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Abstract. Many monoterpenes have been identified in forest
emissions using gas chromatography (GC). Until now, it has
been impossible to determine whether all monoterpenes are
appropriately measured using GC techniques. We used a pro-
ton transfer reaction mass spectrometer (PTR-MS) coupled
with the eddy covariance (EC) technique to measure mixing
ratios and fluxes of total monoterpenes above a ponderosa
pine plantation. We compared PTR-MS-EC results with si-
multaneous measurements of eight speciated monoterpenes,
β-pinene,α-pinene, 3-carene, d-limonene,β-phellandrene,
α-terpinene, camphene, and terpinolene, made with an auto-
mated, in situ gas chromatograph with flame ionization de-
tectors (GC-FID), coupled to a relaxed eddy accumulation
system (REA). Monoterpene mixing ratios and fluxes mea-
sured by PTR-MS averaged 30±2.3% and 31±9.2% larger
than by GC-FID, with larger mixing ratio discrepancies be-
tween the two techniques at night than during the day. Two
unidentified peaks that correlated withβ-pinene were re-
solved in the chromatograms and completely accounted for
the daytime difference and reduced the nighttime mixing ra-
tio difference to 20±2.9%. Measurements of total monoter-
penes by PTR-MS-EC indicated that GC-FID-REA mea-
sured the common, longer-lived monoterpenes well, but that
additional terpenes were emitted from the ecosystem that
represented an important contribution to the total mixing ra-
tio above the forest at night.

1 Introduction

Monoterpenes are a large class of biogenic C10H16 hy-
drocarbons which include the commonly observed species
α-pinene andβ-pinene. Monoterpenes are emitted from
conifers as well as broad-leaved trees (Kesselmeier and
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Staudt, 1999). They are highly reactive and can be oxidized
by ozone (O3) and the hydroxyl and nitrate radicals, with
lifetimes that range from days to minutes (Fuentes et al.,
2000). In addition to their influence on the oxidative capac-
ity of the atmosphere, monoterpene oxidation products can
partition to the particle phase and contribute to secondary or-
ganic aerosol (SOA) (e.g. Kavouras et al., 1999; Makela et
al., 1997; Griffin et al., 1999). These SOA represent a natu-
ral source of aerosol to the atmosphere that impact regional
air quality and global climate (Andreae and Crutzen, 1997),
therefore, quantitative and qualitative knowledge of terpene
emission is essential to reduce the uncertainty in biogenic
production of SOA.

Ecosystem scale monoterpene fluxes to the atmosphere
have been measured as a sum of the individual fluxes of a few
speciated monoterpenes, using GC-FID coupled with the flux
similarity approach (e.g. Schade et al., 1999; Rinne et al.,
2000) or coupled with the relaxed eddy accumulation tech-
nique (e.g. Greenberg et al., 2003; Schade and Goldstein,
2003). Recently, the development of the fast-response PTR-
MS by Werner Lindinger and his group at the University of
Innsbruck in Austria, has allowed the use of eddy covariance
techniques for measuring total monoterpene fluxes (Karl et
al., 2004; Spirig et al., 2004). The ability to measure total
monoterpene fluxes is significant because models of tropo-
spheric O3 and SOA production rely on flux measurements
of a few species of monoterpenes, however, it is currently un-
known if speciated flux measurements of a limited number of
monoterpenes represent the impact of total monoterpenes to
the atmosphere. In addition to monoterpenes, other terpene
compounds, such as sesquiterpenes and oxygenated terpenes,
also affect tropospheric chemistry (Fuentes et al., 2000).

In this paper, we address the question of whether above-
canopy fluxes of monoterpenes are well represented by GC-
FID-REA measurements of a limited number of monoter-
pene species. We improved our speciated monoterpene mix-
ing ratio and flux measurements by increasing the number
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of monoterpene species routinely quantified by our GC-FID-
REA from four to eight, and simultaneously made ecosys-
tem scale measurements of total monoterpene fluxes using a
PTR-MS-EC. Comparison of these measurements help de-
termine if other monoterpene compounds, in addition to the
eight species quantified by the GC-FID, are emitted from the
forest and detected by the PTR-MS in the measurements of
total monoterpenes.

2 Experimental

We report on a four day period in August 2002 of total
and speciated monoterpene mixing ratios and fluxes made
simultaneously above a young ponderosa pine (Pinus pon-
derosa L.)plantation (planted in 1990), interspersed with a
few individuals of white fir, Douglas fir, incense cedar, and
California black oak. The site is located at 1315 m ele-
vation on the western slope of the Sierra Nevada, Califor-
nia (35◦53′42.9′′ N, 120◦37′57.9′′ W). Roughly 90% of the
tower footprint was in the plantation, within 200 m from the
tower (Goldstein et al., 2000). Mixing ratios and fluxes of
CO2, H2O, O3, and VOCs were made since 1998, and are
reported in detail elsewhere (e.g. Lamanna and Goldstein,
1999; Goldstein et al., 2000; Bauer et al., 2000; Schade and
Goldstein, 2001). Previous measurements reported monoter-
pene mixing ratios and fluxes for four species of monoter-
penes,β-pinene,α-pinene, 3-carene, and d-limonene, using
the dual channel GC-FID coupled to the flux similarity ap-
proach (Schade et al., 1999), or relaxed eddy accumulation
(Schade and Goldstein, 2003). Speciated monoterpene fluxes
from this site show a temperature and humidity dependence
(Schade et al., 1999).

Temperature and 3-D wind speeds were measured us-
ing a sonic anemometer (Campbell Scientific, Logan, UT),
mounted 12 m above ground level, 5 m above the forest
canopy. The sample inlet was located at the top of the
tower, adjacent to the sonic anemometer. Air was pulled
at 10 L min−1 through a 2µm Teflon particulate filter, and
brought down, using14 inch ID Teflon tubing, to a tempera-
ture controlled container. Air was sub-sampled by the GC-
FID and PTR-MS from the same sample line, and the same
sonic anemometer was used to control the REA valve sys-
tem and for EC flux calculations. The GC-FID-REA sys-
tem was calibrated with an internal standard, by diluting
ppm-level n-octane in UHP N2 (Scott-Marrin, Inc., River-
side, CA) directly into the sample line at the top of the tower,
downstream of the particulate filter. Monoterpenes were
automatically and simultaneously calibrated on both instru-
ments every ten hours, rotating between three separate ppm-
level monoterpene standards, diluted into the sample line
inside the temperature-controlled container to achieve low-
ppb concentrations, before sub-sampling to the GC-FID and
PTR-MS. One standard cylinder contained monoterpenes as
a mixture ofα-pinene, 3-carene, and d-limonene in UHP N2,

and two cylinders contained monoterpenes singly as either
α-pinene orβ-pinene in UHP N2. Blank measurements were
run on the GC-FID every ten hours, and were run for five
minutes each hour on the PTR-MS, by sampling zero air
(AADCO, Clearwater, FL).

For measurements of total monoterpene flux, the PTR-
MS acquired 3-D wind speed, temperature, and monoter-
pene concentration (in counts per second) at 2 Hz, and fluxes
were calculated according to EC from the mean covari-
ance between deviations of the vertical wind speed and the
monoterpene mixing ratio calculated from the 30-min time
series of the de-meaned, de-trended, tapered, and appropri-
ately lagged data (Stull, 1988). The PTR-MS (Ionicon An-
alytik, Innsbruck, Austria) is described in detail elsewhere
(Lindinger et al., 1998). Briefly, the PTR-MS is a chemi-
cal ionization technique that uses H3O+ to transfer a proton
from water to the compound of interest, thus, any compound
with a proton affinity higher than water will be ionized and
detected by the quadrupole mass spectrometer. For monoter-
penes, fragmentation occurs but usually produces only one
fragment ion, so for most monoterpenes>99% of the signal
is detected as C10H16H+ and C6H8H+ ions, which are mon-
itored at m/z 137 and 81, respectively (Tani et al., 2003). We
monitored m/z 81 and 137, each with a dwell time of 0.2 s,
primary ions H3O+ and H2OH3O+, and recorded informa-
tion from five analog channels on 3-D wind speed, tempera-
ture, and drift tube pressure of the PTR-MS, so that one mea-
surement cycle was completed in 0.5 s, with a disjunct sam-
pling frequency for each m/z of 5 Hz. A lag time between the
wind and concentration measurements of∼4 s was measured
by popping balloons filled with acetone-enriched air at the
co-located sonic anemometer and sample inlet, and subtract-
ing the time difference between the sonic and acetone spikes.
This method agreed well with the lag time inferred through
analysis of the PTR-MS data by finding the time difference
that produced the best correlation between deviations in wind
speed (w’) and deviations in m/z 81 or 137 count rates (c’).

Calculated mixing ratios were corrected against the single
β-pinene and mix of theα-pinene, 3-carene, and d-limonene
standards to account for uncertainties in the reaction rate
constants, and the mass dependant transmission efficiency
of the mass spectrometer. Additionally, this correction en-
sured that PTR-MS and GC-FID measurements were cali-
brated against the same standard. While the mass based de-
tection of the PTR-MS is an important distinction from the
GC-FID because it detects all compounds with an m/z of 137
and 81, and thus, is a measure of total monoterpenes in the
air sample, an important consideration is the possibility of
non-monoterpene compounds occurring at the monoterpene
masses. We observed that sesquiterpenes (m/z=205) also
produce fragments at m/z 137 and 81, with ratios of the frag-
ment to m/z 205 count rate varying significantly betweenβ-
caryophyllene andα-humulene, from 0.11 (cps 137/cps 205)
and 0.26 (cps 81/cps 205) forα-humulene, and 0.30 and 0.62
for β-caryophyllene. The sesquiterpenes,α-longipinene,
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longifolene, and germacrene D have been identified in the
oleoresin distillates of ponderosa pine (Himejima et al.,
1992), however the sesquiterpene signal at m/z 205, moni-
tored in Summer 2003, never exceeded 5% of the signal at
m/z 81 and 137. Therefore, fragmentation of sesquiterpenes
onto the monoterpene masses should only be a minor issue.
We must also consider the contribution of other non-terpene
species to the count rates of m/z 137 or 81. However, because
the slope of the correlations between masses 137 and 81 from
ambient air compared with the slope of the correlations be-
tween masses 137 and 81 from the standard additions where
within 7%, we conclude that any such interference was small
compared to the monoterpene signal.

Speciated flux measurements of eight monoterpene
species were made using a dual channel GC-FID combined
with the relaxed eddy accumulation (REA) technique. The
GC-FID-REA are described in detail elsewhere (Lamanna
and Goldstein, 1999; Schade and Goldstein, 2001). Air was
sub-sampled from the inlet line at 20 mL min−1 for 30 min.
Fast response REA segregator valves (Bio-Chem Valve Inc.,
Boonton, NJ) were controlled by the sonic anemometer and
CR23x datalogger (Campbell Scientific, Logan, UT), and
partitioned sample air into updraft or downdraft channels ac-
cording to the sign of the vertical wind speed obtained at
10 Hz. Because of the potential smearing of small eddies in-
side our sampling line, a deadband (0.4σw) was applied to
reduce the sampling of these small eddies (Lenschow and
Raupach, 1991). Sample air was scrubbed of ambient O3
as it passed through KI-coated glass wool, and was cold
trapped in1/16 inch Silcosteel tubes (Restek Inc., Bellafonte,
PA) packed sequentially with glass beads, Tenax TA, and
Carbopack X (Supelco, St. Louis, MO). The two sample
tubes were heated from−10◦C to 220◦C within 20 s to des-
orb the trapped compounds into He carrier gas, which de-
livered the samples to two RTX-5 chromatography columns.
The monoterpenes were identified according to their reten-
tion times on the columns, and quantified by the two flame
ionization detectors. The n-octane served as an internal stan-
dard to correct for potential leaks or changes in instrument
response. Using the monoterpene standards, an instrument
response factor was calculated according to the method de-
scribed by Lamanna and Goldstein (1999), and applied uni-
formly to all monoterpenes. The measured response factors
calculated from the individual standard additions ofα- and
β-pinene were within 10% of this instrument response factor
based on n-octane. Monoterpene species for which cylin-
der standards were unavailable were identified by waving
the pure compound at the inlet. These compounds included
camphene,β-phellandrene, andγ -terpinene (from L. Cool,
Forest Products Laboratory, University of California, Berke-
ley), myrcene,α-terpinene, and terpinolene (Sigma-Aldrich,
St. Louis, MO). Although we could identify ten monoter-
pene species, only eight were included in this analysis, as
myrcene andγ -terpinene peaks were typically below our de-
tection limit. Fluxes of the monoterpene species were calcu-

lated from:

F = bσw (Cu − Cd) (1)

where Cu and Cd are the mixing ratios of the updraft and
downdraft channels, respectively,σw is the standard devia-
tion of the vertical wind speed, and b is determined from
measurements of the sensible heat flux and air temperature
(Bowling et al., 1998). Values for b were set to the mean
value (0.45±0.02, mean± standard deviation) for times
when the sensible heat fluxes were within±30 W m−2, or
when b was outside a±0.2 interval of the mean (Schade
and Goldstein, 2001). Because the GC-FID-REA resolvedβ-
pinene fluxes best, the flux of the sum of speciated monoter-
penes was calculated by scaling theβ-pinene flux by the
slope of a scatter plot of the mixing ratio of each speciated
monoterpene versusβ-pinene. This process did not signif-
icantly change the mean fluxes of the speciated monoter-
penes, but increased the precision of the speciated monoter-
pene fluxes for each 30 min measurement period.

We estimated the uncertainty of the mixing ratios from the
PTR-MS based on the counting statistics of the instrument
and the uncertainty in the delivery of the monoterpene cali-
bration standards. The percent uncertainty in the measured
count rate due to counting statistics is defined as the square
root of the total signal divided by the total signal, where the
total signal is the count rate, in counts per second, times
the dwell time. Because mixing ratios were calculated as
the mean over a 30 min period, uncertainties resulting from
counting statistics were calculated for each 30 min period.
The uncertainty of the calibration factor was determined us-
ing Gaussian Error Propagation to combine the uncertainty
from counting statistics with the other sources of uncertainty
in the calculation of the calibration factor, including the un-
certainty inβ-pinene standard concentration (±2%), the con-
centrations of the mixture of three monoterpenes (±5%), and
the±1% uncertainty, at full scale, of the two mass flow con-
trollers (MKS Instruments Inc., Andover, MA). For each 30-
min average count rate from the PTR-MS, uncertainties from
counting statistics ranged from 1 to 4.8% with a mean uncer-
tainty of 2.3%. Combining the uncertainty from counting
statistics with the calibration uncertainty, the mean uncer-
tainty in the total monoterpene mixing ratio measurements
was 4.9% with a range of 2.4 to 11.3%. Additionally, it is
important to note that the uncertainty estimate is based on
four monoterpenes, and the actual uncertainty is somewhat
larger because the total monoterpene measurement consists
of a mix of monoterpenes whose reaction rate constants and
sensitivity in the PTR-MS contain additional uncertainty.

The mean± standard deviation of the background counts
during measurement of zero air for m/z 81 (1.5±2.7 counts
per second, cps) and 137 (1.0±2.2 cps) were not significantly
different from zero. Given our primary ion signal of 2–4
million cps, the sensitivity of the PTR-MS to monoterpenes,
and the 1σ (standard deviation) of the background counts,
the detection limit for total monoterpenes, measured as the
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Figure 1: Normalized cospectra (a) of 10 Hz and 2 Hz wind-temperature and (b) 2 Hz wind-
temperature and wind-monoterpene from day 214 (1100 PST) plotted on a semi-log scale.  
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Fig. 1. Normalized cospectra(a) of 10 Hz and 2 Hz wind-temperature and(b) 2 Hz wind-temperature and wind-monoterpene from day 214
(11:00 PST) plotted on a semi-log scale.
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Fig. 2. Diurnal cycle of speciated monoterpene mixing ratios.
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sum of m/z 81 and 137, during this measurement period was
∼144 ppt. The high detection limit is based on the large stan-
dard deviation of the background counts, resulting from the
poor counting statistics generated from the short 0.2 s dwell
time. Except for one half-hour period, total monoterpene
mixing ratios measured by PTR-MS always exceed the de-
tection limit.

Gaussian Error Propagation was also used to estimate the
uncertainty of the mixing ratios and fluxes measured by the
GC-FID-REA system. Uncertainty in the monoterpene con-
centration in the standard cylinders was combined with un-
certainty in the accuracy of the flow controllers. In addi-
tion, the deviation of the measured response factors of the
monoterpene standards from the instrument response factor
(Lamanna and Goldstein, 1999) was included in the uncer-
tainty estimate for each monoterpene species. The mean un-
certainty in the speciated monoterpene mixing ratios ranged
from 17% forα- andβ-pinene, to 34% for 3-carene. Given
the response factor for monoterpenes in the GC-FID, the de-
tection limit for speciated monoterpenes was 8 ppt. Mixing
ratios of the dominant monoterpenes were always above the
detection limit.

Because we calibrated both the GC-FID and the PTR-MS
instruments with the same ppm-level standards diluted to ppb
levels in the same sample stream, any error in the absolute
concentration of the standards and measured flow rates for
the dilution system would be propagated identically through
both measurements. Thus, our conclusions regarding percent
differences in concentrations measured by the two methods
should be more accurate than the above uncertainty analysis
implies. A critical difference in instrument calibration would
occur only if the GC-FID or PTR-MS system responded sig-
nificantly differently to monoterpenes that we could not cal-
ibrate directly versus compounds for which we had quantita-
tive standards.

Potential underestimates in EC flux measurements due to
loss of high frequency signals are typically assessed using
spectral analysis of the time series data. To examine the po-
tential bias in the calculated flux associated with our 2 Hz
sampling frequency, we sub-sampled vertical wind and tem-
perature logged at 10 Hz by the CR23x datalogger, to match
our 2 Hz sampling protocol for the PTR-MS. The cospec-
tra are plotted on a semi-log scale so that the area under the
curve is proportional to the covariance (Stull, 1988). Fig-
ure 1a shows that the 2 Hz cospectrum is slightly elevated
and noisier compared to the 10 Hz cospectrum at higher fre-
quencies, suggesting that aliasing may cause the folding of
high frequency energy onto lower frequencies, resulting in
a distortion of the 2 Hz cospectrum. Because of the lower
sampling frequency and the noise associated with lower fre-
quency sampling, we expected to underestimate the calcu-
lated flux from the 2 Hz data compared to the 10 Hz data,
however, the sensible heat fluxes calculated at 2 Hz were not
consistently lower than at 10 Hz, and agreed within±10%,
despite the noise.

The correction for high frequency flux loss due to the in-
ertia of sensors can be estimated by applying an empirically-
determined time constant, which acts as a low pass fil-
ter, to the “ideal” wind-temperature cospectrum (w′T ′) so
that the transformedw′T ′ mimics the non-ideal cospec-
trum of w′monoterpene′(w′M ′; Fig. 1b) (e.g. Bauer et al.,
2000). The ratio of the measuredw′T ′ and the transformed
w′T ′ represents the correction factor for the monoterpene
flux. The normalized cospectra for the 2 Hzw′T ′ andw′M ′

(Fig. 1b) show that both cospectra follow the expected−
4/3

slope in the inertial sub-range, but thew′M ′ cospectra suf-
fers from noise at higher frequencies. Median correction fac-
tors calculated for the 2 Hzw′M ′ data were small (<10%),
but highly variable due to the high frequency noise in the
cospectra. We chose not to apply these relatively small cor-
rections based on the cospectral densities, which would have
slightly increased the difference between the fluxes measured
by PTR-MS-EC and GC-FID-REA.

3 Results and discussion

The diurnal cycle of the eight speciated monoterpenes shows
that β-pinene,α-pinene, and 3-carene are the dominant 3
monoterpenes emitted from the site, with smaller contri-
butions from limonene +β-phellandrene, terpinolene,α-
terpinene, and camphene (Fig. 2). Measurements of total
(PTR-MS) and the sum of speciated (GC-FID) monoter-
penes over the four-day period in early August generally
agree well (Fig. 3a), but show higher mixing ratios measured
by the PTR-MS. Mixing ratios of total monoterpenes aver-
aged 30±2.3% (mean± standard error) larger than mixing
ratios of the sum of eight monoterpene species (Fig. 4a),
which is an important contribution to monoterpene mixing
ratio, consideringβ-pinene, the dominant monoterpene, con-
tributes 40±1% to the sum of the eight monoterpenes de-
tected by GC-FID. Total monoterpene mixing ratios were
33±3% larger at night and 15±3% larger during the day
(08:00–16:00 PST) than the sum of speciated monoterpenes
(Fig. 4a). The time series of the percent difference between
the mixing ratios measured by PTR-MS and GC-FID, plot-
ted with O3 mixing ratio, show that periods when the PTR-
MS measures significantly more monoterpene than the GC-
FID coincide with periods of low O3 mixing ratio (Fig. 3b).
The diurnal cycle of monoterpene fluxes followed the diur-
nal temperature cycle, with higher fluxes when temperatures
were higher (Fig. 3c). Total monoterpene fluxes measured
by the PTR-MS-EC were 31±9% higher than those mea-
sured by GC-FID-REA (Fig. 4b), with greater uncertainty
in the slope of the correlation than the mixing ratios. Due to
the uncertainty associated with nighttime flux measurements,
there was no significant difference (p=0.45) between the day-
time and nighttime difference in slope from the regression of
flux measurements made by PTR-MS-EC and GC-FID-REA
(Fig. 4b).
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Fig. 3. (a) Total monoterpene mixing ratios and(c) fluxes measured by PTR-MS are greater than the sum of eight monoterpene species
measured by GC-FID.(b) Diurnal cycle of the percent difference between PTR-MS and GC-FID mixing ratios, plotted with O3 mixing ratio,
show that the PTR-MS measures more monoterpenes than the GC-FID, particularly when O3 mixing ratios are lower.

Careful inspection of the chromatograms showed that 6–
10 small peaks were resolved by the GC-FID in addition to
the eight identified monoterpenes, and two of those peaks
were correlated withβ-pinene mixing ratios, with slopes of
the correlation that were significantly different from zero.
Taking the area of those two unidentified peaks, and applying
the GC-FID response factor used for the identified monoter-
penes, the resulting mixing ratios reduced the slope of the
correlation between total and sum of speciated monoter-
penes to 0.997±0.03 during the day, and 1.20±0.03 at night.
Thus, PTR-MS measurements of total monoterpenes and
GC-FID measurements of eight identified monoterpenes and
2 unidentified potential monoterpenes agree well during the
day, but at night, additional compounds were detected by
PTR-MS that were not resolved by GC-FID. The detection
of these additional compounds by PTR-MS at night but not
during the day suggests that these compounds are emitted in
a temperature dependent manner, and undergo complete day-
time photochemical loss before they reach the height of our
sample inlet 5 m above the forest canopy. Daytime oxidation
of the unidentified terpenes is consistent with observations
at this field site in 2003 of oxidation products with highest
concentrations above the canopy, indicating a strong local,
daytime source (Holzinger et al., 2005). Although we expect

that the signals on m/z 81 and 137 are not significantly in-
fluenced by interferences from other compounds, we cannot
rule out the possibility that other terpene compounds might
interfere with the monoterpene signal, and fragment in a sim-
ilar way as the monoterpenes so that the ratio of m/z 81 to
137 remains relatively stable.

Figure 5 shows the exponential relationship between air
temperature and monoterpene flux for the four-day period
from 08:00 to 16:00 PST. Guenther et al. (1993) describe the
temperature dependence of flux according to:

F = F30 exp[β (T − 30)] (2)

where F30 represents the basal emission rate at 30◦C, T rep-
resents the air temperature in◦C, andβ is the temperature de-
pendence coefficient, with units of◦C−1, where higherβ val-
ues represent a larger change in flux per◦C increase. The val-
ues for F30 andβ that produce the best log-normal linear least
squares fit to the measured fluxes are: F30=8.5±1.1µmole
terpene m−2 h−1 and β=0.13±0.02◦C−1 for the total
monoterpene flux, and F30=5.1±1.2µmole terpene m−2 h−1

andβ=0.08±0.02◦C−1 for the flux of the sum of speciated
monoterpenes. Values for F30 reported by (Schade and Gold-
stein, 2003), from the same experimental site using GC-FID-
REA, for the sum ofα-pinene,β-pinene, and 3-carene were
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Figure 4: Correlation between mixing ratios and fluxes measured by GC-FID-REA and PTR-
MS-EC. (a) The difference in mixing ratios between the PTR-MS and GC-FID were smaller 
during the daytime (800 – 1600 PST) than at night, (b) but there was no significant difference 
between daytime and nighttime slopes of the correlation between the PTR-MS-EC and GC-FID-
REA measurements (p = 0.45).   
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Figure 5: Temperature dependence of total and speciated monoterpene fluxes measured during 
daytime periods (800 – 1600 PST).  
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Fig. 5. Temperature dependence of total and speciated monoterpene fluxes measured during daytime periods (08:00–16:00 PST).

www.atmos-chem-phys.org/acp/5/505/ Atmos. Chem. Phys., 5, 505–513, 2005



512 A. Lee et al.: New measurements of total monoterpene flux

5.9µmole terpene m−2 h−1 before thinning of the forest in
Spring 2000, and 6.7µmole terpene m−2 h−1 for Summer
1999, and are in good agreement with those measured by
GC-FID-REA and PTR-MS-EC for this four-day period. The
values forβ are within the range of previously reported val-
ues of 0.06–0.2◦C−1 (Guenther et al., 1993; Rinne et al.,
2002 and references therein). Forα-pinene,β-pinene, and 3-
carene fluxes, Schade and Goldstein (2003) reportedβ coef-
ficients for individual monoterpenes that ranged from 0.095
to 0.14◦C−1, with lowestβ values forα-pinene and highest
for 3-carene. Values forβ exhibit spatial (Guenther et al.,
1993) and seasonal variability (Schade and Goldstein, 2003),
so theβ values of 0.08◦C−1 and 0.13◦C−1 obtained by GC-
FID-REA and PTR-MS-EC, respectively, are within the ex-
pected range.

Fluxes from vegetation that store monoterpenes in resin
ducts, like ponderosa pine, are typically modeled as solely
temperature dependent. Monoterpenes emitted from broad-
leaved trees show a light dependence similar to that of iso-
prene. However, evidence for light and temperature de-
pendence of emissions have also been reported for a few
pine and spruce species, suggesting that monoterpene emis-
sions may come from both stored pools and recently syn-
thesized compounds (e.g. Kesselmeier and Staudt, 1999 and
references therein; Rinne et al., 2002; Kuhn et al., 2002;
Dindorf et al., 2005). The residuals from the best log-
normal linear least squares fit between temperature and day-
time (08:00–16:00 PST) total monoterpene flux measured by
PTR-MS-EC showed a very slight, but statistically signifi-
cant (p<0.01), positive relationship with photosynthetically
active radiation (PAR). The residuals from the log-normal
temperature fit to the sum of speciated monoterpene flux
data measured by GC-FID-REA, however, showed no rela-
tionship with PAR, thus the very slight light dependence ob-
served in the daytime total monoterpene flux may be a result
of fragmentation of light dependent terpene emissions on the
total monoterpene signal. However, without controlled mea-
surements of emissions from ponderosa pine under varying
temperature and light regimes, it is difficult to determine if
the small positive correlation between the residuals and PAR
is indeed real, and a result of interference from other terpene
compounds. This potential interference from light dependent
compounds is unrelated to the higher nighttime discrepancy
between the total and sum of speciated mixing ratios because
these compounds, if they are truly light dependent, would not
be emitted at night.

4 Conclusions

The eight identified monoterpenes measured by GC-FID
above the forest accounted for∼70% of the total monoter-
pene mixing ratio and flux measured by PTR-MS. Six to
ten additional peaks were resolved by the GC-FID; two
of these peaks correlated withβ-pinene and accounted for

the daytime discrepancy between PTR-MS and GC-FID
mixing ratios, and reduced the nighttime discrepancy to
20±2.9%. Thus, despite the detection of eight identified
and two unidentified potential monoterpenes, the PTR-MS
still measured∼20% more terpenes above the forest at night.
The discrepancies between total and speciated flux measure-
ments were not significantly different between day and night,
likely because of the difficulties associated with nighttime
flux measurements. The good agreement between PTR-MS
and GC-FID mixing ratios during the day but not at night
suggests that the additional compounds detected by PTR-MS
were reactive enough to be oxidized before escaping the for-
est canopy, and undergo complete photochemical destruction
before we can detect them during the day. This is consistent
with the recent daytime observations of oxidation products in
and above the forest canopy (Holzinger et al., 2005). Future
work will focus on identifying the reactive terpenes emitted
from ponderosa pine using the PTR-MS along with addi-
tional sampling and analytical techniques to improve mea-
surements of higher molecular weight terpene compounds,
like the sesquiterpenes. This current work shows that GC-
FID-REA measurements of speciated monoterpenes are in
good agreement with simultaneous measurements of total
monoterpenes by PTR-MS-EC, however, higher nighttime
mixing ratios measured by PTR-MS suggest that additional
very reactive terpene species are emitted from our field site
and can be detected at night above the forest canopy by PTR-
MS.
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