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Abstract 
 
Sesquiterpenes are highly reactive terpenoids produced by vegetation and may serve 
many important biological functions such as acting as antioxidants and as 
semiochemicals (chemicals acting as messengers within or between species). Once 
emitted to the atmosphere, by reacting with oxidants like ozone and contributing to 
secondary organic aerosol formation, the emission of sesquiterpenes from vegetation 
may have significant impacts on radiation balance and precipitation dynamics. Although 
it is known that sesquiterpenes have short atmospheric lifetimes of a few minutes, 
analytical difficulties stemming from low concentrations, high reactivities, and high 
“stickiness” have so far prevented the detailed characterization of within-canopy 
sources and sinks. Therefore little is known about sesquiterpene emissions and 
chemistry within canopies. This study presents the first ambient air profile observations 
of rapid sesquiterpene ozonolysis reactions obtained during the BrazilianAir 2010 field 
campaign in Central Amazonia, from September 2010 to February 2011. Our results 
show that sesquiterpene concentrations followed a very different pattern compared to 
isoprene and monoterpenes, by peaking at night instead of during the day and peaking 
near the ground instead of within the canopy. Furthermore, their concentrations were 
inversely related with ozone, suggesting that sesquiterpene concentrations were more 
strongly determined by ozonolysis rather than by emissions, which is further 
corroborated by experiments done in Biosphere 2, Arizona, where no oxidation was 
taking place and sesquiterpenes followed the same diurnal pattern as isoprene and 
monoterpenes. These observations suggest rapid ozonolysis reactions within the canopy 
which strongly determine sesquiterpene concentrations in both time and space. 
Moreover, calculated sesquiterpene ozonolysis rates peaked during midday at a height 
of ca. 20m above ground, suggesting that they are mainly determined by the high ozone 
concentrations during the day. We conclude that ambient concentrations of 
sesquiterpenes are not necessarily low because of low plant emissions, but rather high 
ozonolysis rates which were unaccounted for in previous ambient air studies. Our 
findings should help to better understand the environmental and biological controls on 
the dynamics of chemical emission, loss, and transport of highly reactive species like 
sesquiterpenes within canopies and their potential biological and atmospheric impacts. 
In particular, our observations suggest that the fraction of emitted sesquiterpenes lost 
within the canopy to ozonolysis could be large and that this process reduces ozone 
concentrations thereby providing plants protection against exogenous reactive oxygen 
species. 
 
 
Keywords: Sesquiterpenes, ozonolysis, ozone, Amazon, oxidation. 
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Popular summary  
 

En mycket reaktiv spårgas i Amazonas 
 

Växter släpper ut flyktiga organiska ämnen, som är mycket viktiga eftersom de släpps 
ut i stora mängder och påverkar tillverkningen av aerosoler, förändrar luftkvaliteten och 
fungerar som kommunikation mellan växter och herbivorer. Det här arbetet presenterar 
uppmätningar av sesquiterpener, vilka är flyktiga organiska partiklarna inom gruppen 
isoprenoider, de har de största utsläpps grupperna. Sesquiterpener är mycket reaktiva 
och finns därför i väldigt små koncentrationer, därför har det inte varit möjligt att mäta 
dem tidigare. Här presenteras de första mätningarna av sesquiterpener i ett flux torn i en 
central amazon region, detta låter oss se sesquiterpenernas roll i trädkronorna. För att få 
mätningarna användes en ’Proton Transfer Reaction Mass Spectrometer’ som har 
insläpp på olika höjder från 2 till 40 meter. Vårt resultat tyder på att sesquiterpenerna är 
invert relaterade till ozon, eftersom sesquiterpenerna visar höga koncentrationer under 
natten, och ozon visar höga koncentrationer under dagen. Därför, i Amazonas, är 
sesquiterpenernas koncentration bestämda av ozon, vilket är deras sink, eftersom 
sesquiterpener försvinner från systemet som en följd av deras reaktion med ozonet. 
Detta medför att en serie av möjlig feedback mekanismer för klimatet förklaras, men det 
behövs många fler undersökningar för att man ska kunna bekräfta alla dessa processer. 
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Introduction 
 
1.1.BVOC general information 
 
BVOCs (Biogenic Volatile Organic Compounds) are organic atmospheric trace gases 
other than methane, CO and CO2, emitted from biogenic source such as vegetation or 
microorganisms (Kesselmeier and Staudt, 1999). These compounds have several roles 
depending on the scale that they are being looked at, such as an atmospheric role, 
ecosystem role, leaf surface and plant level role, or tissue level role. For instance, at the 
atmospheric level, BVOC are very important since they affect the climate system, the 
air quality and to some degree the carbon cycle due to the large quantities emitted. Their 
climate and air pollution effects act via the formation and growth of SOA (secondary 
organic aerosol) and formation from BVOC oxidation products. BVOC rapid 
atmospheric reactivity with OH leads to increase of methane lifetime in the atmosphere, 
and the production of pollutants such as tropospheric ozone (Laothawornkitkul et al., 
2009). At the ecological level they serve as communication between plants, protection 
against biotic and abiotic stresses, wound sealing or protection against cellular damage. 
By mass, the most important single VOC (Volatile Organic Compounds), even when 
including anthropogenic sources, is isoprene, (C5H8, 2-methyl-1,3-butadiene). On a 
global scale, BVOC dominate the annual VOC budget with emissions estimated around 
1000-2000 Tg y-1 (Kesselmeier et al., 2000; Laothawornkitkul et al., 2009). 
 
 
1.1.1. BVOC ecological role 
 
BVOC emitted by plants have different roles in addition to the chemical reactions that 
affect tropospheric aerosol and O3 loads. BVOC are used by plants as a means of 
signalling, and hence plant-plant interactions. In this case, plants emit BVOC in order to 
allocate the energy within the plant and to trigger the growth of plants. For instance, 
jasmonates (a type of BVOC) induce the formation of fruit ripening-related BVOC, 
such as ethylene which is associated with germination and ripening plants responses 
(Kondo et al., 2007). Another role is for plant reproduction; in this case BVOC (such as 
flower scent) are emitted in order to attract pollinators and facilitate pollination. 
Furthermore, BVOC also are part of biotic stress responses: plants may be emitting 
BVOC to repel pathogens protecting the plant in this way, or as a mean of wound 
sealing, as well as protection against cellular damage at plant tissue level 
(Laothawornkitkul et al., 2009; Vickers et al., 2009).  

 
1.1.2. BVOC atmospheric role 

 
1.1.2.1.Climate role 

 
BVOCs have very different roles in the atmosphere associated with their diverse 
chemical reactions. Once a VOC (either from biological or anthropogenic sources) is 
emitted, it can be oxidized with either OH (during the day), O3 (during day and night) or 
NO3 (mostly at night) (Vizuete et al., 2004). Many of the oxidation products are 
condensable vapours that can undergo gas-to-particle conversion, forming SOA. BVOC 
may contribute to SOA formation in different pathways. They could follow 
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heterogeneous particle nucleation with help from sulphuric acid present in the 
background particulate concentration, they can condense onto the surface of pre-
existing aerosol load or they can be kept in their gas-phase if saturation is not reached 
(Rizzo, 2006; Hobbs, 2000). Once condensation takes place and the aerosol is formed, 
SOA can have different optical properties depending on the height at which they are 
formed due to the light and temperature dependence of such reactions (Winterhalter et 
al., 2009; Tsigaridis and Kanakidou, 2003).  Due to their relatively low volatility, some 
BVOC with high molecular weight compounds, are particularly good precursors for 
growth of SOA, condensing with more ease than other BVOC to form aerosols (Helmig 
et al., 2007; Sakulyanontvittaya et al., 2008; Bouvier-Brown et al., 2009a).  
 
Secondary organic aerosols are important for our understanding of radiative forcing and 
climate change. Aerosols have a strong direct climate effect by the scattering or 
absorbance of solar radiation, which is dependent upon the chemical structure of the 
aerosol in question. Some aerosols absorb light, such as black carbon, while others 
reflect radiation, such as the SOA or sulphate aerosols (Artaxo et al., 2006).The aerosols 
formed depend on the oxidation product precursors, for instance, VOC of biogenic 
origin are estimated to yield 2.5 – 44.5 Tg of particulate organic matter per year, 
whereas anthropogenic VOCs lead to 0.05-2.69 Tg of organic matter per year 
(Sakulyanontvittaya et al., 2008; Guenther, 2008). 
 
Furthermore, indirect effects associated with SOA in the atmosphere act via aerosol-
induced changes in cloud properties and precipitation dynamics, since SOA can grow to 
size classes that make them relevant as cloud condensation nuclei (CCN). Once aerosols 
have reached a diameter of ca. 50 nm from the further condensation of more vapours 
they are typically considered a CCN (Boy et al., 2008). Depending on the aerosol and 
CCN yield, cloud droplets may or may not grow to the size where precipitation occurs. 
In a hypothetical low atmospheric VOC scenario, yields of aerosol and CCN number 
concentrations are low. In this case, cloud droplets are able to grow rapidly in size, 
resulting in rainfall from warm clouds (Rizzo, 2006). On the other hand, in a high VOC 
scenario the concentration of particles is relatively high (~ 2000 particles per cm3 in 
average), especially when formed from fine mode aerosols coming directly from 
burning biomass or indirectly from the oxidation of biomass burning VOCs once in the 
atmosphere (Andreae et al., 2002). Therefore, the hygroscopic behaviour and amount of 
particle condensation is important to determine the cloud fate, since low particle 
concentration can lead to a low concentration of big cloud droplets, giving low clouds 
with higher rain efficiency, or, on the other hand, high particle concentration can give 
high concentration of small cloud droplets, forming deep clouds with lower 
precipitation efficiency (Rizzo, 2006; Varutbangkul et al., 2006). 
 
Furthermore, BVOC affect the climate change by increasing the lifetime of methane, a 
very potent greenhouse gas. Methane, with a 25 times larger global warming potential 
than CO2 (over 100 years’ time horizon), is tropospherically removed by the hydroxyl 
radical OH, leading to the formation of water vapour and carbon dioxide. If the OH 
available for oxidation is used for BVOC oxidation, methane lifetime in the atmosphere 
could increase, thus inducing more positive forcing into the earth’s radiative balance 
(Pacifico et al., 2009). Its lifetime could be increased 15% from 7.4 years as OH 
decreases, as NMHC (non-methane hydrocarbon) induced chemistry is simulated by 
Poisson et al., (2000). 
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1.1.2.2.Air Quality role 
 
BVOC have also an important role in air quality since they fuel tropospheric chemistry 
(Atkinson, 2000). When NOx are present in the atmosphere, such as from the emission 
of biomass or fossil fuel combustion, they act as catalysts. BVOCs are first oxidized by 
the OH radical forming oxygenated compounds (oBVOCs) which react with NOx 
leading to the formation of aerosol precursors and NO2. Such NO2 undergoes photolysis 
which leads to the formation of more ozone, O3 (Atkinson and Arey, 2003). 
Tropospheric ozone is considered a secondary pollutant leading to environmental 
problems through its detrimental impact on vegetation and human health. In the 
troposphere, O3 also is a strong greenhouse gas, adding to the climate role of BVOC 
(see 1.1.2.1). On the other hand, when ozone undergoes photolysis it leads to the 
formation of OH radical, which is considered the atmospheric detergent since it is 
responsible for the removal of many pollutants   (Kesselmeier et al., 2009; Rummel et 
al., 2007).   
 
1.2.Terpenoids General Information 

 
There are many different types of BVOC (> 30000), with terpenoids having the highest 
fraction of emissions. Terpenoids or isoprenoids are compounds containing at least one 
isoprene unit (C5H8) formed from photosynthetic and glycolytic intermediates. These 
isoprene units can assemble and modify in an extraordinary number of ways 
(Lichtenthaler et al., 1997). Volatile isoprenoids, such as isoprene, monoterpenes and 
sesquiterpene are emitted from terrestrial vegetation, mostly woody plants, at high rates, 
especially in tropical biomes where some species are known to re-emit up to 10% of 
their assimilated carbon as isoprene (Kesselmeier et al., 2002a). Even though the 
functions of volatile isoprenoids still remain a matter of intense debate, model estimates 
suggest that global BVOC emissions are dominated by volatile isoprenoid emissions 
from tropical forests due to high solar radiation and temperature (Guenther et al., 1995; 
Kesselmeier et al., 2009). 
 
1.2.1. Antioxidant effect 

 
Although the mechanisms remain unclear, there is a substantial amount of indirect 
evidence which suggests plants emit volatile isoprenoids to protect themselves from 
oxidative damage. A wide variety of biotic (microbes, nematodes, insects, etc.) and 
abiotic (thermal, radiative, drought, salt stress, etc.) plant stressors are associated with 
the accumulation of reactive oxygen species (ROS) including ozone, hydrogen 
peroxide, singlet oxygen, superoxide anion, and the hydroxyl radical (Vickers et al., 
2009) within plants. These accumulations induce plant cell death, by causing oxidative 
damage to proteins, DNA and lipids (Apel and Hirt, 2004). Nevertheless, recently, it has 
been shown how exogenous isoprene can protect leaves against, short, acute exposure to 
ozone (300 ppb ;(Loreto et al., 2001)). Furthermore, the possibility has also been 
suggested of plants emitting volatile isoprenoids to oxidize ROS within the plant before 
any damage is caused to the plant cell (Jardine et al., submitted). 
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1.2.2. Terpenoid biosynthesis 

 
In plant tissues, most BVOC are synthesized by three different biochemical routes, the 
isoprenoid, the lipoxygenase or the shikimic acid route (Laothawornkitkul et al., 2009). 
Although the formation of the routes is well understood, the exact biochemical 
regulations and functions are still a matter of debate, including crosstalk as biochemical 
pathways seem to interact with each other (Jardine et al., 2010b). Isoprenoids are 
synthesized by the condensation of five-carbon precursors: isopentenyl diphosphate 
(IPP) and dimethylallyl diphosphate (DMAPP). Today we know that two different 
pathways exist for their production (Lichtenthaler et al., 1997; Dudareva et al., 2005). 
Whereas in plant plastids, IPP is formed from pyruvate and glyceraldehyde 3-
phosphate, via the methylerythritol phosphate (MEP or nonmelavonic) pathway; in the 
cytosol, IPP is derived from the mevalonate (mevalonic acid, MVA) pathway, which 
starts from the condensation of acetyl-CoA. The isoprenoid end-products formed are 
differing, depending on the pathway they derive from. Isoprene and monoterpenes (as 
well as other important compounds such as phytol and the carotenoids) are synthesized 
in the plastids, whereas di- tri and sesquiterpenes are exclusively synthesized in the 
cytosol (Kesselmeier and Staudt, 1999). This clear separation in biosynthesis underlies 
some observations such as the emission dependences on light and temperature for 
example. However, there is some crosstalk observed, i.e. exchange of IPP between 
plastids and cytosol (Dudareva et al., 2005). 
 
1.2.3. Environmental controls of terpenoid production and emission 
 
Terpenoids (or isoprenoids) are controlled by many different drivers, depending on 
composition and biochemical pathway of formation. Nevertheless, we know that the 
most important drivers are light and temperature. Production of isoprene and 
monoterpenes (MT) are mainly light dependant since light is needed for the activation 
of the isoprene synthase, taking place in the chloroplasts. Furthermore, temperature is 
also very important for enzymatic processes of the MEP pathway, having a very 
important role on the emissions of isoprenoids. Furthermore, temperature strongly 
affects emissions of those isoprenoids that are stored in pools after production (i.e., 
monoterpenes in many conifers); since it alters the vapour pressure of the pools, thus 
enhancing emissions by increasing the concentration of gas phase MT and other stored 
compounds inside the plant stomata. CO2 also controls the emissions of isoprenoids in 
two different directions. One effect consists on the stimulation of plant growth by 
increasing CO2 concentration and thus isoprenoid-producing biomass. On the other 
hand, elevated CO2 has also been shown to reduce emissions, especially of isoprene, 
from leaves. This may be due to more phosphoenolpyruvic acid (PEP), which is a 
precursor for pyruvate, allocated for mitochondrial respiration (Rosenstiel et al., 2004). 
In addition, other environmental controls such as nitrogen, developmental stage, ozone, 
water content, heavy metals, etc. are also important for the production and emissions of 
isoprenoids, but they are dependent on each specific compound (Arneth et al., 2007; 
Kesselmeier and Staudt, 1999; Laothawornkitkul et al., 2009).  
 
1.2.4. Sesquiterpenes in particular 

 
Sesquiterpenes are larger isoprenoids consisting on three isoprene units and are highly 
reactive due to their double bonds. The most known SQT (and thus the most widely 
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studied) is β-Caryophyllene, C15H24, with a molecular weight of 204.35 amµ (Figure 1) 
(Kesselmeier and Staudt, 1999; Varutbangkul et al., 2006; Duhl et al., 2008; Pollmann 
et al., 2005; Dudareva et al., 2005; Ormeno et al., 2007a). 

 
Figure 1: Chemical diagram of β-Caryophyllene. 
 
At ecosystem level, the role of SQT in particular is to provide communication as 
semiochemicals in plant-insects interaction, as demonstrated by studies showing 
disturbances from insect herbivory, increasing SQT emissions to serve as a defensive 
agent (Duhl et al., 2008; Back et al., 2005; Helmig et al., 2004; Helmig et al., 2003). 
Furthermore, emissions of SQT are highly dependent upon the two major drivers 
temperature and light, although lately, other drivers have been found, such as soil 
moisture, air humidity, phenological state and plant water stress, as well as recent 
weather history and disturbances (Tarvainen et al., 2005; Arey et al., 1995). All these 
drivers, especially disturbances causing plant damage, will influence the amount of SQT 
emitted to the atmosphere (Duhl et al., 2008; Helmig et al., 2007; Ormeno et al., 
2007b). However, over the course of the day, the driver that seems the most important 
determining SQT emissions is temperature, on which the vapour pressure of SQT stored 
in pools is dependant (Duhl et al., 2008; Helmig et al., 2007; Helmig et al., 2006). This 
further corroborates the cytosol location of SQT synthesis, where the PEP is coming 
from either mitochondrial respiration or fermentation (Vickers et al., 2009; Ormeno et 
al., 2007a; Kesselmeier and Staudt, 1999; Ormeno et al., 2007b). Due to the drivers 
controlling emissions of sesquiterpenes, distinct diurnal and seasonal patterns are 
expected to occur. Several emission experiments were carried out giving contrasting 
results in which some emissions peaked during the day whereas others peaked during 
the night. Ciccioli et al. (1999) detected β-Caryophyllene emission at night with no 
correlation with carbon assimilation, and De Moraes et al. (2001) found herbivore 
induced night time SQT emissions of tobacco plants, although there were high diurnal 
emissions as well. 
 
1.2.4.1. Atmospheric role 
 
Sesquiterpenes have a distinct oxidation behaviour compared to isoprene or many 
monoterpenes. Reaction with ozone is the most likely, due to the high SQT reaction rate 
constant (Shu and Atkinson, 1994). SQT (for instance: β-Caryophyllene) atmospheric 
lifetime when oxidised with O3 is around 2 minutes, compared to 53 minutes if SQT 
were oxidized by OH, as theoretically calculated by Calogirou et al., 1997 (Calogirou et 
al., 1997). This lower lifetime towards ozone arises from the β-Caryophyllene 
endocyclic double bond in the molecule, which quickly reacts with ozone first resulting 
in a primary ozonide (POZ) (Winterhalter et al., 2009; Nguyen et al., 2009) followed by 
ring opening to generate Stabilized Criegge Intermediates (SCI). Ring closure of the 
SCI yields rearranged secondary ozonide (SOZ) products, or further reaction of SCIs 
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with hydroxylic or carbonyl compounds (such as H2O, HCOOH or HCHO) yielding 
SOA (Figure 2).  
 
 
 

 
Figure 2: Sesquiterpene ozonolysis reaction shown with β-Caryophyllene as an example, having 
condensable vapours as SOA products, after the formation of Stabilized Criegge Intermediates. Adopted 
from Winterhalter et al., (2009). 
 
 
1.2.4.1.1. Climate and air quality 
 
SQT have the highest aerosols yields of the BVOC terpenoid class, up to 100% in some 
cases, since yields are correlated with VOC molecular weight. This means they are very 
good SOA precursors since most of the compounds will go into the particle phase 
instead of the gas phase during gas-phase partitioning (Ormeno et al., 2007a; Vizuete et 
al., 2004; Bonn and Moortgat, 2003). Nevertheless, it seems that CCN activity of β-
Caryophyllene is lower than for monoterpenes, since apparently the hydroscopic 
fraction of SOA formed from SQT is more volatile. (Winterhalter et al., 2009).  
 
In figure 3, I provide an example for the tropical atmosphere which is considered a good 
photochemical reactor due to high UV light and air humidity content and because of the 
large amount of BVOC emitted (Kesselmeier et al., 2009). During the dry season, 
biomass burning from deforestation emits large amounts of VOCs together with NOx. 
These VOCs together with large quantities of BVOCs emitted from live vegetation are 
oxidized by OH. In presence of the pyrogenic NOx acting as a catalyst, tropospheric 
ozone is formed (Kesselmeier et al., 2009). Since ozonolysis rate is so rapid, SQT tend 
to be sinks for ozone especially in remote areas such as the Amazon (Hakola et al., 
2006; Pollmann et al., 2005; Bonn and Moortgat, 2003; Kim et al., 2009), when other 
VOCs are inducing the formation of tropospheric ozone (Artaxo et al., 2006; Holzke et 
al., 2006; Hakola et al., 2006; Kuhn et al., 2010).Therefore figure 1 represents a 
relatively high ozone (>20 ppbv) scenario for a pristine atmosphere. In such case, 
sesquiterpenes emissions would rapidly be oxidized, already within the canopy, since 
the ozone concentration is relatively high (Shu and Atkinson, 1994). 
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Figure 3: Diagram showing the behaviour of SQT reactivity in the atmosphere in a relatively high ozone 
scenario, in a rainforest ecosystem during the biomass burning season. During this season a large amount 
of VOCs are emitted to the atmosphere, leading to a high particulate background concentration 
proceeding to low rain efficiency clouds. At the same time, under these circumstances SQT are emitted 
by vegetation and get quickly oxidized by the tropospheric ozone formed after the oxidation of VOCs in 
the regional atmosphere. In addition, the tower with the gradient scheme connected to a proton-transfer 
reaction mass spectrometer (PTR-MS, see methods) is also shown as an example of the setup of the 
experiment explained in this thesis.  
 
 
 
1.3.Amazon rainforest 
 
The Amazon rainforest is thought to be a very suitable place for the study of 
interactions of BVOC emissions and the atmospheric environment. The region 
represents a pristine ecosystem with strong coupling to the atmosphere via the 
hydrological cycle and substantial recycling by in situ evapotranspiration of 
precipitation (Nepstad et al., 2008; Phillips et al., 2009). Furthermore, the Amazon 
rainforest has relatively low ozone mixing ratios ranging from 18-40 ppb as the typical 
background levels (during the dry season, with even lower values during wet season. 
The only sources of ozone are downward transport from the stratosphere, in situ 
photochemical production from BVOC oxidation, plus a fraction source from cities like 
Manaus (Kuhn et al., 2010). In addition, emissions of BVOC are high due to the high 
species richness, with the order of 105 different trees species, as well as due to warm 
temperatures and high irradiance (Kesselmeier et al., 2009; Martin et al., 2010b). 
Moreover the high UV light radiation and air relative humidity in the Amazon a 
“tropical reactor” (Andreae, 2001) greatly favours atmospheric chemical reactions, to 
the point that changes in the atmospheric chemical properties and processes in the 
Amazon could inflict climate impacts on a global scale (Kuhn et al., 2007; Kuhn et al., 
2010; Karl et al., 2007). Furthermore, the biomass burning season allows for the study 
of regional BVOC gas-chemistry and aerosol formation due to the large amount of VOC 
emitted from fires (Longo et al., 2009) (see also Figure 3).  
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1.4. Ambient Profile Measurements 
  
Measurement of ambient air concentrations is an important component in this context, 
since emissions are plant species dependent (even individual dependent), as well as 
environmental and phenological state dependent. Thus, ambient air measurements 
integrate over whole canopy emissions and chemistry. To date, ambient air 
measurements of SQT with a PTR-MS were done by Boy et al., 2008 (alpine 
ecosystem), Bouvier-Brown et al., 2009 (ponderosa pine, alpine ecosystem), Kim et al., 
2009 (transition to boreal ecosystem) (Kim et al., 2009; Bouvier-Brown et al., 2009a; 
Boy et al., 2008). These studies covered no more than a few weeks of measurements 
and with exception of the study by Kim et al., 2009, none used a tower for canopy 
profiling. Kim et al., 2009 applied a tower gradient scheme with 2 inlets. Their focus 
was on ion fragmentation; only the noon time average canopy scale flux, the mixing 
ration and OH reactivity were reported. A more elaborate gradient scheme system can 
provide full canopy coverage of the concentration profile and by causing less 
disturbances than plant enclosures, avoids artificially high SQT emissions as wounding 
response (Duhl et al., 2008).  
 
1.5. Aim and hypothesis 
 
The aim of this study was to investigate the atmospheric behaviour of sesquiterpene 
emissions at canopy scale, and their interactions with climate, atmospheric chemistry 
and air quality. It is the very first time tropical ambient air concentrations of SQT are 
measured over a long-term period, covering dry and wet season and without pre-
concentration techniques (i.e. cartridges). It was hypothesized that there will be a rapid 
processing of sesquiterpene compounds in the atmosphere due to their high reactivity 
especially with ozone. Furthermore, it was also hypothesized that sesquiterpenes 
emissions might also be detectable at night reflecting emission patterns that are 
temperature and light dependant. 
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2. Methodology 
 
2.1. Personal Contribution to the Project 
 
This study was part of a joint US/Brazil research (University of Arizona and INPA, 
Brazilian National Institute for Amazonian research) and the education program on 
tropical forest functioning (Amazon PIRE, http://www.amazonpire.org/) and consisted 
of six month ecosystem-scale field study at the TT34 flux tower in central Amazonia, 
Brazil, spanning both the dry (started September 2010) and the wet season (finished 
February 2011). My contribution to the project was the supervision and maintenance of 
the PTR-MS (Proton Transfer Reaction Mass Spectrometer) while it was at the field site 
from November 1st, 2010 until February 20th, 2011. I provided the full maintenance of 
the instrument, providing quality check of the recorded data as well as providing the 
necessary weekly adjustment of software and data recording schemes.  
 
For the purpose of this thesis, the data used was the one regarding sesquiterpenes. Even 
though I was not present in the first two months of measurements, the entire set of data 
was available to me. When handling data, iGOR software (Wavemetrics, Inc, USA) was 
used. In analysis of the data, I was responsible for time series analysis and profile 
averaging. Figures in the thesis were prepared applying software developed at Arizona 
University (based on iGOR) which allowed me to extract the graphs needed for the 
analysis of the data.    
 
2.2. Study site 
 
The study site was located in Central Amazonia, 60 km NNW of the city of Manaus, 
Brazil (Figure 4). The field site, called Reserva Biologica de Cueiras, has been run by 
INPA under the LBA (Large Scale Biosphere-Atmosphere Interactions in the Amazon) 
program. This site has a 40 m tower, called TT34, with coordinates, 02º35.657´S, 
060º12.557´W, at 110m a.s.l. The tower footprint is considered relatively small, with 
typically 0.1-3 km2 (Andreae et al., 2002). The vegetation in this area is considered to 
be undisturbed mature terra firme tropical rainforest, with a Leaf Area Index of 5-6 and 
an average canopy height of 30-35 m (Martin et al., 2010a). Many studies have been 
done to identify the tree species in the area that represent more than 48 families, with 
some of the most frequent species being Eschweilera micrantha, Chrysophyllum 

sanguinolentum and Licania davillifolia (Michiles and Gielow, 2008). Furthermore, 
despite difficulties to link BVOC emissions to Amazon forest tree species, Harley et al., 
2004 found 44% of the screened taxa to emit isoprene (Harley et al., 2004). The climate 
at the site is characterized by large changes in precipitation, with an annual average 
rainfall of 2200mm but with a seasonal amplitude of ≈ 70 mm per month in the dry 
season and ≈ 350 mm per month in the wet season (Artaxo et al., 2006). Temperature 
and solar radiation remain relatively constant all year around. The dry season, from July 
to October, occurs when the Intertropical Convergence Zone (ITCZ) is at its northern 
extreme, whereas the wet season comprehends the period from November to May 
(Kuhn et al., 2007; Karl et al., 2007; Andreae et al., 2002).  
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Figure 4: Satellite map of South America showing the location of the study site with coordinates: 
02º35.657´S, 060º12.557´W. Obtained from Google Maps, 2011.  
 
2.3. PTR-MS 
 
A Proton Transfer Reaction Mass Spectrometry (PTR-MS, IONICON, Austria) is an 
online gas analysis tool which uses low-energy chemical ionization to simultaneously 
monitor a range of volatile organic compounds in the air (Karl et al., 2007). It is based 
on protonating water molecules (primary ions; H3O

+) to the VOCs inserted into the 
instrument. This allows control in an electric field, since the compounds acquire a 
charge that is measurable by an ion beam. This ion beam makes it possible to separate 
the protonated VOCs and their fragments with respect to their mass-to-charge ratio, 
which is usually the molecular mass of the measured compound plus 1, its new charge. 
For the SQT measurements a mass to charge (m/z) ratio of 205 (sesquiterpene-H+) was 
used. This technique is very suitable since it is an online technique for ambient air 
measurements, giving a fast response time at a very high sensitivity (regarding 
compounds in low concentration) (Taipale et al., 2008). The PTR-MS does not require 
previous sample preparation, VOCs mixtures are simultaneously introduced into the 
instrument. The PTR-MS reports absolute concentrations calculated according to their 
reaction rate coefficients, reaction times and the ion counts rates of the primary and 
product ions (Ionicon, Austria). The PTR-MS can only measure compounds with proton 
affinities higher than water, thus air acts as a buffer, since its major component, nitrogen 
has a lower proton affinity. The airstream with a certain VOC concentration enters the 
PTR-MS through the instrument inlet and hydronium ions are formed at high density in 
the ion source with a hollow cathode (Figure 5). Then, the VOCs are protonated in the 
drift tube under the influence of an electric field, with the production of water clusters 
as a by-product as shown in equation 1. The protonated ions are then filtered and passed 
through the detector, a QMZ 422 quadruple mass spectrometer (Balzers, Switzerland) as 
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cps (counts per second) (Figure 5) (Kim et al., 2009; Hewitt et al., 2003; Rinne et al., 
2005; Taipale et al., 2008; Maleknia et al., 2007; Lindinger and Hansel, 1997; de Gouw 
and Warneke, 2007). The PTR-MS used at the Amazon field site was operated at 
standard conditions of drift tube voltage to 600 V and the pressure of the drift tube to 
2.0 mba. Optimization obtained a higher sensitivity and higher detection limit. The 
optimization consisted on setting the ion source voltage to 70 V, the flow rate of water 
to 5.0 sscm, and the pressure of the detector to 105 mbar.  This optimization resulted in 
high primary ion (H3O

+) intensity (> 2.0e7 cps) with low water cluster and O2
+ 

formation (< 4% H3O
+) (Jardine et al., submitted).  

 
 
 
Equation 1:   H3O+ + R ––› RH+ + H2O 
 
 
 

 
Ion Source Drift tube  Detector 
Figure 5: Diagram of the parts composing a PTR-MS as designed by Ionicon, Austria. It is composed by 
an ion source at the beginning of the system, following the drift tube or reaction chamber, where 
protonated VOC’s are formed to finish with the detector, a quadruple mass spectrometer (Figure adopted 
from ionicon: http://www.ptrms.com/).  
 
The BVOC of my concern, sesquiterpenes, were monitored during each PTR-MS 
measurement cycle with a dwell time of 5 seconds, in which β-Caryophyllene is the 
most abundant ion. Abundances are dependent upon collision energy in the drift tube, 
humidity and stereochemistry (Kim et al., 2009). Raw signals were normalized by the 
adjusted primary ion signal (cps21) and background subtracted from measurements of 
ultra-high purity nitrogen (Brazil) or zero air (Biosphere 2, Arizona) to obtain 
normalized counts per second (ncps, Equation 2). 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).  
 
Equation 2:   ncps = (cpsVOC/cps21)sample - (cpsVOC/cps21)nitrogen 
 
 
The calibration slope (m, ppbv/ncps) for sesquiterpenes was obtained at Biosphere 2, 
Arizona, and in the field site using the dynamic solution injection (DSI) technique 
developed by (Jardine et al., 2010a). The calibration slope was 4e6 ppbv/n cps at 2.0e7 
cps of hydronium ions, corresponding to a sensitivity of 4.93 cps/ppbv. The calibration 
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solution was prepared at the field site by diluting 5 microL of an authentic β-
caryophyllene standard in 100 mL of cyclohexane.  The β-caryophyllene solution was 
injected into the mixing vial at 0.5, 1.0, 2.0, and 3.0 microL/min (30 minutes each flow 
rate) with a constant dilution flow of 1.0 slpm ultra high purity nitrogen passing 
through. Sesquiterpene concentrations were calculated by multiplying the calibration 
slope by ncps (normalized counts per second) according to Equation 3. Furthermore, it 
is important to mention that β-caryophyllene was assumed to be one of SQT major 
contributor species to m/z 205+ ion counts. 
 
Equation 3:   ppbv=m x ncps 
 
2.4. Experimental set up 

 
Direct gas samples at different heights in the Amazon forest canopy were obtained 
through a gradient scheme based on a setup put in place during the AMAZE 2008 
campaign (Karl et al., 2009). In our experiment we used six ambient air inlets at 
different tower heights,  2, 10.9, 16.7, 23.9, 30.3, and 39.8 m, connected to the PTR-MS 
(Figure 6 and 7), which were sequentially analysed for VOCs (for this study, SQT). For 
each inlet, 10 minutes sampling times was used, to obtain one complete canopy profile 
per hour. Ambient air (~0.1 m from the tower) was drawn through 1/4 inch outer 
diameter Teflon PFA tubing using an oil free diaphragm pump (KNF Neuberger) with a 
sample point to detector delay time of < 15 seconds, determined with a pulse of 
isoprene at the inlet. Since previous studies had shown problems with water 
condensation within the inlet, thus damaging the internal PTR-MS system, the tubing 
was heated to 50 oC by placing it in a 2 inches neoprene insulating jacket with a Teflon 
coated self-regulating heating tape (Omega Engineering), in order to prevent 
condensation and the loss of SQT to the tubing walls. In addition, an insect netting filter 
was placed in each inlet (created with a plastic funnel) to prevent insect and big 
particulate contamination. Furthermore, at the beginning of the dry season, prior to each 
vertical gradient ambient air measurement period (usually lasting 4-7 days), ultra high 
purity nitrogen was run for two hours to obtain background signals.  
 

    
Figure 6: Set of pictures from the setup of the experiment. The one on the left shows the tower at 
approximately 17m, with the inlets made with plastic funnels on the left side of the tower. The picture in 
the middle shows how the tower is connected to a container, and the picture on the right shows the PTR-
MS inside the container.  
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Figure 7: Shows the different vegetation pictures of the canopy layers (11, 17, 24, 30 and 40 m) analysed 
for sesquiterpene concentration.  
 
 

2.5. Ozone 
 
The ozone data were obtained from the LBA project in which measurements were done 
every 5 minutes at 40 m by thermoluminescence, with a Thermo Environment model 
49i (Thermo Electron Corporation, USA) averaged every hour. For obtaining an 
estimate of ozone concentrations within the canopy, we assumed a similar gradient 
profile to that found by Karl et al. 2009 during the AMAZE 2008 campaign; we scaled 
the data at 40 m to match this pattern. Diurnal patterns in sesquiterpene ozonolysis rates 
(molec cm-3 s-1) at each height were calculated in the dry season using equation 4, where 
k = 1.16±0.43 x 10-14 molec-1 cm-3 s-1 (Shu and Atkinson, 1995) and [O3] and 
[sesquiterpenes] are the hourly averaged dry season concentrations of ozone and 
sesquiterpenes (molec cm-3). The average ecosystem-scale sesquiterpene ozonolysis 
flux during the dry season was estimated by integrating the average ozonolysis rates 
over the height of the entire canopy, up to 40 m, using equation 4. In addition, the 
calculated flux was determined by layers, which the assumption of each layer being 6.7 
m tall and using the Avogadro’s number.    
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Equation 4:   ozonolysis rates = k[O3][sesquiterpenes] 
 
2.6. Data analysis 

  
The data obtained by the PTR-MS was in count per seconds and was transformed to 
concentration units using the above calibrations applying iGOR software. Vertical 
gradients were calculated by averaging the last seven minutes of each ten minute 
measurement period. The rest of data was discarded due to stabilization issues. 
Furthermore, for the same reason, the first three hours of each measurement were also 
discarded, since oxygen contamination was always high at the beginning of the 
measurements. Average vertical gradients for daytime (10:00-16:00) and night time 
(22:00-4:00) were calculated for both the dry and wet season data.  
 
2.7. Biosphere 2 
 
For comparative purposes, data from Biosphere 2 was used. Biosphere 2 is a 2000 m2 
tropical rainforest mesocosm run by the University of Arizona. It encompasses 91 
species of tropical plants under a flat-topped pyramidal glass enclosure operated in a 
semi-closed system. This glass avoids the entrance of UV-light therefore no oxidation 
takes place allowing the study the plant role in emissions. Temperature and 
photosynthetically active radiation (PAR) are continuously recorded. Further 
information on the VOC measurements taking place in this mesocosm are  explained 
elsewhere (Jardine et al., 2010b). The data on MT, SQT, temperature and PAR was used 
as means of comparison with the data obtained in the Amazon to see if some differences 
could be observed.  
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3. Results 
 
3.1. Overall data 

 
The data obtained in the study was extensive, spanning both the dry and the wet season 
and allowed for the first time the real-time observations of sesquiterpene concentration 
dynamics, without the use of adsorbent tubes or other long-term averaging or 
preconcentration techniques. Figure 8 shows the combination of all the sesquiterpene 
concentration data for inlets 1, 3 and 6 (selected for easier visibility) which represent the 
gradient from bottom to top of the canopy. The data were gathered between September 
2010 and January 2011. Several gaps can be observed, which correspond to the time 
when other compound-ions were being measured by the PTR-MS. The range of 
sesquiterpene concentration observed during the whole study period varies from 0 to 0.8 
ppbv, with some exceptionally high values peaking close to 1 ppbv. A small difference 
in average concentrations was found between values during the dry season 
(comprehending September, October and November) and the values from the wet 
season (comprehending December and January), especially towards the end of the dry 
season, when values were highest. Furthermore, lowest concentrations of sesquiterpenes 
were found at the top of the canopy, since the grey dots (inlet 6) are always at the 
bottom of the data points.  
 

 
Figure 8: Sesquiterpene concentrations observed during the dry and wet season and both day and night for 
the six inlets. Inlet 1, at 2 m, is represented by red dots; inlet 3, at 17 m, is represented with green dots 
and inlet 6, at 40 m, is represented by grey dots. The x-axis shows the local time from the 2nd of 
September 2010 to the 27th of January 2011, separated into three different panels for easier visibility. 
Sesquiterpene concentration is expressed in the y-axis in ppbv.  
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3.2. Biosphere 2 
 
The results for Biosphere 2 are courtesy of Kolby Jardine, and are included in this study 
in order to better understand the picture regarding SQT and MT that were observed in 
the Amazon. Figure 9 shows monoterpene and sesquiterpene emissions in the tropical 
mesocosm having strong diurnal patterns with maxima during midday. Both compounds 
seem to follow the same pattern as temperature and photosynthetically active radiation 
(PAR), peaking at 14:00pm and midday, respectively. In that pattern, MT were found to 
be more closely linked to the diurnal pattern of PAR with sharp maxima at 12:00 and 
becoming zero at night. For SQT maxima were measured later in the day, and emissions 
did not decline to zero during the night. It must be noted that SQT emissions are overall 
small compared to MT.  
 

 
Figure 9 (courtesy of Kolby Jardine): Top panel shows the Photosynthetically Active Radiation (PAR) as 
the yellow line expressed in µmol per m2 per second and air temperature as the red line expressed in º 
Celsius. These parameters were measured at 20 m height inside the Biosphere 2 tropical mesocosm. The 
bottom panel shows the sesquiterpene (black line) and monoterpene (green line). The left y-axis 
represents MT concentrations, in ppbv and the right-y axis represents the SQT concentration also in ppbv. 
The x-axis represents the local time from 12 pm on the 13th of February 2010 to 12am on the 17th of 
February of 2010.  
 
In order to further investigate the relationship between temperature and PAR, and MT 
and SQT, correlations were investigated as plotted in Figure 10. For each dataset, 
ambient SQT and MT concentrations were linearly regressed against ambient PAR and 
air temperature. 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, α = 

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, α = 0.05, R2
temp ≠ R2

PAR). This suggests that monoterpenes are more affected by 
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light, and SQT are more affected by temperature, related perhaps to their difference in 
biosynthetic pathway and/or whether or not the compounds are emitted from storage. 

 
Figure 10 (courtesy of Kolby Jardine): Correlation of SQT (left column) and MT (right column) for 
temperature (top) and photosynthetically active radiation, PAR (bottom). R square values are shown at 
the top of each individual graph. PAR is expressed in µmol per m2 per second and temperature in º 
Celsius. Both MT and SQT are expressed in ppbv.  
 
3.3.The Amazon Rainforest 

 
3.3.1. Time series 

 
When zooming into a few days of the entire data series (see Figure 8), taken from the 
inlet at 17 m (half way into the canopy, as the average profile height), it can be seen 
how sesquiterpene concentration peaks at night (Figure 11). By contrast, concentration 
of monoterpenes peaked at noon, when light limitation was at its minimum; MT 
concentration was lowest (close to zero) during the night. Moreover, in the Amazon 
rainforest, the monoterpene concentrations throughout the day followed the same 
diurnal pattern as seen in the Biosphere 2 data, whereas quite a different picture 
emerged for SQT. Since SQT emissions have in principle similar controlling 
environmental variables than MT, such as temperature and light (which are also known 
to co-vary), the observed differences between monoterpenes and SQT were unexpected.  
 
A proposed rapid oxidation of SQT by ozone provided the basis to compare 
sesquiterpene concentration data with ozone concentration data taken at inlet 6. 
Interestingly, ozone was found to be inversely related to sesquiterpene concentration 
(Figure 11), such that the sesquiterpenes concentration-peak at night, coincided with 
ozone concentrations being at their lowest (higher concentrations of ozone during the 
day were possibly due to enhanced photochemical formation) and vice versa. Figure 11 
represents 4 days of data, but a similar pattern was seen throughout the whole 
measurement period. This suggested a very strong relationship between ozone and 
sesquiterpenes which was further investigated.  
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Figure 11: Top panel shows the inverse relationship between sesquiterpene concentration and ozone 
concentration. Sesquiterpene concentration at 17 m is represented by the red lines and markers (each 
marker represent actual time of measurement, once each hour) whereas the ozone concentration is 
represented by the black line and markers (each marker represents actual time of measurements 
coinciding with the sesquiterpene measurements). Both ozone (in the left y-axis) and sesquiterpenes (in 
the right y-axis) are expressed in ppbv but note the difference in axis-. The bottom panel shows the 
diurnal pattern for monoterpenes at 17m (green line and markers).  They-axis represents monoterpenes 
concentration in ppbv with concentrations varying from 0-1.2 ppbv. Both x-axis for the top and the 
bottom graph represent the local time which spans from 12pm 4/12/2010 to 12pm 8/12/2010.  
 
3.3.2. Average profiles 

  
Figure 12 shows the averages vertical concentration profiles for the different seasons, 
one for the dry season (September-November) and another for the wet season 
(December-January), separated by daytime and night-time. The data show higher 
concentrations of both isoprenoids during the dry season, likely due to a strong 
dependence of emissions rates on light and temperature, since during the wet season, 
temperature and specially PAR is reduced with respect to the dry season. Furthermore, 
for the average profiles, again a diurnal difference emerges, with monoterpenes having 
higher concentrations during daytime hours (10:00-16:00), being the opposite case for 
sesquiterpenes, with higher concentrations at night.  
 
While concentrations of monoterpenes peaked at 17 m, surprisingly, sesquiterpene 
concentrations peaked near the ground at 2 m, although they were also clearly elevated 
at 17 m. Monoterpene concentrations followed an almost straight vertical pattern in the 
canopy layers above peak-concentration height, however in the case of sesquiterpenes, 
concentrations decreased notably towards the top of the canopy. This suggested that 
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sesquiterpenes were getting lost at the top of the canopy, possibly due to rapid 
ozonolysis reactions. 
 

 
Figure 12: Average dry (dots) and wet (triangles) concentration profiles through 40 m height for 
monoterpenes (left panel) and sesquiterpenes (right panel). Red line and markers represents average 
profiles during the day and black line and markers represent the night average profiles. Both 
monoterpenes concentration and sesquiterpene concentration are expressed in pptv. The height of the 
profile on the y-axis is expressed in meters, with vegetation canopy reaching up to 30 m. Error bars, in 
terms of standard deviation, are shown for every average height concentration.  
 
The ozone profile concentration was compared to the sesquiterpene profile 
concentration (see Figure 13). During the dry season, the average vertical profile of 
sesquiterpene concentrations was inversely related to that of ozone. While ozone 
concentrations decreased with decreasing height within the canopy, sesquiterpene 
concentrations increased, showing two types of inverse relationships for ozone and SQT 
both in time and in space.  
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Figure 13: Graph showing the average diurnal profile concentrations during the dry season for ozone (red 
line and markers) and the average profile sesquiterpene concentrations during night (black line and 
markers). Ozone is represented in the bottom x-axis is expressed in ppbv, whereas sesquiterpene 
concentration is represented in the top x-axis and also expressed in ppbv. Height is represented in the y-
axis and is expressed in meters. Error bars for both ozone and sesquiterpene concentrations are shown for 
each average measurement in height.  
 
3.3.3. Ozonolysis 
 
To further analyse the behaviour of sesquiterpenes and ozone within canopy I tested for 
the inverse relationship of ozone (at 40 m) with sesquiterpenes (average concentration 
for each height) (Figure 14). Except for the lowest measurement levels (2m), ambient 
concentrations at all heights decreased substantially during the day, with minima around 
12:00 local time, and increase during the afternoon. These observations strongly suggest 
that within canopy sesquiterpene ozonolysis reactions in the dry season are chief 
modulators of the vertical concentration distribution, driving maximum concentration of 
SQT to ground level, where O3 concentration was at its lowest. 
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Figure 14: Graph showing a time series plot of the inverse relationship between dry-season average 
sesquiterpene concentrations at each height throughout the canopy and ozone concentration at 40 m. 
Sesquiterpene concentrations at 2 m height is represented by the orange line, at 11m height by the 
pistachio line, at 17 m by the light green line, at 24 m by the turquois line, at 30 m by the grey line and at 
40 m by the dark blue line. Ozone concentration at 40 m is represented by the thick black dotted line.  
Ozone concentration is expressed in ppbv and represented in the left y-axis with a range of 10-25 ppbv, 
and the sesquiterpene concentrations are expressed in ppbv with a range of 0.1-0.3 ppbv on the right y-
axis. The x-axis represents the hour of the day of the diurnal average concentrations.  
 

 
Figure 15: Contour plot of the average diurnal pattern of calculated sesquiterpene ozonolysis rates during 
the dry season throughout the canopy. Ozonolysis is shown at each height, represented by the y-axis and 
expressed in meters in an average day, represented in the x-axis and expressed in hours. The ozonolysis 
rate is expressed in cm3 per second ranging from 0 to 30x106 cm3/s, with colors from red shades at 
highest ozonolysis rates to green shades (medium ozonolysis rates) to blue shades being the lowest 
ozonolysis rates.   
 
When the average dry season sesquiterpene ozonolysis rates at each height were 
estimated from the average diurnal ozone and sesquiterpene concentrations, using the 
ozonolysis reaction rate constant from β-Caryophyllene, a strong diurnal pattern 
emerged (Figure 15). Despite low ambient sesquiterpene concentrations during midday, 
maximum reaction rates (up to 3x10^7 cm3/s) occur during the day at 17 m height 
within the canopy. Therefore, due to the roughly two orders of magnitude higher 
ambient ozone concentrations than those of sesquiterpenes, the diurnal pattern in ozone 
concentration seems to determine the pattern of sesquiterpene ozonolysis rate 
(maximum during the day not the night). Furthermore, the estimated mean daytime SQT 
ozonolysis rate integrated throughout the 40 m height was calculated by adding up all 
the ozonolysis at each height, giving a value of -1.1 mg/m2/h.  
 
3.3.4. Pseudo-quantitative fluxes 

 
To further investigate the source/sink behaviour, a qualitative analysis of the fluxes of 
monoterpenes and sesquiterpenes were obtained using an inverse Langrangian transport 
model (Raupach, 1989) (Figure 16). Since model inputs, including profiles of the 
standard deviation of the vertical wind speed (σw) divided by the friction velocity (u*), 
were obtained from AMAZE campaign at the TT34 tower in 2008 (Karl et al., 2009), 
VOC flux estimates (in mg m-2 hr-1) are therefore can only be considered pseudo-
quantitative. In these fluxes it can be seen how net emissions of sesquiterpenes 
dramatically decline from 25 m height as they go up the canopy, whereas monoterpenes 
remained strong after the start of emissions from 15 m height. For the SQT flux the 

40

30

20

10

h
e
ig

h
t,
 m

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00

hour of day

30x10
6

25

20

15

10

o
z
o
n

o
ly

s
is

 ra
te

, m
o
le

c
 c

m
-3 s

-1



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

22 
 

estimated integrated canopy-scale emissions rates was also calculated, yielding a value 
of 0.7 mg/m2/h, by adding all fluxes together (Figure 16 left panel). 
 
 

   
Figure 16: Graphs showing the estimated dry season fluxes through 30 m canopy. The left panel 
represents sesquiterpene flux, in blue, and the right panel represents the monoterpenes flux, in maroon. 
Fluxes are expressed in mg per meter square per hour all in the x-axis and the height in the y-axis is 
expressed in m.  
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4. Discussion 
 
4.1. Relevance of this study 

 
Even though monoterpene concentrations have been widely quantified in different 
ecosystems (Jordan et al., 2009; Karl et al., 2002; Filella and Penuelas, 2006; Baker et 
al., 2005; Karl et al., 2009; Baraldi et al., 2004), studies of within and above canopy 
sesquiterpene concentrations (and inferred fluxes) are scarce to-date due to experimental 
difficulties dealing with high reactivity and sampling losses of SQT (Kim et al., 2009; 
Boy et al., 2008; Bouvier-Brown et al., 2009a). The implications of this study are 
several. First, due to an optimized PTR-MS which lead to high primary ion intensity, 
low water clusters and low O2

+ contamination, we were able to measure SQT’s low 
concentrations. Furthermore, the heated Teflon sampling lines minimised SQT loss to 
tubing walls. In addition, the fact that the Amazon has relatively low ozone 
concentration (<40 ppbv) aids the atmospheric quantifications since SQT were not so 
rapidly oxidised compared to more polluted environments. Additionally, the 
meteorological conditions in tropical locations such as high UV light, temperature and 
air humidity (SQT are more heavily emitted at higher humidity) stimulate high 
emissions, along with high biomass increasing the amount of BVOC emitted (Duhl et 
al., 2008; Kuhn et al., 2010).  

 
4.2. Divergence between MT and SQT 

 
4.2.1. Temperature and light dependence 
 
Previous work has shown that MT and SQT emissions correlate with each other at leaf 
and branch level (Ormeno et al., 2007a). In addition, the results from Biosphere 2, also 
indicate such correlation to exist, based on the relatively similar diurnal patterns of 
emissions, although MT are more strongly correlated with light whereas SQT are 
mainly correlated with temperature. This divergence in correlations could be done to the 
difference in biosynthetic pathway of both isoprenoids. Whereas SQT are synthesized in 
the cytosol (via MVA pathway), MT are synthesized in the plastids (Kesselmeier and 
Staudt, 1999; Ormeno et al., 2007b), nevertheless, this is a matter of crosstalk since 
MVA pathway also requires metabolites that are derived from photosynthesis. 
Moreover, a strong temperature dependence of emissions usually also relates to an 
emission from storage pools (often found for MT emissions from conifers), while a 
strong light dependence indicates emission directly after production (found for isoprene, 
and frequently for MT from broadleaved trees). In the Amazon, as temperature and light 
co-vary during the day, both MT and SQT concentrations were expected to be higher 
during the day due to their emissions (Vickers et al., 2009; Duhl et al., 2008). 
Nevertheless, there was a distinct pattern in the Amazon, where SQT diurnal 
concentration differed notably from MT concentrations.  
 
The high SQT concentration at night as compared to MT could at least to some degree 
be related to differences in their biosynthetic pathways. In the absence of sunlight, MT 
emissions decline to zero due to the lack of photosynthesis, since MT biosynthesis is 
controlled upon recently photosynthesized carbon. By contrast, SQT emissions could 
occur at night, since SQT biosynthesis is not so strongly dependent on recently 
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photosynthesized carbon. Still, emission rates are expected to be lower than during the 
day, due to lower night-time temperatures.  
 
Differences in leaf production and emission patterns are however only one factor to be 
considered. Concentration of compounds (if produced day and night, and without 
substantial chemical destruction) would be lower at daytime than at night due to greatly 
reduced night-time vertical mixing (Campbell and Norman, 1998; Vilà-Guerau de 
Arellano et al., 2011). Boundary layer effects would not affect diurnal monoterpene 
concentration patterns, because of the light inhibition of emissions at night which would 
also indicate that at the Amazon rainforest site, MT emission does not occur from 
storage. This is likely not the case of SQT where the concentration built-up at night 
reflects possibly a continued production, emission from storage, slow atmospheric 
break-down, as well micrometeorological conditions that determine atmospheric 
stability and boundary layer height. 
 
4.2.2. SQT ozone sensitivity and escape efficiency  

 
Differences between storage pools and emission patterns of SQT and MT from 
Amazonian plants are to-date not well studied, and their importance for the observed 
patterns remains unclear. Furthermore, it does not explain the very high concentrations 
of SQT that were observed at the lowest measurement level (highest emissions of SQT 
could be expected to occur around 17 m, where the shaded and non-shaded canopy meet 
-mimicking the MT average profile-, or else it would have been expected to find similar 
higher concentration at the ground for MT). In fact, the most plausible possibility for 
the divergence of MT and SQT appears to be the high sensitivity of SQT towards 
ozone. The two inverse relationships found between ozone and SQT, both in time and 
space, suggest that SQT concentrations are determined mainly by its atmospheric sink: 
ozone. Rapid SQT oxidation by ozone is supported by the reaction rate constants of OH 
and NOx in comparison with the reaction rate constant of ozone. For OH the reaction 
rate constant with β-Caryophyllene is 2.0x10-10 molec/cm3/s, cm whereas the NOx 
reaction rate constant with the same compounds is 2.2x10-11. In contrast the reaction 
rate constant for ozonolysis, 1.16x10-14, is some orders of magnitude lower, and gives a 
faster reaction rate than any of the other oxidants (Bouvier-Brown et al., 2009b). 
Furthermore sesquiterpenes are around 100-times more reactive with ozone than 
monoterpenes (Kurpius and Goldstein, 2003; Bonn and Moortgat, 2003), providing yet 
another possible indication of rapid reactions depleting sesquiterpenes at the top of the 
canopy due β-Caryophyllene double bond reactivity (Winterhalter et al., 2009). 
 
Possibly, sesquiterpene are being preferentially oxidized at the top of the canopy and 
less at the bottom, since ozone deposition fluxes decline when reaching the lower parts 
of the canopy due to previous consumption. The high concentration at 17 m could 
suggest highest plant emissions there; especially during daylight hours since the 17 m 
inlet coincided with the sunlight subcanopy (see Figure 7). Whole daytime (10:00-
16:00) canopy integrated sesquiterpene emission flux (SQT emitted: 0.7 mgSQT/m2/hr), 
as estimated using the inverse transport model, was less than the estimated whole 
canopy integrated sesquiterpene ozonolysis flux (SQT oxidized normal ozone depletion: 
-1.1 mgSQT/m2/hr); a more extreme case of ozone depletion through ozonolysis would 
yield a rate of -0.6 mgSQT/m2/hr (SQT oxidized extreme ozone depletion). The escape 
efficiency refers to the percentage of SQT which are able to reach the above-canopy 
atmosphere. With these values it was possible to give a rough estimate of the SQT 
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canopy escape efficiency of 39-54% leading to 46-61% of SQT oxidized within the 
canopy. The way in which this was calculated was by adding together what it was 
emitted and oxidized, and then dividing the emission (SQT emitted: 0.7 mgSQT/m2/hr) 
by the total emitted and oxidized (1.8 mgSQT/m2/hr, for the normal ozone deposition 
case) to get the percentage of SQTs that has not escape outside the canopy. This 
estimate is comparable to the modelling estimates in a hardwood forest in the US for the 
summer time, of 30% SQT escape efficiency (Stroud et al., 2005).  Although our 
ecosystem scale sesquiterpene emission flux is only a rough estimate due to uncertainty 
in the turbulence parameters used in the inverse transport model, these results could 
provide the first demonstration that a large fraction of sesquiterpene emitted into 
atmospheres can be rapidly oxidized within canopy due to ozonolysis. 
 
4.3. Ozone deposition 

 
Even though our measurements allow first and foremost a qualitative analysis, a further 
discussion about the interactions of O3 flux and SQT emissions might be attempted. In 
the scientific community it was generally accepted that total ozone deposition is 
dominated by stomatal uptake, even though, recently, mid-latitude studies show ozone 
deposition is actually due to gas-phase chemistry (Fowler et al., 2001; Kurpius and 
Goldstein, 2003; Mikkelsen et al., 2000) which could be leading to high yields of SOA 
nucleation and growth (O'Dowd et al., 2002) and OH production (Paulson et al., 1999).  
 
Nevertheless, the study of Rummel et al., 2007 in southwest Amazonia showed the 
opposite behaviour (dominated by stomatal deposition), with an ozone deposition flux 
of -6.6 to -10.9 nmolO3/m

2/s which was supported by enclosure studies on Amazonian 
plants which also indicated dominance of stomatal uptake (Rummel et al., 2007; Gut et 
al., 2002). By using the deposition velocity used by Rummel et al., 2007 we calculated 
the ozone deposition flux. The rates increased notably (-5.4 to -10.8 nmolO3/m

2/s, in 
agreement with Rummel’s finding) compared to the ozone deposition inferred from the 
integrated ozonolysis (-0.6 to -1.5 nmolO3/m

2/s). By subtracting the general ozone 
deposition flux, with the ozone deposition flux only from ozonolysis, we found 7-28 % 
of net deposition only due to ozonolysis. If this is true and decomposition of ozone is 
taking place by volatiles such as ozone, a great burden of ozone damaging pressure 
could be taken out of plants, since it would imply not so much stomatal uptake.  
 
4.4.SQT antioxidant role 
 
Recent studies suggested that monoterpenes and sesquiterpenes can act as endogenous 
antioxidants within plants in order to reduce the oxidative damage of stress caused by 
the accumulation of ROS (reactive oxygen species) (Vickers et al., 2009; Duhl et al., 
2008). Whereas no evidence has been shown for SQT to date, MT have been proven to 
aid protecting photosynthesis against high temperature or high ozone concentrations 
(Delfine et al., 2000; Loreto et al., 1998; Loreto and Fares, 2007). At our forest site, 
SQT were rapidly oxidized by ozone within the canopy, before O3 reached the leaf 
surface, creating a gas-phase chemistry ozone sink. This could potentially significantly 
reduce the amount of ozone taken up by plants, reducing the oxidative damage, which 
could be of especial importance in the Amazon due to the increasing annual average 
ambient ozone concentration, which has risen from 12 ppbv in 1987 to 40 ppbv in 2010 
(Kirchhoff et al., 1990). This is of especial importance since it has been found that long-
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term exposure of Amazonian plant species to more than 50 ppbv can cause permanent 
plant damage (Rummel et al., 2007).  
 
4.5.Possible SQT Feedback mechanisms in the climate system 

 
Due to the interactions, effects and controls in SQT, a number of emission-climate 
feedbacks can be postulated. Emissions are affected by biotic and abiotic environmental 
drivers on local, regional and global scales. Although it is still difficult to quantify the 
atmospheric interactions and feedbacks due to the high reactivity of SQT, and due to 
uncertain process-understanding on SQT emissions, several feedback mechanisms are 
proposed in figure 17, adopted from Pacifico et al. (2009). These mechanisms are 
combined in the Figure but it is important to note that scales may vary in time and 
space. In particular, regional changes may or may not feed back to the global climate 
system.  
 

 
 
Figure 17: Schematic diagram showing the possible feedback mechanisms related to SQT emissions. This 
figure is adopted from Pacifico et al., 2009, who focussed on emissions and role of isoprene emissions. 
Their diagram has been modified for the possible feedback mechanisms including SQT. Feedbacks are 
separated into negative (blue arrows) and positive (red arrows), for instance, warmer air temperature leads 
to higher SQT emissions, which may bring SOA up, which has a cooling effect on air temperature 
(negative feedback). Another example is how higher CO2 concentration leads to higher biomass which 
leads to more SQT emissions. Letters are given to each impact, and related feedbacks for later 
explanation. The dashed red arrow from ozone to sesquiterpene emissions is a hypothesized mechanisms 
exposed in the study by the very first time, thus still very doubtful of veracity of such mechanism. 
Furthermore, the blue dashed arrow between SQT emissions and methane is also not proven yet, so it is 
expressed as a hypothesis. The bottom part of the diagram represents the atmospheric chemistry and the 
upper part of the diagram represents the environmental factors and ecosystem carbon cycle. 
 
When SQT react with ozone, the condensable vapours formed may be critical for 
formation and growth of new aerosols in the atmosphere; with secondary aerosols yields 
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of up to 100% from SQT their effect on SOA formation is considered much more 
important than from monoterpenes (Bonn and Moortgat, 2003; Ormeno et al., 2007a) 
(although numbers vary among literature (VanReken et al., 2006)). These high yields 
are due to the low volatility of SQT and their oxidation products with respect to other 
VOCs, having a significant heterogeneous nucleation, thus efficiently condensing into 
pre-existing aerosol loading, or forming new particles (Boy et al., 2008; Winterhalter et 
al., 2009; Zhao et al., 2010). This provides a positive feedback (a) in a global and 
regional scale, as the higher the SQT emissions, the more SOA are likely to be 
produced. Furthermore, when grown to size classes above ca. 50nm, SOA can act as 
cloud condensation nuclei (CCN), hence organic aerosols link components of the 
carbon and water cycles (Kulmala et al., 2004). For instance, ozonolysis of SQT (in a 
scenario with high ozone, thus high VOC concentration) can lead to high aerosol 
concentration environment and possibly, the cloud droplets formed won’t be able 
generate high rain efficiency clouds; whereas if  the CCN were formed in a low aerosol 
concentration environment, such cloud droplets will create clouds with higher rain 
efficiency (Rizzo, 2006; Artaxo et al., 2006; Kuhn et al., 2010). This could be supported 
by the finding that SQT emissions cease when there is drought, and this could be due to 
the fact that SQT may contribute negatively to precipitation anomalies at local scale 
(Ormeno et al., 2007b). Nevertheless, since this is highly unknown so it is difficult to 
say if it represents a positive or a negative feedback (b). 
 
Although interactions between BVOC emissions and the formation of CCN act mostly 
on the regional scale, the radiation effect of SOA could be considered as a global scale 
feedback. Unless washed-out in precipitation, aerosol particles are transported over 
thousands of km over few days and changes in regional SOA burdens could possibly 
contribute to global changes in radiation. The direct effect of aerosols is the scattering 
or absorption of light. The aerosols formed from SQT oxidation can reflect UV 
radiation, and therefore can lead to less radiation reaching the earth surface creating a 
cooling effect. This feedback, is then considered negative, since the more SOA, the less 
warmer the air temperature (c) (Arneth et al., 2009). Nevertheless, there are certain 
aerosols such the black carbon (biomass-burning particles are heavily enriched by black 
carbon) (Decesari et al., 2006) in which SQT could condense too, changing its optical 
properties (Kesselmeier et al., 2009).   
 
Emissions of sesquiterpenes are also affected by air temperature at a plant scale. Raising 
temperature affects the vapour pressure at which sesquiterpenes are hold within the 
plant storage pools (d), with a significant possibility of increasing emissions in a 
warmer climate (Helmig et al., 2006; Helmig et al., 2007; Duhl et al., 2008). 
Furthermore, atmospheric water vapour is also found to anticorrelate with the intensity 
of SQT condensable vapours nucleation’s, reducing the formation of SOZ due to 
competitive reactions, thus, decreasing SOA formation (Bonn and Moortgat, 2003). On 
the other hand, in an ecosystem, temperature can affect SQT emissions indirectly, as 
climate feedbacks that go via ecology, by warming the region enhancing insects’ 
outbreaks, in which as a defence mechanism plants will emit more sesquiterpenes, 
leading again to an indirect positive feedback at the regional scale. Nevertheless, even 
for regions that have experienced large insects outbreaks, such as certain parts of the 
boreal forests, it has not been possible to quantify any climatic effect, if any, such as the 
production of more SOA, due to enhanced emissions of SQT (Haapanala et al., 2009; 
Staudt and Lhoutellier, 2007).  
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Warmer temperatures leading to higher SQT emissions is one of the interactions related 
to increasing atmospheric CO2 concentrations and their greenhouse effect (e). But CO2 
burdens in the atmosphere can act on SQT emissions in other ways as well. A positive 
effect relates to plant CO2 fertilization (f), in which the more carbon available will lead 
to higher plant biomass, and larger emissions from the higher leaf area index. With a 
fertilization effect, there could also be an excess of photosynthetic material which can 
be used for the production of more BVOCs, therefore, in this case it could be said that 
more CO2, the more SQT emissions, due to more PEP available for SQT biosynthesis 
(Kulmala et al., 2004; Kesselmeier et al., 2002b). This could be considered a global 
scale process, since it is related to vegetation overall, but it needs to be further 
demonstrated by leaf-scale experiments (Penuelas and Staudt, 2010). Whether or not 
there is a direct effect of CO2 on SQT leaf production (g), as found for isoprene (Possell 
et al., 2005; Rosenstiel et al., 2003; Arneth et al., 2007), and possibly also monoterpenes 
awaits further study. 
 
In addition, methane lifetime can also be considered an important factor affecting 
climate at a global scale, which indirectly could be affected by SQT emissions. Most 
BVOCs are oxidized by OH, reducing the global OH concentration in the atmosphere, 
which is produced by the photolysis of ozone (Laothawornkitkul et al., 2009). 
Subsequently, if BVOC emissions are assumed to alter/increase drastically, methane 
lifetime can increase by several months, since it cannot be dissociated to methyl radical 
and water due to lack of OH (Poisson et al., 2000). However, for the case of SQT (h), 
the feedback could be opposite than that for isoprene or monoterpenes. Whereas 
isoprene and monoterpenes increase methane lifetime by consuming OH, SQT are 
mainly oxidized by ozone having OH as a by-product (Hakola et al., 2006; Kurpius and 
Goldstein, 2003), and although Winterhalter et al. (2009) states this can be regarded as a 
minor source to the OH radicals in the atmosphere, in a regional scale, methane could 
be oxidized much more readily possibly having significant impacts on the 
measurements of OH missing reactivity in forest (Pacifico et al., 2009; Poisson et al., 
2000; Winterhalter et al., 2009; Bouvier-Brown et al., 2009b; Holzke et al., 2006; 
Goldstein et al., 2004). 
 
As a last climate-relevant process, ozone has a major role in these feedback 
mechanisms. Vegetation is affected by ozone, since acute tropospheric ozone exposure 
damages plant leaf tissues creating a negative feedback (i), in which the more ozone, the 
less vegetation there is, due to death of plant tissue and reduced productivity (Sitch et 
al., 2007). As explained above, SQT are heavily oxidized by ozone, thereby reducing 
the concentration of ozone when more SQT are available (j). This could be considered a 
negative feedback at a local scale, since if SQT are emitted, the ozone concentration 
within canopy and just above the canopy will be reduced. Nevertheless, here I propose a 
new mechanism which could compromise this negative feedback. As proposed by 
Jardine et al., (submitted manuscript) and Vickers et al. (2009), oxidation products of 
isoprene could be produced within plant as a mean of endogenous protections, acting as 
a quenching agent of reactive oxygen species and membrane strengthening (Vickers et 
al., 2009; Jardine et al., submitted; Affek and Yakir, 2002). What I here propose is the 
possibility of sesquiterpenes acting as exogenous protection outside the plant. So if 
ozone starts to inflict plant tissue damage, SQT might be emitted as a wounding 
signalling response, emitted to the canopy helping reduce ozone concentration before 
entering the leaf. In this case a feedback can be postulated (k), in which higher 
concentration of ozone could inflict more SQT emissions, in turn reducing O3 canopy 
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levels. Nevertheless, this is just a hypothesis and further studies are needed to support 
this idea. 
 
4.6. Limitations 

 
 Measurements in remote locations of highly reactive chemical species are fraught with 
difficulties. In terms of the experiment set up, a gradient scheme of such complexity and 
measurements over a relatively long period are hard to maintain. Small leaks were 
found in the isolation of the Teflon lines, and even though small cuts were made at the 
bottom of the isolation lines before entering the container in order to avoid water 
coming inside the PTR-MS system, new techniques should be develop to reduce these 
risks (Karl et al., 2004). Furthermore, within the PTR-MS setting, an increased dwell 
time for SQT is advisable for higher accuracy in measuring at low concentrations. This 
would be of striking importance especially if sensitivity is being reduced due to higher 
contamination of oxygen ions in the ion source and water cluster contamination in the 
drift tube. Furthermore, a very big limitation of PTR-MS is the lack of compounds 
speciation, only measuring mass to charge ratios. Therefore, for further studies it is 
suggested to couple a GC after the mass spectrometer to chemically identify the species 
in question for such mass to charge ions (Christian et al., 2004), since β-Caryophyllene 
was assumed to be the major contributor to 205+ m/z (Kim et al., 2009).  
 
Moreover, some plant species identification should be carried, in order to acknowledge 
specific emissions and how they interact in canopy height, such as understory growing 
in shaded environments, to further corroborate the behaviour of SQT governed by the 
sink (Kim et al., 2009). In addition, for future studies in which seasonality is further 
studied, it is important to look at the deforestation of the Amazon, and future modelling 
trends, since for sure it will be affecting the behaviour of not only SQT emissions but 
any other BVOC emitted by plants in that region, and the effect of burning biomass in 
the aerosol loading of the regional Amazonian atmosphere.  
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5. Conclusion 
 
In conclusion, this thesis presents observed real-time sesquiterpenes dynamics within 
canopy obtained over dry and wet-season conditions in the Amazon rainforest. The data 
is novel, since it provides instantaneous diurnal concentration profiles without relying 
on the previously employed long term averaging or sample preconcentration. These 
data, together with O3 concentrations, allowed the analysis of the relative concentration 
patterns of monoterpenes and sesquiterpenes. They indicated on the one hand notable 
differences in the effect of short-term environmental drivers (i.e., temperature and light) 
on emissions, and on the other hand a predominant role of in-canopy atmospheric 
oxidation for concentrations of sesquiterpenes, but not of monoterpenes. 
 
In this study a possible role of SQT acting as exogenous protection against oxidative 
plant damage has been proposed, based on the high sensitivity SQT have with respect to 
ozone. Inverse relationships both in time and in space were found for SQT and ozone in 
the Amazon region, showing patterns opposite to what it was expected. SQT escape 
efficiency and ozone deposition flux was also calculated to support the proposed 
important role of SQT ozonolysis in Amazonia. This reaction between ozone and SQT 
can lead to feedback mechanisms which are different that the ones thought for other 
isoprenoids such as isoprene. 
 
 
  



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

32 
 

 
 
  



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

33 
 

Acknowledgments 
 
This research would have not been possible without the help of many people. First I 
would like to thank Almut Arneth for allowing me to have such a good opportunity to 
go to Brazil and meet Paulo Artaxo and provide with excellent comments on the draft 
for this thesis. He deserves a big thank as well since he introduced me to the 
BrasilianAir 2010 Campaign performed at his tower TT34. Furthermore, this project 
would not have been possible without Kolby Jardine, since he provided me with all the 
knowledge needed for the maintenance of the PTRMS. Not only that but he helped me 
all along this project advising me on data analysis and many conceptual concepts. Leif 
Abrell must not be forgotten, since he taught me how to export back the PTR-MS to the 
states and helped with the chemistry from the ozonolysis. Furthermore, funding for this 
project was provided by the Philecology Foundation of Fort Worth, Texas and the 
National Science Foundation through the AMAZON-PIRE (Partnerships for 
International Research and Education) award (0730305) and instrumentation support 
(CHE 0216226). Also I would like to thank many individuals at the Instituto Nacional 
de Pesquisas da Amazônia (INPA) in Manaus, Brazil for logistics support including 
Ana Paula Florentino, Eliane Gomes Alves, Erika Schloemp, and Antonio Manzi.  
 
 
 
  



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

34 
 

 
 
  



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

35 
 

References 
 
- Affek, H. P., and Yakir, D.: Protection by isoprene against singlet oxygen in leaves, Plant Physiology, 129, 269-
277, 2002. 
- Andreae, M. O.: The Biosphere: Pilot or passenger on spaceship Earth?, in: Contributions to Global Change 
Research, edited by: Heinen, D., Hoch, S., Krafft, T., Moss, C., P., S., and Welschhoff, A., German National 
Committee on Global Change Research, Bonn, 59-66, 2001. 
- Andreae, M. O., Artaxo, P., Brandao, C., Carswell, F. E., Ciccioli, P., da Costa, A. L., Culf, A. D., Esteves, J. L., 
Gash, J. H. C., Grace, J., Kabat, P., Lelieveld, J., Malhi, Y., Manzi, A. O., Meixner, F. X., Nobre, A. D., Nobre, C., 
Ruivo, M., Silva-Dias, M. A., Stefani, P., Valentini, R., von Jouanne, J., and Waterloo, M. J.: Biogeochemical 
cycling of carbon, water, energy, trace gases, and aerosols in Amazonia: The LBA-EUSTACH experiments, J 
Geophys Res-Atmos, 107, 2002. 
- Apel, K., and Hirt, H.: Reactive oxygen species: Metabolism, oxidative stress, and signal transduction, Annual 
Review of Plant Biology, 55, 373-399, 2004. 
- Arey, J., Crowley, D. E., Crowley, M., Resketo, M., and Lester, J.: hydrocarbon emissions from natural vegetation 
in California South-Coast-Air-Basin, Atmos. Environ., 29, 2977-2988, 1995. 
- Arneth, A., Niinemets, U., Pressley, S., Back, J., Hari, P., Karl, T., Noe, S., Prentice, I. C., Serca, D., Hickler, T., 
Wolf, A., and Smith, B.: Process-based estimates of terrestrial ecosystem isoprene emissions: incorporating the 
effects of a direct CO2-isoprene interaction, Atmospheric Chemistry and Physics, 7, 31-53, 2007. 
- Arneth, A., Unger, N., Kulmala, M., and Andreae, M. O.: Clean the Air, Heat the Planet?, Science, 326, 672-673, 
2009. 
- Artaxo, P., Oliveira, P. H. F., Lara, L., Pauliquevis, T. M., Rizzo, L., Pires, C., Paixão, M., Longo, K. M., Freitas, 
S., and Correia, A. L.: efeitos climáticos de partículas de aerossóis biogênicos e emitidos em queimadas na amazônia 
Revista Brasileira de Meteorologia, 21, 168-122, 2006. 
- Atkinson, R.: Atmospheric chemistry of VOCs and NOx, Atmos. Environ., 34, 2063-2101, 2000. 

- Atkinson, R., and Arey, J.: Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review, 
Atmos. Environ., 37, S197-S219, 2003. 
- Back, J., Hari, P., Hakola, H., Juurola, E., and Kulmala, M.: Dynamics of monoterpene emissions in Pinus sylvestris 
during early spring, Boreal Environment Research, 10, 409-424, 2005. 
- Baker, B., Bai, J. H., Johnson, C., Cai, Z. T., Li, Q. J., Wang, Y. F., Guenther, A., Greenberg, J., Klinger, L., Geron, 
C., and Rasmussen, R.: Wet and dry season ecosystem level fluxes of isoprene and monoterpenes from a southeast 
Asian secondary forest and rubber tree plantation, Atmos. Environ., 39, 381-390, 2005. 
- Baraldi, R., Rapparini, F., Oechel, W. C., Hastings, S. J., Bryant, P., Cheng, Y. F., and Miglietta, F.: Monoterpene 
emission responses to elevated CO2 in a Mediterranean-type ecosystem, New Phytologist, 161, 17-21, 2004. 
- Bonn, B., and Moortgat, G. K.: Sesquiterpene ozonolysis: Origin of atmospheric new particle formation from 
biogenic hydrocarbons, Geophysical Research Letters, 30, -, 2003. 
- Bouvier-Brown, N. C., Goldstein, A. H., Gilman, J. B., Kuster, W. C., and de Gouw, J. A.: In-situ ambient 
quantification of monoterpenes, sesquiterpenes, and related oxygenated compounds during BEARPEX 2007: 
implications for gas- and particle-phase chemistry, Atmospheric Chemistry and Physics, 9, 5505-5518, 2009a. 
- Bouvier-Brown, N. C., Holzinger, R., Palitzsch, K., and Goldstein, A. H.: Large emissions of sesquiterpenes and 
methyl chavicol quantified from branch enclosure measurements, Atmos. Environ., 43, 389-401, 2009b. 
- Boy, M., Karl, T., Turnipseed, A., Mauldin, R. L., Kosciuch, E., Greenberg, J., Rathbone, J., Smith, J., Held, A., 
Barsanti, K., Wehner, B., Bauer, S., Wiedensohler, A., Bonn, B., Kulmala, M., and Guenther, A.: New particle 
formation in the front range of the colorado rocky mountains, Atmospheric Chemistry and Physics, 8, 1577-1590, 
2008. 
- Calogirou, A., Kotzias, D., and Kettrup, A.: Product analysis of the gas-phase reaction of beta-caryophyllene with 
ozone, Atmos. Environ., 31, 283-285, 1997. 
- Campbell, G. S., and Norman, J. M.: An Introduction to Environmental Biophysics, Second ed., Springer, New 
York, 1998. 
- de Gouw, J., and Warneke, C.: Measurements of volatile organic compounds in the earths atmosphere using proton-
transfer-reaction mass spectrometry, Mass Spectrometry Reviews, 26, 223-257, 2007. 
- Decesari, S., Fuzzi, S., Facchini, M. C., Mircea, M., Emblico, L., Cavalli, F., Maenhaut, W., Chi, X., Schkolnik, G., 
Falkovich, A., Rudich, Y., Claeys, M., Pashynska, V., Vas, G., Kourtchev, I., Vermeylen, R., Hoffer, A., Andreae, M. 
O., Tagliavini, E., Moretti, F., and Artaxo, P.: Characterization of the organic composition of aerosols from 
Rondonia, Brazil, during the LBA-SMOCC 2002 experiment and its representation through model compounds, 
Atmospheric Chemistry and Physics, 6, 375-402, 2006. 
- Delfine, S., Csiky, O., Seufert, G., and Loreto, F.: Fumigation with exogenous monoterpenes of a non-isoprenoid-
emitting oak (Quercus suber): monoterpene acquisition, translocation, and effect on the photosynthetic properties at 
high temperatures, New Phytologist, 146, 27-36, 2000. 



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

36 
 

- Dudareva, N., Andersson, S., Orlova, I., Gatto, N., Reichelt, M., Rhodes, D., Boland, W., and Gershenzon, J.: The 
nonmevalonate pathway supports both monoterpene and sesquiterpene formation in snapdragon flowers, Proceedings 
of the National Academy of Sciences of the United States of America, 102, 933-938, 2005. 
- Duhl, T. R., Helmig, D., and Guenther, A.: Sesquiterpene emissions from vegetation: a review, Biogeosciences, 5, 
761-777, 2008. 
- Filella, I., and Penuelas, J.: Daily, weekly and seasonal relationships among VOCs, NOx and O-3 in a semi-urban 
area near Barcelona, Journal of Atmospheric Chemistry, 54, 189-201, 2006. 
- Fowler, D., Flechard, C., Cape, J. N., Storeton-West, R. L., and Coyle, M.: Measurements of ozone deposition to 
vegetation quantifying the flux, the stomatal and non-stomatal components, Water Air and Soil Pollution, 130, 63-74, 
2001. 
- Goldstein, A. H., McKay, M., Kurpius, M. R., Schade, G. W., Lee, A., Holzinger, R., and Rasmussen, R. A.: Forest 
thinning experiment confirms ozone deposition to forest canopy is dominated by reaction with biogenic VOCs, 
Geophysical Research Letters, 31, 2004. 
- Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L., Lerdau, M., 
Mckay, W. A., Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J., and Zimmerman, P.: A Global-
Model of Natural Volatile Organic-Compound Emissions, J Geophys Res-Atmos, 100, 8873-8892, 1995. 
- Guenther, A.: Atmospheric chemistry: Are plant emissions green?, Nature, 452, 701-702, 2008. 

- Gut, A., Scheibe, M., Rottenberger, S., Rummel, U., Welling, M., Ammann, C., Kirkman, G. A., Kuhn, U., 
Meixner, F. X., Kesselmeier, J., Lehmann, B. E., Schmidt, W., Muller, E., and Piedade, M. T. F.: Exchange fluxes of 
NO2 and O-3 at soil and leaf surfaces in an Amazonian rain forest, J Geophys Res-Atmos, 107, 2002. 
- Haapanala, S., Ekberg, A., Hakola, H., Tarvainen, V., Rinne, J., Hellen, H., and Arneth, A.: Mountain birch - 
potentially large source of sesquiterpenes into high latitude atmosphere, Biogeosciences, 6, 2709-2718, 2009. 
- Hakola, H., Tarvainen, V., Bäck, J., Ranta, H., Bonn, B., Rinne, J., and Kulmala, M.: Seasonal variation of mono- 
and sesquiterpene emission rates of Scots pine, Biogeosciences, 3, 93-101, 2006. 
- Harley, P., Vasconcellos, P., Vierling, L., Pinheiro, C. C. D., Greenberg, J., Guenther, A., Klinger, L., De Almeida, 
S. S., Neill, D., Baker, T., Phillips, O., and Malhi, Y.: Variation in potential for isoprene emissions among 
Neotropical forest sites, Global Change Biology, 10, 630-650, 2004. 
- Helmig, D., Revermann, T., Pollmann, J., Kaltschmidt, O., Hernandez, A. J., Bocquet, F., and David, D.: 
Calibration system and analytical considerations for quantitative sesquiterpene measurements in air, Journal of 
Chromatography A, 1002, 193-211, 2003. 
- Helmig, D., Bocquet, F., Pollmann, J., and Revermann, T.: Analytical techniques for sesquiterpene emission rate 
studies in vegetation enclosure experiments, Atmos. Environ., 38, 557-572, 2004. 
- Helmig, D., Ortega, J., Guenther, A., Herrick, J. D., and Geron, C.: Sesquiterpene emissions from loblolly pine and 
their potential contribution to biogenic aerosol formation in the Southeastern US, Atmos. Environ., 40, 4150-4157, 
2006. 
- Helmig, D., Ortega, J., Duhl, T., Tanner, D., Guenther, A., Harley, P., Wiedinmyer, C., Milford, J., and 
Sakulyanontvittaya, T.: Sesquiterpene emissions from pine trees - Identifications, emission rates and flux estimates 
for the contiguous United States, Environmental Science & Technology, 41, 1545-1553, 2007. 
- Hewitt, C. N., Hayward, S., and Tani, A.: The application of proton transfer reaction-mass spectrometry (PTR-MS) 
to the monitoring and analysis of volatile organic compounds in the atmosphere, Journal of Environmental 
Monitoring, 5, 1-7, 2003. 
- Hobbs, P. V.: Introduction to Atmospheric Chemistry, first ed., Cambridge University Press, Cambridge, 2000. 

- Holzke, C., Hoffmann, T., Jaeger, L., Koppmann, R., and Zimmer, W.: Diurnal and seasonal variation of 
monoterpene and sesquiterpene emissions from Scots pine (Pinus sylvestris L.), Atmos. Environ., 40, 3174-3185, 
2006. 
- Jardine, K., Henderson, W., Huxman, T., and Abrell, L.: Dynamic Solution Injection: a new method for preparing 
pptv & ppbv standard atmospheres of volatile organic compounds, Atmos. Meas. Tech., 3, 1569-1576, 2010a. 
- Jardine, K., Monson, R., Abrell, L., Saleska, S. R., Yanez Serrano, A. M., Arneth, A., Jardine, A., Ishida, Y. F., 
Artaxo, P., Karl, T., Fares, S., Goldstein, A. H., Loreto, F., and Huxman, T.: Within-leaf oxidation of isoprene 
reduces plant exposure to oxidants in preparation, submitted. 
- Jardine, K. J., Sommer, E. D., Saleska, S. R., Huxman, T. E., Harley, P. C., and Abrell, L.: Gas Phase 
Measurements of Pyruvic Acid and Its Volatile Metabolites, Environmental Science & Technology, 44, 2454-2460, 
2010b. 
- Jordan, C., Fitz, E., Hagan, T., Sive, B., Frinak, E., Haase, K., Cottrell, L., Buckley, S., and Talbot, R.: Long-term 
study of VOCs measured with PTR-MS at a rural site in New Hampshire with urban influences, Atmospheric 
Chemistry and Physics, 9, 4677-4697, 2009. 
- Karl, T., Guenther, A., Yokelson, R. J., Greenberg, J., Potosnak, M., Blake, D. R., and Artaxo, P.: The tropical 
forest and fire emissions experiment: Emission, chemistry, and transport of biogenic volatile organic compounds in 
the lower atmosphere over Amazonia, J Geophys Res-Atmos, 112, -, 2007. 



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

37 
 

- Karl, T., Guenther, A., Turnipseed, A., Tyndall, G., Artaxo, P., and Martin, S.: Rapid formation of isoprene photo-
oxidation products observed in Amazonia, Atmospheric Chemistry and Physics, 9, 7753-7767, 2009. 
- Karl, T. G., Spirig, C., Rinne, J., Stroud, C., Prevost, P., Greenberg, J., Fall, R., and Guenther, A.: Virtual disjunct 
eddy covariance measurements of organic compound fluxes from a subalpine forest using proton transfer reaction 
mass spectrometry, Atmospheric Chemistry and Physics, 2, 279-291, 2002. 
- Kesselmeier, J., and Staudt, M.: Biogenic volatile organic compounds (VOC): An overview on emission, 
physiology and ecology, Journal of Atmospheric Chemistry, 33, 23-88, 1999. 
- Kesselmeier, J., Kuhn, U., Wolf, A., Andreae, M. O., Ciccioli, P., Brancaleoni, E., Frattoni, M., Guenther, A., 
Greenberg, J., Vasconcellos, P. D., de Oliva, T., Tavares, T., and Artaxo, P.: Atmospheric volatile organic 
compounds (VOC) at a remote tropical forest site in central Amazonia, Atmos. Environ., 34, 4063-4072, 2000. 
- Kesselmeier, J., Ciccioli, P., Kuhn, U., Stefani, P., Biesenthal, T., Rottenberger, S., Wolf, A., Vitullo, M., Valentini, 
R., Nobre, A., Kabat, P., and Andreae, M. O.: Volatile organic compound emissions in relation to plant carbon 
fixation and the terrestrial carbon budget, Global Biogeochemical Cycles, 16, 1126-1135, 2002a. 
- Kesselmeier, J., Kuhn, U., Rottenberger, S., Biesenthal, T., Wolf, A., Schebeske, G., Andreae, M. O., Ciccioli, P., 
Brancaleoni, E., Frattoni, M., Oliva, S. T., Botelho, M. L., Silva, C. M. A., and Tavares, T. M.: Concentrations and 
species composition of atmospheric volatile organic compounds (VOCs) as observed during the wet and dry season 
in Rondonia (Amazonia), J Geophys Res-Atmos, 107, 2002b. 
- Kesselmeier, J., Guenther, A., Hoffmann, T., Piedade, M. T., and Warnke, J.: Natural volatile organic compound 
emissions from plants and their roles in oxidant balance and particle formation, in: Amazonia and global change, 
edited by: Keller, M., Bustamante, M., Gash, J. H. C., and Silva Dias, P., Geophysical Monograph, American 
Geophysical Union, Washington DC, 183-206, 2009. 
- Kim, S., Karl, T., Helmig, D., Daly, R., Rasmussen, R., and Guenther, A.: Measurement of atmospheric 
sesquiterpenes by proton transfer reaction-mass spectrometry (PTR-MS), Atmospheric Measurement Techniques, 2, 
99-112, 2009. 
- Kirchhoff, V., Dasilva, I. M. O., and Browell, E. V.: ozone measurements in amazonia - dry season vs wet season, J 
Geophys Res-Atmos, 95, 16913-16926, 1990. 
- Kondo, S., Yamada, H., and Setha, S.: Effect of jasmonates differed at fruit ripening stages on 1-
aminocyclopropane-1-carboxylate (ACC) synthase and ACC oxidase gene expression in pears, Journal of the 
American Society for Horticultural Science, 132, 120-125, 2007. 
- Kuhn, U., Andreae, M. O., Ammann, C., Araujo, A. C., Brancaleoni, E., Ciccioli, P., Dindorf, T., Frattoni, M., 
Gatti, L. V., Ganzeveld, L., Kruijt, B., Lelieveld, J., Lloyd, J., Meixner, F. X., Nobre, A. D., Poschl, U., Spirig, C., 
Stefani, P., Thielmann, A., Valentini, R., and Kesselmeier, J.: Isoprene and monoterpene fluxes from Central 
Amazonian rainforest inferred from tower-based and airborne measurements, and implications on the atmospheric 
chemistry and the local carbon budget, Atmospheric Chemistry and Physics, 7, 2855-2879, 2007. 
- Kuhn, U., Ganzeveld, L., Thielmann, A., Dindorf, T., Schebeske, G., Welling, M., Sciare, J., Roberts, G., Meixner, 
F. X., Kesselmeier, J., Lelieveld, J., Kolle, O., Ciccioli, P., Lloyd, J., Trentmann, J., Artaxo, P., and Andreae, M. O.: 
Impact of Manaus City on the Amazon Green Ocean atmosphere: ozone production, precursor sensitivity and aerosol 
load, Atmospheric Chemistry and Physics, 10, 9251-9282, 2010. 
- Kulmala, M., Suni, T., Lehtinen, K. E. J., Dal Maso, M., Boy, M., Reissell, A., Rannik, U., Aalto, P., Keronen, P., 
Hakola, H., Back, J. B., Hoffmann, T., Vesala, T., and Hari, P.: A new feedback mechanism linking forests, aerosols, 
and climate, Atmospheric Chemistry and Physics, 4, 557-562, 2004. 
- Kurpius, M. R., and Goldstein, A. H.: Gas-phase chemistry dominates O-3 loss to a forest, implying a source of 
aerosols and hydroxyl radicals to the atmosphere, Geophysical Research Letters, 30, 2003. 
- Laothawornkitkul, J., Taylor, J. E., Paul, N. D., and Hewitt, C. N.: Biogenic volatile organic compounds in the 
Earth system (vol 183, pg 27, 2009), New Phytologist, 184, 276-276, 2009. 
- Lichtenthaler, H. K., Rohmer, M., and Schwender, J.: Two independent biochemical pathways for isopentenyl 
diphosphate and isoprenoid biosynthesis in higher plants, Physiologia Plantarum, 101, 643-652, 1997. 
- Lindinger, W., and Hansel, A.: Analysis of trace gases at ppb levels by proton transfer reaction mass spectrometry 
(PTR-MS), Plasma Sources Science & Technology, 6, 111-117, 1997. 
- Longo, K. M., Freitas, S. R., Andreae, M. O., Yokelson, R. J., and Artaxo, P.: Biomass Burning In Amazonia: 
emissions, long-range tranport of smoke and its regional and remote impacts, in: Amazonia and global change, edited 
by: Keller, M., Bustamante, M., Gash, J. H. C., and Siese, M., Geophysical Monographs, American Geophysical 
Union, Washington DC, 207-232, 2009. 
- Loreto, F., Forster, A., Durr, M., Csiky, O., and Seufert, G.: On the monoterpene emission under heat stress and on 
the increased thermotolerance of leaves of Quercus ilex L. fumigated with selected monoterpenes, Plant Cell and 
Environment, 21, 101-107, 1998. 
- Loreto, F., Mannozzi, M., Maris, C., Nascetti, P., Ferranti, F., and Pasqualini, S.: Ozone quenching properties of 
isoprene and its antioxidant role in leaves, Plant Physiology, 126, 993-1000, 2001. 
- Loreto, F., and Fares, S.: Is ozone flux inside leaves only a damage indicator? Clues from volatile isoprenoid 
studies, Plant Physiology, 143, 1096-1100, 2007. 



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

38 
 

- Maleknia, S. D., Bell, T. L., and Adams, M. A.: PTR-MS analysis of reference and plant-emitted volatile organic 
compounds, International Journal of Mass Spectrometry, 262, 203-210, 2007. 
- Martin, S. T., Andreae, M. O., Althausen, D., Artaxo, P., Baars, H., Borrmann, S., Chen, Q., Farmer, D. K., 
Guenther, A., Gunthe, S. S., Jimenez, J. L., Karl, T., Longo, K., Manzi, A., Muller, T., Pauliquevis, T., Petters, M. D., 
Prenni, A. J., Poschl, U., Rizzo, L. V., Schneider, J., Smith, J. N., Swietlicki, E., Tota, J., Wang, J., Wiedensohler, A., 
and Zorn, S. R.: An overview of the Amazonian Aerosol Characterization Experiment 2008 (AMAZE-08), 
Atmospheric Chemistry and Physics, 10, 11415-11438, 2010a. 
- Martin, S. T., Andreae, M. O., Artaxo, P., Baumgardner, D., Chen, Q., Goldstein, A. H., Guenther, A., Heald, C. L., 
Mayol-Bracero, O. L., McMurry, P. H., Pauliquevis, T., Poschl, U., Prather, K. A., Roberts, G. C., Saleska, S. R., 
Dias, M. A. S., Spracklen, D. V., Swietlicki, E., and Trebs, I.: sources and properties of amazonian aerosol particles, 
Reviews of Geophysics, 48, 2010b. 
- Michiles, A. A. D., and Gielow, R.: Above-ground thermal energy storage rates, trunk heat fluxes and surface 
energy balance in a central Amazonian rainforest, Agricultural and Forest Meteorology, 148, 917-930, 2008. 
- Mikkelsen, T. N., Ro-Poulsen, H., Pilegaard, K., Hovmand, M. F., Jensen, N. O., Christensen, C. S., and 
Hummelshoej, P.: Ozone uptake by an evergreen forest canopy: temporal variation and possible mechanisms, 
Environmental Pollution, 109, 423-429, 2000. 
- Nepstad, D. C., Stickler, C. M., Soares, B., and Merry, F.: Interactions among Amazon land use, forests and 
climate: prospects for a near-term forest tipping point, Philosophical Transactions of the Royal Society B-Biological 
Sciences, 363, 1737-1746, 2008. 
- Nguyen, T. L., Winterhalter, R., Moortgat, G., Kanawati, B., Peeters, J., and Vereecken, L.: The gas-phase 
ozonolysis of [small beta]-caryophyllene (C15H24). Part II: A theoretical study, Physical Chemistry Chemical 
Physics, 11, 4173-4183, 2009. 
- O'Dowd, C. D., Aalto, P., Hameri, K., Kulmala, M., and Hoffmann, T.: Aerosol formation - Atmospheric particles 
from organic vapours, Nature, 416, 497-498, 2002. 
- Ormeno, E., Fernandez, C., Bousquet-Melou, A., Greff, S., Morin, E., Robles, C., Vila, B., and Bonin, G.: 
Monoterpene and sesquiterpene emissions of three Mediterranean species through calcareous and siliceous soils in 
natural conditions, Atmos. Environ., 41, 629-639, 2007a. 
- Ormeno, E., Mevy, J. P., Vila, B., Bousquet-Melou, A., Greff, S., Bonin, G., and Fernandez, C.: Water deficit stress 
induces different monoterpene and sesquiterpene emission changes in Mediterranean species. Relationship between 
terpene emissions and plant water potential, Chemosphere, 67, 276-284, 2007b. 
- Pacifico, F., Harrison, S. P., Jones, C. D., and Sitch, S.: Isoprene emissions and climate, Atmos. Environ., 43, 6121-
6135, 2009. 
- Paulson, S. E., Chung, M. Y., and Hasson, A. S.: OH radical formation from the gas-phase reaction of ozone with 
terminal alkenes and the relationship between structure and mechanism, J. Phys. Chem. A, 103, 8125-8138, 1999. 
- Penuelas, J., and Staudt, M.: BVOCs and global change, Trends in Plant Science, 15, 133-144, 2010. 

- Phillips, O. L., Aragao, L., Lewis, S. L., Fisher, J. B., Lloyd, J., Lopez-Gonzalez, G., Malhi, Y., Monteagudo, A., 
Peacock, J., Quesada, C. A., van der Heijden, G., Almeida, S., Amaral, I., Arroyo, L., Aymard, G., Baker, T. R., 
Banki, O., Blanc, L., Bonal, D., Brando, P., Chave, J., de Oliveira, A. C. A., Cardozo, N. D., Czimczik, C. I., 
Feldpausch, T. R., Freitas, M. A., Gloor, E., Higuchi, N., Jimenez, E., Lloyd, G., Meir, P., Mendoza, C., Morel, A., 
Neill, D. A., Nepstad, D., Patino, S., Penuela, M. C., Prieto, A., Ramirez, F., Schwarz, M., Silva, J., Silveira, M., 
Thomas, A. S., ter Steege, H., Stropp, J., Vasquez, R., Zelazowski, P., Davila, E. A., Andelman, S., Andrade, A., 
Chao, K. J., Erwin, T., Di Fiore, A., Honorio, E., Keeling, H., Killeen, T. J., Laurance, W. F., Cruz, A. P., Pitman, N. 
C. A., Vargas, P. N., Ramirez-Angulo, H., Rudas, A., Salamao, R., Silva, N., Terborgh, J., and Torres-Lezama, A.: 
Drought Sensitivity of the Amazon Rainforest, Science, 323, 1344-1347, 2009. 
- Poisson, N., Kanakidou, M., and Crutzen, P. J.: Impact of non-methane hydrocarbons on tropospheric chemistry 
and the oxidizing power of the global troposphere: 3-dimensional modelling results, Journal of Atmospheric 
Chemistry, 36, 157-230, 2000. 
- Pollmann, J., Ortega, J., and Helmig, D.: Analysis of atmospheric sesquiterpenes: Sampling losses and mitigation of 
ozone interferences, Environmental Science & Technology, 39, 9620-9629, 2005. 
- Raupach, M. R.: applying lagrangian fluid-mechanics to infer scalar source distribution concentration profiles in 
plant canopies, Agricultural and Forest Meteorology, 47, 85-108, 1989. 
- Rinne, J., Ruuskanen, T. M., Reissell, A., Taipale, R., Hakola, H., and Kulmala, M.: On-line PTR-MS 
measurements of atmospheric concentrations of volatile organic compounds in a European boreal forest ecosystem, 
Boreal Environment Research, 10, 425-436, 2005. 
- Rizzo, L.: Os fluxos turbulentos de partículas e de compostos orgânicos voláteis, e a distribuição vertical de 
aerossóis na baixa troposfera da Amazônia, Instituto de Fisica, USP, Sao Paulo, 2006. 
- Rosenstiel, T. N., Ebbets, A. L., Khatri, W. C., Fall, R., and Monson, R. K.: Induction of poplar leaf nitrate 
reductase: A test of extrachloroplastic control of isoprene emission rate, Plant Biology, 6, 12-21, 2004. 



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

39 
 

- Rummel, U., Ammann, C., Kirkman, G. A., Moura, M. A. L., Foken, T., Andreae, M. O., and Meixner, F. X.: 
Seasonal variation of ozone deposition to a tropical rain forest in southwest Amazonia, Atmospheric Chemistry and 
Physics, 7, 5415-5435, 2007. 
- Sakulyanontvittaya, T., Duhl, T., Wiedinmyer, C., Helmig, D., Matsunaga, S., Potosnak, M., Milford, J., and 
Guenther, A.: Monoterpene and sesquiterpene emission estimates for the United States, Environmental Science & 
Technology, 42, 1623-1629, 2008. 
- Shu, Y. G., and Atkinson, R.: rate constants fro the gas-phase reactions of O3 with a series of terpenes and OH 
radical formation from the O3 reactions with sesquiterpenes at 296+/-2-K, International Journal of Chemical 
Kinetics, 26, 1193-1205, 1994. 
- Shu, Y. H., and Atkinson, R.: Kinetics of the gas-phase reactions of a series of sesquiterpenes with OH radicales, 
NO3 redicals and O3, Abstracts of Papers of the American Chemical Society, 209, 108-ENVR, 1995. 
- Sitch, S., Cox, P. M., Collins, W. J., and Huntingford, C.: Indirect radiative forcing of climate change through 
ozone effects on the land-carbon sink, Nature, 448, 791-U794, 2007. 
- Staudt, M., and Lhoutellier, L.: Volatile organic compound emission from holm oak infested by gypsy moth larvae: 
evidence for distinct responses in damaged and undamaged leaves, Tree Physiology, 27, 1433-1440, 2007. 
- Stroud, C., Makar, P., Karl, T., Guenther, A., Geron, C., Turnipseed, A., Nemitz, E., Baker, B., Potosnak, M., and 
Fuentes, J. D.: Role of canopy-scale photochemistry in modifying biogenic-atmosphere exchange of reactive terpene 
species: Results from the CELTIC field study, J Geophys Res-Atmos, 110, 2005. 
- Taipale, R., Ruuskanen, T. M., Rinne, J., Kajos, M. K., Hakola, H., Pohja, T., and Kulmala, M.: Technical Note: 
Quantitative long-term measurements of VOC concentrations by PTR-MS - measurement, calibration, and volume 
mixing ratio calculation methods, Atmospheric Chemistry and Physics, 8, 6681-6698, 2008. 
- Tarvainen, V., Hakola, H., Hellen, H., Back, J., Hari, P., and Kulmala, M.: Temperature and light dependence of the 
VOC emissions of Scots pine, Atmospheric Chemistry and Physics, 5, 989-998, 2005. 
- Tsigaridis, K., and Kanakidou, M.: Global modelling of secondary organic aerosol in the troposphere: a sensitivity 
analysis, Atmospheric Chemistry and Physics, 3, 1849-1869, 2003. 
- VanReken, T. M., Greenberg, J. P., Harley, P. C., Guenther, A. B., and Smith, J. N.: Direct measurement of particle 
formation and growth from the oxidation of biogenic emissions, Atmospheric Chemistry and Physics, 6, 4403-4413, 
2006. 
- Varutbangkul, V., Brechtel, F. J., Bahreini, R., Ng, N. L., Keywood, M. D., Kroll, J. H., Flagan, R. C., Seinfeld, J. 
H., Lee, A., and Goldstein, A. H.: Hygroscopicity of secondary organic aerosols formed by oxidation of cycloalkenes, 
monoterpenes, sesquiterpenes, and related compounds, Atmospheric Chemistry and Physics, 6, 2367-2388, 2006. 
- Vickers, C. E., Gershenzon, J., Lerdau, M. T., and Loreto, F.: A unified mechanism of action for volatile 
isoprenoids in plant abiotic stress, Nature Chemical Biology, 5, 283-291, 2009. 
- Vilà-Guerau de Arellano, J., Patton, E. G., Karl, T., van den Dries, K., Barth, M. C., and Orlando, J. J.: The role of 
boundary layer dynamics on the diurnal evolution of isoprene and the hydroxyl radical over tropical forests, J. 
Geophys. Res., 116, D07304, 2011. 
- Vizuete, W., Junquera, V., and Allen, D. T.: Sesquiterpene emissions and secondary organic aerosol formation 
potentials for Southeast Texas, Aerosol Science and Technology, 38, 167-181, 2004. 
- Winterhalter, R., Herrmann, F., Kanawati, B., Nguyen, T. L., Peeters, J., Vereecken, L., and Moortgat, G. K.: The 
gas-phase ozonolysis of [small beta]-caryophyllene (C15H24). Part I: an experimental study, Physical Chemistry 
Chemical Physics, 11, 4152-4172, 2009. 
- Zhao, Y., Zhang, R. X., Sun, X. M., He, M. X., Wang, H., Zhang, Q. Z., and Ru, M. Y.: Theoretical study on 
mechanism for O-3-initiated atmospheric oxidation reaction of beta-caryophyllene, Journal of Molecular Structure-
Theochem, 947, 68-75, 2010. 
 

 

 

 

 

 

  



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

40 
 

  



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

41 
 

Gulaserien 
 
Lunds Universitets Naturgeografiska institution. Seminarieuppsatser. Uppsatserna finns 
tillgängliga på Naturgeografiska institutionens bibliotek, Sölvegatan 12, 223 62 LUND. 
Serien startade 1985.  Hela listan och själva uppsatserna är även tillgängliga på 
http://www.geobib.lu.se/ 
 
The reports are available at the Geo-Library, Department of Physical Geography, 
University of Lund, Sölvegatan 12, S-223 62 Lund, Sweden.  
Report series started 1985. The whole complete list and electronic versions are available 
at http://www.geobib.lu.se/ 
 
157 Öberg, Hanna (2009): GIS-användning i katastrofdrabbade utvecklingsländer 
158 Marion Früchtl &Miriam Hurkuck (2009): Reproduction of methane emissions from 

terrestrial plants under aerobic conditions  
159 Florian Sallaba (2009): Potential of a Post-Classification Change Detection 

Analysis to Identify Land Use and Land Cover Changes. A Case Study in 
Northern Greece 

160 Sara Odelius (2009): Analys av stadsluftens kvalitet med hjälp av geografiska 
informationssystem. 

161 Carl Bergman (2009): En undersökning av samband mellan förändringar i 
fenologi och temperatur 1982-2005 med hjälp av GIMMS datasetet och 
klimatdata från SMHI. 

162 Per Ola Olsson (2009): Digitala höjdmodeller och höjdsystem. Insamling av 
höjddata med fokus på flygburen laserskanning. 

163 Johanna Engström (2009): Landskapets påverkan på vinden -sett ur ett 
vindkraftperspektiv. 

164 Andrea Johansson (2009): Olika våtmarkstypers påverkan på CH4, N2O och 
CO2 utsläpp, och upptag av N2. 

165 Linn Elmlund (2009): The Threat of Climate Change to Coral Reefs 
166 Hanna Forssman (2009): Avsmältningen av isen på Arktis - mätmetoder, 

orsaker och effekter. 
167 Julia Olsson (2009): Alpina trädgränsens förändring i Jämtlands- och Dalarnas 

län över 100 år. 
168 Helen Thorstensson (2009): Relating soil properties to biomass consumption 

and land management in semiarid Sudan – A Minor Field Study in North 
Kordofan 

169 Nina Cerić och Sanna Elgh Dalgren (2009): Kustöversvämningar och GIS 
- en studie om Skånska kustnära kommuners arbete samt interpolations-
metodens betydelse av höjddata vid översvämningssimulering. 

170 Mats Carlsson (2009): Aerosolers påverkan på klimatet. 
171 Elise Palm (2009): Övervakning av gåsbete av vass – en metodutveckling 
172 Sophie Rychlik (2009): Relating interannual variability of atmospheric CH4 

growth rate to large-scale CH4 emissions from northern wetlands 
173 Per-Olof Seiron and Hanna Friman (2009):  The Effects of Climate Induced 

Sea Level Rise on the Coastal Areas in the Hambantota District, Sri Lanka - A 
geographical study of Hambantota and an identification of vulnerable 
ecosystems and land use along the coast. 

174 Norbert Pirk (2009): Methane Emission Peaks from Permafrost Environments: 
Using Ultra–Wideband Spectroscopy, Sub-Surface Pressure Sensing and Finite 



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

42 
 

Element Solving as Means of their Exploration 
175 Hongxiao Jin (2010): Drivers of Global Wildfires — Statistical analyses 
176 Emma Cederlund (2010): Dalby Söderskog – Den historiska utvecklingen 
177 Lina Glad (2010): En förändringsstudie av Ivösjöns strandlinje 
178 Erika Filppa (2010): Utsläpp till luft från ballastproduktionen år 2008 
179 Karolina Jacobsson (2010):Havsisens avsmältning i Arktis och dess effekter 
180 Mattias Spångmyr (2010): Global of effects of albedo change due to 

urbanization 
181 Emmelie Johansson & Towe Andersson (2010): Ekologiskt jordbruk - ett sätt 

att minska övergödningen och bevara den biologiska mångfalden? 
182 Åsa Cornander (2010): Stigande havsnivåer och dess effect på känsligt belägna 

bosättningar 
183 Linda Adamsson (2010): Landskapsekologisk undersökning av ädellövskogen 

i Östra Vätterbranterna 
184 Ylva Persson (2010): Markfuktighetens påverkan på granens tillväxt i Guvarp 
185 Boel Hedgren (2010): Den arktiska permafrostens degradering och 

metangasutsläpp 
186 Joakim Lindblad & Johan Lindenbaum (2010): GIS-baserad kartläggning av 

sambandet mellan pesticidförekomster i grundvatten och markegenskaper 
187 Oscar Dagerskog (2010): Baösberggrottan – Historiska tillbakablickar och en 

lokalklimatologisk undersökning 
188 Mikael Månsson (2010): Webbaserad GIS-klient för hantering av geologisk 

information 
189 Lina Eklund (2010): Accessibility to health services in the West Bank, 

occupied Palestinian Territory. 
190 Edvin Eriksson (2010): Kvalitet och osäkerhet i geografisk analys - En studie 

om kvalitetsaspekter med fokus på osäkerhetsanalys av rumslig prognosmodell 
för trafikolyckor 

191 Elsa Tessaire (2010): Impacts of stressful weather events on forest ecosystems 
in south Sweden. 

192 Xuejing Lei (2010): Assessment of Climate Change Impacts on Cork Oak in 
Western Mediterranean Regions: A Comparative Analysis of Extreme Indices 

193 Radoslaw Guzinski (2010): Comparison of vegetation indices to determine 
their accuracy in predicting spring phenology of Swedish ecosystems 

194 Yasar Arfat (2010): Land Use / Land Cover Change Detection and 
Quantification — A Case study in Eastern Sudan 

195 Ling Bai (2010): Comparison and Validation of Five Global Land Cover 
Products Over African Continent 

196 Raunaq Jahan (2010): Vegetation indices, FAPAR and spatial seasonality 
analysis of crops in southern Sweden 

197 Masoumeh Ghadiri (2010): Potential of Hyperion imagery for simulation of 
MODIS NDVI and AVHRR-consistent NDVI time series in a semi-arid region 

198 Maoela A. Malebajoa (2010): Climate change impacts on crop yields and 
adaptive measures for agricultural sector in the lowlands of Lesotho 

199 Herbert Mbufong Njuabe (2011): Subarctic Peatlands in a Changing Climate:  
Greenhouse gas response to experimentally increased snow cover 

200 Naemi Gunlycke & Anja Tuomaala (2011): Detecting forest degradation in 
Marakwet district, Kenya, using remote sensing and GIS 

201 Nzung Seraphine Ebang (2011): How was the carbon balance of Europe 
affected by the summer 2003 heat wave? A study based on the use of a 



Ana Maria Yáñez Serrano 
Within-canopy sesquiterpene ozonolysis in Amazonia 

 

 

43 
 

Dynamic Global Vegetation Model; LPJ-GUESS 
202 Per-Ola Olsson (2011): Cartography in Internet-based view services – methods 

to improve cartography when geographic data from several sources are 
combined 

203 Kristoffer Mattisson (2011): Modelling noise exposure from roads – a case 
study in Burlövs municipality 

204 Erik Ahlberg (2011): BVOC emissions from a subarctic Mountain birch: 
Analysis of short-term chamber measurements. 

205 
 
206 
 
207 
 
208 
 
 
209 
 
210 
 
 
211 
 
212 
 
213 
 
214 
 
215 
 
216 
 

Wilbert Timiza (2011): Climate variability and satellite – observed vegetation 
responses in Tanzania. 
Louise Svensson (2011): The ethanol industry - impact on land use and 
biodiversity. A case study of São Paulo State in Brazil. 
Fredrik Fredén (2011): Impacts of dams on lowland agriculture in the Mekong 
river catchment. 
Johanna Hjärpe (2011): Kartläggning av kväve i vatten i LKAB:s verksamhet i 
Malmberget år 2011 och kvävets betydelse i akvatiska ekosystem ur ett lokalt 
och ett globalt perspektiv. 
Oskar Löfgren (2011): Increase of tree abundance between 1960 and 2009 in 
the treeline of Luongastunturi in the northern Swedish Scandes 
Izabella Rosengren (2011): Land degradation in the Ovitoto region of 
Namibia: what are the local causes and consequences and how do we avoid 
them? 
Irina Popova (2011): Agroforestry och dess påverkan på den biofysiska miljön 
i Afrika. 
Emilie Walsund (2011): Food Security and Food Sufficiency in Ethiopia and 
Eastern Africa. 
Martin Bernhardson (2011): Jökulhlaups: Their Associated Landforms and 
Landscape Impacts. 
Michel Tholin (2011): Weather induced variations in raptor migration; A study 
of raptor migration during one autumn season in Kazbegi, Georgia, 2010 
Amelie Lindgren (2011) The Effect of Natural Disturbances on the Carbon 
Balance of Boreal Forests. 
Klara Århem (2011): Environmental consequences of the palm oil industry in 
Malaysia. 

217 Ana Maria Yáñez Serrano (2011) Within-Canopy Sesquiterpene Ozonolysis in 
Amazonia 

 


