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[1] Through rapid reactions with ozone, which can initiate the formation of secondary
organic aerosols, the emission of sesquiterpenes from vegetation in Amazonia may have
significant impacts on tropospheric chemistry and climate. Little is known, however,
about sesquiterpene emissions, transport, and chemistry within plant canopies owing to
analytical difficulties stemming from very low ambient concentrations, high reactivities,
and sampling losses. Here, we present ambient sesquiterpene concentration measurements
obtained during the 2010 dry season within and above a primary tropical forest canopy in
Amazonia. We show that by peaking at night instead of during the day, and near the
ground instead of within the canopy, sesquiterpene concentrations followed a pattern
different from that of monoterpenes, suggesting that unlike monoterpene emissions, which
are mainly light dependent, sesquiterpene emissions are mainly temperature dependent. In
addition, we observed that sesquiterpene concentrations were inversely related with
ozone (with respect to time of day and vertical concentration), suggesting that ambient
concentrations are highly sensitive to ozone. These conclusions are supported by
experiments in a tropical rain forest mesocosm, where little atmospheric oxidation occurs
and sesquiterpene and monoterpene concentrations followed similar diurnal patterns.
We estimate that the daytime dry season ozone flux of −0.6 to −1.5 nmol m−2 s−1 due to
in‐canopy sesquiterpene reactivity could account for 7%–28% of the net ozone flux. Our
study provides experimental evidence that a large fraction of total plant sesquiterpene
emissions (46%–61% by mass) undergo within‐canopy ozonolysis, which may benefit
plants by reducing ozone uptake and its associated oxidative damage.

Citation: Jardine, K., et al. (2011), Within‐canopy sesquiterpene ozonolysis in Amazonia, J. Geophys. Res., 116, D19301,
doi:10.1029/2011JD016243.

1. Introduction

[2] Monoterpenes (MTs, C10H16) and sesquiterpenes
(SQTs, C15H24) are two diverse classes of volatile terpe-
noids produced by plants. These compounds have been
hypothesized to function as endogenous antioxidants within
plants, protecting them from oxidative damage during the
stress‐induced accumulation of reactive oxygen species
[Vickers et al., 2009]. Within ecosystems, they may also
mediate an array of antagonistic and beneficial interactions
among organisms such as acting as defensive agents against
herbivores or as semiochemicals during plant to plant and

plant to insect communication [Gershenzon and Dudareva,
2007; Laothawornkitkul et al., 2009]. SQTs andMTs are also
increasingly receiving attention in atmospheric chemistry
and climate research, in part, owing to their proposed large
contribution to aerosol particle nucleation and growth that
arises from the semivolatile nature (and hence easy con-
densability) of their atmospheric oxidation products [Bonn
and Moortgat, 2003; Hallquist et al., 2009; Li et al., 2011].
Once secondary organic aerosols are formed in the atmo-
sphere, they become increasingly oxidized and hygroscopic
[Jimenez et al., 2009], growing to larger sizes and interact-
ing with solar radiation. Simulation experiments that account
explicitly for particle nucleation and subsequent growth
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estimated a total present‐day secondary organic and sulfate
aerosol indirect and direct radiative forcing of near‐similar
magnitude to that of CO2, but opposite in sign (R. Makkonen
et al., Air pollution control and decreasing new particle for-
mation lead to strong climate warming, manuscript in prep-
aration, 2011). This provides quantitative support for the
suggested sensitivity in the climate system to a doubling
of CO2 that is drastically larger than commonly thought
[Andreae et al., 2005]. A recent review of aerosol climate
interactions found that aerosol model studies to date only
include MTs as the biogenic precursor for organic aerosol
[Carslaw et al., 2010] as no global SQT emission inventory
is available [Duhl et al., 2008]. Therefore the strength of
aerosol cooling forcing estimates likely needs to be increased
especially since SQTs are known to generally have higher
aerosol yields than MTs and up to 100 times higher reac-
tivity toward ozone than MTs [Bonn and Moortgat, 2003;
Griffin et al., 1999]. Secondary organic particle formation in
the atmosphere may not be initiated by MT oxidation pro-
ducts, but by very low volatility substances produced during
SQT ozonolysis reactions [Bonn and Moortgat, 2003].
[3] Therefore, SQT emissions, transport, and ozonolysis

within plant canopies represent fundamental uncertainties in
our understanding of the complex interactions of air pollu-
tion and climate change (O3 formation and depletion, sec-
ondary organic aerosol formation and growth) [Andreae et al.,
2005; Arneth et al., 2009]. However, while a large number
of studies have quantified ecosystem‐scale MT emission
rates [Baker et al., 2005; Baraldi et al., 2004; Jordan et al.,
2009; Karl et al., 2004; Raisanen et al., 2009; Rinne et al.,
2002], to our knowledge, only a few studies to date have
attempted to quantify ambient SQT concentrations [Bouvier‐
Brown et al., 2009; Boy et al., 2008; Kim et al., 2009, 2010]
including one attempt to quantify ecosystem‐scale SQT
emission rates using the vertical gradient technique [Kim
et al., 2009]. The lack of information is largely due to the
very low ambient concentrations of SQT (<200–800 pptv)
owing to rapid reactions with ozone of some common SQTs
such as b‐caryophyllene (1–2 min atmospheric lifetime),
and technical difficulties in quantifying gas‐phase SQTs
[Ortega and Helmig, 2008]. A modeling study suggested
that forest canopies can be a significant source of aerosol
precursors via SQT ozonolysis; during the summertime in
North Carolina, USA, an estimated 70% of the emitted
b‐caryophyllene (a reactive SQT), was lost within the can-
opy owing to ozonolysis [Stroud et al., 2005]. Similarly, a
coupled measurement/modeling study in California esti-
mated that 50% of very reactive VOCs are lost owing to
within‐canopy ozonolysis [Wolfe et al., 2011]. But our
understanding of the processes that control within‐canopy
SQT emissions and oxidation is insufficient to provide a
robust assessment of regional and global emissions of
SQTs and their oxidized aerosol precursors as well as the
related impacts on ground level ozone dynamics.
[4] In this study, we present real‐time ambient concen-

tration measurements of SQTs (without long‐term averaging
or sample preconcentration) within and above a primary
rain forest canopy in central Amazonia during the 2010 dry
season. By simultaneously quantifying ozone above the
canopy and estimating the within‐canopy SQT ozonolysis
rates, we present evidence that within‐canopy ozonolysis
impacts the vertical and temporal patterns of SQT ambient

concentrations which can account for a large fraction of
ecosystem‐scale emissions. We also use whole tropical rain
forest mesocosm SQT ambient concentrations measure-
ments at Biosphere 2 (with low ambient ozone concentra-
tions) during a 3 month period from winter to spring 2010 to
better understand the role of temperature versus light on
influencing ecosystem‐scale SQT emissions from tropical
forests.

2. Experimental

2.1. Proton Transfer Reaction–Mass Spectrometry
(PTR‐MS)

[5] Ambient concentrations of total MTs and total SQTs
were quantified using a commercial high‐sensitivity proton
transfer reaction–mass spectrometer (PTR‐MS, IONICON,
Austria). The PTR‐MS was operated in standard conditions
with a drift tube voltage of 600 V and drift tube pressure of
2.0 mb (E/N, 136 Td). Optimization of PTR‐MS conditions
resulted in extremely high and sustained primary ion
intensities (20–40 MHz H3O

+) with low water cluster and
O2
+ formation (water cluster and O2

+ < 4% H3O
+). The fol-

lowing mass to charge ratios (m/z) were sequentially moni-
tored during each PTR‐MSmeasurement cycle; 21 (H3

18O+),
32 (O2

+), 37 (H2O‐H3O
+) with a dwell time of 20 ms each and

137 (MT‐H+) and 205 (SQT‐H+) with a dwell time of 5 s
each. While adsorptive losses to surfaces during sampling
are potentially a major issue for quantifying SQTs in air
samples, b–caryophyllene line losses were negligible in a
heated (40°C) 40 m Teflon line (1/4″ O.D.) flushed with
sample air [Kim et al., 2009]. Therefore, to minimize losses
during sampling, all Teflon gas inlets were continuously
heated to ∼50°C using self‐regulating heating tape (Omega
Engineering) in an insulated jacket. Raw signals (counts per
second, cps) were normalized by the adjusted primary ion
signal (cps21) and background subtracted frommeasurements
of ultra high purity nitrogen (Brazil) or zero air (Biosphere 2)
to obtain normalized counts per second (ncps, equation (1)).
The adjusted primary ion signal (cps21) was obtained by
measuring the signal at m/z 21 (H3

18O+) and multiplying it
by the oxygen isotopic ratio of a representative natural
abundance water sample (16O/18O = 500):

ncps ¼ cps=cps21ð Þsample� cps=cps21ð Þbackground: ð1Þ

Calibration slopes (m, ppbv/ncps) for MTs and SQTs were
obtained at Biosphere 2 and twice in the field (Brazil) using
the dynamic solution injection (DSI) technique [Jardine et al.,
2010a]. Solutions were prepared by diluting 5 mL of authentic
a‐pinene and b‐caryophyllene standards, (>95% purity,
Biosphere 2: Sigma‐Aldrich, Brazil: Merck) in 100 mL of
cyclohexane. The solution was injected into the mixing vial
at 0.5, 1.0, 2.0, and 3.0 mL/min. Calibrations showed good
linearity for a‐pinene: (r2 of 0.98–0.99) and b‐caryophyllene
(r2 of 0.90–0.98). Sample air total MT and SQT concentra-
tions were calculated by multiplying the calibration slope
by ncps (average of two calibration slopes used in Brazil).
The repeat measurement of calibration slopes obtained on
20 October 2010 in Brazil showed good stability within 10%
relative to those from the initial calibration on 11 September
2010 (a‐pinene −8.2% and b‐caryophyllene −2.5%). How-
ever, a previous detailed study of SQT detection with PTR‐MS
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[Demarcke et al., 2009] showed that for all four sesquiterpenes
investigated (b‐caryophyllene, a‐humulene, a‐cedrene, and
longifolene), the major product ion is the protonated molecule
(m/z 205) with yields ranging from 30% (b‐caryophyllene) to
65% (a‐cedrene) at the highest E/N value of 140 Td.
Therefore, given our similar operating conditions of 136 Td
(E/N), the presence of SQTs other than b‐caryophyllene in
ambient air may lead to an overestimation of total SQT
concentrations by as much as 50%.

2.2. Biosphere 2 Tropical Rain Forest Mesocosm

[6] The 27,000 m3 tropical rain mesocosm at Biosphere 2
currently encompasses 91 species of tropical plants from
41 families, including 73 trees under a flat‐topped pyrami-
dal glass enclosure operated as a semiclosed system. Typical
of neotropical forests, the trees are dominated by Fabaceae
(pea family) and Arecaceae (palm family). Although not
quantified, the mesocosm ventilation rate was controlled by
a large vent at the top on the mesocosm which was opened
during the day and closed at the night to help regulate air
temperature. This is qualitatively similar to the vertical
mixing pattern in a natural forest where transport of mate-
rials and energy out of the canopy is much larger during
the day, owing to increased vertical mixing, than during the
night. However, due the extremely large volume of the
mesocosm (2.7 × 107 L) and the relatively low estimated
ventilation rate (<1 × 105 L min−1), the air residence time is
much larger than in a natural forest (>270 min). Photosyn-
thetically active radiation (PAR) and ambient air tempera-
tures weremonitored continuously along three vertical profile
towers. Details of the volatile organic compound (VOC)
measurement methods at the whole‐mesocosm scale can be
found elsewhere [Jardine et al., 2010b]. Briefly, ambient air
at 16 m height and zero air were analyzed (15 min each)
continuously for VOC concentrations. Ambient air from the
tropical rain forest biome was pumped through heated
Teflon tubing (PFA, 1/4″ O.D. 75m length) into the adjacent
laboratory for VOC analysis by PTR‐MS. Ten 6–10 day
measurement periods were made during the winter and spring
of 2010 (22 January 2010 to 14 April 2010).

2.3. BrazilianAir 2010 Field Campaign

[7] The BrazilianAir 2010 study was carried out at the
TT34 tower (2°35.37′S, 60°06.92′W) in the Reserva Bio-
logica do Cueiras in central Amazonia, 60 km NNW of the
city of Manaus, Brazil. The site is run by the Instituto
Nacional de Pesquisas da Amazonia (INPA) under the
Large‐Scale Biosphere‐Atmosphere Experiment in Amazo-
nia (LBA) program [Martin et al., 2010]. The vegetation in
this area is considered to be undisturbed, mature, terra firme
rain forest, with a leaf area index of 5–6 and an average
canopy height of 30 m. The dry season measurements
described in this manuscript occurred between 2 September
2010 and 5 December 2010.
[8] The VOC gradient measurement scheme employed

was based on that used in the AMAZE 2008 campaign
[Karl et al., 2009] with six ambient air inlets at different
tower heights (2, 11, 17, 24, 30, and 40 m) sequentially
analyzed for VOCs (10 min at each inlet, one complete
canopy profile per hour). The air sample tubing lengths were
equal to the inlet heights plus an additional 4 m each to

reach the detector in the instrument trailer directly adjacent
to the tower. Ambient air was drawn through 1/4 in O.D.
Teflon PFA tubing using an oil free diaphragm pump (KNF
Neuberger). The sample airflow rates through each inlet was
set to ∼4.0 slpm each using needle valves downstream of the
PTR‐MS resulting in a range of air sample point to detector
delay times of ∼6 s (2 m height inlet) to ∼15 s (40 m height
inlet).
[9] While no effort was made to remove ozone from the

ambient air samples, the estimated daytime (10:00–16:00 LT)
and nighttime (22:00–04:00 LT) SQT lifetime above the
canopy (40m) during the dry seasonwith respect to ozonolysis
([SQT]/ozonolysis rate) was 133 s and 270 s, respectively
(using the ozonolysis rate constant for b‐caryophyllene, see
below). This corresponds to a maximum relative SQT con-
centration loss of 11% (daytime) and 6% (nighttime) due to
ozonolysis in the inlets during transport to the detector
(assuming the dominant SQT is b‐caryophyllene).
[10] Prior to each vertical gradient ambient air measure-

ment period (lasting 4–7 days), ultra high purity nitrogen
was run directly into the inlet of the PTR‐MS (bypassing the
ambient inlets) for 2 h to obtain instrument background
signals. Vertical gradients were calculated by averaging the
last 7 min of each 10 min measurement period. Average
vertical gradients for daytime (10:00–16:00 LT) and night-
time (22:00–04:00 LT) were calculated for the dry season
data. Ozone measurements were made above the canopy
(40 m) every 5 min on the tower by thermoluminescence,
with a Thermo Environment model 49i and averaged every
hour. Ozone concentrations within the canopywere estimated
from the above canopy measurements and by assuming the
same relative concentration decrease within the canopy as
determined by Karl et al. [2009] (97% at 30 m, 93% at 24 m,
87% at 17 m, 77% at 11 m, and 37% at 2 m). This was treated
as an upper limit for ozone concentrations within the canopy
and an additional ozone profile was calculated as the lower
limit with a more extreme relative loss of ozone within the
canopy (80% at 30 m, 60% at 24 m, 40% at 17 m, 20% at
11 m, and 1% at 2 m). We estimate from Figures 8a and 8b
of Rummel et al. [2007] that the average daytime (10:00–
16:00 LT) fraction of remaining ozone near the ground
(1 m) relative to above the canopy (52 m) in southwestern
Amazonia is ∼32% (dry season) and ∼11% (wet season).
Therefore, these observations fall within the range of our
lower (1%) and upper (37%) limit for remaining ozone
near the ground (2 m). Although difficult to estimate from
Rummel et al. [2007, Figures 8a and 8b], owing to the
extremely low ozone concentrations near the ground which
approach zero at night, the lower limit of 1% remaining
ozone near the ground may represent what might be expected
for nighttime conditions when SQT emissions persist and
vertical mixing is slow.
[11] SQT ozonolysis rates at each of the six measure-

ment heights were estimated using the dry season hourly
averaged O3 and SQT concentrations (molecules cm−3) in
equation (2), with k equal to the ozonolysis rate constant for
b‐caryophyllene (1.16 × 10−14 molecule−1 cm−3 s−1) [Shu
and Atkinson, 1994]:

SQT ozonolysis rate ¼ k O3½ � SQT½ �: ð2Þ
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While several SQTs have high reported ozonolysis rate
constants similar to b‐caryophyllene (e.g., a‐humulene,
1.2 × 10−14 molecule−1 cm−3 s−1), others are nearly 2 orders
of magnitude lower (e.g., a‐copaene, 1.6 × 10−16 molecule−1

cm−3 s−1) [Shu and Atkinson, 1994]. However, in a review of
SQT emissions from vegetation, b‐caryophyllene was found
to be the most frequently reported SQT emitted and the most
abundant SQT within many emission profiles [Duhl et al.,
2008]. Preliminary research using GC‐MS suggests that
b‐caryophyllene is the dominant sesquiterpene in ambient
air near the TT34 flux tower in Amazonia (C. P. da Silva,
manuscript in preparation, 2011). Nonetheless, while our
assumption that b‐caryophyllene is the dominant SQT in
ambient air at the TT34 tower may be valid, calculated SQT
ozonolysis rates based only on the b‐caryophyllene rate
constant should be considered an upper limit.
[12] The average daytime (10:00–16:00 LT) ecosystem‐

scale SQT ozonolysis flux was estimated by integrating the
average ozonolysis rates over the height of the entire vertical
profile (0–40 m). Ecosystem‐scale MT and SQT vertical
fluxes were estimated using the average daytime concentra-
tion gradients throughout the canopy and applying an inverse
Lagrangian transport model [Raupach, 1989]. Total MT and
SQT fluxes were computed according to ~C − Cref = D

$
· ~S,

where C is the concentration (mg m−3) vector for each level,
Cref is the concentration (mg m−3) at reference height (e.g.,
40 m), D represents a dispersion matrix and S (mg m−2 h−1

layer−1) the resulting source/sink vector. D can be expressed
as a function of Lagrangian time scale and profiles of the
standard deviation of the vertical wind speed (sw) divided
by the friction velocity (u*, 0.5 m/s). The Lagrangian time
scale was parameterized according to Raupach [1989], and
the parameterization of D was based on turbulence mea-
surements inside and above the canopy during the AMAZE
2008 experiment [Karl et al., 2009] and calculated using the
far‐ and near‐field approach described by Raupach [1989].
This method has been estimated to have an uncertainty in flux

estimates of +/− 20% [Karl et al., 2004]; model inputs,
including profiles of sw divided by u*, were obtained during
the wet season at the TT34 tower in 2008 [Karl et al., 2009],
and therefore the source/sink vectors S (for total MTs
and SQTs, mg m−2 h−1 layer−1) are considered pseudo‐
quantitative. However, the use of turbulence parameters
from a different year and season may be reasonable in light
of previous micrometeorology research at the K34 tower
(<5 km from the TT34 tower). A study that overlapped
with AMAZE 2008 demonstrated that both the 2008 wet
and dry seasons have similar average daytime values of
friction velocities above the canopy (∼0.35 m s−1 in the wet
season and ∼0.40 m s−1 in the dry season [Ahlm et al., 2010,
Figure 2i]). Another earlier study at the K34 tower which
continuously measured the friction velocity above the can-
opy between July 1999 and September 2000 (and therefore
spanned both dry and wet seasons) observed comparable
average daytime friction velocities of ∼0.40 m s−1 [Araujo
et al., 2002, Figure 5b]. Similar daytime friction velocities
were observed above the canopy at the K34 tower during
the 1995 dry season [Kruijt et al., 2000].

3. Results and Discussion

3.1. Biosphere 2 Tropical Rain Forest Mesocosm

[13] We investigated whether we could detect both MT
and SQT emissions from tropical vegetation at the scale of
the whole 0.5 ha tropical rain forest mesocosm at Biosphere
2. We took advantage of the fact that the Biosphere 2 glass
absorbs all ultraviolet photons (<385 nm) that drive the
generation of atmospheric oxidants like ozone [Cockell et al.,
2000], thereby enabling us to ignore the complicating effects
of gas phase SQT ozonolysis, and isolate the role of plant
emissions at the ecosystem scale. Ambient concentrations of
SQTs and MTs (and therefore implied ecosystem‐scale
emission rates) showed strong diurnal patterns matching the
same general pattern as temperature and PAR (for example,
6 day data set shown in Figure 1). For each data set (N = 10),
ambient SQT and MT concentrations were linearly regressed
against ambient PAR and air temperature (20 m, midheight).
Ambient SQT concentrations correlated more strongly with
ambient temperature (R2

temp = 0.56 +/− 0.09) than with PAR
(R2

PAR = 0.43 +/− 0.07), (t test, a = 0.05, R2
temp ≠ R2

PAR).
In contrast, ambient MT concentrations correlated more
strongly with PAR (R2

PAR = 0.69 +/− 0.07), than with ambient
temperature (R2

temp = 0.60 +/− 0.08), (t test, a = 0.05, R2
temp ≠

R2
PAR). While maximum PAR typically occurred at 12:00 LT,

maximum air temperatures typically occurred at 14:00 LT
(Figure 1). In all data sets, we observed a similar lag between
maximum MT concentrations (which typically occurred at
12:00 LT) and SQT concentrations (which typically occurred
at 14:00 LT). These observations suggest that SQT emissions
from the tropical plants inside the Biosphere 2 rain forest
mesocosm are more temperature dependent than light
dependent and imply evaporation from storage pools or de
novo biosynthesis in the cytosol derived from carbon sour-
ces not strongly connected with recently assimilated carbon.
The secondary peak in air temperature that often occurs at
night (Figure 1) is caused by the heating of the mesocosm by
air handlers which recirculate the air within the meso-
cosm. Heating of the ambient air is used to prevent cold
damage to the plants when the air temperature drops

Figure 1. Example of diurnal patterns in SQT and MT
ambient concentrations (16 m height) in the Biosphere 2
tropical rain forest mesocosm plotted together with PAR
and ambient temperature (20 m height). Note that the MTs
appear to be more closely related to PAR, whereas the SQTs
appear to be more closely related to temperature.
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below the 22°C threshold at night. Potentially in response
to this heating at night, SQT but not MT ambient con-
centrations often increase slightly providing additional
evidence for temperature‐dependent SQT emissions from
tropical plants. This is in agreement with most of the
published literature on SQT emissions from plants which
conclude that dependencies on temperature are much stron-
ger than those for light [Duhl et al., 2008]. In contrast, a
stronger correlation between MT concentrations and light
than with temperature from the tropical plants in the meso-
cosm implies that emissions are mainly controlled by de
novo biosynthesis from recent carbon assimilation inside
chloroplasts. This is in agreement with the findings that
MT emissions from many plants (mostly broadleafed) are
light dependent with emission rates determined by de novo
biosynthesis rates [Kesselmeier et al., 1997; Kesselmeier and
Staudt, 1999; Schuh et al., 1997; Staudt and Seufert, 1995].
Our observations add to the emerging view thatMT emissions
from many tropical plants are strongly light dependent [Kuhn
et al., 2002, 2004; Wang et al., 2007]. In support of these
conclusions, despite the much higher ambient concentra-
tions of MTs than SQTs during the day (2–4 ppbv versus
0.5–1.0 ppbv), we observed significantly higher SQT con-
centrations (0.1–0.4 ppbv) than MTs (<0.1 ppbv) at night,
implying that SQT emissions can continue at night whereas
light‐dependent MT emissions cease.

3.2. BrazilianAir 2010

[14] To date, real‐time in situ SQT concentration dynamics
have not been reported in ambient air without long‐term
averaging or sample preconcentration [Bouvier‐Brown et al.,
2009; Boy et al., 2008; Kim et al., 2009, 2010]. Despite the
fact that we operated our high‐sensitivity PTR‐MS in stan-
dard conditions (600 V drift tube voltage and 2.0 mbar
pressure), we were able to resolve real‐time in‐canopy and
above‐canopy concentration dynamics owing to a number of
technical, biological, and environmental reasons including

(1) the use of heated gas inlets (∼50°C) which minimized
the loss of SQT to tubing walls, (2) the achievement of
extremely high sustained primary ion intensities (20–
40 MHz H3O

+) and low contaminant O2
+ and H2O‐H3O

+ ion
intensities (<4% H3O

+), (3) high ecosystem SQT emission
rates due to high light and temperatures during the 2010
dry season and high biomass densities in the primary trop-
ical forest in central Amazonia, and (4) relatively low
ambient ozone concentrations (<40 ppbv, dry season) that
exhibited strong diurnal patterns. These conditions allowed
for real‐time quantification of ambient SQT concentrations
due to relatively high ambient concentrations (up to 800 pptv)
and PTR‐MS detection sensitivity (24 cps/ppbv for SQTs).
[15] During the 2010 dry season in central Amazonia at

the TT34 flux tower, SQT ambient concentrations at all
heights displayed pronounced variation throughout the day,
especially at night when maxima occurred typically around
midnight (see Figure 2). Ambient SQT concentrations were
inversely related to ozone, which generally peaked around
midday. This is in contrast with the SQT and MT pattern in
the Biosphere 2 tropical rain forest mesocosm (Figure 1) and
MTs in Amazonia (Figure 2) which showed expected diurnal
concentrations patterns with midday maxima. Higher ambi-
ent SQT concentrations at night than during the day were
also observed in the mean vertical concentration profiles
(Figure 3b). Our observations indicate the mean vertical
concentration pattern for SQTs to be very different from
those of MTs. While daytime concentrations of MTs peaked
within the canopy (17 m), those of SQTs peaked near the
ground (2 m). In addition, when ozone concentrations within
the canopy were estimated, again an inverse relationship
was observed between the mean daytime vertical profiles of
SQTs and ozone (Figure 4). This suggests that SQTs are
rapidly oxidized by ozone, contributing to the scarcity of
SQTs above the canopy and ozone near the ground.
[16] In photosynthetically active plant cells, MTs and

SQTs are known to be produced by two different biosyn-
thetic pathways; the cytosolic mevalonate (MVA) pathway
and the plastidic 2‐C‐methyl‐D‐erythritol 4‐phosphate (MEP)
pathway [Lichtenthaler et al., 1997]. However, while MTs
are thought to be mainly produced in chloroplasts via the
MEP pathway, SQTs are thought to mainly be produced in
the cytosol via the MVA pathway. The direct connection
to recently assimilated carbon may result in a strong light
dependence on de novo MT production/emission whereas
de novo SQT production/emission may be more tempera-
ture dependent. Therefore, similar to vegetation inside the
Biosphere 2 rain forest mesocosm (Figure 1), SQT emission
rates from plants near the TT34 tower may be mainly light
independent and continue at night via temperature driven
processes (both de novo biosynthesis and evaporation from
storage pools) whereas MT emissions are mainly light
dependent. At night, ambient MT concentrations crash owing
to the lack of plant emissions and the perseverance of sinks
like deposition whereas SQT concentrations could accumu-
late within the canopy owing to continued emissions (albeit
at much lower rates) and greatly reduced vertical mixing.
[17] Another process that may differentially affect ambient

MT and SQT concentrations in addition to plant emissions
and vertical transport is the rapid gas‐phase ozonolysis of
SQTs [Bonn et al., 2007]. Because ozone concentrations
peak during midday, rapid SQT ozonolysis reactions could

Figure 2. Example time series plot showing the inverse
relationship between ozone concentrations above the canopy
(40 m) and SQTs’ concentrations within the canopy (17 m)
during the 2010 dry season in central Amazonia. For com-
parison, MT concentrations in the canopy (17 m) showed
the expected diurnal pattern with noontime maxima.
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represent a much larger sink for ambient SQTs during the
day than at night; which could mean that SQTs are not
emitted at low rates but rather quickly oxidized within the
canopy. Therefore, the divergence in MT and SQT temporal
(Figure 2) and vertical (Figure 3) patterns must, at least in
part, be related to the high reactivity of SQTs with ozone.
The results from the SQT ozonolysis calculations reveal that
despite higher SQT concentrations at night, higher ozone
concentrations during the day leads to elevated SQT ozo-
nolysis rates (SQT lifetime with respect to ozonolysis above
the canopy at 40 m; day: 2 min, night: 5 min) (Figure 5b).
Moreover, despite higher SQT concentrations near the
ground, ozonolysis rates are highest within the canopy where
the product of ozone and SQT concentrations reaches a
maximum (using estimated ozone concentrations within the
canopy based on the work of Karl et al. [2009]).
[18] When the mean daytime vertical fluxes of MTs and

SQTs were estimated using the inverse Lagrangian trans-
port model (with the mean 2010 concentration gradients

and the 2008 within canopy turbulence parameters mea-
sured during the AMAZE campaign), both MTs and SQTs
showed a strong source within the canopy (Figures 3c and
3d). However, while MT fluxes remained strong near the
top of the canopy, net SQT fluxes dramatically declined.
One potential explanation for this is the loss of SQTs via
ozonolysis within and above the canopy. The two different
daytime ozone profiles representing the lower and upper
limits in ozone concentrations within the canopy were
used to estimate the mean daytime SQT ozonolysis fluxes
integrated throughout the 40 m profile (−0.6 and −1.1 mg
SQT m−2 h−1, respectively). When compared with the total
canopy‐scale emission rate estimated as the sum of SQT
fluxes in each layer throughout the profile (Figure 3d, 0.7 mg
SQT m−2 h−1), SQT canopy escape efficiency during the
dry season is estimated to be 39%–54% (46%–61% oxi-
dized within the canopy by mass). This is consistent with an
escape efficiency estimate of 50% for very reactive VOCs in
a Ponderosa Pine forest in California [Wolfe et al., 2011]

Figure 3. (a, b) Mean daytime and nighttime MT and SQT concentrations ± 1 standard deviation at each
height during the 2010 dry season in central Amazonia. (c, d) Estimated vertical flux distributions for
MTs and SQTs during the 2010 dry season.
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and comparable to an estimated 30% SQT escape efficiency
based on model calculations for summertime conditions in
a hardwood forest in North Carolina [Stroud et al., 2005].
Although the estimated canopy‐scale SQT emission rates
can only be considered pseudo‐quantitative owing to the
use of the within‐canopy turbulence parameters from the
AMAZE 2008 campaign, our results provide vertically
resolved evidence to substantiate the role of SQTs as in‐
canopy ozone sinks with a large fraction of emitted SQTs
being lost to ozonolysis [Ciccioli et al., 1999]. Future
studies should aim to quantitatively investigate the SQT
canopy escape efficiency in order to better understand bio-
logical and environmental influences on the fate of SQTs
within plant canopies.
[19] The involvement of plant volatiles in destroying

ozone may have a significant impact on the interpretation of
the role of such emissions. Previous studies estimated that
total ozone fluxes to plant canopies in midlatitude forests
can be dominated by gas‐phase chemistry and not by sto-
matal uptake as generally assumed [Fowler et al., 2001;
Kurpius and Goldstein, 2003; Mikkelsen et al., 2000].
However, in Amazonia during the dry season, mean daytime
ozone fluxes measured by eddy covariance above the

canopywas found to be between −6.6 and −10.9 nmolm−2 s−1

in southwest Amazonia [Rummel et al., 2007], and the
authors assumed the stomatal uptake to sufficiently explain
the observed ozone flux. Furthermore, enclosure studies
with Amazonian plants [Gut et al., 2002] indicated that the
uptake of ozone was completely under stomatal control.
Thus, any decomposition of ozone by volatiles would limit
the impact of ozone on plant metabolism.
[20] Using deposition velocities of 0.5 and 1.0 cm s−1

for midday conditions in the dry season, we calculate
similar ozone fluxes in central Amazonia (between −5.4
and −10.8 nmol m−2 s−1) to those measured in southwest
Amazonia [Rummel et al., 2007]. Therefore, our estimated
dry season SQT ozonolysis loss term of −0.6 to −1.1 mg
m−2 h−1 (−0.8 to −1.5 nmol m−2 s−1), accounting for 7%–
28% of the net ozone flux would demonstrate a substantial
reduction of the ozone burden for the plants.

4. Summary and Conclusions

[21] While a large number of studies have observed SQT
emissions from plants using leaf, branch, and whole plant
enclosures, because of reported high sensitivity of SQT
emissions to mechanical and heat disturbances [Duhl et al.,
2008] and their high reactivity toward ozone [Bonn and
Moortgat, 2003], enclosure approaches cannot be used to
estimate ambient concentrations or ecosystem‐scale emis-
sion rates without the exclusion or corrections of ozone
and disturbance effects during the studies. Because of ana-
lytical difficulties in quantifying ambient SQTs, attempts
have been made to indirectly quantify them by correlation
with air ions [Bonn et al., 2007, 2008]. While recent studies
have successfully directly quantified ambient SQTs with
long‐term averaging using PTR‐MS [Kim et al., 2009] and
air sample preconcentration coupled with GC‐MS [Bouvier‐
Brown et al., 2009], we report real‐time in situ ambient SQT
concentration measurements within a controlled rain forest
mesocosm and a natural primary rain forest in the central
Amazon. We found that within both the tropical rain forest
mesocosm at Biosphere 2 and a natural primary rain forest
in the central Amazon, SQT emissions rates from plants
were mostly temperature dependent whereas MT emissions
were mostly light dependent. This combined with strong
diurnal patterns of vertical mixing and within canopy ozo-
nolysis of highly reactive SQTs likely contributes to the
divergence in MT (daytime maxima) and SQT (nighttime
maxima) ambient concentration patterns in the Amazon. In
contrast, MT and SQT concentrations in Biosphere 2 are
primarily controlled by emission rates as gas‐phase oxidants
and ventilation were notably lower than in a natural forest.
[22] Our observations in the dry season in the Amazon

provide vertically resolved experimental evidence to support
conclusions of photochemical modeling studies that a large
fraction of SQTs emitted by plant canopies do not escape the
canopy owing to reactions with ozone [Stroud et al., 2005;
Wolfe et al., 2011], possibly leading to high yields of sec-
ondary organic aerosol [O’Dowd et al., 2002] and OH
production [Paulson et al., 1999]. These processes have
important implications for tropospheric chemistry and cli-
mate. In addition, many studies have indirectly suggested
that a substantial amount of unmeasured and unidentified
highly reactive VOCs are emitted by forests [Di Carlo et al.,

Figure 4. Mean noontime (12:00–13:00 LT) vertical con-
centration profiles for SQTs and ozone through the 30 m
canopy in central Amazonia during the 2010 dry season
showing the inverse relationship with height. Ozone concen-
trations within the canopy are estimated from the above can-
opy measurements (40 m) and assuming the same relative
concentration decrease within the canopy as that determined
by Karl et al. [2009] (upper limit) and a larger relative
decrease with only 1% remaining at 2 m height (lower
limit). Error bars represent ±1 standard deviation.
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2004; Goldstein et al., 2004; Holzinger et al., 2005]. Our
observations demonstrate that SQTs are an important com-
ponent of these highly reactive compounds, which to date
have not been measured using standard vertical flux tech-
niques (e.g., eddy covariance) owing to their high within‐
canopy loss rates and analytical difficulties associated with
measuring them quantitatively.
[23] Both MTs and SQTs have been proposed to serve

roles as endogenous antioxidants in plants by reducing
oxidative damage during the stress induced accumulation of
reactive oxygen species [Vickers et al., 2009]. Given the
analytical challenges involved, no experimental evidence
has emerged to date to support this role for SQTs, but
studies have shown that MTs protect photosynthesis against
high temperatures [Delfine et al., 2000; Loreto et al., 1998]
and elevated ozone concentrations [Loreto and Fares,
2007]. Our estimation of mean daytime ozone loss within
the central Amazon canopy during the dry season due to

gas‐phase reactions with SQTs represents a significant
fraction (7%–28%) of calculated ozone fluxes. Therefore,
by acting as effective ozone sinks within plant canopies,
emissions of SQTs may significantly reduce harmful ozone
uptake and its associated oxidative damage. The reduction
of within canopy ozone through gas‐phase reactions with
SQTs may be particularly important for future plant survival
in Amazonia given that regular exposure of tropical trees to
mixing ratios (>50 ppbv) can cause permanent plant damage
[Rummel et al., 2007] and that plants in Amazonia have only
recently been exposed to high levels of ozone. For example,
as recently as 1987 themaximum daytime ozone in the central
Amazon during the dry season was only 12 ppbv [Kirchhoff
et al., 1990], compared with over 40 ppbv observed during
the 2010 dry season. Therefore, while the evolution of SQT
emissions by plants may be related to its role as an anti-
oxidant within plants, we propose a new protective role of
SQTs as an exogenous antioxidant within plant canopies.

Figure 5. (a) Mean diurnal patterns of ozone (40 m) and SQTs during the 2010 dry season in central
Amazonia. (b) Estimated mean diurnal pattern of SQT ozonolysis rates throughout the canopy in central
Amazonia during the 2010 dry season. Ozone concentrations within the canopy were estimated by assum-
ing the same relative concentration decrease within the canopy as that determined by Karl et al. [2009]
(upper limit).
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