to compute their fluxes. The flux-gradient simi-
larity method showed very good agreement with the Eddy Covariance method. Fluxes15

are presented for all measured species and compared to historical measurements from
the same site, and used to test emission algorithms used to model fluxes at the regional
scale. MBO was the dominant emission observed followed by methanol, monoter-
penes, acetone, and acetaldehyde. The flux-gradient similarity method is shown to be
a useful, and we recommend its use especially in experimental conditions when fast20

measurement of BVOC species is not available.

1 Introduction

Defining source strengths of biogenic volatile organic compounds (BVOC; e.g. isoprene
and monoterpenes) and understanding their role in ozone (O3) and secondary organic
aerosol (SOA) formation are critical issues in atmospheric chemistry and climate sci-25

ence (Chameides et al., 1988; Andreae and Crutzen, 1997; Fuentes et al., 2000; Jang
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et al., 2002). On the global scale, VOC emissions from terrestrial vegetation are es-
timated to be an order of magnitude greater than those from fossil fuel combustion
(Guenther et al., 1995). Additional unmeasured organics in the atmosphere are as-
sumed to exist in both the gas and particle phases (Goldstein and Galbally, 2007). Sub-
stantial evidence has also been presented for the emissions of highly reactive BVOCs5

from forest ecosystems that have yet to be adequately quantified and included in BVOC
emission models (Kurpius and Goldstein, 2003; De Carlo et al., 2004; Holzinger et al.,
2005). More comprehensive observations are needed to better constrain the full range
of BVOC emissions from ecosystems and their importance for atmospheric chemistry.

Landscape-scale BVOC flux measurement techniques (e.g. eddy covariance, re-10

laxed eddy accumulation, flux-gradient similarity and mixed boundary layer) have been
increasingly implemented in recent years (Goldstein et al., 1996; Schade and Gold-
stein, 2001; Karl et al., 2002; Lee et al., 2005). The eddy covariance (EC) method
using proton transfer reaction – mass spectrometry (PTR-MS) is currently the most
direct and reliable measurement for measuring BVOC fluxes at the canopy scale (Karl15

et al., 2002, Lee et al., 2005). However, this instrument allows continuous EC mea-
surement of fluxes for only a limited number of compounds because the EC method
requires fast measurement response time (e.g. >1 Hz data) to capture concentration
changes in the eddies over the forest and the quadrupole mass filter in PTR-MS re-
quires a dwell time of order 0.2 s per mass to obtain adequate signal. The flux-gradient20

similarity approach, generally called K -theory, can be used for measuring fluxes at the
canopy scale. In this method, the flux is calculated by multiplying the atmospheric eddy
diffusivity (K ) by the vertical concentration gradient of trace gases (Goldstein et al.,
1996). In past applications for measuring BVOC fluxes using this approach, K was de-
termined from flux and vertical gradient measurements of H2O, CO2, or sensible heat25

and multiplied by a 30 min average vertical BVOC gradient measured by in-situ GC
(Goldstein et al., 1998, Schade et al., 2000). Disadvantage of this approach is that the
vertical source and sink profiles of H2O, CO2, or sensible heat may differ significantly
from those of BVOCs resulting in errors in the similarity assumption for K among these
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different tracers. Thus, more accurate determination of BVOC fluxes by this approach
for a wide range of species should be possible using EC flux and vertical gradient mea-
surements of a few dominant BVOCs to determine K , and then multiplying K by vertical
gradients for each of the observed BVOCs.

The Biosphere Effects on Aerosols and Photochemistry Experiment (BEARPEX)5

2009 was designed to study the emissions of BVOC and their role in SOA formation, ox-
idant, and ozone photochemistry. As part of BEARPEX 2009, we deployed a PTR-MS
(Ionicon QMS) to measure EC fluxes and vertical gradients of BVOCs in a ponderosa
pine plantation in the Sierra Nevada mountains of California with the goals to (1) deter-
mine fluxes of BVOCs (17 species) by a combination of direct EC flux measurements10

and the flux-gradient similarity approach, (2) compare measured fluxes with historical
measurements from the same site, in order to highlight vegetation change effects on
emissions, and (3) test emission algorithm for the main BVOC species emitted by the
vegetation and provide basal emission factors which could be used to model fluxes at
regional scale.15

2 Experiment

2.1 Measurement site

The BEARPEX 2009 intensive field campaign took place in Blodgett Forest from
15 June to 31 July 2009. This site is a Ponderosa pine forest located in the western
foothills of the Sierra Nevada Mountains of California (38.90◦ N, 120.63◦ W, 1315 m ele-20

vation), ∼75 km downwind of Sacramento, and has been described in detail elsewhere
(Goldstein et al., 2000; Lamanna and Goldstein, 1999; Schade and Goldstein, 2001;
Dillon et al., 2002). Briefly, the land is owned and operated by Sierra Pacific Industries
(SPI), and the plantation is dominated by ponderosa pine (Pinus ponderosa L.) trees
with an average tree height of 8.7 m in 2009. The understory is dominated by man-25

zanita (Arctostaphylos spp.) and whitethorn (Ceanothus cordulatus). In summertime,
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winds at this site are predominantly westerly to southwesterly (220–280◦) during the
day and northeasterly at night (30–60◦). This daytime wind pattern transports polluted
air from the Sacramento urban area to the pine forest site, along with isoprene and
its oxidation products dominantly emitted from oak forests ∼30 km southwest of the
site (Dreyfus et al., 2002). The site is characterized by a Mediterranean type climate,5

with the majority of precipitation occurring between September and May, and almost
no rain in the summer. Average daily temperature ranged from 12◦C to 26 ◦C during the
campaign period, with no rain recorded.

Two towers were set up at this site. One was a 15 m tall walk-up tower which was
installed in 1997. Meteorological parameters such as air temperature, humidity, wind10

speed and direction, and photosynthetically active radiation (PAR) were measured con-
tinuously from this tower and stored in 30 min averaged data sets. Ecosystem-scale
fluxes and mixing ratios of trace gases including CO2, O3 and VOCs have been mea-
sured at this original tower since its construction (Goldstein et al., 2000; Kurpius et al.,
2002; Holzinger et al., 2005; Lee et al., 2005; Fares et al., 2010). A new 18 m tall scaf-15

folding tower was built in 2007 and located ∼10 m north from the original tower. During
the 2007 and 2009 summer intensive campaigns (BEARPEX 2007 and BEARPEX
2009), a full range of atmospheric trace gases and aerosols were measured by re-
searchers from more than 10 institutions (Bouvier-Brown et al., 2009a; Wolfe et al.,
2009; Smeets et al., 2009; Ren et al., 2010). Observations of vertical gradients and20

fluxes of BVOCs by PTR-MS were made from 17 June (25 June for fluxes) to 29 July
2009 at the new tower. Electrical power was provided by a propane generator located
approximately 125 m north of the new tower. Contamination from generator exhaust
was observed occasionally at night when wind was slow and variable, but BVOC mea-
surements were rarely affected.25
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2.2 PTR-MS BVOC measurement

2.2.1 Instrument setup

A PTR-MS (Ionicon Analytik, Innsbruck, Austria) was set up to measure BVOC mixing
ratios at multiple heights for determination of fluxes and vertical gradients. All mea-
sured compounds are listed by mass to charge ratios (m/z) in Table 1. The principles5

of the PTR-MS have been described in detail elsewhere (Lindinger et al., 1998; de
Gouw and Warneke, 2007). Briefly, the PTR-MS is a chemical ionization technique
that uses hydronium ions (H3O+) to transfer a proton (H+) from water to the VOC of
interest, thus any VOC with a proton affinity higher than water is ionized in the instru-
ment’s drift tube, introduced into the quadrupole mass spectrometer and detected by10

the secondary electron multiplier (SEM). The same instrument has been employed for
past measurements of fluxes and vertical gradients at Blodgett Forest (Holzinger et al.,
2005; Lee et al., 2005), and also for a similar measurement set up in a citrus orchard
(Fares et al., 2012).

Air sample inlet heights on the measurement tower are depicted in Fig. 1. During15

each hour, six gas sampling inlets were used. One sampling inlet and a 3-D sonic
anemometer (Campbell CSAT-3) were co-located at the top of the tower (17.8 m, about
twice the canopy height) to measure flux by EC during the first 30 min of each hour.
During second 30 min of every hour the other five inlets were sampled sequentially
to measure vertical gradients above and within the forest canopy for 6 min at each20

height (17.8 m, 13.6 m, 9.5 m, 5.7 m, and 1.5 m). All inlets were protected by identical
Teflon filters (PFA holder, PTFE membrane, pore size 2 µm) to avoid contamination
by particles in the air sample. Each inlet was plumbed to the PTR-MS with identical
30 m lengths of PFA tubing (OD 6.35 mm, ID 3.96 mm). A sample flow of 10 lmin−1

was maintained at all times through each sample tube to minimize residence time and25

any memory effects from previously sampled air, and to maintain a turbulent flow for
the EC flux measurement. The Teflon filters were replaced every week and no signal
differences for any measured compounds were observed after changing the filters. The
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PTR-MS sequentially sub-sampled ∼0.6 lmin−1 from each inlet, and was maintained
at an E/N (electric field to buffer gas number density) ratio of 139 Td by adjusting drift
tube pressure, temperature, and voltage to 200 Pa, 50 ◦C, and 604 V, respectively. The
reaction time in the drift tube was 100 µs and the count rate of H3O+H2O ions (water
clusters) was less than 3 % of the count rate of H3O+ ions. The H3O+ reactant ion was5

kept in the range 8±2×106 counts−1.

2.2.2 Measurement calibration

Calibrations were performed by dynamic dilution of gravimetrically mixed gas-phase
standards (Apel & Riemer, USA) including 2.2–5.1 ppmv of methanol, acetaldehyde,
acetone, isoprene, methyl-vinyl-ketone, benzene, α-pinene, d -limonene, ∆-3-carene10

into zero air at ambient humidity levels. Zero air was created by passing sampled am-
bient air through a stainless steel tube filled with Platinum-coated quartz wool (Shi-
madzu) heated to 350 ◦C, catalytically removing VOCs from the sample. This zero
air was directly measured to determine instrumental background counts twice daily
(02:30–02:40 and 15:00–15:10 PST), and no significant difference between daytime15

and nighttime background was observed. Calibrations were also done twice a day
for 20 min each after background measurement by diluting with purified air to con-
centrations of 40 ppbv–100 ppbv. In order to check linearity of calibration curves at
different concentrations of standard gases and compare them to the twice daily cali-
brations, we also performed 5-level multipoint calibrations (e.g. 7, 12, 24, 35, 47 ppbv20

for d -limonene) before and after instrument and site maintenance activities during the
campaign, such as optimizing the PTR-MS SEM voltage and shutting down the elec-
trical generator for oil changes. Measured mixing ratios from before-and-after calibra-
tion curves were in very good agreement for all compounds, with maximum difference
within 6 %, and a minimum R-square of 0.98. To determine mixing ratios of masses25

for which standard gases were not available, we calculated normalized sensitivities
(counts/concentration) based on calculated proton transfer reaction rate coefficients
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and the instrument-specific transmission curve (de Gouw and Warneke, 2007). This
curve was determined for m/z 33 to 219 using a gas standard mixture (methanol, ace-
tonitrile, acetaldehyde, acetone, methacrolein, benzene, toluene, xylene, trifloroben-
zene, bromobenzene, trichlorobenzene, and iodotoluene) at concentrations of 100 ppb
(Apel & Riemer, USA). The transmission test was conducted along with each multipoint5

calibration. PTR-MS signal at m/z 69 is the sum of a fragment of 2-methyl-3-butene-2-
ol plus the parent mass of isoprene (MBO+ isoprene). Calibration of the mixing ratio
for this mass was achieved by scaling the PTR-MS measurement to equal the sum
of MBO + ISOP measured simultaneously by gas chromatography-flame ionization
detector (GC-FID) (C. Park and G. Schade group, Texas A&M university, correlation10

coefficient; slope 1, R2 0.73). For monoterpenes (MTs), the parent ion is observed at
m/z 137 and the most abundant fragment occurs at m/z 81. The signal intensity was
higher at m/z 81 than m/z 137 because of higher transmission efficiency. Thus, m/z 81
was used for total monoterpene flux measurements and calibrated by using a mixed
monoterpene (alpha-pinene, 3-carene, and d -limonene) standard gas. The sum of m/z15

81 and 137 was used for vertical gradient measurement. Comparison between the
monoterpene concentrations from the flux inlet determined on m/z 81 with the vertical
gradient inlet at the same height (17.8 m) for the adjacent 30 min period determined on
the sum of m/z 81+137 showed good agreement (slope 0.95, R2 0.84). Measurement
accuracy for all compounds included in the calibration gas standard cylinder was bet-20

ter than ±20 %. For all other compounds the concentration has been estimated using
the collision rate constant which should equal the reaction rate constant within ±30 %
(Holzinger et al., 2005).

2.3 Eddy covariance flux measurements

Fluxes of four BVOC masses (m/z 33, 69, 81, and 113) were measured using the eddy25

covariance method. Mixing ratios were measured with dwell time of 0.2 s per mass
(5 Hz measurement resolution, ∼0.8 s per a cycle), resulting in 2120 measurement
cycles per 30 min flux period. Wind speed and temperature signals from 3-D sonic
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anemometer were recorded on a datalogger (Campbell Scientific CR-23x) at 10 Hz.
For each 30 min flux measurement period, horizontal and vertical wind vectors were ro-
tated according to a planar fit technique (Wilczack et al., 2001). Individual lag times for
each 30-min flux period were determined by finding the time point with the maximum
cross-correlation coefficient of vertical wind speed and BVOC mixing ratios in ±60 s5

time windows. Lag times accounted for changes in clock synchronization between the
PTR-MS computer and the data logger recording wind data, and for sampling flow
and instrument response times. In cases in which a clear covariance peak was not
observed, particularly at night time when vertical turbulence was low, we interpolated
lags between the two nearest points having strong covariance peaks. The lag time cor-10

rection has been applied to these data, and we used the same lag time for all masses.
After the lag time correction, Fig. 2 shows the cross correlations between vertical wind
speed and each BVOC (m/z 33, 69, and 81) by time peak at 0 s, indicating all BVOCs
measured have the same lag times in one flux period.

Fluxes for 4 mass to charge ratios of interest (m/z 33, 69, 81 and 113, but we do15

not report m/z 113 fluxes in this paper) were determined according to the virtual (con-
tinuous flow) disjunct eddy covariance method (Rinne et al., 2001; Karl et al., 2002),
which can be regarded as a variant of the EC method. The vertical fluxes of BVOCs
were calculated as the mean covariance between deviations of the vertical wind speed
and each BVOC mixing ratio for a flux period (30 min), thus we used a subsample of20

the vertical wind speed (w) data after subtracting the lag time (∆t) due to slower data
acquisition frequency for each measured BVOC (5 Hz) than the wind (10 Hz). Flux was
determined according to the equation:

FEC =
σ
N

N∑
i=1

w ′ ·c′(i ) (1)

where σ is the air density (mol m−3), w ′ is the instantaneous deviation of the vertical25

wind speed from its average, c′ is that of the BVOC mixing ratio (nmol mol−1) (i.e.
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w ′ = w −w, c′ = c−c), and N is the total number of data points in the measurement
period.

The EC method requires that the estimated fluxes within an analyzed period are
stationary. To test for stationarity, we divided each 30 min flux period into 5 segments
(6 min data for each), calculated the EC flux for each segment, and compared the aver-5

age to the EC flux for the full 30 min period. We rejected fluxes for any times when the
segmental flux was not within ±30 % of the full 30 min flux (Lee et al., 2004; Foken and
Wichura, 1996). More than 92 % of daytime (09:00–15:00 PST) and 86 % of nighttime
(21:00–03:00 PST) data passed these filtering criteria.

We tested for potential flux errors from several known sources. Spectral attenua-10

tion by sensor separation and inlet dampening effects were estimated using transfer
functions described elsewhere in detail (Moore, 1986; Massman, 1991), and these had
less than 1 % affect on our measured EC fluxes. Loss of flux signal can arise from
inadequate sensor response time and can be estimated as;

Fmeas

Ftrue
=

1
1+ (2π · fm · τc)α

(2)15

where Fmeas is the measured flux, Ftrue is the true flux (non-attenuated flux), fm is the
frequency of the peak at which the frequency weighted cospectrum maximizes, τc is
the first-order response time of the instrument, and α is 7/8 for neutral and unstable
stratification within the surface layer and 1 for stable condition (Horst, 1997). Based on
this consideration, if we consider only daytime (09:00 to 17:00 PST) fluxes with τc of 1 s20

and fm of ranges between 0.01 and 0.02 for day time, fluxes could be underestimated
by 8–14 %. This is a similar range to what was estimated during a previous study at
this site (Lee et al., 2005), and we did not correct flux data for this effect.

The storage of BVOC emission between the ground and the flux measurement height
may be important during times when the air is in a stable stratified condition or turbulent25

mixing is weak, thus plant or soil emissions in such periods may not be well represented
in the above canopy flux mesaurements. We incorporated this into our flux calculation
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using

F = FEC +
∂
∂t

h∫
0

[BVOC](z)dz (3)

where, z and h is the height of vertical gradient and EC flux measurements, and
[BVOC] is the mixing ratio of each compound. The storage term for methanol (m/z
33), MBO+ isoprene (m/z 69), and monoterpenes (m/z 81) contributed 57 %, 8 %, and5

65 % respectively compared to EC flux in the morning hours 06:00–08:00 PST, and
were extremely small during the daytime (less than 0.7 %).

2.4 Vertical gradient measurements

Vertical gradients were measured for 18 masses as listed in Table 1. These masses
were chosen to observe the most important compounds at this site based on previous10

BVOC observations performed by gas chromatography (GC) and PTR-MS from 1997
to 2007 (Lamanna and Goldstein, 1999; Schade et al., 2000; Holzinger et al., 2005;
Bouvier-Brown et al., 2009a). Using multiple ion detection mode in the PTR-MS soft-
ware (Balzer QS 422), these masses were scanned for 14 cycles over 6 min for each
height with a dwell time on each mass of 1 s, except for m/z 205 for which we used15

a dwell of 5 s to improve detection limits for this mass. The first 4 cycles after switching
inlet heights were discarded, and data for the last 10 cycles for each height were used
to compute hourly averaged datasets.

3 Results

3.1 Concentration and vertical gradients20

Figure 3a–c shows the full time series of volume mixing ratios for methanol (m/z 33),
MBO+ isoprene (m/z 69), and the sum of monoterpenes (m/z 81+m/z 137), with
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mixing ratios averaged from all measurement heights. All these compounds appear
dependant on temperature shown in Fig. 3d. Methanol is most abundant, followed by
MBO+ isoprene, acetone, acetaldehyde, MVK+MACR, and total monoterpenes as
summarized in Table 1. Figure 4 presents the average diurnal profile of vertical gra-
dients for methanol, MBO+ isoprene, and monoterpenes in addition to ozone. Mixing5

ratios of all these BVOCs decrease with increased inlet height indicating emission from
the forest, and this higher mixing ratio at lower height within the canopy is due to more
biomass near the surface. In contrast, the ozone gradient is inversed, suggesting ac-
tive BVOC oxidation processes and/or stomatal uptake by plants exist within the canopy
(Kurpius and Goldstein, 2003; Fares et al., 2010). Diurnal patterns of these 3 BVOCs10

regularly peak in the morning and evening. This is mainly due to breakup of the at-
mospheric boundary layer (ABL) in the morning, while the ABL lowers in the evening
coupled with stomatal opening/closing by plant circadian cycle, with the peaks corre-
sponding to the transition time of ABL height observed by Choi et al. (2011). After these
morning peaks, mixing ratios decrease because of dilution of emissions into a larger15

mixing layer and faster oxidation of BVOCs during daytime from high daytime ozone
mixing ratios, which were observed up to 100 ppbv. High mixing ratios and strong gradi-
ents for methanol and monoterpenes for nighttime reflect temperature-dependent emis-
sion, but MBO+ isoprene emissions are known to be temperature and light dependent
(Harley et al., 1998; Schade et al., 2000; Guenther et al., 2006). Distinctively higher20

methanol mixing ratio near the surface (1.5 m height) suggests that soil, leaf litter, or
understory plant emission may significantly contribute to methanol emission at this site
(Schade and Goldstein, 2001). The same diurnal pattern has been shown previously
at the site (Holzinger et al., 2005; Bouvier-Brown et al., 2009a). In addition to these
compounds, Fig. 5 shows vertical gradients and diurnal cycles for MVK+MACR and25

sesquiterpenes. MVK and MACR are well known as major secondary products from the
atmospheric oxidation of isoprene, but isoprene emission from this site is minor without
strong vertical gradients observed during daytime, meaning that local isoprene emis-
sions and MVK+MACR production are small. The maximum mixing ratio peak showed
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around hours 15:00–16:00 PST. This pattern is because the air parcel from oak forest,
which is a high isoprene emitter, undergoes oxidation of isoprene and is transported
to the site with isoprene oxidation products (i.e. MVK and MACR), this result being
consistent with previous study (Dreyfus et al., 2002). Sesquiterpenes are not easy to
measure in the ambient air because: (1) they exist at low concentration; (2) many of5

them have a very short lifetime; (3) their large molecule structure and low volatility
makes them harder to sample through the Teflon tubing due to stickiness. However, we
successfully measured sesquiterpenes by setting dwell time of mass scanning for 5 s
and having a fast and continuous sample flow in the tube (residence time of ∼2.3 s), yet
the measurement of sequsquiterpenes are still highly uncertain due to their low trans-10

mission efficiency passing through PTR-MS qudrupole lens and losses in the sampling
inlet and instrument’s internal inlet surfaces. Nevertheless, vertical gradients of se-
qusquiterpenes showed a very similar pattern to monoterpenes, indicating emission
patterns are similar.

An averaged daytime (10:00–17:00 PST) sesquiterpene mixing ratio of 84 ppt at15

1.5 m above the ground was observed. This is about twice greater than GC measure-
ment conducted in the similar season during BEARPEX 2007 (Bouvier-Brown et al.,
2009a), but the GC data included only 6 speciated sesquiterpenes, suggesting that
additional sesquiterpene species could be emitted in this ponderosa pine forest site.

3.2 Eddy covariance fluxes20

The full time series of fluxes for methanol (m/z 33), MBO+ isoprene (m/z 69) and
monoterpenes (m/z 81) are depicted in Fig. 3f–h. Generally, fluxes of all 3 species
show strong temperature dependent emission throughout the measurement period. For
example, low emissions were observed around day 190 when temperature is relatively
low, with high emissions observed during the high temperatures of day 200. Similar25

diurnal cycles between the three masses are also observed, with emission starting at
sunrise, increasing as air temperature and light intensity increased during daytime, and
stopping after sunset. Based on the vertical gradient for methanol and monoterpenes
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shown in Fig. 4a, b, nighttime emissions seem to occur, but no significant fluxes were
observed due to lower vertical turbulent mixing.

The sum of MBO and isoprene is quantified as m/z 69, however MBO is the main
contributor to m/z 69 fluxes since isoprene emission at this site is minor, as described
above. Therefore, MBO is the predominant emission from the site with a day average5

∼0.90 mg C m−2 h−1, and is about 5 times greater than either methanol or monoterpene
emissions.

4 Analysis and discussion

4.1 Flux estimation by flux-gradient relationship (K -theory)

Fluxes of the other 14 species selected for vertical gradients were not measured, be-10

cause the PTR-MS can measure EC fluxes only for a few compounds at a time due to
limitations of the quadrupole mass filter. Instead, we used a flux-gradient similarity ap-
proach, also known as K -theory, for determining fluxes of all compounds not measured
by the EC method (Goldstein et al., 1996, 1998). The trace gas flux (F ) is assumed to
be proportional to the time-averaged mixing ratio gradient (dC/dz) above the forest for15

intervals longer than the time scale of the slowest significant turbulence events:

F = K
dC
dz

(4)

where K is the eddy diffusivity and is determined for each hour of measurements. In
previous studies which used K -theory for quantifying VOC fluxes, K was computed
from flux and vertical gradient measurements of carbon dioxide (CO2), water (H2O),20

or sensible heat, and then multiplied by VOC vertical gradients (Goldstein et al., 1996,
1998; Schade et al., 2000). However, this approach may have uncertainties which arise
from different sources and sinks for each scalar. In order to improve this, we derived K
directly from BVOC fluxes and gradients (Km33 for methanol, Km69 for MBO+ isoprene,
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and Km81 for monoterpenes), and we further derived a universal K (Kuniv) by averaging
K computed from the three different BVOCs according to the equation:

Kuniv =
(Km33 +Km69 +Km81)

3
≈

Fm33

dCm33/dz
≈

Fm69

dCm69/dz
≈

Fm81

dCm81/dz
(5)

To calculate K for each m/z, we used gradient data from 17.8 m (mixing ratio data from
flux measurements were used) and 9.5 m (gradient measurements) which were above5

the canopy. With one instrument it is not possible to simultaneously measure mixing
ratios for different heights, and one also needs to consider the time difference between
flux and gradient measurements. So, all gradient data were interpolated to match the
same time period as the flux measurements. In addition, data were not used if the
gradient for an hour was too small to be detected reliably (less than twice standard10

deviation of zero air signal) since those values induce a large uncertainty in K , or if
the gradient was inverted, e.g. a higher mixing ratio at 17.5 m than 9.5 m with upward
flux. Based on these criteria, 75 % for methanol, 51 % for MBO+ isoprene, and 77 % for
monoterpene data were used, with the vast majority of unused observations occurring
at night. The three K values (Km33, Km69, and/or Km81) were calculated for every hour,15

and averaged to a Kuniv of which was then applied to estimate fluxes for all compounds
with measured vertical gradients. Figure 7 presents the diurnal variation of Km33, Km69,
Km81, and Kuniv. The pattern of K is similar to the flux diurnal profile for most species
with maxima during the day when vertical turbulent mixing is strongest. The three K
values (Km33, Km69, Km81) agreed well with each other (within 8 % by slope of scatter20

plots, not shown). This indicates that the two sampling heights have similar footprint
characteristics in terms of underlying vegetation and soil, and the different time scales
in photooxidation processes for these 3 compounds does not significantly affect the
calculation of K at this site. To validate that Kuniv can be properly used to calculate
fluxes for the other compounds, we applied Kuniv to vertical gradients of methanol,25

MBO+ isoprene, and monoterpenes. Hourly fluxes computed by Kuniv were compared
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to direct EC flux measurements, and on average these agreed within 4 % with R-square
of higher than 0.83 for all three species (Fig. 8).

Fluxes of the additional 14 measured BVOC species were determined by multiply-
ing observed gradients with Kuniv. Figure 9 shows the resultant diurnal flux cycles for
15 BVOC species, including methanol for reference. Daily average net fluxes are pre-5

sented in Table 1. Among these 14 species, acetone (m/z 59) and acetaldehyde (m/z
45) fluxes showed the most significant emissions throughout the day with maximum
around noon with 0.21 and 0.12 mg C m−2 h−1, respectively. After the noon peak, emis-
sion rates of both compounds decreased at hours 13:00–14:00 PST, indicating that
active photochemical production/loss processes of VOC above the canopy may sup-10

press the measurable flux strength of these compounds. This phenomenon was also
observed in summer 1999 at the same site using a GC-REA (Gas Chromatography-
Relaxed Eddy Accumulation) system (Schade and Goldstein, 2001). Methyl chavicol
(m/z 149) and sesquiterpene (m/z 205) emissions were also apparent with daytime
maxima of 0.06 and 0.08 mg C m−2 h−1, respectively. Low level emissions of acetonitrile15

(m/z 42), hexanal and hexenols (m/z 83), hexenal (m/z 99), and m/z 111 (unidentified
OVOCs) were observed with daytime maxima each below 0.05 mg C m−2 h−1. Interest-
ingly, some oxygenated BVOCs produced by photooxidation of terpenes or isoprene
such as MVK+MACR (m/z 71), m/z 113 (unidentified OVOCs), m/z 151 (pinonalde-
hyde), and m/z 155 (linalool+unidentified OVOCs) were both emitted and deposited20

throughout the day, though the flux magnitudes were relatively small. This observation
implies those compounds were produced by photooxidation within/above the canopy
and were also deposited from the atmosphere to the ecosystem. We observed emis-
sion of nopinone (m/z 139) in the afternoon during hours 13:00–15:00 PST. Nopinone is
a main β-pinene plus OH oxidation product, and β-pinene is one of the most abundant25

monoterpene species at this site (Lee et al., 2005; Bouvier-Brown et al., 2009a). This
observation of nopinone emission from the canopy with maximum in the afternoon is
consistent with the daily maximum combination of light and temperatures driving both
the β-pinene emissions, and its oxidation by OH radicals. Hourly total and fractional
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BVOC fluxes for all measured species are presented in Fig. 10. A 24 h mean net total
emission of 1.5 mg C m−2 h−1 was estimated with a daytime (10:00–14:00 PST) av-
erage of 4.0 mg C m−2 h−1. Emissions were dominated by MBO+ isoprene (61 % to
the total, and almost exclusively MBO due to minimal isoprene emission at this site
by, as shown by Schade and Goldstein, 2001), followed by monoterpenes (13 %) and5

methanol (12 %). For the other compounds which were estimated by K -theory, ace-
tone and acetaldehyde emissions were 4.9 % and 2.6 % of the total emission, followed
by sesquiterpenes (1.9 %), methyl chavicol (1.0 %), with low levels of emissions for
the others (less than 1 % for each). Though we did not observe substantial deposition
fluxes, the maximum total deposition (−0.015 mg C m−2 h−1) by 2 OVOCs (m/z 151 and10

155) occurred at noontime.

4.2 BVOC emission model

To parameterize measured emissions with commonly used BVOC emission models, we
categorized the observed emissions into species that are dependent on temperature
versus dependent on both light and temperature. The emission of monoterpenes from15

this site is known from past observations to be mainly dependent on temperature (e.g.
Schade and Goldstein, 2003), with a relationship that can be expressed as (Tingey
1980; Guenther et al., 1993);

ET = F30e
β(Tair−30) (6)

where F30 is the basal emission rate at 30 ◦C, β (◦C−1) is a temperature dependence20

coefficient, and Tair (◦C) represents the within-canopy air temperature. From our EC flux
data, F30 (0.6±0.14 mg C m−2 h−1, mean± standard deviation) was determined as the
mean of data collected at the within-canopy air temperature range of 29 ◦C–31 ◦C, and
β (0.12±0.01 ◦C−1) was computed by inverting Eq. (6). Canopy scale flux measure-
ments previously reported from this site using PTR-MS EC and GC-FID REA systems25

had ranges of 0.47–1.2 mg C m−2 h−1 for F30 and 0.06–0.15 ◦C−1 for β (Schade and
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Goldstein, 2003; Lee et al., 2005; Holzinger et al., 2006; Bouvier-Brown et al., 2012),
in good agreement with the results reported here.

In contrast to monoterpenes, MBO emissions are driven by both temperature and
light intensity as described here (Harley et al., 1998; Schade and Goldstein, 2001):

ET+L = BER ·γP ·γT (7)5

where BER represents the basal emission rate at standard condition (PAR of
1000 µmolm−2 s−1 and within-canopy air temperature of 30 ◦C), and γP and γT are
temperature emission activity factor and light emission activity factor, as follows,

γP = α ·c ·
(

PAR√
1+α2 ·PAR2

)
(8)

γT = Eopt


CT2 ·e

(1/Topt−1/T)
R ·CT1

CT2 −CT1 ·
(

1−e
(1/Topt−1/T)

R ·CT2

)
 (9)10

where α (= 0.0011) and c (= 1.37) are empirical coefficients, Eopt (= 1.45) is the
maximum normalized emission capacity, Topt (= 312 K by default) is the tempera-
ture at which Eopt occurs, T is air temperature (K), R is the ideal gas constant

(= 0.00831 kJ mol−1 K−1), and CT1 (131 kJ mol−1) and CT2 (154 kJ mol−1) are the en-15

ergies of deactivation and activation, respectively. All constants used were taken from
Schade and Goldstein (2001). Based on this model, BER (3.8±0.7 mg C m−2 h−1) was
derived from our MBO EC flux data. Applying this BER with PAR and temperature,
the model showed good agreement with our EC flux measurement data (slope: 0.93,
R2: 0.89, n = 388), with the model slightly underestimating observations on average by20

7 %. This basal emission rate is at least 1.2 times larger than previously reported in
25098
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summer 1999 and the daytime emission also increased from summer 1998 and 1999
but not linearly (Baker et al., 1999; Schade and Goldstein, 2001; Bouvier-Brown et al.,
2012 in press). Daytime maxima of 1.2, 1.7, and 2.6 mg C m−2 h−1 were observed for
years 1998, 1999, and 2009, respectively. The shaded area below the canopy has in-
creased as the forest matured, so lower emission capacity in lower canopy is expected5

while an overall increase is expected due to the increase in emitting biomass at the
site. Based on tree survey, the biomass of the site in summer 2009 (1005 g m−2) has
increased at least 5 times more from summer 1998 (184 g m−2).

Methanol emission is also known to be correlated with light and temperature
(Nemecek-Marshall et al., 1995; Schade and Goldstein, 2001). Interestingly, our ver-10

tical gradients for methanol shown in Fig. 4 strongly indicate nighttime emission and
this is similar with monoterpene gradients suggesting the main emission driver is tem-
perature. In contrast, the daytime mixing ratio pattern is similar to that of MBO, not like
monoterpenes, indicating temperature and light dependent emission is important dur-
ing the day. In addition, the flux pattern is similar to that of monoterpenes in the morning15

when upward flux starts to increase but similar to that of MBO in the afternoon when the
flux decreases. This suggests methanol emission is possibly less dependent on light,
and this may be due to methanol emission from the soil. Soil methanol emission has
been reported by Schade and Goldstein (2001) and Schade and Custer (2004). Based
on our analysis of both emission model algorithms, the model of light+ temperature20

for methanol (BER: 0.71±0.21 mg C m−2 h−1) resulted in better correlation with EC flux
measurements (slope: 0.91, R2: 0.74, n = 351). Our 2009 measurements had at least
2 times lower emission for daytime fluxes than summer 1999. This is possibly due to
understory shrub removal performed in spring 1999 which may have induced an un-
usually large emission due to decay of plant debris during summer 1999 (Warneke25

et al., 1999). Methanol emission is also associated with pectin demethylation when
cell walls elongate during leaf/needle expansion and plant growth is recognized as the
primary global source of methanol to the atmosphere (Fall and Benson, 1996; Gal-
bally and Kirstine, 2002). Methanol bursts from expanding needles is a phenomenon
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that may have been occurring at higher rates in summer 1999 when pine trees were
younger and growing more rapidly as compared to the pine trees in 2009. Moreover,
a limited understory biomass in 1999 represented a minor sink for methanol, while in
2009 dense understory vegetation may represent a sink for this OVOC.

In addition to these three dominant BVOCs, acetone, acetaldehyde, sesquiterpenes,5

and methyl chavicol have been reported as significant emissions from this site (Schade
and Goldstein, 2001; Bouvier-Brown et al., 2009c), and our estimations of flux via K -
theory are also consistent with these reports. Diurnal cycles of emissions for these
compounds correlated better with that of monoterpenes than MBO, suggesting mainly
temperature dependent emission. By assuming temperature as the main emission10

driver, we determined F30 and β as summarized in Table 2 for these 4 compounds. For
acetone and acetaldehyde, we found slightly smaller F30 and β than those reported by
Schade and Goldstein (2001), but within the uncertainty range. The daytime fluxes and
concentrations showed similar magnitude to summer 1999, which is interesting since
the biomass of the site has increased substantially over this 10 yr period.15

Leaf-scale emission rates of monoterpenes, sesquiterpenes and methyl chavicol
were previously reported from this site (Bouvier-Brown et al., 2009c), but canopy-scale
fluxes of sesquiterpenes and methyl chavicol have not been previously reported. We
estimated the canopy-scale basal emission rate by multiplying the ecosystem foliar
density (1005 g [dry weight] m−2 for BEARPEX 2009) to leaf-scale basal emission rate20

and applied the emission model using the scaled F30 with β. Figure 11 presents tem-
perature dependent emissions for monoterpenes and sesquiterpenes from leaf-scale
emissions, canopy-scale fluxes, and temperature-algorithm basal emission model re-
sults optimized for this study. For monoterpenes, the canopy level emissions are in the
middle of the range of leaf scale emissions, and this indicates little or no loss before25

escaping the canopy. In contrast, sesquiterpenes are known to be oxidized rapidly in
the tree canopy due to their high reactivity (Ciccioli et al., 1999; Bouvier-Brown et al.,
2009c), this can justify the lower emissions measured at the canopy level as compared
to up-scaled emission from leaf-level measurements. For methyl chavicol, we derived
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a lower F30 (0.08±0.06 mg C m−2 h−1) from the canopy scale flux data than was re-
ported for leaf-scale measurements (range 0.16–1.1 mg C m−2 h−1, scaled for canopy-
scale) by Bouvier-Brown et al. (2009c), but we observed a higher β (0.2±0.06 ◦C−1 for
this study, and the range of 0.12–0.2 ◦C−1 for leaf-scale). Bouvier-Brown et al. (2009b)
reported that methyl chavicol emission accounted for 4–24 % of carbon mass emitted5

as MBO. Our methyl chavicol to MBO ratios were in the range 0.8–7.8 % during hours
13:00–15:00 when methyl chavicol and MBO emission were maximum, consistent with
the lower end of the range previously reported.

5 Summary

Proton transfer reaction-mass spectrometry (PTR-MS) using quadrupole mass spec-10

trometry has been applied to BVOC EC flux measurements, but only allows measure-
ment of fluxes for a few compounds (e.g. 4 ion species applied for this study). To quan-
tify fluxes of a broader range of BVOCs, we simultaneously measured EC fluxes and
vertical gradients of BVOCs during BEARPEX 2009. Using a flux-gradient relation-
ship (“K -theory”), we successfully determined fluxes of 14 BVOC species in addition15

to MBO, monoterpenes, and methanol by EC. Comparison of fluxes measured by the
eddy covariance method with fluxes estimated by K -theory for MBO, methanol, and
monoterpenes showed excellent agreement. MBO (m/z 69) was the dominant BVOC
emission observed (0.90 mg C m−2 h−1 in a 24 h mean), followed by monoterpenes
(m/z 81) and methanol (m/z 33) which were similar (0.20 and 0.18 mg C m−2 h−1, re-20

spectively). Fluxes of the other 14 BVOC species all showed net emission, with 24 h
mean total emission of 0.2 mg C m−2 h−1, equivalent to monoterpene or methanol emis-
sions. Of these 14, acetone (m/z 59) and acetaldehyde (m/z 45) emissions were
largest at 0.07 and 0.04 mg C m−2 h−1, respectively, followed by sesquiterpene (m/z
205, 0.03 mg C m−2 h−1), methyl chavicol (m/z 149, 0.02 mg C m−2 h−1), with a lower25

level of emission for all the others (less than 0.01 mg C m−2 h−1 for each). By compar-
ing with leaf-scale emission of monoterpenes and sesquiterpenes previously studied
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at the site, we found there was significant chemical loss of sesquiterpenes before they
could escape the forest canopy, but not for monoterpenes, consistent with previous
studies (Ciccioli et al., 1999; Bouvier-Brown et al., 2009a). Overall, estimating BVOC
emissions using the flux-gradient relationship applied to direct measurements proved
to be a useful method for investigation of ecosystem scale BVOC fluxes.5

Acknowledgements. This research was supported by the National Science Foundation Atmo-
spheric Chemistry Program Award Number 0922562. We thank Sierra Pacific Industries for the
use of their land the Blodgett Forest Research Station staff for operational support. We also
thank Changhyoun Park and Gunnar Schade at Texas A&M University for sharing the GC-FID
data.10

References

Andreae, M. O. and Crutzen, P. J.: Atmospheric aerosols: biogeochemical sources and role in
atmospheric chemistry, Science, 276, 1052–1058, 1997.

Baker, B., Guenther, A., Greenberg, J., Goldstein, A., and Fall, R.: Canopy fluxes of 2-methyl-3-
buten-2-ol over a ponderosa pine forest by relaxed eddy accumulation: field data and model15

comparison, J. Geophys. Res.-Atmos., 104, 26107–26114, 1999.
Bouvier-Brown, N. C., Goldstein, A. H., Gilman, J. B., Kuster, W. C., and de Gouw, J. A.: In-

situ ambient quantification of monoterpenes, sesquiterpenes, and related oxygenated com-
pounds during BEARPEX 2007: implications for gas- and particle-phase chemistry, Atmos.
Chem. Phys., 9, 5505–5518, doi:10.5194/acp-9-5505-2009, 2009a.20

Bouvier-Brown, N. C., Goldstein, A. H., Worton, D. R., Matross, D. M., Gilman, J. B.,
Kuster, W. C., Welsh-Bon, D., Warneke, C., de Gouw, J. A., Cahill, T. M., and Holzinger, R.:
Methyl chavicol: characterization of its biogenic emission rate, abundance, and oxidation
products in the atmosphere, Atmos. Chem. Phys., 9, 2061–2074, doi:10.5194/acp-9-2061-
2009, 2009b.25

Bouvier-Brown, N. C., Holzinger, R., Palitzsch, K., and Goldstein, A. H.: Large emissions of
sesquiterpenes and methyl chavicol quantified from branch enclosure measurements, At-
mos. Environ., 43, 389–401, doi:10.1016/j.atmosenv.2008.08.039, 2009c.

25102

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-9-5505-2009
http://dx.doi.org/10.5194/acp-9-2061-2009
http://dx.doi.org/10.5194/acp-9-2061-2009
http://dx.doi.org/10.5194/acp-9-2061-2009
http://dx.doi.org/10.1016/j.atmosenv.2008.08.039


ACPD
12, 25081–25120, 2012

Biogenic volatile
organic compound

emissions

J.-H. Park 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
|

Bouvier-Brown, N. C., Schade, G. W., Misson, L., Lee, A., McKay, M., and Goldstein, A. H.:
Contributions of biogenic volatile organic compounds to net ecosystem carbon flux in a pon-
derosa pine plantation, Atmos. Environ., 60, 527–533, doi:10.1016/j.atmosenv.2012.06.070,
2012.

Chameides, W. L., Lindsay, R. W., Richardson, J., and Kiang, C. S.: The role of biogenic hydro-5

carbons in urban photochemical smog – Atlanta as a case-Study, Science, 241, 1473–1475,
1988.

Choi, W., Faloona, I. C., McKay, M., Goldstein, A. H., and Baker, B.: Estimating the atmospheric
boundary layer height over sloped, forested terrain from surface spectral analysis during
BEARPEX, Atmos. Chem. Phys., 11, 6837–6853, doi:10.5194/acp-11-6837-2011, 2011.10

Ciccioli, P., Brancaleoni, E., Frattoni, M., Di Palo, V., Valentini, R., Tirone, G., Seufert, G.,
Bertin, N., Hansen, U., Csiky, O., Lenz, R., and Sharma, M.: Emission of reactive terpene
compounds from orange orchards and their removal by within-canopy processes, J. Geo-
phys. Res.-Atmos., 104, 8077–8094, 1999.

de Gouw, J. and Warneke, C.: Measurements of volatile organic compounds in the earth’s15

atmosphere using proton-transfer-reaction mass spectrometry, Mass Spectrom. Rev., 26,
223–257, doi:10.1002/Mas.20119, 2007.

Di Carlo, P., Brune, W. H., Martinez, M., Harder, H., Lesher, R., Ren, X. R., Thornberry, T.,
Carroll, M. A., Young, V., Shepson, P. B., Riemer, D., Apel, E., and Campbell, C.: Missing OH
reactivity in a forest: evidence for unknown reactive biogenic VOCs, Science, 304, 722–725,20

2004.
Dillon, M. B., Lamanna, M. S., Schade, G. W., Goldstein, A. H., and Cohen, R. C.: Chemical

evolution of the Sacramento urban plume: transport and oxidation, J. Geophys. Res.-Atmos.,
107, 4045, doi:10.1029/2001jd000969, 2002.

Dreyfus, G. B., Schade, G. W., and Goldstein, A. H.: Observational constraints on the contri-25

bution of isoprene oxidation to ozone production on the western slope of the Sierra Nevada,
California, J. Geophys. Res.-Atmos., 107, 4365, doi:10.1029/2001jd001490, 2002.

Fall, R. and Benson, A. A.: Leaf methanol – the simplest natural product from plants, Trends
Plant Sci., 1, 296–301, 1996.

Fares, S., Goldstein, A., and Loreto, F.: Determinants of ozone fluxes and metrics for ozone risk30

assessment in plants, J. Exp. Bot., 61, 629–633, doi:10.1093/Jxb/Erp336, 2010.
Fares, S., Park, J.-H., Gentner, D. R., Weber, R., Ormeño, E., Karlik, J., and Gold-

stein, A. H.: Seasonal cycles of biogenic volatile organic compound fluxes and

25103

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.atmosenv.2012.06.070
http://dx.doi.org/10.5194/acp-11-6837-2011
http://dx.doi.org/10.1002/Mas.20119
http://dx.doi.org/10.1029/2001jd000969
http://dx.doi.org/10.1029/2001jd001490
http://dx.doi.org/10.1093/Jxb/Erp336


ACPD
12, 25081–25120, 2012

Biogenic volatile
organic compound

emissions

J.-H. Park 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
|

concentrations in a California citrus orchard, Atmos. Chem. Phys. Discuss., 12, 17987–
18027, doi:10.5194/acpd-12-17987-2012, 2012.

Foken, T. and Wichura, B.: Tools for quality assessment of surface-based flux measurements,
Agr. Forest Meteorol., 78, 83–105, 1996.

Fuentes, J. D., Lerdau, M., Atkinson, R., Baldocchi, D., Bottenheim, J. W., Ciccioli, P., Lamb, B.,5

Geron, C., Gu, L., Guenther, A., Sharkey, T. D., and Stockwell, W.: Biogenic hydrocarbons in
the atmospheric boundary layer: a review, B. Am. Meteorol. Soc., 81, 1537–1575, 2000.

Galbally, I. E. and Kirstine, W.: The production of methanol by flowering plants and the global
cycle of methanol, J. Atmos. Chem., 43, 195–229, 2002.

Goldstein, A. H. and Galbally, I. E.: Known and unexplored organic constituents in the earth’s10

atmosphere, Environ. Sci. Technol., 41, 1514–1521, 2007.
Goldstein, A. H., Fan, S. M., Goulden, M. L., Munger, J. W., and Wofsy, S. C.: Emissions of

ethene, propene, and 1-butene by a midlatitude forest, J. Geophys. Res.-Atmos., 101, 9149–
9157, 1996.

Goldstein, A. H., Goulden, M. L., Munger, J. W., Wofsy, S. C., and Geron, C. D.: Seasonal15

course of isoprene emissions from a midlatitude deciduous forest, J. Geophys. Res.-Atmos.,
103, 31045–31056, 1998.

Goldstein, A. H., Hultman, N. E., Fracheboud, J. M., Bauer, M. R., Panek, J. A., Xu, M., Qi, Y.,
Guenther, A. B., and Baugh, W.: Effects of climate variability on the carbon dioxide, water,
and sensible heat fluxes above a ponderosa pine plantation in the Sierra Nevada (CA), Agr.20

Forest. Meteorol., 101, 113–129, 2000.
Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L.,

Lerdau, M., Mckay, W. A., Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J.,
and Zimmerman, P.: A global-model of natural volatile organic-compound emissions, J. Geo-
phys. Res.-Atmos., 100, 8873–8892, 1995.25

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I., and Geron, C.: Estimates
of global terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and
Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210, doi:10.5194/acp-6-3181-2006,
2006.

Guenther, A. B., Zimmerman, P. R., Harley, P. C., Monson, R. K., and Fall, R.: Isoprene and30

monoterpene emission rate variability – model evaluations and sensitivity analyses, J. Geo-
phys. Res.-Atmos., 98, 12609–12617, 1993.

25104

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acpd-12-17987-2012
http://dx.doi.org/10.5194/acp-6-3181-2006


ACPD
12, 25081–25120, 2012

Biogenic volatile
organic compound

emissions

J.-H. Park 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
|

Harley, P., Fridd-Stroud, V., Greenberg, J., Guenther, A., and Vasconcellos, P.: Emission of
2-methyl-3-buten-2-ol by pines: a potentially large natural source of reactive carbon to the
atmosphere, J. Geophys. Res.-Atmos., 103, 25479–25486, 1998.

Holzinger, R., Lee, A., Paw, K. T., and Goldstein, U. A. H.: Observations of oxidation products
above a forest imply biogenic emissions of very reactive compounds, Atmos. Chem. Phys.,5

5, 67–75, doi:10.5194/acp-5-67-2005, 2005.
Holzinger, R., Lee, A., McKay, M., and Goldstein, A. H.: Seasonal variability of monoterpene

emission factors for a ponderosa pine plantation in California, Atmos. Chem. Phys., 6, 1267–
1274, doi:10.5194/acp-6-1267-2006, 2006.

Horst, T. W.: A simple formula for attenuation of eddy fluxes measured with first-order-response10

scalar sensors, Bound.-Lay. Meteorol., 82, 219–233, 1997.
Jang, M. S., Czoschke, N. M., Lee, S., and Kamens, R. M.: Heterogeneous atmospheric aerosol

production by acid-catalyzed particle-phase reactions, Science, 298, 814–817, 2002.
Karl, T. G., Spirig, C., Rinne, J., Stroud, C., Prevost, P., Greenberg, J., Fall, R., and Guenther, A.:

Virtual disjunct eddy covariance measurements of organic compound fluxes from a subalpine15

forest using proton transfer reaction mass spectrometry, Atmos. Chem. Phys., 2, 279–291,
doi:10.5194/acp-2-279-2002, 2002.

Kurpius, M. R. and Goldstein, A. H.: Gas-phase chemistry dominates O3 loss to a forest, imply-
ing a source of aerosols and hydroxyl radicals to the atmosphere, Geophys. Res. Lett., 30,
Artn 1371, doi:10.1029/2002gl016785, 2003.20

Kurpius, M. R., McKay, M., and Goldstein, A. H.: Annual ozone deposition to a Sierra Nevada
ponderosa pine plantation, Atmos. Environ., 36, 4503–4515, 2002.

Lamanna, M. S. and Goldstein, A. H.: In situ measurements of C2−C10 volatile organic com-
pounds above a Sierra Nevada ponderosa pine plantation, J. Geophys. Res.-Atmos., 104,
21247–21262, 1999.25

Lee, A., Schade, G. W., Holzinger, R., and Goldstein, A. H.: A comparison of new measure-
ments of total monoterpene flux with improved measurements of speciated monoterpene
flux, Atmos. Chem. Phys., 5, 505–513, doi:10.5194/acp-5-505-2005, 2005.

Lee, X., Massman, W. J., and Law, B. E.: Handbook of Micrometeorology: A Guide for Sur-
face Flux Measurement and Analysis, Atmospheric and Oceanographic Sciences Library,30

29, Kluwer Academic, Dordrecht, Boston, London, xiv, 250 pp., 2004.
Lindinger, W., Hansel, A., and Jordan, A.: On-line monitoring of volatile organic compounds

at pptv levels by means of proton-transfer-reaction mass spectrometry (PTR-MS) – medical

25105

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-5-67-2005
http://dx.doi.org/10.5194/acp-6-1267-2006
http://dx.doi.org/10.5194/acp-2-279-2002
http://dx.doi.org/10.1029/2002gl016785
http://dx.doi.org/10.5194/acp-5-505-2005


ACPD
12, 25081–25120, 2012

Biogenic volatile
organic compound

emissions

J.-H. Park 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
|

applications, food control and environmental research, Int. J. Mass Spectrom., 173, 191–241,
1998.

Massman, W. J.: The attenuation of concentration fluctuations in turbulent-flow through a tube,
J. Geophys. Res.-Atmos., 96, 15269–15273, 1991.

Moore, C. J.: Frequency-response corrections for Eddy-correlation systems, Bound.-Lay. Mete-5

orol., 37, 17–35, 1986.
Nemecekmarshall, M., Macdonald, R. C., Franzen, F. J., Wojciechowski, C. L., and Fall, R.:

Methanol emission from leaves – enzymatic detection of gas-phase methanol and relation of
methanol fluxes to stomatal conductance and leaf development, Plant Physiol., 108, 1359–
1368, 1995.10

Ren, X., Gao, H., Zhou, X., Crounse, J. D., Wennberg, P. O., Browne, E. C., LaFranchi, B. W.,
Cohen, R. C., McKay, M., Goldstein, A. H., and Mao, J.: Measurement of atmospheric ni-
trous acid at Bodgett Forest during BEARPEX2007, Atmos. Chem. Phys., 10, 6283–6294,
doi:10.5194/acp-10-6283-2010, 2010.

Rinne, H. J. I., Guenther, A. B., Warneke, C., de Gouw, J. A., and Luxembourg, S. L.: Disjunct15

eddy covariance technique for trace gas flux measurements, Geophys. Res. Lett., 28, 3139–
3142, 2001.

Schade, G. W. and Custer, T. G.: OVOC emissions from agricultural soil in North-
ern Germany during the 2003 European heat wave, Atmos. Environ., 38, 6105–6114,
doi:10.1016/j.atmosenv.2004.08.017, 2004.20

Schade, G. W. and Goldstein, A. H.: Fluxes of oxygenated volatile organic compounds from
a ponderosa pine plantation, J. Geophys. Res.-Atmos., 106, 3111–3123, 2001.

Schade, G. W. and Goldstein, A. H.: Increase of monoterpene emissions from a pine
plantation as a result of mechanical disturbances, Geophys. Res. Lett., 30, 1380,
doi:10.1029/2002gl016138, 2003.25

Schade, G. W., Goldstein, A. H., Gray, D. W., and Lerdau, M. T.: Canopy and leaf level 2-
methyl-3-buten-2-ol fluxes from a ponderosa pine plantation, Atmos. Environ., 34, 3535–
3544, 2000.

Smeets, C. J. P. P., Holzinger, R., Vigano, I., Goldstein, A. H., and Röckmann, T.: Eddy covari-
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Table 1. Mixing ratio and flux information for 18 selected ion species.

Compounds Mass/
charge
(m/z)

Empirical molecular for-
mulae (protonated mass)

Mixing ratio
24 h-mean (day/night)a

(nmol mol−1)

Flux
24 h-mean (day)a

(mg C m−2 h−1)

Methanol 33 CH3OHH+ 16 (13/16) 0.18 (0.48)

Acetonitrile 42 C2H3NH+ 0.15 (0.16/0.15) 0.003 (0.008)

Acetaldehyde 45 C2H4OH+ 1.9 (1.6/2.4) 0.038 (0.104)

Acetone 59 C3H6OH+ 3.6 (3.5/4) 0.073 (0.18)

MBOb + isoprene 69 C5H8H+ (C5H10OH+)c 4.2 (5.6/2.1) 0.90 (2.51)

MVK+MACRd 71 C4H6OH+ 1.2 (1.5/1.3) 0.013 (0.019)

Benzene 79 C6H6H+ 0.071 (0.059/0.083) 0.001 (0.003)

Monoterpenes 81,
137

C6H8H+,
C10H16H+

1.1 (0.6/1.3) 0.2 (0.46)

Hexanal, hexenols 83 C6H10H+ 0.14 (0.12/0.16) 0.010 (0.023)

Hexenals 99 C6H10OH+ 0.16 (0.15/0.18) 0.012 (0.031)

Unknown OVOCs 111 C8H14H+, C6H6O2H+,
C7H10OH+

0.026 (0.02/0.029) 0.003 (0.006)

Unknown OVOCs 113 C8H16H+, C7H12OH+,
C6H8O2H+, C5H4O3H+

0.15 (0.18/0.15) 0.0001 (−0.0001)

Nopinone 139 C9H14OH+ 0.056 (0.046/0.071) 0.006 (0.016)

Methyl chavicol 149 C10H12OH+ 0.099 (0.064/0.084) 0.015 (0.038)

Pinonaldehyde 151 C10H14OH+ 0.021 (0.017/0.023) 0.002 (0.004)

Linalool, Unknown OVOCs 155 C10H18OH+,
C9H14O2H+

0.015 (0.016/0.017) 0.0007 (0.003)

Sesquiterpenes 205 C15H24H+ 0.095 (0.072/0.098) 0.028 (0.06)

a Daytime and nighttime means are for hours 10:00–14:00 and 22:00–02:00 PST, respectively.
b 2-Methyl-3-butene-2-ol
c Parent MBO ion in parenthesis. MBO main fragment ion is the same as isoprene parention.
d Sum of methylvinylketone and methacrolein.
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Table 2. Modeled values for basal mission rate (BER and F30) and temperature-dependence
factor (β).

Compound Basal emission rate at 30 ◦C, F30

(mg C m−2 h−1)
β
(◦C−1)

MBO+ isoprene (m/z 69) (3.8±0.70)∗ (N.A.)∗∗

Monoterpenes (m/z 81) 0.60±0.14 0.12±0.01
Methanol (m/z 33) 0.54±0.17

(0.71±0.21)∗
0.08±0.01
(N.A.)∗∗

Acetone (m/z 59) 0.24±0.14 0.09±0.04
Acetaldehyde (m/z 45) 0.13±0.07 0.07±0.05
Sesquiterpenes (m/z 205) 0.11±0.10 0.07±0.09
Methyl chavicol (m/z 149) 0.08±0.06 0.20±0.06

∗ Basal emission rate at PAR of 1000 µmolm−2 s−1 and air temperature of 30 ◦C for light+ temperature
algorithm.
∗∗ Not available for light+ temperature algorithm. Detailed equations are described in Eqs. (7)–(9).
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 686 

Fig. 1. Inlet configuration and sampling schedule on the 18 m tall tower during BEARPEX 2009. The PTR-MS 687 
sampled from an inlet (F1) at 17.8 m co-located with a 3-dimensional sonic anemometer during the first 30 min of 688 
each hour for eddy covariance flux measurements, then sampled sequentially from five inlets (L1 – L5) positioned at 689 
17.8, 13.6, 9.5, 5.7, and 1.5 m above ground during the next 30 min to measure vertical gradients. Mean tree height 690 
was 8.8 m. 691 

692 

Fig. 1. Inlet configuration and sampling schedule on the 18 m tall tower during BEARPEX 2009.
The PTR-MS sampled from an inlet (F1) at 17.8 m co-located with a 3-D sonic anemometer
during the first 30 min of each hour for eddy covariance flux measurements, then sampled
sequentially from five inlets (L1–L5) positioned at 17.8, 13.6, 9.5, 5.7, and 1.5 m above ground
during the next 30 min to measure vertical gradients. Mean tree height was 8.8 m.
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 693 

Fig. 2. Cross-correlation of vertical wind speed (w) and volume mixing ratios for 3 ion species (m/z 33, 69, and 81) 694 
at 14:00 – 14:30 PST on 18 July, 2009. Lag time corrections between vertical wind speed and volume mixing ratio 695 
of X seconds have been applied to these data. 696 

697 

Fig. 2. Cross-correlation of vertical wind speed (w) and volume mixing ratios for 3 ion species
(m/z 33, 69, and 81) at 14:00–14:30 PST on 18 July, 2009. Lag time corrections between verti-
cal wind speed and volume mixing ratio of X seconds have been applied to these data.
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 698 

Fig. 3. Volume mixing ratio time-series of (a) methanol, (b) MBO+isoprene and (c) monoterpenes, (d) air 699 
temperature, (e) photosynthetically active radiation (PAR), and fluxes of (f) methanol, (g) MBO+isoprene and (h) 700 
monoterpenes. All data are averaged on an hourly basis.701 

Fig. 3. Volume mixing ratio time-series of (a) methanol, (b) MBO+isoprene and (c) monoter-
penes, (d) air temperature, (e) photosynthetically active radiation (PAR), and fluxes of (f)
methanol, (g) MBO+ isoprene and (h) monoterpenes. All data are averaged on an hourly basis.

25112

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/25081/2012/acpd-12-25081-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 25081–25120, 2012

Biogenic volatile
organic compound

emissions

J.-H. Park 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
|

0 4 8 12 16 20 24

10

15

20

25

30

35

Methanol (m/z 33)

Hour of Day (PST)

M
ix

in
g

 r
a

ti
o

 (
p

p
b

v
)

 

 
1.5m

5.7m

9.5m

13.6m

17.8m

0 4 8 12 16 20 24

2

4

6

8

10

MBO + isoprene (m/z 69)

Hour of Day (PST)

M
ix

in
g

 r
a

ti
o

 (
p

p
b

v
)

 

 

0 4 8 12 16 20 24

0.5

1

1.5

2

2.5

3
Monoterpenes 

(m/z 81 + m/z 137)

Hour of Day (PST)

M
ix

in
g

 r
a

ti
o

 (
p

p
b

v
)

 

 

0 4 8 12 16 20 24
20

25

30

35

40

45

50

55

60

65

Hour of Day (PST)

M
ix

in
g

 r
a

ti
o

 (
p

p
b

v
)

Ozone

 

 

(a) (b)

(c) (d)

 702 

Fig. 4. Averaged diurnal cycles of vertical gradients for (a) methanol, (b) MBO+isoprene, (c) monoterpenes, and (d) 703 
ozone. Measurement heights are indicated in the legend (a). 704 

705 

Fig. 4. Averaged diurnal cycles of vertical gradients for (a) methanol, (b) MBO+ isoprene, (c)
monoterpenes, and (d) ozone. Measurement heights are indicated in the legend (a).
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 706 

Fig. 5. Mean vertical gradient diurnal patterns for MVK+MACR (left) and sesquiterpenes (right). Color represents 707 
interpolated concentration gradients with actual measurement timing and vertical positions indicated by open circles. 708 

709 

Fig. 5. Mean vertical gradient diurnal patterns for MVK+MACR (left) and sesquiterpenes
(right). Color represents interpolated concentration gradients with actual measurement timing
and vertical positions indicated by open circles.
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Fig. 6. Mean diurnal variation of air temperature (dashed black line) and fluxes for methanol (red line), 711 
MBO+isoprene (green line), and monoterpenes (blue line). Error bars denote standard deviations of all 712 
measurements at the respective hour of the day. 713 

714 

Fig. 6. Mean diurnal variation of air temperature (dashed black line) and fluxes for methanol (red
line), MBO+ isoprene (green line), and monoterpenes (blue line). Error bars denote standard
deviations of all measurements at the respective hour of the day.
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Fig. 7. Mean eddy diffusivity diurnal patterns calculated from measured fluxes and vertical gradients of methanol 716 
(Km33), MBO+isoprene (Km69), monoterpene (Km81) and the universal K (Kuniv) calculated according to Eq. (5). Error 717 
bars and shaded area denote standard deviations from the mean. 718 

719 

Fig. 7. Mean eddy diffusivity diurnal patterns calculated from measured fluxes and vertical
gradients of methanol (Km33), MBO+ isoprene (Km69), monoterpene (Km81) and the universal K
(Kuniv) calculated according to Eq. (5). Error bars and shaded area denote standard deviations
from the mean.
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 720 

Fig. 8. Comparison between flux determined by the eddy covariance method and flux determined by the flux-721 
gradient similarity method using the universal K (Kuniv) for methanol (m/z 33, red star), MBO+isoprene (m/z 69, 722 
green triangle), and monoterpenes (m/z 81, blue circle). The red, green, and blue lines are the best linear fit for 723 
methanol, MBO+isoprene, and monoterpenes, respectively. 724 

725 

Fig. 8. Comparison between flux determined by the eddy covariance method and flux deter-
mined by the flux-gradient similarity method using the universal K (Kuniv) for methanol (m/z
33, red star), MBO+isoprene (m/z 69, green triangle), and monoterpenes (m/z 81, blue cir-
cle). The red, green, and blue lines are the best linear fit for methanol, MBO+ isoprene, and
monoterpenes, respectively.
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Fig. 9. Mean diurnal cycles of fluxes determined by the similarity method using the universal K for 15 ion species 727 
observed. Vertical bars denote standard errors from the mean. 728 

729 

Fig. 9. Mean diurnal cycles of fluxes determined by the similarity method using the universal K
for 15 ion species observed. Vertical bars denote standard errors from the mean.
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Fig. 10. Total hourly mean BVOC diurnal flux on a carbon mass basis shown as staged bar plots with contributions 731 
indicated for each of the 17 masses measured. Largest fluxes are at the bottom. The percentages in the legend 732 
indicate contributions of individual compounds to the daily total emission.  733 

734 

Fig. 10. Total hourly mean BVOC diurnal flux on a carbon mass basis shown as staged bar
plots with contributions indicated for each of the 17 masses measured. Largest fluxes are at
the bottom. The percentages in the legend indicate contributions of individual compounds to
the daily total emission.
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 735 

Fig. 11. Comparisons between leaf scale emissions and canopy scale emissions of (a) monoterpenes and (b) 736 
sesquiterpenes as a function of temperature. Shaded area indicates the range of expected canopy level emissions 737 
from leaf scale emissions reported previously by Bouvier-Brown et al. (2009). Blue dots represent canopy scale (a) 738 
eddy covariance flux for monoterpenes and (b) flux determined by the similarity method using the universal K for 739 
sesquiterpenes.  All fluxes were aggregated into 2

o
C temperature bins, and error bars denote standard deviations. 740 

Red dotted line represents basal emission model optimized for this study based on the canopy scale fluxes, and the 741 
inset in (b) enlarges the vertical scale, showing the exponential relationship between temperature and sesquiterpene 742 
flux. 743 

Fig. 11. Comparisons between leaf scale emissions and canopy scale emissions of (a)
monoterpenes and (b) sesquiterpenes as a function of temperature. Shaded area indicates
the range of expected canopy level emissions from leaf scale emissions reported previously
by Bouvier-Brown et al. (2009). Blue dots represent canopy scale (a) eddy covariance flux
for monoterpenes and (b) flux determined by the similarity method using the universal K for
sesquiterpenes. All fluxes were aggregated into 2 ◦C temperature bins, and error bars denote
standard deviations. Red dotted line represents basal emission model optimized for this study
based on the canopy scale fluxes, and the inset in (b) enlarges the vertical scale, showing the
exponential relationship between temperature and sesquiterpene flux.
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