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Abstract. The ability to measure sesquiterpenes (SQT;
C15H24) by a Proton-Transfer-Reaction Mass Spectrometer
(PTR-MS) was investigated. SQT calibration standards were
prepared by a capillary diffusion method and the PTR-MS-
estimated mixing ratios were derived from the counts of
product ions and proton transfer reaction constants. These
values were compared with mixing ratios determined by a
calibrated Gas Chromatograph (GC) coupled to a Flame Ion-
ization Detector (GC-FID). Product ion distributions from
soft-ionization occurring in a selected ion drift tube via pro-
ton transfer were measured as a function of collision ener-
gies. Results after the consideration of the mass discrimina-
tion of the PTR-MS system suggest that quantitative SQT
measurements within 20% accuracy can be achieved with
PTR-MS if two major product ions (m/z 149+ and 205+),
out of seven major product ions (m/z 81+, 95+, 109+,
123+, 135+, 149+ and 205+), are accounted for. Con-
siderable fragmentation of bicyclic sesquiterpenes, i.e.β-
caryophyllene andα-humulene, cause the accuracy to be
reduced to 50% if only the parent ion (m/z 205+) is con-
sidered. These findings were applied to a field dataset
collected above a deciduous forest at the PROPHET (Pro-
gram for Research on Oxidants: Photochemistry, Emissions,
and Transport) research station in 2005. Inferred aver-
age daytime ecosystem scale mixing ratios (fluxes) of iso-
prene, sum of monoterpenes (MT), and sum of SQT ex-
hibited values of 15µg m−3 (4.5 mg m−2 h−1), 1.2µg m−3

(0.21 mg m−2 h−1), and 0.0016µg m−3 (0.10 mg m−2 h−1),
respectively. A range of MT and SQT reactivities with re-
spect to the OH radical was calculated and compared to an
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earlier study inferring significantly underestimated OH reac-
tivities due to unknown terpenes above this deciduous forest.
The results indicate that incorporating these MT and SQT re-
sults can resolve∼30% of missing OH reactivity reported for
this site.

1 Introduction

Sesquiterpenes (SQT; C15H24) represent a class of ter-
penoid compounds (e.g. isoprene; C5H8, monoterpenes
(MT); C10H16, and sesquiteprenes) that have received in-
creasing attention in plant biology and atmospheric chem-
istry due to their biologically active role and their poten-
tial for forming secondary organic aerosol (SOA). Similarly
to MT, SQT are derived from the biosynthesis of plants
(Kesselmeier and Staudt, 1999; Farmer, 2001; Schnee et al.,
2006; Gershenzon, 2007). These compounds are thought
to be essential bio-signaling molecules, such as salicylates
and jasmonates, which participate in plant-to-plant commu-
nication. Emissions and photochemistry of isoprene and MT
have been intensively studied due to their significance for tro-
pospheric ozone chemistry and their impact on SOA forma-
tion. A limited number of studies have illustrated that emis-
sions of SQT are significantly lower than those of isoprene
and MT (Duhl et al., 2008), nonetheless the physicochemical
properties of SQT (e.g. low vapor pressure and high reactiv-
ity) suggest that they may play an important role influenc-
ing atmospheric chemistry and aerosol formation processes
(Griffin et al., 1999; Lee et al., 2006; Liao et al., 2007).

Indirect evidence from several field campaigns in forest
canopies has indicated that not all biogenic volatile organic
compounds (BVOC) (such as SQT) are being accounted for.
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Table 1. Summary for the drift tube voltage and pressure used to
adjust listed E/Ns for this study.

E/N (Townsend) Pressure (Torr) Voltage (V)

76 2.3 400

87 2.3 450

97 2.3 500

105 2.3 540

117 2.3 600

117 1.9 500

127 1.9 540

141 1.9 600

OH reactivity measurements during the Program for Re-
search on Oxidants: Photochemistry, Emissions and Trans-
port (PROPHET) in 2000 suggested that the significant ex-
cess OH reactivity, unexplained by measured VOC, was pos-
itively correlated with ambient temperature. Since the tem-
perature dependence of the excess OH reactivity was very
similar to that of isoprene and MT emissions, the authors
suggested that most of the unmeasured species causing the
excess OH reactivity were probably terpene-like compounds
(Di Carlo et al., 2004). Karl et al. (2007) reported that part
of a systematic discrepancy between calculated [OH] from
the mixed-box technique and box-model calculated [OH] at
a tropical forest site could be resolved if ambient levels of
reactive SQT reached at least 1% of isoprene mixing ratios.
Unexpected chemical loss of O3 in the Sierra Nevada forest
was also interpreted as an indication of unmeasured BVOC
(Kurpius and Goldstein, 2003). In addition, Holzinger et
al. (2005) hypothesized the existence of large amounts of un-
known very reactive BVOC above a Ponderosa pine forest in
Central California.

Unmeasured BVOC could also have implications for new
particle formation via atmospheric oxidation. Bonn et
al. (2007) suggested that the stabilized Criegee biradicals
from the reaction between ozone and SQT could be an im-
portant source for the formation of stable atmospheric clus-
ters that were observed in a boreal forest (Hyytiälä, Finland).
In a later study, Boy et al. (2008) also highlighted the role
of SQT in new particle formation within a high alpine forest
ecosystem in Colorado Rocky Mountains. In addition, cham-
ber studies used to assess secondary organic aerosol (SOA)
formation potential found high yields from the ozonolysis
of β-caryophyllene (39% to 100%; Hoffmann et al. (1997),
Jaoui et al. (2003), and Lee et al. (2006)).

Measurements of SQT are extremely difficult due to their
reactive nature and low volatility. Recently, a series of re-
search activities has characterized sampling procedures to

generate calibration standards, minimize sampling losses,
and define quantitative analysis methods by conventional gas
chromatographic techniques (GC) (Helmig et al., 2003; Poll-
mann et al., 2005). To date SQT emission studies have
mostly focused on plant enclosure measurements, where
ozone is scrubbed in order to avoid sample losses (Duhl et
al., 2008). Very few studies have succeeded in identify-
ing and quantifying SQT in ambient air (Helmig and Arey,
1993; Hoffmann, 1995). Proton-transfer-reaction mass spec-
tromentry (PTR-MS) has recently been proven to be a valu-
able tool for BVOC flux research for its high sensitivity and
fast time resolution (∼Hz, de Gouw and Warneke, 2007; Karl
et al., 2001). However due to the lack of proven calibra-
tion procedures and quantitative knowledge on fragmenta-
tion patterns, only a limited number of studies have reported
results on SQT using PTR-MS (Lee et al., 2006; Boy et
al., 2008). Moreover, the lower sensitivity of PTR-MS for
large molecules such as SQT (MW∼204 g mol−1), caused by
the low transmission efficiency of the quadrupole mass filter
(Steinbacher et al., 2004), must be considered. In addition,
fragmentation patterns need to be known to deduce typical
sensitivities for compounds in the higher molecular weight
range (e.g. 150–230 amu).

This study provides an assessment of current capabilities
for measuring SQT by PTR-MS including the mass discrim-
ination of the PTR-MS system. We explore fragmentation
patterns and analytical characteristics of a series of SQT as
a function of two parameters: collisional energy, defined as
the ratio between the electrical field strength across the drift
tube (E) and the number density (N), and relative humidity,
which affects sensitivities via cluster formation (de Gouw
and Warneke, 2007) and fragmentation (Tani et al., 2004).
The number density of water can affect the kinetic energy
of ions in the drift tube influencing water cluster distribu-
tions and the “softness” of proton transfer reactions toward
fragmentation processes in the drift tube (Tani et al., 2004;
Tani et al., 2003). Various E/N values, adjusted by voltages
and pressures in the drift tube for this study, are summarized
in Table 1. We also present an intercomparison of PTR-MS
results with complementary techniques (GC-FID) for evalu-
ation purposes and apply our findings to deduce quantitative
emissions and mixing ratios of total SQT in ambient air from
a dataset collected at the PROPHET Field site.

2 Methods

2.1 PTR-MS

Basic technical descriptions for PTR-MS can be found
in Lindinger et al. (1998), Hansel et al. (1999), and
de Gouw and Warneke (2007). A commercial high-
sensitivity PTR-MS (IONICON, Austria, with a QMZ 422
quadrupole, Balzers, Switzerland) instrument was used
for this study. The instrument configuration has been
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 Experiment 1

 Experiment 2

 Experiment 3

 Fringing Field Theory
 Exponential Fitting

Benzene (m/z 79+) 

Toluene (m/z 93+) 

Styrene  
(m/z 105+) 

Xylene (m/z 107+) 

Trimethylbennzene 
(m/z 121+) 

Chlorobennzene 
(m/z 113+) 

Dichlorobenzene 
(m/z 148+) 

Trichlorobenzene 
(m/z 183+) 

Triisopropylbenzene 
(m/z 205+) 

Fig. 1. Mass transmission from three experiments as indicated by different shapes of data points. Two transmission curves, based on the
fringing field theory (dashed line), and a fitting curve by an exponential function (solid line) are also indicated.

modified for several ground and airborne deployments
(e.g. Karl et al., 2004, 2005). Instrumental sensitivities
for methanol, acetonitrile, acetaldehyde, acetone, isoprene,
methyl vinyl ketone, benzene, toluene, camphene,o, p,m-
xylenes, 1,2,4 and 1,3,5-trimethylbenzenes, chlorobenzene,
o, p,m-dichlorobenzene, and 1,2,4-trichlorobenzene were
determined by multiple-point calibrations (range of few ppbv
to few tens ppbv) by mixing VOC-scrubbed air with two
gravimetrically-prepared VOC standards (Matheson TriGas,
USA, 1 ppmv ±5% ; NCAR, USA, 1 ppmv±5%). The
lower limit of detection for these compounds is usually
less than 30 pptv (2σ with a five seconds integration time).
For our instrument basic operational paramters and sensitiv-
ity remained similar to the commercial instruments. Typi-
cal sensitivities normalized to 106 counts per seconds (cps)
H3O+ (normalized cps (ncps) ppbv−1) at 2.3 mbar drift
pressure and 115 Td were 14 ncps ppbv−1, 20 ncps ppbv−1,
and 26 ncps ppbv−1 for benzene, toluene, and acetone, re-
spectively. The measured sensitivities are comparable to
the theoretical sensitivities (e.g., 14 ncps ppbv−1 for a re-
action rate constant (k) of 2.2×10−9 molecule−1 cm3 s−1,
and 22 ncps ppbv−1 for k=3.4×10−9 molecule−1 cm3 s−1)
based on proton transfer rates for these compounds
(1.8×10−9 molecule−1 cm3 s−1, 2.3×10−9 molecule−1 cm3

s−1, and 4.1×10−9 molecule−1 cm3 s−1 for benzene,
toluene, and acetone, respectively; Spanel and Smith, 1995).
For the typical range of H3O+ ion counts (1 to 1.5×107 cps),
these response factors relate to total sensitivities between
140–400 cps ppbv−1.

2.2 Mass discrimination of the Quadrupole Mass Filter

The mass discrimination of PTR-MS is discussed by Stein-
bacher et al. (2004). They found that the sensitivity starts
decreasing atm/z 80. This mass discrimination is partly

caused by the fringing field effect of the quadrupole mass
filter (QMS) (Dawson 1972, 1974, 1975). Dawson (1975)
presented numerical and graphical explanations of the fring-
ing field effect, caused by the electrical field in between an
ion lens and the entrance of the QMS. This study illustrated
that heavier ions spend more time around and in the fringing
field. This causes instability of trajectories in the QMS. The
transmission efficiency would then be expected to decrease
with the square of the resolving power. It is therefore impor-
tant to carefully consider QMS mass discrimination in order
to quantify the relative distribution of high molecular weight
compounds (e.g. SQT). Here, an experimental transmission
curve of the QMS was obtained by injecting an aromatic gas
standard (Matheson TriGas, USA) covering a mass range be-
tweenm/z79+–181+ at 117 Td. In addition, the instrument
sensitivity for a 1,3,5-triisopropylbenzene (TIPB) standard,
generated by the capillary diffusion system described in the
following section, was used to specifically assess the trans-
mission efficiency atm/z205+. These aromatic compounds
have been used for mass discrimination assessments since
no fragmentation is detected in the drift tube of PTR-MS
(Taipale et al., 2008). The results obtained from three dif-
ferent experiments shown in Fig. 1 clearly indicate the mass
discrimination effect for the mass range of 79+ to 210+amu.
An empirical transmission curve was fitted using an expo-
nential function. In addition, the curve based on fringing
field theory illustrates how the transmission efficiency de-
creases with the square of the resolving power. Although
the transmission curve based on the fringing field theory fol-
lows the general trend of measured data points, we apply
the exponential regression line for further analysis. The dif-
ference between measured and theoretical transmission from
the fringing field theory is likely caused by additional factors,
which can effect the mass discrimination (e.g. ion reflection,
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Table 2. List of SQT for this study and their identified products from proton transfer reactions. Abundances of product ions are summarized
for 117 Td, 76 Td, 141 Td. For 117 Td, transmission-corrected abundances are also presented∗. For purpose of comparison, available SIFT-
MS results (Dhooghe et al., 2008)∗∗ are also listed.

! "&!

!+%$!

!+%%!

Abundance (%) at 117 Td E/N Dependency 

Species Fragment Ions 

PTR-MS 
*
PTR_MS 

T.C. 
**

SIFT-MS EN 76 EN 141 

!-Caryophyllene 

 

MS 81 (C6H9
+
) 

MS 95 (C7H11
+
) 

MS 109 (C8H13
+
) 

MS 123 (C9H15
+
) 

MS 135 (C10H15
+
) 

MS 137 (C10H17
+
) 

MS 149 (C11H17
+
) 

MS 205 (C15H25
+
) 

16 

18 

15 

6.9 

8.1 

7.3 

11 

10 

6.7 

8.2 

8.6 

5.3 

7.1 

6.6 

14 

44 

4 

9 

10 

7 

8 

7 

16 

30 

8.9 

16.2 

15.7 

9.3 

9.3 

8.6 

13 

19 

19 

18 

16 

7.2 

8.6 

7.1 

13 

11 

"-Humulene 

 

MS 81 

MS 95 

MS 109 

MS 123 

MS 135 

MS 137 

MS 149 

MS 205 

9.7 

17 

15 

12 

6.5 

4 

10 

25 

3.5 

7.2 

7.6 

6.8 

4.4 

2.8 

8.3 

60 

2 

7 

7 

7 

4 

2 

9 

54 

0.0 

17 

14 

12 

7 

5 

10 

36 

4.2 

24 

19 

13 

6.6 

3.7 

12 

17 

Aromadendrene 

 

MS 81 

MS 95 

MS 109 

MS 123 

MS 135 

MS 137 

MS 149 

MS 205 

5.1 

12 

9.4 

5.2 

7.2 

1.1 

13 

34 

1.6 

4.7 

4.1 

2.7 

4.4 

1.0 

10 

72 

N/A 

4.0 

7.1 

8.0 

4.0 

5.6 

1.8 

10 

44 

8.5 

12 

11 

4.7 

6.2 

1.0 

18 

22 

"-Cubebene 

 

MS 81 

MS 95 

MS 109 

MS 123 

MS 135 

MS 137 

MS 149 

6.6 

11 

11 

5.5 

0 

7.4 

19 

1.8 

3.4 

4.0 

2.4 

0.0 

3.9 

12 

N/A 

4.0 

8.5 

8.7 

4.2 

0.0 

6.2 

12 

10 

13 

13 

7.2 

0.0 

7.6 

26 

Table 2  

retarded ion entry, ion exit effects, and mass discriminations
from the detector; Dawson, 1975). We applied the empirical
transmission curve to estimate the actual abundances of prod-
uct ions (mother and fragmented ions) over the product ion
mass range ofm/z81+ to m/z205+.

2.3 Capillary diffusion calibration system and GC-FID

Gas-phase standards of eight SQT, as summarized in Table 2,
were generated from the capillary diffusion system (CDS).
The system allows for the use of outflow from either a single

Atmos. Meas. Tech., 2, 99–112, 2009 www.atmos-meas-tech.net/2/99/2009/
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Table 2. Continued.

 
channel (∼10 ml min−1) or mixtures of a combination of
channels. The output from the CDS can be dynamically di-
luted with VOC-scrubbed ambient air to yield SQT standards
ranging from 100 s of pptv to 10 s of ppbv levels. Diffusion
rates of each channel were previously quantified by gravi-
metric measurements and were monitored with a calibrated,
online GC-FID instrument (HP 5890 with a DB-1 capillary
column, Helmig et al., 2004). Test samples with varying hu-
midity were prepared by passing the VOC-scrubbed dilution
air though a glass bubbler.

2.4 Estimation of sampling line losses

A 40 m Teflon line (1/4” O.D.) was purged with VOC-
scrubbed air at 25 l min−1. A ß-caryophyllene standard was
introduced at the inlet end and diluted by the VOC-scrubbed
airflow resulting in concentrations of∼20 ppbv. The relative
concentration difference between inlet and outlet was mea-
sured by PTR-MS at constant temperature. Temperatures
were varied between 0◦C and 40◦C by placing the tubing into
a temperature-controlled environmental chamber (Conviron,
Model BDW40, CA).

www.atmos-meas-tech.net/2/99/2009/ Atmos. Meas. Tech., 2, 99–112, 2009
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Fig. 2. Mass spectra ofβ-caryophyllene obtained from(a) PTR-MS (this study),(b) electron impact (EI; from NIST Standard Refer-
ence Database,http://webbook.nist.gov/chemistry), and(c) SIFT-MS (Dhooghe et al., 2008) corrected for mass discrimination. The mass
discrimination- corrected PTR-MS spectrum from this study is presented in(d).

2.5 Emission estimation based on Lagrangian disper-
sion model

A VOC gradient system similar to that described by Karl et
al. (2004) was deployed during a field study at the PROPHET
Tower (at the University of Michigan Biological Station
(UMBS)) for a 3-week period in August 2005 (23 July 2005–
12 August, 2005). The site is situated in the transition zone
between mixed hardwood and boreal forests. Bigtooth as-
pen (Populus grandidentata) and trembling aspen (Populus
tremuloides) are the dominant species within the footprint of
the tower and are the major source for isoprene emissions
(Curtis et al., 2002). Air was pulled through a 40 m Teflon
line (1/4” O.D.) from the top of the sampling tower at a high
flow rate (∼18 l min−1, reducing the pressure inside the line
to 400 mbar, in order to avoid water condensation, minimize
memory effects, and assure a fast response time. The overall
air residence time in the sampling line was∼6 s, measured
by introducing an isoprene and acetone pulse at the top of
the tower. The gradient sampling inlet line was attached to a
pulley controlled by an automated winch, and canopy air was
sampled continuously between 8 m and 24 m heights above
ground level by the moving inlet with a constant speed of
0.1 m s−1.

Source/sink profiles were computed according to,

C − Cref = D · S (1)

where C is the concentration vector, Cref is the concentra-
tion at reference height 24 m, D is the dispersion matrix and
S is the source/sink vector. Parameterization of the disper-
sion matrix (21 concentration layers and 5 source/sink lay-
ers) was based on measured turbulent profiles and estimated
Lagrangian timescales as described by Karl et al. (2004).

For more detailed information on inverse Lagrangian mod-
eling we refer the reader to Raupach (1989). We com-
pared PTR-MS-estimated above-canopy fluxes with eddy co-
variance measurements (sonic anemometer, Applied Tech-
nologies, SATI-K), thoroughly described in Turnipseed et
al. (2009).

3 Results and discussion

3.1 Product ion distributions of sesquiterpenes

3.1.1 Observed product ions

Figure 2 shows examples of mass spectra ofβ-caryophyllene
obtained from three different techniques including (a) PTR-
MS (at 117 Td), (b) electron impact (EI; from the NIST
Standard Reference Database), and (c) a selective ion flow
tube (SIFT)-MS (Dhooghe et al., 2008). As expected, the
most energetic method, EI shows much more fragmentation
when compared to chemical ionization methods (SIFT and
PTR-MS). The PTR-MS spectrum corrected for the mass
discrimination by the empirical transmission curve of Fig. 1
is presented in Fig. 2d for comparison purposes. These re-
sults indicate that fragmented ions appear on identical masses
for both PTR-MS and SIFT-MS. The product ion distribu-
tion also qualitatively agrees with those reported by Lee et
al. (2006). Normalized abundances of ions produced from
dissociative proton transfer are summarized in Table 2. It is
noted that we have excluded ions (m/z121+, 135+, 163+,
175+, and 189+), which are products of charge transfer
from O+

2 , as demonstrated by Dhooghe et al. (2008). While
O+

2 ions are typically maintained at low levels in PTR-MS

Atmos. Meas. Tech., 2, 99–112, 2009 www.atmos-meas-tech.net/2/99/2009/

http://webbook.nist.gov/chemistry


S. Kim et al.: Exploring Sesquiterpene Analytical Characteristics by PTR-MS 105

a) b) 

c) d) 

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

2202001801601401201008060

AMU

 Caryophyllene
 Humulene
 Caryophyllene T.C.
 Humulene T.C. 

0.8

0.6

0.4

0.2

0.0

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

2202001801601401201008060

AMU

 Aromadendrene

 Cubenene

 Aromadendrene T.C.

 Cubebene T.C.

0.8

0.6

0.4

0.2

0.0

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

2202001801601401201008060

AMU

 Isolngifolene
 Neoclovine
 Isolongifolene T.C.
 Neoclovene T.C.

1.0

0.8

0.6

0.4

0.2

0.0

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

2202001801601401201008060

AMU

 Cadinene
 Triisopropylbenzene
 Cadinene T.C.
 Triisopropylbenzene T.C. 

Fig. 3. Distributions of product ions and their abundances (at 117 Td) for seven SQT and TIPB as summarized in Table 2. Each panel
contains two chemical species, showing similar fragmentation patterns probably due to their stereo-chemical similarity. The normalized
abundance with (red) and without (black) the transmission correction (T.C. in the Label) are presented in different colors. Error bars indicate
1σ of error. Note the different y-axis scales.
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Fig. 4. Product ion distributions ofβ-caryophyllene as a function of(a) collisional energy in the drift tube and(b) relative humidity (% at
23◦C).

(e.g.<10% of H3O+), rapid charge transfer can occur (e.g. at
the collisional limit) and contribute to additional peaks in
PTR-MS spectra.

Overall, SQT investigated in this study exhibit the same
fragment ions reported by Dhooghe et al. (2008) as summa-
rized in Table 2. Individual fragmentation patterns grouped
by SQT with similar molecular structures are shown in Fig. 3.
Table 2 and Fig. 3 also present distributions of fragmented
ion abundances corrected for the mass discrimination ef-
fect inferred from the regression equation shown in Fig. 1.
Species with stable 6-member rings such asδ-cadinene or
theπ -conjugated complex TIPB exhibit the least pronounced
fragmentation. Compounds such asα-humulene andβ-
caryophyllene, which consist of a larger size ring system,
are prone to a higher degree of fragmentation. With the ex-
ception ofα-humulene andβ-caryophyllene, the PTR-MS
SQT spectra exhibit more pronounced fragmentation than

those from SIFT-MS. Fragmentation can in principle occur
for all SQT, where one major excited molecular parent ion
is alwaysm/z149+. It is worth noting that the major frag-
ment ion observed in MT spectra (m/z81+) suggests split-
off of the same neutral fragment 56 amu (C4H8). In both
cases this can be explained by Field’s rule (McLafferty and
Turecek, 1993), which suggests that an intermediate proton-
bound complex should dissociate preferentially to form a
neutral with lower proton affinity (PA). This pattern can also
be found for the major SQT product ions (C11H15H+(m/z
149+)) from C15H24H+ (m/z 205+). In summary, our re-
sults indicate thatm/z205+ is the most abundant ion for ev-
ery SQT after consideration of the mass discrimination ef-
fect. The results are consistent with a similar previous study
by Demarcke et al. (2009).
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Fig. 5. Multi-point calibration results for(a) δ-cadinene and(b) β-caryophyllene.

3.1.2 E/N and humidity dependence of observed prod-
uct ion distributions

Dependence of fragmentation patterns as a function of E/N
for β-caryophyllene, which exhibits the highest degree of
dissociation, is presented in Fig. 4a. Higher collisional en-
ergies (higher E/N) result in a higher degree of fragmenta-
tion, especially towardm/z81+. This tendency was found
for every SQT investigated in this study and the abundance of
the product ions show clear anti-correlation withm/z205+.
The degree to which this happens is different for each species
as summarized in Table 2, which contains normalized abun-
dance changes for the highest and the lowest E/N value cho-
sen for this study. In the case ofβ-caryophyllene, the nor-
malized abundance ofm/z205+ increases by a factor of two
going from the highest to the lowest E/N (141 Td to 76 Td).
Although a higher yield ofm/z 205+ would result in bet-
ter sensitivity at lower E/N, lower E/N causes a higher de-
gree of water clustering, which complicates analysis of other
VOC due to a complex interplay between cluster formation
(RH+(H2O)n) and proton transfer reactions (de Gouw and
Warneke, 2007; Hewitt et al., 2003). In general, E/N of
120-130 Td is recommended as a good compromise between
minimizing the interference of water clusters and maximiz-
ing the sensitivity for ambient VOC measurements (Hewitt et
al., 2003). At E/N 117 Td (our typical standard operational
conditions and 2.3 torr and 600 V), we found the first water
cluster (m/z37+) to be less than 20% of H3O+ at 100% rela-
tive humidity (at 23◦C). Figure 4b presents the dependence of
the fragmentation pattern ofβ-caryophyllene at various rel-
ative humidity. A lower degree of fragmentation (∼20%) is
observed as relative humidity is changed from 0% to 100%.
This tendency has also been reported for other compounds
such as MT and related C10 VOC (Tani et al., 2004 and Tani
et al., 2003). Tani et al. (2003) suggested that lower fragmen-
tation in the presence of more water is due to a decrease in
the average ion mobility, which is positively correlated with

the kinetic energy of ions in the drift tube. Here we observe
that the yield of the parent ion ofβ-caryophyllene can in-
crease by∼20% between 0% and 100% relative humidity.
Consequently, less than∼20% uncertainty in SQT quantifi-
cation under ambient humidity conditions, which typically
range between 30% to 100% in forest canopies, would be
expected if this humidity effect is not corrected. This finding
shows that SQT have similar humidity dependencies as MT
(∼30%; Tani et al., 2004).

3.1.3 Analytical considerations for quantitative SQT
measurements using PTR-MS

In the previous section, we have characterized how much
each mother (m/z205+) and fragment ion contributes to the
sum of the transmission-corrected total ion amount for each
species. Based on the knowledge of fragmentation patterns
listed in Table 2, we can calculate mixing ratios for each
SQT using a theoretical sensitivity based on literature values
of proton transfer reaction rate constants for MT and SQT.
By comparing those theoretical mixing ratios with the val-
ues obtained from the CDS, we examined how accurately
the sensitivity of SQT can be inferred. The calculated sensi-
tivities for various other VOC were also compared with ac-
tual sensitivities based on the two gravimetrically prepared
VOC standards. As an example, at 2.3 mbar drift tube pres-
sure and 600 V (117 Td) drift tube voltage we calculate a
theoretical sensitivity of 12 ncps ppbv−1 for a reaction rate
constant of 2.5×10−9 molecule cm3 s−1. Here we chose to
base the theoretical sensitivity for SQT on an actual cali-
bration factor inferred for camphene and multiplied this by
1.23 in order to account for the higher proton transfer re-
action rate for SQT (3.0×10−9 molecule cm3 s−1; Dhooghe
et al., 2008) compared to MT (2.5×10−9 molecule cm3 s−1;
Zhao and Zhang, 2004). The measured sensitivity for cam-
phene agreed to within 20% of the theoretically calculated
sensitivity. In order to arrive at a final SQT concentration,
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Fig. 6. Loss (output mixing ratio/input mixing ratio) ofβ-
caryophyllene through 40 m of Teflon line as a function of temper-
ature.

measured in the output of each channel of the CDS, we first
corrected each fragment according to the transmission curve,
and then summed product ions as shown in Table 2 before
applying the theoretical sensitivity of SQT. Quantification re-
sults were compared with data independently inferred from
the GC-FID. The concentration ratios between PTR-MS and
GC-FID at two different E/N settings for each species are
summarized in Table 3. The table lists the ratios of the PTR-
MS/GC-FID results for two cases. Only the two major ions
(m/z149+ andm/z205+) and every fragment ion were used
to calculate corresponding mixing ratios. A comparison with
the GC-FID results shows that for most SQT investigated
here mixing ratios inferred from PTR-MS agree to within
10% when every product ion is accounted for. They agree
to within a systematic error of∼50% (∼20% averaged over
all investigated SQT species) if the two major ions (MS149+

and MS 205+) are considered and to within 30% on average
if only the parent ion (m/z205+) is taken into account. It
is noted that this quantification scheme needs to be applied
carefully for ambient measurements because of the potential
presence of other BVOC that can produce ions atm/z149+

(e.g. methyl chavicol).

Figure 5 presents multi-point calibrations forβ-
caryophyllene andδ-cadinene, which represent the most and
the least fragmented SQT observed during this study. High
linearity is observed for both species, as illustrated by the
highR2 values. For the parent ionm/z205+, δ-cadinene ex-
hibits a higher sensitivity (57.72 cps ppbv−1 at 1.3×107 Hz
of H3O+) than that ofβ-caryophyllene (31.85 cps ppbv−1

at 1.3×107 cps of H3O+) due to the less pronounced frag-
mentation ofδ-cadinene. For a one-minute integration time
on m/z205+ the estimated limits of detection (LOD) (based
on the sensitivity inferred from Fig. 5 and background
measurements) are 50 pptv and 91 pptv forδ-cadinene
and β-caryophyllene, respectively. This calculation is
based on Poisson Statistics using a signal to noise ratio
(S/N) of 2 according to LOD=2×σblank/sensitivity, where

Table 3. Ratios of the quantitative results based on GC-FID analysis
to PTR-MS-calculated mixing ratios deduced from transmission-
corrected raw counts and reaction rate constants. See text for the
detailed calculation scheme. These ratios are summarized for two
different E/N conditions taking all product ions and two major prod-
uct ions (m/z205+ andm/z149+) into account.

Species All Fragments m/z205+ andm/z149+

EN105 EN117 EN105 EN117

β-caryophyllene 1.10 1.04 0.63 0.58

α-humulene 0.91 0.79 0.63 0.55

aromadendrene 1.10 0.86 0.92 0.71

α-cubebene 1.28 1.19 1.11 0.74

neoclovene 1.07 0.91 0.93 0.79

isolongifolene 0.66 0.75 0.66 0.75

δ-cadinene 1.19 1.04 1.13 1.04

Average 1.04 0.94 0.86 0.74

STD 0.203 0.157 0.218 0.161

σblank is the standard deviation of background count rates.
This estimation suggests that PTR-MS can be a possible
analytical method for measuring SQT in forest canopies if
long integration times are chosen. For example a 10 min
integration time would allow the measurement of SQT
concentrations down to∼20 pptv.

3.2 SQT field measurements at the PROPHET tower

3.2.1 Investigation of line losses of ß-caryophellene

Figure 6 shows the relative fraction of ß-caryophyllene
(20 ppbv) lost between inlet and outlet of a 40 m long Teflon
line (O.D.1/4′′). The figure depicts the logarithm of the ratio
between outlet to inlet concentration as a function of tem-
perature. Below 16◦C, ß-caryophyllene started to decrease.
The relative loss at 12◦C for example was 30%. When the
temperature was increased after each low temperature ex-
periment, a spike of ß-caryophyllene concentration was ob-
served in the outlet, suggesting desorption of previously re-
tained ß-caryophyllene off the walls. Our observations sug-
gest that line losses become significant below 16◦C under
the conditions of this experiment. These results suggest that
heating of sampling lines is recommended for SQT mea-
surements in ambient air when temperatures below 20◦C are
expected. Other previous experiments with the CDS have
shown that SQT adsorption losses are also a function of
the SQT absolute levels, with relative loss rates becoming
smaller with decreasing concentrations. As the tubing tests
were performed at concentration levels that were∼100 times
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larger than expected ambient air SQT levels, the finding from
this experiment should be considered as an upper limit.

3.2.2 PROPHET tower measurements

The PTR-MS instrument was deployed at a deciduous North
American forest (Michigan, USA) for a 3-week period in
August 2005 (23 July 2005– 12 August 2005). Ambi-
ent VOC concentration gradients measured throughout the
canopy were used to investigate of distribution of important
terpenoid compounds. Here, we present data for isoprene,
total MT and total SQT. Isoprene and total MT were cali-
brated with a standard mixture during the field campaign as
described in Sect. 2.1 and total SQT are deduced with the
calibration factors in Sect. 3.1. We applied the transmission
efficiency of the PTR-MS system and the calculated proton
transfer reaction constant to deduce total SQT mixing ratios
from the raw counts ofm/z205+. Whole air canister sam-
ples (SUMMA Canisters, Air Toxics LTD, Portland Oregon)
were also collected on several occasions (26 July 2005, 2 Au-
gust 2005 and 5 August 2005) and the analysis data are used
to characterize the ambient distribution of individual MT at
this site. The most prevalent MT were found in the following
order:α-pinene (33%),β-pinene (28%),1-limonene (20%),
terpinolene (9%),α-terpinene (5%) and camphene (5%). Al-
though this MT speciation in ambient measurements is dif-
ferent from branch enclosure measurement results, which in-
dicated that ocimene is the most abundant MT (Ortega et al.,
2007), the ambient air speciation results were adopted for the
canopy scale approach.

Ambient SQT concentrations were inferred from PTR-MS
measurements based onm/z205+ under the assumption that
SQT is the major contributing species to them/z205+ ion
counts. We report a best estimate and upper and lower limits
due to potential fragmentation based on species investigated
in Sect. 3.1. Emissions of isoprene, MT and SQT were es-
timated using vertical gradient data and the model described
in Sect. 2.5. The right panel of Fig. 7 depicts average noon-
time (10:00–14:00 local time) concentration profiles of iso-
prene, MT, and SQT from the PTR-MS measurements. The
left panel shows the differential vegetation area index (VAI).
It is noted that concentration profiles started at 8 m above
ground due to constraints imposed by the laboratory build-
ing at the base of the measurement tower. Finally, the mid-
dle panel depicts isoprene, total MT and total SQT emission
rates throughout the canopy inferred from measured con-
centration gradients using the Inverse Lagrangian Transport
(ILT) model as described in Sect. 2.5. Lower limits of at-
mospheric SQT lifetimes, estimated to be about 160 s due to
reaction with ozone, are based on that forβ-caryophyllene
(kO3+β−caryophyllene=1.2×10−14 molecule−1 cm3 s−1 at an
ozone concentration of 5×1011 molecule cm−3; Shu and
Atkinson, 1995). Chemical loss ofβ-caryophyllene in for-
est canopies is expected to be primarily controlled by ozone
rather than OH (Shu and Atkinson, 1995; and Ciccioli et

al., 1999). We included this reactive loss when calculating
sesquiterpene emission rates with the ILT model, but found
that it would at most increase the overall emission by 13%.

It can be seen that BVOC concentration profiles are not
very indicative of source and sink distributions inside the
canopy. The estimated emission profiles, shown in Fig. 7,
on the other hand show clear correlation with the biomass
density peaking in the upper part of the canopy. The esti-
mated emission rates shown in Fig. 7 are based on a vol-
ume average where each level spans 5 m. Vertical integra-
tion of individual emission rates yields total ecosystem scale
fluxes of 4.5±1.0, 0.21±0.06 and 0.10±0.05 mg m−2 h−1

for isoprene, MT and SQT respectively. For comparison,
noontime average canopy scale concentrations during the
whole study were 14.6±0.91 (isoprene), 1.21±0.061 (MT)
and 0.00160±0.00064 (SQT)µg m−3 with error margins in-
dicating concentration variations of the mean profiles shown
in Fig. 7. Isoprene emissions are comparable (∼20%) to
above canopy fluxes inferred from PTR-MS-eddy covariance
measurements (Turnipseed et al., 2009). MT eddy covari-
ance measurements were conducted on two consecutive days
(31 July 2005–1 August 2005) during the middle of the study.
Based on these flux measurements the average ratio between
MT (0.39 mg m2 hr−1, day time median flux) and isoprene
(7.95 mg m2 h−1, day time median flux) fluxes was 5.1%,
which compares favorably to the study average flux ratio of
4.7% inferred from the ILT dispersion model (Fig. 7). Or-
tega et al. (2007) reported a MT to isoprene emission ratio of
4% based on branch enclosure measurements, also in good
agreement with our estimate. On the other hand, their branch
enclosure measurements suggested a SQT/isoprene ratio of
only 0.3%. Based on the ambient air observations presented
in this paper we observe a SQT/isoprene flux ratio on the
order of 2–3%, roughly a factor of 10 higher. Differing re-
sults for SQT/isoprene ratios between branch enclosure data
and the PTR-MS flux results suggest the necessity for fur-
ther research to determine whether (1) other sources of SQT
in the ecosystem play a more significant role than thought
(e.g. emissions from soil or bark), (2) a significant difference
between leaves growing in the understory (shade) and those
growing in the upper part of the canopy (sun) exists (because
most of branch enclosure measurements have been restricted
to accessible areas in the lower part of the canopies) or (3)
the if the presence of other unidentified VOC (including SQT
that are not identified by GC-MS) is contributing to them/z
205+ mass channel recorded by PTR-MS in ambient air. A
comprehensive measurement intercomparison between dif-
ferent techniques such as GC-MS and PTR-Time of Flight
techniques in ambient air will be needed to answer these
questions.

Since large missing sources of reactive terpenes have been
suggested previously in this ecosystem based on OH reac-
tivity measurements (Di Carlo et al., 2004), we examined
whether the SQT and MT levels measured in ambient air
could resolve the reported missing OH reactivity. To an-
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Fig. 7. Vertical distributions of measured(a) VAI (Vegetation Area Index),(b) emission(c) concentration from PROPHET tower, during 23
July 2005–12 August 2005. The vertical distributions of emission (b) is calculated by the Lagrangian dispersion model (see text for detail)
using vertical distributions of (a) and (c).

Table 4. Summary for mixing ratios of isoprene, MT, and SQT, measured by PTR-MS. The MT speciation is deduced from GC-MS data.
OH reactivity estimations along with reaction constants are summarized for each species.

Species Mixing Ratio (ppbv) kOH (cm3 molecule−1 s−1) OH Reactivity (s−1)

isoprene 4.8 a1.00×10−10 11.8

MT 0.2 0.58

α-Pinene 0.06 a5.45×10−11 0.087

Camphene 0.01 a5.33×10−11 0.014

β-Pinene 0.05 a7.98×10−11 0.11

Terpinolene 0.02 a2.20×10−10 0.10

δ-Limonene 0.04 a1.71×10–10 0.17

α-Terpinene 0.01 a3.63×10–10 0.096

SQT 0.02 b2.00×10–10 0.1

a from Atkinson (1997)b from Shu and Atkinson (1995)

swer this question we calculated an OH reactivity based
on ambient measurements of MT as explained at the be-
ginning of this section. The summed MT reactivity was
inferred from the measured MT distribution obtained from
the GC-MS analyses and scaled to the study average MT

concentration based on PTR-MS. An upper limit of the re-
activity of SQT was calculated by takingβ-caryophyllene
(kOH=2×10−10 molecule−1 cm3 s−1) as the most reactive
species (Shu and Atkinson, 1995). The variables used for
the calculations are summarized in Table 4. Based on these
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assumptions the calculated OH reactivity was dominated
by isoprene (11.8 s−1), followed by MT (0.6 s−1) and SQT
(0.1 s−1). For comparison, the missing OH reactivity based
on OH reactivity measurements (Di Carlo et al., 2004) was
reported between 1–4 s−1. At 23◦C (average daytime tem-
perature during this study) our observations of MT and SQT
could explain 30% of the missing fraction hypothesized by
Di Carlo et al. (2004), who did not have MT and SQT mea-
surements available during their study. There have been re-
ports that GC-MS techniques might miss reactive MT (Lee
et al., 2005). PTR-MS however allows for a constraining
of the total MT concentration, which was 0.2 ppbv during
this study. In order to explain the missing OH reactivity Di
Carlo et al. (2004) inferred a reactive terpene concentration,
equivalent to 0.5 ppbv. Very accurate concentrations of iso-
prene and its oxidation products would be required for a fur-
ther evaluation of our findings and the conclusions drawn by
Di Carlo et al. (2004) since the measurement uncertainty of
isoprene, the dominant BVOC in this ecosystem, can con-
tribute a significant uncertainty in the OH reactivity assess-
ments (Edwards et al., 2007).

4 Conclusions and summary

We conducted comprehensive experiments to explore the
feasibility of measuring atmospheric SQT concentrations
and fluxes using PTR-MS. Systematic investigation of seven
SQT species showed that these species produced the same
product ions during proton transfer reactions with H3O+ as
summarized in Table 2. Although the relative abundance of
product ions depends on various factors such as collisional
energy of the drift tube, humidity and stereochemistry, the
observed ions were consistent with those reported in a recent
SIFT-MS study (Dhooghe et al., 2008). The most abundant
product ions (m/z205+ andm/z149+) account for more than
60% of the transmission-corrected total ion abundance un-
der typical operating conditions for PTR-MS (117 Td); this
results in a∼20% uncertainty when using a generic SQT
calibration factor. When onlym/z 205+ is considered, the
uncertainty increases to 30%. The estimated mixing ratios,
calculated from the proton transfer reaction constants and to-
tal transmission-corrected counts of all product ions showed
good agreement (∼10%) with the reference values from the
SQT standard generation system. This indicates the possibil-
ity that total SQT concentrations can be measured by PTR-
MS if mass discrimination is carefully characterized. The
estimated detection limit (less than 20 pptv for ten-minute
integration time) suggests that PTR-MS can be a viable tool
for ambient measurements of SQT when sufficiently long in-
tegration times are chosen.

Ecosystem scale observations of isoprene, MT, and SQT
suggest significant fluxes of SQT. MT and SQT could ac-
count for 30% of the missing OH reactivity hypothesized at
this site. These findings highlight the importance of ecosys-

tem scale observations of BVOC. Whether these observa-
tions can be generalized to other ecosystems will require a
combination of bottom-up (e.g. branch level emissions) and
top-down (e.g. ecosystem scale flux) measurements. PTR-
MS can be a useful tool for constraining the magnitude of
ecosystem scale SQT concentrations and emissions. Further
technique development based on TOF-MS and ion trap (IT)-
MS technology will be needed to improve the accuracy of
SQT measurements by PTR-MS. Especially, the TOF-MS
ability to eliminate isobaric interferences can differentiate
possible interferences onm/z 205+ (e.g. oxygenated com-
pounds and SQT) andm/z 149+ (e.g. methyl chavicol and
SQT fragment). This will also allow a more accurate evalu-
ation of possible interferences onm/z205+ and, when com-
bined with field intercomparisons based on GC-MS, help re-
duce uncertainties of SQT emission and ambient measure-
ments.
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