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Abstract 

Biogenic volatile organic compounds (BVOC) released from the Amazon rainforest play a key role in the 

local, regional, and global atmospheric chemistry. A huge variety of BVOC is emitted from the Amazonian 

biosphere into the atmosphere and even more are formed via subsequent oxidative reactions. This makes 

the canopy and adjacent atmospheric layers a chemically complex interface of great importance. BVOC 

observations at this interface link biological metabolic mechanisms and chemical communication to 

oxidative atmospheric chemistry, and to turbulent boundary layer dynamics. This doctoral thesis focuses 

on the vertical and temporal distribution of selected BVOC, measured from a tower at the heights of 80, 

150, and 325 m with a proton transfer time-of-flight mass spectrometer (PTR-ToF-MS). With this in-situ 

measurement technique, many of the most atmospherically relevant BVOC can be detected with a high 

time resolution. It has been found that ozone, which is ubiquitous in the troposphere can cause 

interferences in the detection of some BVOC. The interfering signals can be generated within the inlet 

tubing or inside the instrument. A laboratory experiment to comprehensively investigate this effect and 

the influence of an ozone scrubber under varying humidity was performed with a PTR-ToF-MS and a gas 

chromatograph-mass spectrometer (GC-MS). It showed that ozone can induce a decrease in the signals of 

certain unsaturated species, including terpenes, but it can also artificially enhance the signals of most 

tested carbonyl compounds. A thiosulfate ozone scrubber was applied to reduce the interferences, which 

was found to not influence the detection of the tested VOC itself. It successfully inhibited the interference 

for all tested compounds, except for sesquiterpenes, and its performance and lifetime improved under 

humid conditions. It was also shown that the ozone levels in an unpolluted environment such as the 

remote parts of the Amazon (O3 < 40 ppb) are not sufficient to induce significant interferences for all 

tested compounds except for sesqui- and to a smaller extent monoterpenes, due to their high ozone 

reactivity. 

Measurement of the vertical distribution of BVOC led to two main studies that contribute to the 

characterization of the canopy-atmosphere interface region of the Amazon Forest. In the first, the vertical 

gradients of isoprene and its combined oxidation products methyl ethyl ketone, methacrolein, and 

isoprene hydroxy hydroperoxide were scrutinized. The observations were used to constrain the Dutch 

Large Eddy Simulation (DALES), which was applied to investigate the sensitivity of the isoprene gradient 

towards chemical loss, dominated by reaction with the OH radical, and turbulent transport leading to 

dilutive mixing. Moreover, the impact of segregation through inhomogeneous mixing, a small-scale 

phenomenon influencing the rate of atmospheric reactions was also considered. The simulation showed 

that more than 50 % of the decrease in isoprene over the first 325 m of the atmosphere was determined 

by dilutive mixing from above, while the residual loss was attributed to the reaction with OH. This relation 

was used to infer a concentration of the OH radical ranging from 0.2 (0.1, 7.4) × 105 to 

2.2 (0.2, 3.8) × 106 molecules cm-3 s-1, necessary to account for the observed residual loss. For the 

calculation of the OH concentration, an estimation of the mixing timescale between 80 and 325 m was 

crucial. Therefore a method from the field of speech recognition (Dynamical Time Warping) was utilized 

to determine a mixing timescale of 105 minutes in the morning which decreases to 15 minutes at 

15:00 local time, based on the observed heating at two heights in the lowermost atmosphere. Those 

results were useful in examining the vertical distribution of carbonyl compounds at the same 

measurement site, which forms the second study of BVOC above the Amazon Forest. Usually, isomeric 

carbonyl compounds, i.e. aldehydes and ketones cannot be measured separately by conventional PTR-
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ToF-MS using H3O+ as the reagent ion. Their distribution in the atmosphere is expected to be different 

though, since ketones have significantly longer atmospheric lifetimes (days to weeks) than aldehydes 

(hours to days). Biogenic emission ratios of these compounds are poorly known. To overcome this 

limitation for carbonyl compounds, NO+ chemical ionization has been shown to be effective. The diel 

variability and vertical dispersion between 80 and 325 m of the ketones indicated a strong source close to 

the forest’s canopy. The vertical distribution of aldehydes varied from compound to compound depending 

on their chemical precursors, direct emission sources, and atmospheric lifetimes. At nighttime, an overall 

loss of carbonyl species was found and mainly attributed to canopy deposition and uptake by leaves.  

  



 ix 

Zusammenfassung  

Biogene flüchtige organische Spurengase (BVOC) aus dem Amazonas Regenwald spielen eine 

grundlegende Rolle in der lokalen, regionalen und globalen Atmosphärenchemie. Eine große Vielzahl von 

BVOC werden von der Biosphäre des Amazonas in die Atmosphäre emittiert oder in darauffolgenden 

oxidativen Reaktionen gebildet. Dies macht das Kronendach des Regenwaldes und die darüberliegende 

Schicht der Atmosphäre zu einer bedeutenden Grenzschicht. Beobachtungen von BVOC an dieser 

Grenzschicht verbinden biologische Stoffwechselmechanismen und chemische Kommunikation mit der 

oxidativen Atmosphärenchemie sowie mit turbulenter Grenzschichtdynamik. In diesem Projekt zur 

Erhaltung des Doktorgrades geht es im Fokus um die vertikale Verteilung von ausgewählten BVOC, welche 

entlang eines Turmes in den drei Höhen, 80, 150 und 325 m mit einem Proton Transfer Reaktions Time-

of-Flight Massenspektrometer (PTR-ToF-MS) gemessen wurden. Mit dieser in-situ Messmethode können 

viele der atmosphärisch relevanten BVOC mit hoher Zeitauflösung detektiert werden. Es ist bereits 

bekannt, dass Ozon, welches in der Troposphäre allgegenwärtig ist, Interferenzen in den Signalen 

mancher BVOC auslösen kann. Die Interferenzen entstehen sowohl in der Einlassleitung als auch im 

Instrument selbst. Um diesen Effekt sowie den potentiellen Effekt eines Ozonfilters bei variabler 

Luftfeuchtigkeit umfassend zu untersuchen, wurde ein Laborexperiment durchgeführt. Gemessen wurde 

dabei mit einem PTR-ToF-MS und einem Gaschromatographen gekoppelt mit einem Quadrupol 

Massenspektrometer (GC-MS). Es zeigte, dass Ozon eine Verringerung des Signals bestimmter 

ungesättigten Stoffe, einschließlich Terpene hervorrufen kann. Für die meisten Carbonylverbindungen 

wurde allerdings eine künstliche Erhöhung ihres Signals festgestellt. Ein Thiosulfat-Ozonfilter wurde 

getestet um die Interferenz zu reduzieren, da er keinen eigenen Effekt auf die Messung von BVOC aufwies. 

Dieser verhinderte erfolgreich die Interferenz für alle getesteten Spurengase, mit Ausnahme von 

Sesquiterpenen. Es wurde außerdem gezeigt, dass die Lebensdauer und die Wirksamkeit des Filters mit 

höherer Luftfeuchtigkeit zunehmen. Des Weiteren wurde festgestellt, dass das Mischungsverhältnis von 

Ozon in der reinen, nicht verschmutzten Atmosphäre des Amazonas Regenwaldes (O3 < 40 ppb) nicht 

ausreicht um signifikante Interferenzen zu verursachen, unter der Ausnahme von Sesqui- und in 

geringerem Ausmaß Monoterpenen, die sehr reaktiv gegenüber Ozon sind. 

Messungen der vertikalen Verteilung von BVOC führte zu zwei Studien, welche der 

Charakterisierung der Grenzschicht zwischen Amazonas Regenwald und Atmosphäre dienen. Die erste 

Studie untersucht den vertikalen Gradienten von Isopren und der Summe dessen Oxidationsprodukten, 

Methylethylketon, Methacrolein und Isopren Hydroxyhydroperoxid. Diese Beobachtungen wurden 

genutzt um die „Dutch Large Eddy Simulation“ (DALES) zu initialisieren, welche dann angewandt wurde 

um die Sensitivität des Isopren Gradienten gegenüber chemischem Abbau und turbulenter 

Durchmischung zu ermitteln. Der chemische Abbau wurde dabei klar von der Reaktion mit dem OH Radikal 

dominiert. Darüber hinaus wurde auch der Effekt der Segregation in inhomogenen Gasgemischen 

berücksichtigt, ein kleinskaliges Phänomen das die Reaktionsraten von Spurengasen beeinflussen kann. 

Die LES zeigte, dass mehr als 50 % der beobachteten Abnahme von Isopren in den ersten 325 m der 

Atmosphäre durch Verdünnung mit darüberliegenden Luftschichten während turbulenter Durchmischung 

erklärt werden kann. Die restliche Abnahme von Isopren wird dementsprechend der Reaktion mit OH 

zugeordnet. Dieser Zusammenhang wurde genutzt um die OH Konzentrationen zwischen 

0.2 (0.1, 7.4) × 105 und 2.2 (0.2, 3.8) × 106 Molekülen cm-3 s-1 zu berechnen, welche nötig sind um den 

beobachteten chemischen Abbau von Isopren zu erklären. Für diese Berechnung war es notwendig die 
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Zeitskala für die turbulente Mischung der Luftmassen zwischen 80 und 325 m abzuschätzen. Dafür wurde 

eine Technik aus dem Feld der Spracherkennung (Dynamical Time Warping) auf die beobachtete 

Erwärmung der unteren Troposphäre in zwei Höhen angewandt. Sie ergab eine Zeitskala von 105 Minuten 

am Morgen bis 15 Minuten um 15:00 lokale Zeit, welche benötigt wird um eine Größe durch konvektiv 

angetriebene turbulente Durchmischung von 80 auf 325 m zu transportieren. Die somit erhaltenen 

Ergebnisse waren auch nützlich für die zweite Studie von BVOC über dem Amazonas, genauer, der 

Erforschung der vertikalen Verteilung von Carbonylverbindungen. Ein herkömmliches PTR-ToF-MS mit 

H3O+ als Reagenzionen kann isomere Carbonylverbindungen, d.h. Aldehyde und Ketone nicht separat 

detektieren. Ihre Verteilung in der Atmosphäre unterscheidet sich jedoch stark, da Ketone wesentlich 

längere atmosphärische Lebenszeiten (Tage bis Wochen) aufweisen wie Aldehyde (Stunden bis Tage). 

Biogene Emissionsraten der Aldehyde und Ketone sind nur wenig bekannt. Um diese Limitierung für 

Carbonylverbindungen zu überwinden hat sich die chemische Ionisation durch NO+ als geeignet erwiesen. 

Die Variabilität verteilt über den Tag und die vertikale Distribution der Ketone zwischen 80 und 325 m 

deuteten auf eine Quelle für eben diese in Nähe der Baumkronen hin. Die Verteilung der Aldehyde mit 

der Höhe variiert hingegen stark von Verbindung zu Verbindung, abhängig von dessen chemischen 

Vorläufern, den direkten Emissionen und dessen atmosphärischer Lebensdauer. In der Nacht wurden 

zeitlich abnehmende Mischungsverhältnisse für alle gemessenen Carbonylverbindungen festgestellt, was 

hauptsächlich der Deposition in den Baumkronen und der Aufnahme durch das Laub zugeordnet wurde. 
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1.1 Biogenic VOC from the Amazon rainforest 

Volatile organic compounds (VOC) form a class of molecules that includes almost all carbon containing 

gaseous trace compounds with vapor pressures greater than 0.01 hPa under atmospheric conditions. 

Usually carbon monoxide, carbon dioxide, and methane are excluded from this classification based on 

their higher atmospheric concentrations and lifetimes. The variety of presumable millions of VOC species 

is huge (Anon, 2007). These species have been detected at low mixing ratios in the range of ppm (1 in 106 

air molecules) down to a few ppt (1 in 1012 air molecules), yet their effect on air quality and global climate 

is of great importance. Volatile organic molecules became first known during the investigation of the 

mechanisms leading to the formation of smog in urban areas in the early 1950s. Ongoing research and 

the combination of emission inventories and global climate models has revealed that the emission of 

biogenic VOC (BVOC) is an order of magnitude greater than anthropogenic VOC (Anon, 2007; Guenther et 

al., 1995). The total flux of BVOC into the atmosphere was estimated to account for 1150 Tg C yr-1 

(Guenther et al., 1995), with about 40 % of the emissions originating from the Amazon rainforest in South 

America (Guenther et al., 2012). It is the largest rainforest worldwide, has developed over the last 55 

million years, and domiciles a great biodiversity (Maslin et al., 2005). About 100 billion tons of carbon are 

stored in the forest’s biomass, which accounts for 15 % of the global terrestrial biomass. This is 

comparable to the amount of global fossil fuel carbon emissions over the past 10 years (Davidson et al., 

2012; Houghton et al., 2001). In terms of carbon, energy, and water cycles, which involve the emission 

and atmospheric chemistry of BVOC, the Amazon rainforest is of great importance (Davidson et al., 2012; 

Andreae et al., 2002; Gloor et al., 2012; Xu et al., 2022). 

The most strongly emitted and abundant BVOC, isoprene (C5H8), accounts for almost half of the total BVOC 

emissions (Guenther et al., 1995; Kesselmeier and Staudt, 2000) and was accordingly also the first BVOC 

that was identified as such in 1970 (Rasmussen, 1970). Together, hemi-(C5H8), mono- (C10H18), sesqui- 

(C15H24), and even diterpenes (C20H32) form the diverse class of isoprenoids, some 80 % of which originate 

from tropical forests (Guenther et al., 2012; Kesselmeier and Staudt, 2000). Isoprenoids are emitted 

directly from the forest, while other BVOC are formed following reactions involving the most important 

atmospheric oxidants, namely the OH radical (OH), ozone (O3), and the nitrate radical (NO3) or upon 

photolysis and subsequent reactions in the atmosphere. Many oxygenated BVOC (OVOC) have primary 

and secondary sources. The dominant OVOC detected in forested environments are formaldehyde, 

methanol, acetone, acetaldehyde, formic acid, acetic acid, and the oxidation products of isoprene, methyl 

vinyl ketone, and methacrolein (Seco et al., 2007; Kesselmeier et al., 2000). Altogether BVOC from forests 

comprise isoprenoids, carbonyls, alkenes, alcohols, acids, esters, halocarbons, and some alkanes 

(Kesselmeier and Staudt, 2000). This large and diverse group is often organized according to their 

reactivity, which also mainly determines the atmospheric lifetimes of BVOC. The diversity is also reflected 

in the range of those lifetimes, from reactive isoprenoids that exist minutes to hours in the atmosphere 

to some OVOC like acetone with lifetimes of days to weeks to finally certain halocarbons with lifetimes of 

centuries (Williams, 2004). 

 

1.1.1 Bidirectional exchange of BVOC 

BVOC synthesized within plants are key products in the fundamental processes of plant growth, 

reproduction, and defense (Laothawornkitkul et al., 2009). The subsequent release of BVOC to the 
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atmosphere has been found to constitute up to 10 % of the carbon that is fixed by plants through 

photosynthesis (Seco et al., 2007; Peñuelas and Llusià, 2001). Emissions have been found to be either 

beneficial for the plant in some way or just not avoidable (Peñuelas and Llusià, 2004). BVOC emissions can 

benefit the plant through protection against biotic or abiotic threats and communication (Fig. 1.1). Biotic 

stresses include infestation by fungi, viruses, and different kinds of herbivores, which plants counteract 

by producing repellent, intoxicating, antimicrobial, and/or antifungal BVOC to protect damaged tissues. A 

well-known group of C6 compounds with antimicrobial properties released immediately upon herbivore 

infestation are the green leaf volatiles (Scala et al., 2013), however the emitted BVOC blend is specific to 

plant and herbivore species. The same BVOC family is also emitted due to mechanical wounding of plants, 

e.g. after treefall or storm damages (Sarang et al., 2021). Abiotic stresses comprise meteorological and 

climatic conditions, such as extreme temperatures, limitation of water, storms, oxidative stress by high 

ozone levels, and human activities related to damage to plants. The synthesis and emission of isoprene 

has been proven to benefit the plant as an antioxidant by reacting with ozone and strengthening cell 

membranes to protect chloroplasts (Laothawornkitkul et al., 2009). BVOC serve as signaling compounds 

in communication within a plant, among multiple plants as well as among plants and insects and even 

birds (Holopainen et al., 2018). Certain BVOC attract specific pollinators to ensure the plant’s 

reproduction, but there exist more reasons for plant-insect communication. The so-called tritrophic 

communication involves an infested plant that emits a complex, specific BVOC mixture that can comprise 

hundreds of compounds to attract a predator of the infesting species (Mumm and Dicke, 2010). Signaling 

among different plants, or different branches of the same plant can serve as a warning to prime defense 

mechanisms prior to the actual infestation. Plant communication implies that plants can not only emit but 

also receive BVOC signals, thus that a bidirectional exchange of BVOC exists. Niinemets et al. (2014) 

concluded from experimental and modeling work that most BVOC fluxes from leaves are bidirectional. 

The bidirectional exchange of BVOC occurs mainly in the vegetative parts of plants (Laothawornkitkul et 

al., 2009). In their global model, Guenther et al. (1995) state that over 90 % of BVOC emissions escape via 

the foliage. However, it is important to note that bidirectional exchange of BVOC also takes place between 

the atmosphere and soils (Bourtsoukidis et al., 2018), cryptogams such as mosses and lichen (Edtbauer et 

al., 2021), and living beings such as mammals and insects. Those routes have been often overlooked in 

the past. Most of the exchange from plants happens via the leaf’s stomata, which are in simplified form, 

small openings in the outer leaf’s tissue that represent the transition between the ambient air and the 

mesophyll and are necessary for carbon fixation during photosynthesis. To prevent dehydration, the 

stomata aperture can be regulated, which was also observed as a drop in the emission flux of some BVOC 

e.g. linalool during high insolation at noon (Niinemets et al., 2002). Exchange between the leaf and the 

atmosphere is also possible by diffusion through the leaf’s cuticle following deposition. This process is 

limited by low diffusion rates and is thus thought to be much less effective (Koppmann, 2008). Factors 

that determine the exchange rate are the compound specific Henry’s law constant expressing the water-

solubility or volatility, and the gradient in concentration between the inside of the leaf and the ambient 

atmosphere (Niinemets and Reichstein, 2003; Seco et al., 2007). Emission of a particular BVOC is thus only 

feasible if the concentration in the intercellular air space exceeds the ambient concentration, while high 

volatility promotes a fast transition from liquid phases to the intercellular air space and vice versa. The 

uptake of a certain VOC is accordingly much more effective if the leaf-atmosphere concentration gradient 

is maintained by a metabolism that processes the uptaken BVOC or by storage in a liquid or lipid storage 

pool, which holds for most OVOC (Niinemets et al., 2014). For certain plant species and BVOC, a 
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compensation point has been observed, representing an ambient concentration threshold above which 

the BVOC is uptaken and below which it is emitted (Kuhn et al., 2002). Compensation points are also 

driven by the capacity of the plant to process the BVOC and thus alter the concentration gradient. The 

conductance of the stomata is an additional factor that determines the BVOC exchange. Only the emission 

of highly volatile BVOC is not sensitive towards stomatal conductance since their partial pressures in the 

leaf’s intercellular air space increase immediately upon stomatal closure (Niinemets et al., 2014).  

Synthesis and exchange rates of BVOC have been shown to be affected dominantly by light and 

temperature (Guenther et al., 1995). To understand their influence on BVOC exchange it has to be 

considered that some BVOC are stored in specialized or temporarily in unspecialized tissues whereas 

others are produced de novo from products of metabolic processes like photosynthesis. The temperature 

dependency of enzymatic synthesis of BVOC is characterized by an optimum temperature with the highest 

enzymatic activity (Anon, 1990). Additionally, the partial pressure of BVOC in the intercellular air space 

increases with increasing leaf temperature, leading to enhanced BVOC emission. The stomatal 

conductance is affected by temperature variabilities as well. Altogether the BVOC emission is found to 

depend exponentially on temperature, with an emission maximum for compounds that are not stored 

(Laothawornkitkul et al., 2009; Guenther et al., 1995). Sunlight, as the main driver for photosynthesis 

strongly influences the production of non-stored BVOC and thus their emission (Laothawornkitkul et al., 

2009). Isoprene is the most prominent BVOC that is produced de novo and emitted in a light and 

temperature dependent manner, whereas some but not all monoterpenes are stored in specialized 

compartments and therefore exhibit only a temperature sensitive emission rate (Peñuelas and Llusià, 

2001; Kesselmeier et al., 1996).  

The phenology of plants differs among tropical plant species, but leaf flush events (simultaneous growth 

of new leaves) were found to peak in the dry season at different sites across the Amazon forest in 

conjunction with high insolation (Restrepo-Coupe et al., 2013). Insolation in the wet season is reduced by 

more frequent cloud shading. The composition and magnitude of the BVOC mixture from young leaves 

differ from aged leaves (Kuhn et al., 2004; Bracho-Nunez et al., 2011) and floral scents to attract 

pollinators comprise many specific BVOC, as well. 

Plants react to the limitation of water, especially in combination with high temperatures during a drought 

by closing the leaf’s stomata which suppresses the exchange of BVOC and limits the emission of less 

volatile BVOC. Also, the synthesis of certain BVOC is largely reduced due to missing water availability 

(Peñuelas and Llusià, 2001; Bertin and Staudt, 1996), leading to altered composition of the emitted BVOC 

mixture (Byron et al., 2022). The bidirectional exchange is affected by changes in relative humidity and 

thus in foliar moisture and diffusion rates through the leaf’s cuticle (Peñuelas and Llusià, 2001). Water 

limitations were so far irrelevant in tropical rainforest (Restrepo-Coupe et al., 2013), but future scenarios 

of the changing climate predict more extreme events, such as droughts, storms, and flooding as well as a 

temperature increase between 1.4 K and 4.4 K for the end of the 21st century compared to 1986-2005 

(Calvin et al., 2023; Ometto, et al., 2022). The overall effect of climate change based on a temperature 

change of 2-3 K was estimated to cause a 30-45 % increase in atmospheric BVOC concentrations with 

severe impacts on the OH budget and therefore on the lifetime of many greenhouse gases (GHG), as well 

as on ozone and secondary aerosol formation (Peñuelas and Staudt, 2010). Long established ways for 

plant and tritrophic communication are also expected to be disturbed and phenological cycles might adapt 

to the new conditions (Peñuelas and Staudt, 2010; Holopainen et al., 2018). 
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1.1.2 Atmospheric chemistry of BVOC 

BVOC in the atmosphere are generally subject to oxidative degradation, through reactions with OH, O3, 

NO3, or loss mechanisms like photolysis or deposited to surfaces via dry or wet deposition (Fig. 1.1). The 

extent of the respective mechanism depends on location, time of day, and properties of the BVOC, 

solubility in water and chemical structure such as possession of one or more double bonds. A high aqueous 

solubility increases the deposition rate and unsaturated BVOC have higher reaction rates since the oxidant 

can be added to the double bond (Atkinson and Arey, 2003). By far the most important oxidant in daytime 

is the OH radical, which is primarily formed upon photolysis of O3 (Levy, 1971). 

      O3
    hv     
→     O2 + O(

1D)       (1.1) 

O(1D) + H2O
             
→    2OH⦁     (1.2) 

The OH radicals react with BVOC within less than a second to most commonly form alkyl radicals (R⦁), 

which combine with O2 to organic peroxy radicals (RO2
⦁) as shown in reaction 1.3-1.4 (Atkinson and Arey, 

2003). During the absence of solar radiation at night, the NO3 radical gains importance, as formation of 

OH ceases. 

       RH +  OH
              
→     R⦁ + H2O    (1.3) 

         R⦁ + O2
     M      
→     RO2

⦁     (1.4) 

   NO+ RO2
⦁                →     NO2 + RO

⦁    (1.5) 

       RO⦁ + O2
               
→     R′CHO+ HO2

⦁   (1.6) 

    NO + HO2
⦁                 →      NO2 +OH

⦁    (1.7) 

                 NO2
     hv      
→      NO + O(3P)      (1.8) 

  O(3P) + O2
                
→      O3     (1.9) 

 

RH + 3O2 + NO
             
→    R′CHO+ O3 + NO2 + H2O  (1.10) 

The oxidized products (R’CHO, e.g. carbonyls) that emerge from the chemical transformation of BVOC 

have different properties than their precursors in terms of volatility, water solubility, chemical reactivity, 

and contributions to radiative forcing. The decomposition of R’CHO generates the ultimate products CO2 

and H2O. Further oxidation of R’CHO leads to highly oxidized BVOC with low volatilities which can 

condense on existing particles or accumulate to form new particles, thus affecting the formation of clouds 

and their albedo (Mahilang et al., 2021; Pöschl, 2005). In general, BVOC have the ability to absorb infrared 

radiation and act as GHG themselves, but the indirect contribution to the radiative budget of the 

atmosphere and thus climate change through promoting the growth of aerosol particles is more 

significant (Mellouki et al., 2015). Several more aspects add to the indirect climate effects of BVOC, firstly 

the net production of tropospheric O3 (Reaction 1.10), an effective GHG and pollutant with negative 

impacts on plant tissues, human health, and ecosystems (Mellouki et al., 2015). Its formation involves the 

OH initiated oxidation of VOC in the presence of NOx (NO + NO2), whereas in the relatively unpolluted 
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rainforest atmosphere, NO mainly originates from the emission by soils or lightning strikes. There is a 

rapid interconversion between NO and NO2 leading to a steady state including O3. The availability of NOx 

determines whether the oxidation of BVOC is a source (Reaction 1.7-1.9) or sink for O3 (Reaction 1.11). 

O3 + HO2
⦁                →     OH⦁ +2O2                (1.11) 

In the rainforest, where NOx is a limiting factor, the production of O3 depends on NOx concentrations 

(Seinfeld and Pandis, 2016; Pike et al., 2010) or a degradation of O3 is favored. Secondly, the oxidative 

reaction sequence described in equation 1.3-1.4 leads to the generation of reservoir species for NOx, also 

referred to as peroxycarboxylic nitric anhydrides (PANs), if followed by the reaction with NO2 (Reaction 

1.12). Most BVOC are suited to generate PANs but the yields are only significant for the oxidation of 

aldehydes or the photolysis of ketones and dicarbonyls (Koppmann, 2008; Fischer et al., 2014). 

RO2
⦁ + NO2

      M     
→     RO2NO2    (1.12) 

Those reservoir species are typically thermally instable near the warm surface, but in the colder free 

troposphere, they can be transported over large distances. Thus they can represent a source of NOx in 

the remote troposphere where it efficiently produces O3 and OH radicals with implications on oxidative 

chemistry and the radiative budget (Koppmann, 2008). Thirdly, BVOC are the dominant reactive 

compounds in the atmosphere (largest sources of OH reactivity) and their oxidation is the strongest sink 

for OH. By implication the lifetime of pollutants and effective GHG as carbon monoxide and methane 

increase with decreasing oxidative capacity of the atmosphere (Koppmann, 2008; Mellouki et al., 2015; 

Pfannerstill et al., 2021).  

Another atmospherically relevant oxidative reaction is the ozonolysis of unsaturated BVOC, most 

importantly by terpenes. The addition of O3 to the double bond between two carbon atoms and following 

degradation and isomerization steps generate oxygenated products, including carbonyls and are a source 

of OH radicals (Atkinson and Arey, 2003).  

In conclusion, the chemistry of BVOC impacts the immediate atmospheric composition on a local scale 

but also more distant from their source, via various direct and indirect physical and chemical processes. 

 

1.2 BVOC distribution above the Amazon rainforest 

1.2.1 Atmospheric boundary layer  

BVOC exchange between the rainforest and the atmosphere has a turbulent nature and is not only 

governed by the bidirectional BVOC exchange of plants but also by coherent turbulent structures within 

and above the canopy (Fuentes et al., 2022; Parrish et al., 2007; Ganzeveld et al., 2008). Generally, the 

part of the atmosphere where the dispersion of BVOC emissions is regulated is the atmospheric boundary 

layer (ABL) that spans from the canopy top to about 0.1-2 km. It is defined as the layer that is directly 

impacted by surface forces and processes, such as heat and moisture transfer and frictional drag. Those 

forces can be seen as distinct diurnal cycles in sensible and latent heat or BVOC time series in the ABL, 

whereas a less variable general trend is observed in the free troposphere. In the ABL turbulence leads to 

the distribution of those quantities, whereas in the free troposphere, turbulence does not occur so 

frequently (Stull, 1988). 
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Turbulence is a vague term, here it describes swirling motions of air on different size scales, so-called 

eddies, which transport and mix quantities at scales from 10-3 to 3x103 m (Stull, 1988). There are two ways 

how turbulence is generated: mechanically and thermally. Instabilities in air flows that mechanically cause 

turbulence are created when the wind speed differs vertically, e.g. due to the rough canopy imposing 

resistance to surface winds or when the wind encounters an obstacle. Turbulence is imposed thermally 

due to the positive buoyancy of heated air at ground level, which leads to the formation of large eddies 

since rising air (convection) at one site causes a subsident downward transport at a nearby site (Jordi Vilà-

Guerau de Arellano, et al., 2015). 

Above the canopy turbulent structures are organized in cycles of coherent ejections and sweeps, which 

penetrate the upper part of the canopy, imposed by mechanical turbulence. Those structures exchange 

BVOC-rich air from inside the canopy with outside canopy air that contains more oxidants. The layer that 

is influenced by these induced ejections and sweeps through the canopy is called the roughness sublayer 

Figure 1.1: Overview of biological and atmospheric processes that involve BVOC. BVOC released to the atmosphere 
imply feedback to the biosphere by direct (e.g. generation of Ozone) and indirect (e.g. cloud formation) effects. This 
schematic drawing is taken from Laothawarnkitkull et al., 2009 with permission from the publisher “John Wiley and 
Sons”. 
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(typically 2-3 times the canopy height) (Fuentes et al., 2022; Cava et al., 2022). During thermally unstable 

and thus convective conditions, those mechanically induced motions are influenced by coherent thermal 

plumes (Cava et al., 2022). BVOC transport at the top of the canopy is thus regulated by the interplay of 

mechanically and thermally imposed turbulence, the bidirectional exchange of BVOC at leaf level, and 

chemistry within and above the canopy. The roughness sublayer is part of the mixing layer, where strong 

thermally induced turbulent eddies mix the quantities well. Only at its upper part, air entrainment from 

the free troposphere causes inhomogenities (Jordi Vilà-Guerau de Arellano, et al., 2015; Dias‐Júnior et al., 

2019). The mixed layer is typically confined by a stable layer, also referred to as the entrainment zone. 

The whole boundary layer undergoes a diurnal evolution, with extension and vertical growth after sunrise 

when the heated surface causes convection and collapse after sunset. The stable boundary layer at 

nighttime reaches only a few hundred meters in height, while the height of the convective boundary layer 

is around 2 km (Stull, 1988).  

The degree or timescale of simultaneous mixing and chemistry drive the vertical distribution of BVOC 

within the ABL. Therefore vertical gradient measurements reveal information on emission, chemical 

formation, and loss under consideration of turbulent mixing at daytime (Holzinger et al., 2005; Yáñez-

Serrano et al., 2016; Karl et al., 2009). Since BVOC emission and turbulence generally depend on solar 

radiation, the formation of clouds can alter the distribution of BVOC and sensible and latent heat fluxes, 

which in turn influence particle growth and cloud properties. This demonstrates the interconnectedness 

of the rainforest atmosphere (Vilà-Guerau de Arellano et al., 2020). During night the BVOC exchange 

between canopy and atmosphere is most often still driven by turbulence (Oliveira et al., 2017), but vertical 

mixing is much slower due to the decay of thermally driven turbulence (Stull, 1988). The vertical 

distribution in the lower part of the nocturnal atmosphere thus strongly depends on the height of the 

boundary layer, with nighttime chemistry, emission, and deposition as the main drivers. 

 

1.2.2 Free troposphere 

BVOC observed in the free troposphere or their chemical precursors must have passed through the ABL, 

either slowly through mixing or via strong convection. Average transport times of properties out of the 

boundary layer into the free troposphere via mixing are 1-2 days while vertical mixing within the free 

troposphere happens on timescales of month (Koppmann, 2008). The atmospheric lifetime of BVOC and 

other constituents is therefore strongly linked to their occurrence and distribution in the troposphere. 

Without the phenomenon of deep convection, only long-lived species such as some alkanes or 

halocarbons and potentially some oxidized VOC, that are formed en route could reach the upper 

troposphere. As the name implies, deep convection transports chemicals from the ABL to the upper 

troposphere (12-16 km), whereas shallow convection reaches up to the lower free troposphere. However, 

both shallow and deep convection occurs frequently in the Amazon, due to the combination of strong 

insolation generating thermals and high latent heat fluxes from evapotranspiration in the canopy. The 

Amazon rainforest has been described as a global convective center (Zhuang et al., 2017). Deep 

convection is additionally initiated by other thermodynamic processes, e.g. mesoscale circulations or 

wave activity (Gentine et al., 2019). 

The chemical composition in the free and upper troposphere is significantly different from that of the ABL. 

Due to cold temperatures (210-235 K), the mixing ratio of water is low (10-300 ppm). The reaction to 
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generate OH described in equation 1.1-1.2 is thus less efficient in producing HOx (OH + HO2) radicals. 

Aircraft based studies conducted in the late 1990s found 2-4 times higher HOx concentrations than 

expected from this source (Jaeglé et al., 2001). Additionally, unexpectedly high concentrations of OVOC 

were observed in the remote upper troposphere over the Pacific (Singh et al., 2001). The observed OVOC 

were short-chained molecules such as methanol, acetone, formaldehyde, acetaldehyde, and acetic acid, 

which can be photolyzed and thus serve as HOx precursors. Depending on the available NOx mainly from 

lightning, stratospheric downdrafts, or PAN species, the OVOC can frequently also react to generate or 

destroy O3. Convection transporting air from the ABL to the the mid- or upper troposphere has been 

shown to also deliver also highly reactive VOC like isoprene to the high altitudes, impacting the 

composition and photochemical chemistry and thus the formation of particles (Colomb et al., 2006; 

Scheeren et al., 2003; Singh et al., 2004; Warneke et al., 2001). Aircraft based measurement campaigns 

enable observation of vertical concentration profiles throughout the troposphere, promoting the 

understanding of HOx-NOx-VOC chemistry and particle formation. 

 

1.3 Instrumentation: PTR-ToF-MS 

The measurements on which this work is based were primarily conducted using a proton transfer reaction 

time-of-flight mass spectrometer (PTR-ToF-MS). This method was developed in the 1990s by Lindinger et 

al. to sensitively quantify VOC in the air matrix with a high time resolution. It is a chemical ionization 

technique that is rather soft (low energy) with less fragmentation of the analytes compared to electron 

ionization (Lindinger et al., 1998). 

In the hollow cathode ion source (Fig. 1.2), the reagent ions are generated. Typically an adjustable flow of 

water vapor from a liquid reservoir is introduced into an electrical discharge to obtain H3O+ ions. H3O+ can 

donate a proton (H+) to all molecules in the air matrix with a proton affinity greater than water (691 kJ 

mol-1), which includes most BVOC, unlike nitrogen and oxygen, the main constituents of air. By introducing 

synthetic air instead of water vapor into the ion source, NO+ reagent ions are generated, which undergo 

a set of ionization reactions, that are described in Chapter 3. Briefly summarized, the important reaction 

pathways are charge transfer, hydrogen abstraction, and association reactions (Koss et al., 2016). Other 

reagent ions that were tested and applied are O+ and less frequently NH4
+, Xe+, and Kr+ for specialized 

targeted analysis (Müller et al., 2020; Edtbauer et al., 2014; Norman et al., 2007). The advantage of 

utilizing H3O+ ions is the relatively simple obtained mass spectra, whereas for the detection of certain 

molecules, other reagent ions provide benefits, e.g. the isomerically resolved detection of carbonyls with 

NO+ as applied in Chapter 3. The development of an ion source that allows for fast switching between 

H3O+, NO+, and O2
+ was therefore helpful (Jordan et al., 2009). 

The ionization of the air sample occurs in the drift tube (Fig. 1.2). Ions move through the drift tube with a 

velocity determined by the applied electrical field strength (E) and the number density of the neutral 

molecules in the sample (N). The applied electrical field in combination with the pressure in the drift tube 

thus regulate how much fragmentation occurs upon a collision between molecules. The parameter E/N is 

usually in the range of 60-120 Townsend at drift pressures between 2-4 mbar and field strengths of 

500-800 V. The drift parameters are tuned to achieve the lowest possible impurities of the reagent ions 

(< 5 %) and a high signal of the analyte with minimum fragmentation. The abundance of the reagent ions 
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strongly exceeds the concentration of the analytes in the drift tube, so that the reagent ion concentration 

can be assumed unchanged upon ionization reactions (Lindinger et al., 1998). 

The drift tube is connected with an intermediate space where most of the air is pumped out by a vacuum 

pump so that only a fraction of the ionized molecules passes through a nose cone to the mass 

spectrometer (Fig. 1.2). The pressure in the time-of-flight mass spectrometer is kept as low as possible, 

typically in the range of 10-7 mbar to avoid collisions among the ions. This is realized by another vacuum 

pump connected to the mass spectrometer. A pulser orthogonally accelerates the ions at a rate of ca. 

125 kHz into an electrical field. There the ions are reflected to fly along a path in a “V”- or “W”-shape. 

During the pulsing, the same amount of kinetic energy is transferred to each ion, but the mass-to-charge 

ratio (m/z) determines how much time the ion needs to reach the detector. The light ions have a shorter 

“time of flight” than heavier ions. A multichannel plate multiplies the signal which is processed by an ultra-

fast data acquisition board, since each pulse yields one mass spectrum with a mass range of 500 m/z 

(Jordan et al., 2009; de Gouw and Warneke, 2007). The ToF-MS is able to separate most nominally isobaric 

ions, unlike a quadrupole mass spectrometer that is still applied as a detector in some PTR-MS 

instruments. In this study, two commercially available instruments from Ionicon Analytics in Innsbruck 

(Austria) were used to measure BVOC, the PTR-ToF-MS 4000 and the PTR-ToF-MS 8000. The PTR-ToF-MS 

8000 was modified and built into a flight rack so that it can be integrated in an aircraft. The names of the 

instruments indicate their optimal mass resolution, on average the mass resolution m/Δm was around 

3000 and 4000-5000 respectively. 

The signal for each m/z is normalized with respect to the concentration of the reagent ions the drift 

parameters length, temperature, and pressure to account for possible changes in the ionization or 

transmission through the instrument. The software for peak integration and mass scale calibration “IDA” 

also applies certain necessary corrections, such as baseline subtraction and duty-cycle correction which 

are explained in detail in Müller et al. (2013). Mixing ratios (ppbv) are obtained by calibration of a gas 

standard with the same humidity range that was observed during the measurement. The so-called k-rate, 

which is the proton transfer rate coefficient together with the transmission efficiency through the 

instrument can be used to calculate the mixing ratio (Cappellin et al., 2012). 

Besides PTR-MS also gas chromatographic analyses of BVOC are widely applied. The advantage of GC-MS 

is the resolution of isomeric compounds prior to detection by the mass spectrometer and thus a much 

more specific identification of BVOC. However, the time resolution is usually much lower (< 3 minutes to 

hours) since a preconcentration and separation of the sample is required. The combination of both 

methods is in most cases the most promising strategy to observe BVOC (de Gouw and Warneke, 2007). 
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1.3.1 Line effects and ozone interference 

The measurement of BVOC usually requires an inlet line of some length to sample the airmasses of 

interest. In this entire work the inlet tubing was made of fluorinated ethylene propylene (FEP) and tubing 

inside the PTR-ToF-MS includes mainly FEP or polyetheretherketone (PEEK). FEP and perfluoroalkoxy 

alkanes (PFA) were recommended from an intercomparison of different tubing materials for VOC 

sampling. Interactions of the BVOC by absorptive partitioning to the inner walls of the polymer tubing 

cause measurement delays (Deming et al., 2019). Pagonis et al. described the absorptive behavior by the 

principles of gas chromatography, with the stationary phase being the tubing walls and chromatographic 

retention times were compared to tubing delay. The affinity for a BVOC to partition to the tubing walls is 

determined by their volatility, in most studies expressed by the saturation concentration (C*) in µg/m3. 

Less volatile compounds with saturation concentrations in the range of 1 < C* < 104 µg/m3 thus have 

longer tubing delays than highly volatile BVOC with C* > 106 µg/m3 at similar tubing length and flow rate 

(Pagonis et al., 2017). Absorption partitioning in polymer tubing was found to be not dependent on 

humidity or the concentration of other VOC in the sampled air matrix (Deming et al., 2019). The longest 

line utilized in this work for vertical profile measurements above the Amazon rainforest had a length of 

about 330 m and was made of FEP, which led to an observed delay of about 90 seconds at the applied 

flow of 10 L/min for volatile BVOCs in the gas standard (C* > 107 µg/m3). All tubing (inside and outside the 

instruments) is usually insulated to avoid light effects and heated to minimize wall effects and to prevent 

condensation of water vapor. Li et al. conducted a study with a similar long inlet line (400 m, PFA) and 

found tubing delays at comparable flow to be < 200 seconds for compounds with C* > 107 µg/m3  (Li et al., 

2023). 

Another measurement artifact can occur when atmospheric oxidants enter the insulated sampling line 

and react with BVOC in the gas phase or on the tubing surface. Photochemical reactions or reactions 

involving the OH radical can be excluded since the tubing is insulated and the OH lifetime in air very short. 

In the dark environment inside the tubing, reactions with sampled O3 and NO3 are, however, still possible 

Figure 1.2: A schematic setup showing the main components of a PTR-ToF-MS. The two different flight paths towards 
the detector are indicated by blue and gray beams in the ToF-MS. This figure is taken from Jordan et al. 2009, with 
permission from the publisher “Elsevier”. 
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(Northway et al., 2004; Apel et al., 2003; Li et al., 2023). In the ABL above the Amazon rainforest, O3 is 

present at mixing ratios below 40 ppb, but throughout the troposphere concentrations between 10 and 

200 ppb are typical (Seinfeld and Pandis, 2016; Gerken et al., 2016). The NO3 radical is only of importance 

during the night since fast photolysis leads to its destruction during daylight. Potentially the NO3 radical 

might be formed in the dark tubing during the limited residence time of the air sample as suggested by Li 

et al. (2023). Both oxidants react rather slowly with saturated BVOC whereas the ozonolysis of 

unsaturated BVOC such as terpenes is efficient and can lead to the loss of those BVOC in the inlet line. 

Some monoterpenes and sesquiterpenes, are thus not detected via the 330 m sampling line due to an 

expected combination of ongoing ozonolysis or reaction with NO3 and long delay times due to a low 

volatility of those BVOC. A positive interference from the formation of oxygenated BVOC upon ozonolysis 

or reaction with NO3 at tubing walls and the gas phase can also occur. In chapter 4 the effect of ozone on 

BVOC sampling under varying humidity is investigated in detail. 

 

1.4 Research objective and thesis outline 

Biogenic volatile organic compounds are major reactive species in the global atmosphere (Koppmann, 

2008). Thus BVOC, as a sink for the hydroxyl radical, play an important role in modulating the oxidation 

capacity of the atmosphere (Williams, 2004). Vast amounts of BVOC are emitted from the largest 

rainforest worldwide, the Amazon rainforest. Their transformations in the atmosphere have implications 

for local physical and chemical processes and global climate (Guenther et al., 1995; Vilà-Guerau de 

Arellano et al., 2020). The rainforest canopy and the adjacent lowermost atmosphere represent an 

important, complex interface region, where chemistry and turbulence determine the dispersion and 

transformations of the emitted BVOC (Fuentes et al., 2022). Moreover, strong tropical convection has the 

potential to transport BVOC-rich, moist air from this region into the mid and upper troposphere. The 

accurate measurement of BVOC to characterize their concentrations and distribution within this interface 

region is thus essential for the understanding and model simulation of canopy exchange, atmospheric 

transport, and chemistry. BVOC observations are part of the Amazon Tall Tower Observatory (ATTO) which 

was founded to study the connections between the Amazon Forest, carbon-, water-, and other important 

cycles and global climate (https://www.attoproject.org). The 325 m tall tower allows measurements 

throughout the rainforest boundary layer. The findings presented in this thesis were mostly conducted at 

this measurement site using a PTR-ToF-MS. With this technique a wide range of BVOC, including terpenes, 

alkenes, and many oxygenated compounds can be measured continuously with a temporal resolution of 

seconds, although not all are isomerically resolved. The continuous long-term measurement of BVOC in 

conjunction with multidisciplinary observations of forest and atmosphere as implemented at ATTO 

enables investigation of seasonal and longer timescale changes. Deforestation and anthropogenically 

induced climate change promote extreme conditions in the Amazon, leaving many open questions on the 

future role of the rainforest. While the long-term characterization of BVOC will be presented elsewhere, 

the focus of this thesis is on the vertical distribution and temporal variability of atmospherically relevant 

species, namely isoprene and carbonyl compounds.  

Chapter 2 investigates the vertical profile of isoprene concentration and that of its oxidation products to 

infer the OH radical concentration from those observations conducted at ATTO. So far there have been 

only a few direct measurements of OH radical concentrations in the Amazon, also due to instrumental 

difficulties in BVOC-rich environments (Jeong et al., 2022). The OH radical determines the lifetimes of all 

https://www.attoproject.org/


 Introduction – From leaf to global scales 15 

 

BVOC to a great extent, thus there is a great interest in knowing its concentration close to the major 

emission source of BVOC, the rainforest canopy. The BVOC profile data was also used to constrain a 

turbulence resolving large eddy simulation (LES) to gain insights into the transport and dilutive mixing of 

isoprene. Moreover, an estimation of the mixing time between 80 and 325 m above ground was necessary 

for the calculation of OH concentrations, which can serve as a basis for future studies on vertical profiles. 

This was achieved by using a method from the field of speech recognition, called dynamical time warping. 

Finally, we compared the results to the Dutch Atmospheric LES (DALES), to a regional-scale model (WRF-

chem), and to a global-scale model (EMAC). 

In Chapter 3 the adaptation of the PTR-ToF-MS to NO+ chemical ionization allowed measurement of 

aldehydes and ketones separately, for the first time above the Amazon rainforest. Thereby we overcame 

one of the limitations of conventional PTR-MS using H3O+, which is the common detection of carbonyl 

isomers (Koss et al., 2016). Carbonyl compounds are key to oxidative atmospheric chemistry (Koppmann, 

2008; Singh et al., 2001) and their individual detection is particularly important since ketones have 

considerably longer lifetimes than aldehydes. The observed temporal and vertical distribution above the 

Amazon rainforest indicated a strong source of ketones in proximity to the canopy. The vertical 

distribution in combination with correlation analysis is studied for carbonyl compounds and related to 

existing literature to constrain their sources and sinks.  

To measure BVOC distributions throughout the troposphere and to observe the effects of convective 

outflow, aircraft-based measurements are required. In the course of the CAFE (Chemistry of the 

Atmosphere Field Experiment) Campaigns over Africa, Europe, Brazil, and currently the Pacific Ocean, 

BVOC are measured in very different air masses. During the flight campaign in Europe (Voigt et al., 2022), 

an interference in the detection of several BVOC compounds during the sampling of ozone-rich airmasses 

became obvious for the PTR-ToF-MS and a GC-MS. It could be related to ozone reactions occurring in the 

inlet tubings (Northway et al., 2004; Apel et al., 2003). As a consequence, a comprehensive laboratory 

experiment on the measurement artifacts due to ozone and humidity as well as on the use of a thiosulfate 

ozone scrubber for both instruments was performed. Chapter 4 presents this experiment and the 

resulting implications for VOC measurements. The aim was to ascertain at which atmospheric 

concentrations of ozone the interference becomes relevant and how the thiosulfate scrubber performs 

to prevent it. 
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2.1 Abstract 

The atmospheric oxidation of biogenic volatile organic compounds (BVOC) by OH radicals over tropical 

rainforests impacts local particle production and the lifetime of globally distributed chemically and 

radiatively active gases. For the pristine Amazon rainforest during the dry season, we empirically 

determined the diurnal OH radical variability at the forest-atmosphere interface region between 80 and 

325m from 07:00 to 15:00 LT using BVOC measurements. A dynamic time warping approach was applied 

showing that median averaged mixing times between 80 m to 325 m decrease from 105 to 15 minutes 

over this time period. The inferred OH concentrations show evidence for an early morning OH peak (07:00-

08:00 LT) and an OH maximum (14:00 LT) reaching 2.2 (0.2, 3.8) x106 molecules cm-3 controlled by the 

coupling between BVOC emission fluxes, nocturnal NOx accumulation, convective turbulence, air 

chemistry and photolysis rates. The results were evaluated with a turbulence resolving transport (DALES), 

a regional scale (WRF-Chem) and a global (EMAC) atmospheric chemistry model. 

 

2.2 Introduction 

The hydroxyl radical (OH) is the main atmospheric oxidant for trace gases in the global atmosphere 

(Lelieveld et al., 2016). By initializing the removal of natural and anthropogenic hazardous and radiatively 

active gases (e.g. CH4) it is an important factor for human health and global climate (Montzka et al., 2011). 

The primary atmospheric source of OH is a pathway of ozone photolysis which forms O(1D) atoms, that 

can react rapidly with water to produce two OH radicals (Levy, 1971). As a result most OH initiated 

atmospheric oxidation occurs in the tropical lower troposphere where high insolation and water vapor 

combine with ubiquitous ozone to generate high OH production rates (Lelieveld et al., 2016). However, in 

the same regions, tropical forests provide the largest global emission source of biogenic volatile organic 

compounds (BVOC) which react readily with OH (Guenther, 2013; Kesselmeier and Staudt, 2000). 

Therefore, a critical interface region exists directly above tropical forests where strong sources and sinks 

of OH are co-located, the net result being key to the lifetime of many gases (Lelieveld et al., 2008, 2016). 

Due to their coarse resolution (typical grid cell sizes > 25 km with about 10 horizontal layers in the 

atmospheric boundary layer (ABL)), global atmospheric models are known to experience problems in this 

region as the strong VOC emissions suppress OH and cause overestimates of BVOC mixing ratios relative 

to measurements (Carslaw et al., 2001; Pugh et al., 2010; Stone et al., 2010; Hofzumahaus et al., 2009; 

Tan et al., 2001). 

Simultaneous airborne measurements of OH, hydroperoxyl radicals (HO2) and BVOC over a tropical 

rainforest in 2005 led to the closer scrutiny of isoprene oxidation chemistry, for additional OH sources and 

recycling routes (Lelieveld et al., 2008). Although the OH measurements reported were subsequently 

found to be artificially high due to an instrumental interference (Mao et al., 2012), theoretical studies 

(Peeters et al., 2014), mechanistic and modelling investigations (Taraborrelli et al., 2012; Lelieveld et al., 

2008), laboratory chamber-based oxidation studies (Nölscher et al., 2014) and kinetic experiments (Dillon 

and Crowley, 2008) revealed underestimated or even overlooked routes through which OH was recycled 

during the oxidation of isoprene.  

In this paper we present a new empirical derivation of the OH abundance and diurnal variation above a 

largely pristine part of the Amazonian rainforest (Andreae et al., 2015) characterized by low nitrogen 
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oxides (NOx) conditions ( NO < 150 ppt at 80 m). To infer an OH radical abundance, other than by direct 

measurement, requires measurement of a change in concentration of one or more BVOCs with a known 

OH reaction rate coefficient, and to accurately know the reaction time (period during which reactive 

molecules are exposed to OH oxidation). Here a change of the BVOC concentration with height above a 

rainforest is studied. We have measured BVOC concentrations on a tall tower at two heights (80 and 325 

m) and investigate to which extent the concentration gradients are influenced by oxidation chemistry, 

turbulent mixing, emission and dilution due to transport from above (Fig. 2.1). Several indirect estimates 

of OH have been made in the past using BVOC concentrations and fluxes acquired from towers and aircraft 

in conjunction with models (Kuhn et al., 2007; Karl et al., 2007). However, all have approximated the 

reaction time in the vertical direction through use of the convective velocity (𝑤∗) of the ABL.  In order to 

better ascertain the timescale, in this study we approach the vertical reaction time by applying the 

Dynamic Time Warping (DTW) analysis alignment method (Rabiner and Juang, 2016) to simultaneously 

observed meteorological data (see method for details).  

‘Dynamical Time Warping’ (DTW) in conjunction with a chemically inert tracer like the potential 

temperature (θ), which varies with time, allows quantification of the time offset between the timeseries 

at two reference heights (Fig. 2.2) under diurnal turbulent convective conditions. Air heated at the top of 

the canopy by conduction is transported vertically via turbulent convection, creating turbulent buoyant 

plumes that are organized in warm upward and cold downward motions. At the interfaces of these plumes 

lateral mixing occurs between the motions, resulting in a warming of the boundary layer. This heating is 

observed in the time offset of θ between 80 and 325 m. After normalizing the observed daily cycles of θ 

according to their magnitude, the time offset is extracted by DTW as it projects one timeseries onto 

another (using a cost minimization matrix). Thus, the DTW method provides a mixing timescale that 

approaches the time that air is exposed to oxidation. Mixing of airmasses containing isoprene and OH also 

result from the ensemble of the upward and downward turbulent motions. We exploit the daily time 

differences observed in θ at each height under diurnal convective conditions averaged over 23 days to 

extract a statistically robust, continuous and representative vertical mixing time as a function of time-of-

day. Combining the extracted time with isoprene concentrations at 80 and 325 m and the corresponding 

formation of its oxidation products (IsoO, here: Methyl Vinyl Ketone (MVK) + Methacrolein (MACR) + 

Isoprene Hydroxyhydroperoxides (ISOPOOH)) allows calculation of the OH concentration between 80 and 

325 m and from 07:00-15:00 LT with two different methods. The empirically derived OH concentrations 

were then evaluated against those simulated by three different atmospheric chemistry models: the 

turbulence resolving Dutch Atmospheric Large-Eddy Simulation (DALES) (Ouwersloot et al., 2017) the 

regional scale forecasting model WRF-Chem (Grell et al., 2005) and the atmospheric chemistry general 

circulation model EMAC (Jöckel et al., 2010, 2006). Since DALES is able to calculate the most energetic 

turbulent eddies in the roughness sublayer, we use it to independently test the uncertainties of the 

empirical methods using control numerical experiments. 

OH concentrations are derived between 80 and 325 m in the ABL, which extends from just above the 

canopy at about 37 m (Kuhn et al., 2007) to about 2 km between sunrise at 06:00 and 14:00 local time 

(UTC - 4 h) (Fig. 2.1a). During the night the lower atmosphere is stably stratified with positive vertical 

gradients of θ. After sunrise, the positive sensible and latent heat fluxes lead to the formation of the 

convective boundary layer via thermal expansion of air that triggers buoyancy, i.e. density instabilities 

that lead to convective turbulence. Turbulent eddies that form coherent structures characterized by 

upward thermal and downward subsidence motions are induced(Stull, 1988; Vilà-Guerau De Arellano et 
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al., 2015). During the transport and mixing chemical reactions take place (Fuentes et al., 2022). Strong 

insulation and rising surface temperature throughout the day lead to increasing buoyancy and turbulence 

until the afternoon transition (Vilà-Guerau De Arellano et al., 2015). The warming and growth of the ABL 

have implications for the derived mixing timescale. When considering the free convective scaling velocity 

of single updrafts, w*, an increase with increasing buoyancy is observed (Stull, 1988). Direct comparison 

between w* and the mixing timescale derived here is however not possible. The DTW-derived timescale 

considers the heating of the boundary layer, which represents the ensemble of thermal upwards and 

subsiding transport. Further, the measurements taken at around 80 m are likely to be inside the 

roughness-sublayer that spans within the ABL from the ground to 2-3 times the canopy height (37 m) 

(Dias-júnior et al., 2019; Chamecki et al., 2020). Turbulence there differs from the layers aloft with strongly 

inhomogeneous flows of sweeping and ejection motions induced by deceleration of wind at the rough 

canopy surface (Finnigan, 2000; Cava et al., 2022). The timescale of w* represents that of individual large 

eddies in reaching the top of the ABL. 

 

2.3 Results and discussion 

The BVOC measurements reported here were taken at 80, 150 and 325 m from the ATTO tower sited 

amidst the pristine Amazon rainforest. Isoprene and its combined oxidation products IsoO were measured 

using PTR-ToF-MS at m/z 69.069 and 71.049. In order to investigate the vertical evolution of BVOC above 

the forest canopy, air from 80, 150 and 325 m was measured sequentially for five minutes at each height 

generating four datapoints per hour at each level. Isoprene was chosen for the OH radical concentration 

determination as it is an abundant, primary emitted BVOC without secondary sources and predominantly 

oxidized by OH (Pfannerstill et al., 2021). Meteorological variables were observed on the ATTO tower at 

321 m and the 80 m tall walk-up tower on the same site at 81 m. BVOC and meteorological variables were 

measured continuously but the method to infer OH concentrations is restricted to convective periods 

which are defined by θ325m < θ80m. This condition ensures a net-upward propagation of thermal energy 

that can be converted into a mixing time. The maximum of θ at 80 m serves as an upper limit after noon. 

By then the declining insolation and concomitant decreasing buoyancy force leads to stabilization 

rendering the method inoperable. The vertical distribution of BVOC at ATTO is affected by the complex 

dynamic regime at the atmosphere-canopy interface (Chamecki et al., 2020) as well as by chemical 

processing. Measured dry season vertical mixing ratio profiles of isoprene, IsoO, specific humidity (q) and 

θ are shown at noon in Figure 2.1b. Isoprene, q and θ show the largest values at the canopy level, where 

their source is located, decreasing with altitude due to multiple processes, including emission strength 

changes, mixing and chemical reactions. The highly reactive isoprene decreases by 14.4 % from 80 m to 

150 m and 24.3 % up to 325 m. Conversely IsoO, the OH photochemical product slightly increases with 

height in the measurements, due to the interplay of isoprene oxidation and turbulent mixing, that implies 

up- and downwards movement and mixing of more or less aged emissions. Observations reported by 

Rinne et al. (2012) indicated little chemical degradation of isoprene above the boreal forest up to 22 m, 

however, OH production rates there and turbulence intensity are expected to be substantially lower than 

in the tropics. Rinne et al. (2012) also noted that highly reactive sesquiterpene emissions from a boreal 

forest would be chemically oxidized faster than they can be transported aloft. This is also in agreement 

with this study as although sesquiterpenes have been measured previously at ground level at the ATTO 

site (Bourtsoukidis et al., 2018; Edtbauer et al., 2021), these species were not quantifiable at 325m. The 
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sensitivity of the vertical isoprene gradient to OH oxidation chemistry and mixing is investigated with the 

use of the turbulent-resolved simulation technique DALES later in this study. 

The vertical concentration gradient of isoprene, observed over 80-325 m becomes steeper with height 

(i.e. large concentration differences between top and bottom) due to three processes: surface emission, 

entrainment of isoprene-free air from above and OH oxidation (Vilà Guerau De Arellano et al., 2011; Krol 

et al., 2000). In contrast turbulent mixing causes two effects that both act to weaken the vertical gradient. 

Firstly, the establishment of the concentration gradient is counteracted by the mixing of isoprene rich 

upward motions with isoprene poor air transported from the downward subsident motions. This 

asymmetry in the transport also leads to segregation due to the inhomogeneous mixing (Ouwersloot et 

al., 2011; Krol et al., 2000). The segregation of isoprene lowers the effective reaction rate ( 𝑘iso+OH), and 

as a result, the impact of OH oxidation on the vertical gradient in isoprene is weakened (Clifton et al., 

2022; Ouwersloot et al., 2011). 

In order to quantify the competition and relative dominance of dynamical processes and chemical 

processes over the whole day the Damköhler number (Da) is introduced. This term is defined as: 

Figure 2.1: Overview of the processes that govern the vertical distribution of variables observed at ATTO a) Time 
series of the boundary layer height simulated by DALES b) Schematic sketch of the processes governing the vertical 
gradient of reactive trace gases, here isoprene, emitted from the Amazon forest. Dynamic processes are marked with 
yellow arrows while blue arrows indicate chemistry related processes. The Damköhler effect has two arrows since it 
quantifies the relation between the turbulent and chemistry time scales. The relative vertical gradients of isoprene, 
the isoprene oxidation products Methyl Vinyl Ketone + Methacrolein + Isoprene Hydroxyhydroperoxides (ISOPOOH), 
specific humidity q and potential temperature θ observed at ATTO are median averages at 12:00-14:00. The error 
bars indicate the (0.15, 0.85) quantiles. 
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Da =
𝜏D

𝜏C
= 

mixing time    (s)

([OH] 𝑘iso+OH)
−1 (s)

      (E2.1) 

It is a dimensionless number that compares the timescale of dynamics 𝜏D to that of chemistry 𝜏C, with 

values of unity indicative of a competitive regime and a maximum intensity of segregation (Ouwersloot et 

al., 2011). Within equation E2.1 the timescale of dynamics is typically represented by the convection 

timescale t 

𝑡 =  
ℎ

𝑤∗
         (E2.2) 

where ℎ is the boundary layer height and 𝑤∗. As the aim is to investigate the conditions over the vertical 

extent of the ATTO tower, the DTW derived mixing time is introduced in the following section (Figs. 2.2 

and 2.3) and used instead. It is shown that ensemble turbulent motions in the atmosphere canopy 

interface region happen on longer timescales than estimated by t which is critically important for the OH 

estimation. 

 

2.3.1 Mixing time in the low ABL 

The DTW technique as described within the methods section was applied to the observed time-series of 

potential temperature θ for a total of 23 dry season days from October 2018 and September 2019 

between 6:00 – 18:00 LT. This is shown for one example day in Figure 2.2 where normalized θ values at 

80 and 325 m are allocated to find the time index difference corresponding to warming at both heights. 

The warming is a result of lateral mixing induced by turbulent buoyant plumes.  

As precipitation events interfere with the vertical distribution of θ a filter is applied to remove such 

periods (30.8 % of data). To infer OH concentrations from the oxidative change of isoprene concentrations 

with height and DTW derived mixing times requires convective conditions. Periods with a stable 

stratification (θ325m > θ80m) were therefore excluded. This affects the morning transition from the stable 

nocturnal ABL to the convectively mixed ABL. The daily maximum of θ at 80 m was taken as the later limit 

for the calculation of OH, which occurred at the latest by 15:00 LT. The time restriction was also supported 

by the sign of the non-dimensional z/L number (sampling height z divided by the Obukhov length L) 

observed at ATTO (Supplementary Fig. 1). It indicates the stability of the ABL with positive values 

representing a stable stratification (Stull, 1988). The Obukhov length was estimated from the 

meteorological flux measurements at 81 m. 

Median averaged mixing times from 80 m to 325 m ranged from 15 to 105 minutes (Fig. 2.3). Large mixing 

timescales are found in the morning when thermal and shear driven motions are slow due to the sensible 

and latent heat fluxes being still small. Throughout the day the values of the mixing timescale decrease as 

turbulent convection becomes more dominant. To further complete the assessment of the DTW method, 

it was also applied to the observed timeseries of specific humidity q at the sampling heights. Despite θ 

being related to the sensible heat flux and therefore to the active part of turbulence, and q in contrast 

being transported by this turbulence, the time scale derived with q has similar values. It varies around 45 

minutes and is comprised within the 75th percentile of the timescale derived with θ after 10:00 LT. Before 
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that time both timescales show considerable differences, likely because the timeseries of q are altered 

due to condensation and evaporation in low level clouds that are often observed visually in the morning 

over the rainforest. 

The DTW-derived mixing times between the two equivalent θ levels of DALES (90 m to 330 m) from 9:00 

to 15:00 LT are slightly higher than derived for ATTO but comprised within the day to day variation. DALES 

is constrained to the isoprene observed at ATTO and explicitly resolves turbulence above the canopy, 

without resolving explicitly the interactions between the tall canopy and the above layer. As a result, the 

characteristic motions of ejection and sweeping at the interface are not resolved. The canopy is 

represented by a bulk layer with a high roughness length to account for changes in turbulence just above 

the canopy top (Vilà-Guerau de Arellano et al., 2020). Thus, using DALES, the influence of the tall canopy 

on turbulent transport above cannot be disentangled. Friction velocity however, simulated by DALES 

agrees well with observations above the Amazon forest (Vilà-Guerau de Arellano et al., 2020). 

For comparison the timescale t calculated from the convective velocity (E2.2) is shown in Figure 2.3a. The 

vertical timescale as applied in previous studies (Kuhn et al., 2007; Karl et al., 2007), calculated from E2.2 

using 𝑤∗, is presented too; here the sampling height z (here: 240 m) instead of the boundary layer height 

h is used. The magnitudes of the convective timescale t and DTW derived timescales are not expected to 

match, as both timescales consider convective transport differently. The DTW derived time represents 

mixing within up and subsident downdraft transport in the first 325 m of the ABL. Conversely, t represents 

the timescale of individual convective updrafts within the entire ABL.  

It should be noted that the extracted vertical timescale varies in the vertical and is correlated with the 

turbulent kinetic energy (TKE) timescale shown in Figure 2.3b. The timescale of the TKE, obtained from 

Figure 2.2: Example of Dynamical Time Warping alignment of the normalized time series of potential temperature θ 
between zero and one over the course of one day. The dotted lines visualize their alignment pointwise. Convective 
ABL conditions apply only for the marked alignments, thus the mixing timescale is derived only from this period. This 
precludes edge effects. The index represents the time steps depending on their resolution. a) θ observed at the 
measurement heights. The period under analysis includes 23 dry season days. b) θ at two corresponding levels 
simulated for a representative day with DALES. 
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DALES, has a maximum at around half the height of the ABL (Stull, 1988). The observed layer marked with 

blue arrows thus comprises the transition to maximum vertical velocity indicating that the mixing time 

based on DTW has a non-linear dependency on height.  

 

2.3.2 Sensitivity towards OH chemistry 

To better understand the sensitivity of the isoprene concentration gradient in the vertical to OH radical 

abundance, a suite of systematic experiments that vary OH recycling efficiencies were performed by 

DALES (Fig. 2.4). The OH radical recycling efficiency, namely the extent to which OH is regenerated during 

the oxidative degradation of organic molecules, is a current topic of research especially in low NOx – high 

isoprene regions (Wells et al., 2020). Within the BVOC-NOx-O3-mechanism for gas phase chemistry in 

DALES (Supplementary Table 1), OH recycling takes place via the reactions of OH + Isoprene → RO2 and 

RO2 + HO2 → n·OH + product, where n is a tunable parameter. Figure 2.4 shows that the best fit to the 

ATTO isoprene observation was obtained for the DALES model with recycling efficiencies around n = 0.8-

1, but all cases of recycling are incorporated within the day to day variation of the measurement. The 

presented simulated vertical isoprene gradients are significantly larger for conditions with increased OH 

recycling; a one percent increase in OH decreases isoprene by about 0.7 - 1.2 % at 330 m between 12:00 

and 14:00 LT. This sensitivity varies throughout the day, and isoprene is less sensitive to a change in OH 

Figure 2.3: Variations of the mixing time with time of day and height a) The box-whisker plots shows the median and 
the range of the 75th percentile of the Dynamical Time Warping derived mixing time from ATTO observations. 
Whiskers include all datapoints. The numbers in the boxes describe the numbers of days used to generate the box and 
whiskers. The dark red line is the DTW derived mixing time with potential temperature simulated at the corresponding 
altitude levels of DALES. Timescales calculated from the convective velocity with the ABL height (h) and sampling 
height (z) are included as dashed lines. The purple line shows the DTW derived mixing time from observed timeseries 
of q. b) The distribution of the vertical velocity timescale based on turbulent kinetic energy (TKE) by DALES at 12:00 LT. 
Blue arrows point at the ATTO sampling heights. 
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concentration in the morning. Investigations with DALES reveal that the oxidation of isoprene is likely 

limited by the availability of isoprene itself, suggesting a higher intensity of segregation occurs in the 

morning.  

To further elucidate the effect of chemistry, a chemically inert analogue of isoprene was also simulated in 

the DALES model. Diurnal emissions were set to be the same as for isoprene (Supplementary Fig. 2.2). The 

resulting residual gradient of the inert isoprene analogue provides evidence for dilution of isoprene 

emissions by entrainment of isoprene free air from above. The ensemble of up- and downward motions 

that tend to mix isoprene concentrations and thus counteract the establishment of a vertical gradient also 

effects the inert analogue of isoprene. Together, this constitutes a relative decrease of the inert isoprene 

tracer of 16.8 %, which is more than half of the total isoprene decrease. A tracer that can be considered 

here as chemically inert and that is also measured at ATTO is the conserved variable q. It is defined as the 

mass of water vapor in 1 kg of moist air (Stull, 1988). The annual mean lifetime of water vapor from 

evaporation to precipitation in the Amazon region is about 3-6 days (Sodemann, 2020) so that it can be 

classified in this context as practically inert. Isoprene and water vapor originate from the canopy or below, 

and both are diluted with drier and isoprene poorer air from the above layers. Noontime (12:00 – 14:00 

LT) relative decrease of q representing the loss due to turbulent mixing was 9.2 % (Supplementary Fig. 3a). 

Figure 2.4: Isoprene profiles above the rainforest canopy under varying OH concentrations simulated with DALES and 
compared to ATTO observations and the resulting Damköhler Number (Da) a) Relative vertical gradients, median 
averaged between 12:00-14:00 of isoprene under increasing OH recycling efficiencies calculated with DALES. Inert 
isoprene represents a non reactive tracer with identical initial profile and emission flux as isoprene. The shadings of 
the measured isoprene gradient indicate the (0.15, 0.85) quantiles. b) In the box insert the variation of Da for the 
different recycling efficiencies and over the course of one day is shown. The Dynamical Time Warping based mixing 
time of DALES is used here. For the Da at ATTO isoprene observations, the mixing time at ATTO (Fig. 2.3) and final 
OH concentrations (Fig. 2.5) are applied.  
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The (0.15, 0.85) quantiles for the gradient of q is 7.9 % and 10.2 % respectively. Subtracting either the loss 

of q or the simulated inert isoprene from the total decrease in isoprene yields its oxidation driven 

decrease.  

It should be noted that a local effect of cloud shading is that the isoprene emissions can drop abruptly. As 

a result, there can be momentarily more isoprene aloft than lower down. Combined with inert isoprene 

or q, which are not or less sensitive towards a change in local irradiation, the corrected isoprene gradient 

can turn positive for short periods, which are not representative for the convective ABL. Those cases result 

in negative OH concentrations (Supplementary Fig. 4) and are filtered out for both methods. The opposite, 

an enhanced negative isoprene gradient due to reduced irradiation of the 320 m footprint area is less 

probable as it covers a much larger area and is therefore less susceptible to complete shading. 

Subtracting the gradient of q or of the simulated inert isoprene thus implies an oxidation driven decrease 

of 18.5 % or 15.3 % in isoprene at noon, that is used to infer the OH concentration. There is a large 

difference between the gradients of q and inert isoprene which most likely results from different emission 

and entrainment strengths of H2O and isoprene. The emission flux of H2O relative to its mixing ratio above, 

at 90 m, is calculated using DALES and reveals a smaller emission and dilution velocity for q compared to 

inert isoprene (Supplementary Fig. 3b). This can explain the larger gradient of inert isoprene in the 

investigated layer. Choosing q enables correction for each day individually, which is an advantage as the 

observed gradients of q and isoprene show variability between days, whereas the inert isoprene tracer 

shows one representative day. Also, q at 80 m is, like isoprene, influenced by the complex turbulence 

within the roughness sublayer above the tall canopy. For comprehensiveness and as combining simulated 

and observed parameters creates additional uncertainty, both ways are applied to infer OH in the 

following section. However, using simulated inert isoprene is expected to obtain better results as the 

strength of emission, which is the same for isoprene and inert isoprene, is very relevant in the first 325 

meters of the ABL. 

The diurnal evolution of Da, calculated from E2.1 for the five DALES experiments and for ATTO data is 

presented in Figure 2.4b.  Values between 0.01 and 0.6 decreasing between 8:00 to 16:00 LT for all OH 

recycling efficiencies were obtained from DALES. Those values indicate a regime with competing dynamics 

and chemistry as shown already by the sensitivity of the isoprene gradients towards OH chemistry. At 

ATTO, the mixing time (Fig. 2.3) is somewhat faster than the isoprene-OH chemistry lifetime, which ranges 

from one hour to one day. This is indicated by Da < 1, except for the period in the morning where high OH 

concentrations lead to fast oxidation chemistry and a Damköhler number of 1.7. The origin of elevated 

OH concentrations before 8:00 LT is discussed later in the Results and Discussion section. Besides the 

timescale comparison over the course of one day, a Damköhler number of around one (Da ≈ 1) indicates 

maximum intensity of isoprene segregation (Is) (Ouwersloot et al., 2011; Krol et al., 2000). The derived 

values for Da are below one, with a tendency to be closer to one in the morning. To derive Is, 

measurements with a higher time resolution than used in this study are necessary. For completeness in 

the following section a control case with no reduction of the reaction rate constant between isoprene, 

IsoO and OH is compared to a case with 30 % reduction as deduced maximally from a previous study 

(Butler et al., 2008; Krol et al., 2000). In that study, the deviations from chemical equilibrium were 

investigated by comparing a turbulence resolving large eddy simulation to a chemistry box model.  

Recently, Clifton et al. (2022) found a maximum Is of 9 % for the reaction of isoprene and OH at canopy 

height that decreases with altitude. They combined a multilayer model for vegetation canopy coupled 

with in- and above-canopy chemistry and a fine scale large eddy simulation to obtain Is. Assuming an 
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intensity of segregation of 30 % thus represents an extreme case that provides an upper limit for resulting 

OH concentrations. 

2.3.3 Inferring OH 

Two methods were applied to estimate OH. Both are based on the removal of isoprene by OH only (E2.3), 

as its reaction rate coefficient with the second most potent oxidant, O3, is about seven orders of 

magnitude slower and O3 levels are below 20 ppb. (Kuhn et al., 2007) found a contribution of O3 to the 

depletion of isoprene of 1 %. The formula of the first method reads: 

𝜕 [Iso]

𝜕 𝑡
= −𝑘Iso,OH [OH] [Iso]      (E2.3) 

Where 𝑘Iso,OH  = 1x10-10 cm molecules-1 s-1 (IUPAC) is the rate coefficient of the reaction of isoprene and 

OH. Solving E2.3 for OH is a simple but effective way to estimate its concentrations with the observed 

gradient of isoprene and the estimated reaction time. Effectively air parcels containing isoprene follow 

the ensemble of up- and downward motions between 80 m and 325 m for the duration approached by 

the derived mixing time. The isoprene concentrations at both heights were detected sequentially, but 

within a 15 minutes period. As the transport between the heights is expected to happen on longer 

timescales, the measurements conducted at 325 m have to be shifted by the respective mixing time to 

account for turbulent transport and mixing between the heights. This also holds for the observed q at 80 

and 325m.  

In the previous section the necessity to avoid the erroneous attribution of the dynamical driven reduction 

of isoprene to OH was demonstrated. Therefore, its partitioning to the isoprene gradient is considered by 

subtracting the relative decline of q or the simulated inert isoprene tracer (9.0 % or 15.4% on daily 

average) from the isoprene gradient. Hereafter this is referred to as the gradient method.  

The second method includes the formation as well as further oxidation of IsoO (E2.4). Combining and 

integrating E2.3 and E2.4 gives a time dependent relation for the ratio of isoprene and IsoO that 

represents the progress of oxidation (Kuhn et al., 2007; Karl et al., 2007; Eerdekens et al., 2009). 

𝜕 [𝐼soO]

𝜕 𝑡
= 𝑦IsoO,OH 

𝜕 [Iso]

𝜕 𝑡
 −  𝑘IsoO,OH[OH] [IsoO]   (E2.4) 

[IsoO]

[Iso]
= 𝑦IsoO,OH 

𝑘Iso,OH 

𝑘IsoO,OH−𝑘Iso,OH  
 (1 − 𝑒(𝑘Iso,OH−𝑘IsoO,OH ) [OH] 𝑡)  (E2.5) 

 

Where 𝑦IsoO,OH is the total yield of MVK, MACR and ISOPOOH from the oxidation of isoprene (Rivera-Rios 

et al., 2014) and 𝑘IsoO,OH is the rate coefficient of IsoO + OH. The chemical partitioning of IsoO strongly 

depends on the availability of NOx as MVK and MACR are formed in a second step via NO while ISOPOOH 

emerges from the reaction of RO2 and HO2 (Liu et al., 2016). At ATTO the portion of ISOPOOH depends 

not only on the abundance of NO but also possibly on wall exchange effects of the sticky ISOPOOH in the 

inlet line (< 330m) (Pagonis et al., 2017). As this potentially generates considerable uncertainty the effect 

of a varying ISOPOOH proportion on the resulting OH was considered by two cases of 100 % and no line 

loss for ISOPOOH.  Assuming no line loss the proportion of ISOPOOH constitutes 50 % of the IsoO signal in 

accordance with (Rivera-Rios et al., 2014) for NO concentrations of 50 ppt, whereby MVK + MACR both 

contribute 25 %. Consequently, the weighted yield is 𝑦IsoO,OH  = 0.7 and the weighted reaction rate is  
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𝑘IsoO,OH = 5.6x10-11 cm molecules-1 s-1. Without considering ISOPOOH the weighted yield is 

𝑦IsoO,OH  = 0.55 and 𝑘IsoO,OH = 2.35x10-11 cm molecules-1 s-1. E2.5 was then discretized and integrated with 

a time resolution of 1 s. By comparing the evolved time with the derived mixing time, the height can be 

allocated and OH is adjusted to fit the observed ratio of isoprene and IsoO at 325 m. This method is 

referred to as the ratio method. Here again, the isoprene concentration gradient is corrected for its 

reduction due to dynamical processes by subtracting the gradient of q or inert isoprene.  A limitation of 

the ratio method is that dynamic processes affecting the IsoO gradient and its simultaneous formation via 

isoprene oxidation cannot be separated, thus cannot be corrected for. IsoO is formed most effectively 

when isoprene concentrations are highest, above the canopy, but mixing of IsoO in the up- and 

downdrafts and further formation modify the resulting gradient. Also, possible entrainment of IsoO poor 

air during the ABL growth may influence its gradient. In that respect it would be ideal to have observations 

available above the ATTO tower to account for this. Thus, it is possible that the IsoO gradient due to 

chemistry only may be stronger than the observed gradient, especially when turbulent mixing is strong. 

In conclusion, OH calculated with the ratio method can be expected to be an underestimate. 

Uncertainty in both methods is implied by further factors, such as the composition of IsoO, the segregation 

of isoprene, turbulent transport and the reaction time in the vertical. These are addressed in Figure 2.5.  

The measurement uncertainty is estimated and provided in the methods section. 

The OH concentrations thus derived (Fig. 2.5a) yield median average values ((0.15, 0.85) quantiles) 

between 8:00 and 15:00 LT of 5.3 (2.0, 12.7) x105 molecules cm-3 and 4.5 (1.6, 11.8) x105 molecules cm-3 

Figure 2.5: OH concentrations inferred over the course of one day from ATTO observations. The shadings indicate the 
(0.15, 0.85) quantiles. a) The daily evolution of estimated OH using the gradient and ratio based method corrected 
for the impact of dynamics on the isoprene gradient using the inert isoprene simulated by DALES. The color code 
represents the number of median averaged days. The sensitivity of OH towards the composition of IsoO without 
ISOPOOH is shown in purple.  b) The plot includes sensitivity of OH from the gradient method towards the Damköhler 
effect, the reaction time used and the correction for the effect of dynamics with inert isoprene (blue) and q (pink). OH 
concentrations inferred with the ABL-timescale (grey) have units on the right axis. 
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for the isoprene gradient-based method and the ratio-based method respectively. The enhanced OH 

concentrations before 8:00 LT are not considered in the average as they represent very few observations, 

but are discussed separately in the next section. OH derived with the first method ranges from 

0.2 (0.1, 7.4) x105 to 2.2 (0.2, 3.8) x106 molecules cm-3 at around 14:00 LT. Here, the simulated inert 

isoprene was used to correct for dynamics affecting the isoprene gradient. After 11:30 the Iso-IsoO-ratio 

method indicates lower OH concentrations than the isoprene gradient method likely due to the limitation 

of the IsoO gradient with respect to mixing and entrainment. We therefore conclude that the isoprene 

gradient method gives more realistic OH concentrations as dynamic processes are considered for the 

isoprene gradient. Both methods have a large day-to-day variation due to the limited numbers of 

observations. It should be noted that fewer data are available in the early morning and late afternoon due 

to the application of the filters to ensure convective conditions. 

The importance of applying the mixing time, derived by DTW, rather than the convective velocity 𝑤∗ of 

individual updrafts becomes clear when comparing the resulting OH estimates, see Figure 2.5b. OH 

concentrations from the latter method exceed the OH estimate of this study 19-fold on average 

throughout the day with values around 1.0 (0.4, 2.0) x107 molecules cm-3. The correction for dynamic 

processes with inert isoprene simulated by DALES, as described above, is greatest after 12:00 when 

turbulent transport is very efficient. Its OH concentrations yield 54 % of the uncorrected OH 

concentrations averaged over one day.  Compared to the correction using q it yields 79 % of the OH 

throughout the day. However, OH concentrations using q or no correction are mainly found within the 

(0.15, 0.85) quantiles of the OH values using the inert isoprene tracer. Next, the isoprene and IsoO 

segregation effect on OH, when assumed to be at the upper limit of Is = 30 %, leads to 42 % higher OH 

concentrations than derived with no effect of segregation but still lies within its day-to-day variation. 

Finally, the IsoO composition that encompasses between 0 % and 50 % ISOPOOH has a non-negligible 

impact on the ratio method, with OH concentrations for the case with 50 % ISOPOOH reaching 79 % of 

OH inferred for 0 % ISOPOOH (IsoO = 50 % MACR + 50 % MVK) (Fig. 2.5a). When taking into account all 

uncertainties of the gradient method, using an average correction for dynamic processes of 16.8 % 

derived from the inert isoprene tracer, the upper limit of the method is achieved by assuming Is = 30 % 

which constitutes a rather extreme case. The upper limit of the inferred OH concentrations ranges from 

0.2 (0.1, 1.1) x105 to 3.1 (0.3, 5.4) x106 molecules cm-3 (Fig. 2.5b).  

Previous OH measurements conducted in the atmosphere-canopy interface region of forested sites or at 

the forest edge with little anthropogenic influence are presented in Table 2.1. They are in general 

agreement with the OH concentrations estimated here when considering the high isoprene and low NO 

conditions observed at ATTO. The OH reactivity measured at ATTO corresponds most closely with the 

SOAS campaign in the southeastern US, although the SOAS site had lower isoprene and higher NO 

abundance (Sanchez et al., 2018). SOAS reported a reactivity of up to 35 s-1 about 5 m above the canopy 

while Pfannerstill et al. (2021) measured up to 40 s-1 at 50 m above canopy at the ATTO site during the dry 

season of 2019 parallel to the observations used in this study. OH concentrations up to 2x106 molecules 

cm-3 measured during SOAS also agree well within the variability of the OH inferred in this study. Both the 

lower isoprene and higher NO is expected to enhance SOAS OH relative to ATTO, however, photolysis 

rates at the tropical ATTO site are higher. Another OH measurement was made in the Amazon rainforest 

during GoAmazon, with OH concentrations in the same range although the simulated OH reactivity was 

substantially smaller and the measurements were performed at ground level next to the forest (Jeong et 

al., 2021). Conversely, during GoAmazon concentrations of O3, which  
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is involved in OH recycling under low NOx conditions (Lelieveld et al., 2016), exceeded the concentrations 

detected at ATTO, being below 0.15 ppb on average at 38 m height just above the canopy. Similar levels 

of OH have been observed at midlatitudes where production rates and BVOC fluxes are both lower (Rohrer 

and Berresheim, 2006). In the boreal forest where insolation is lower and BVOC fluxes are high the OH 

concentrations are correspondingly lower, but still 3-6×105 molecules cm−3 (Petäjä et al., 2009). All OH 

concentrations detected in forested, remote sites in the interface region of the canopy and the 

atmosphere would be overestimated using 𝑤∗ to approximate the reaction time, whereas the mixing 

timescale yields comparable results. A separate study using a variability-lifetime based method to 

indirectly estimate OH from airborne measurements of nonmethane hydrocarbons in the first km of the 

ABL in Surinam reported average OH concentrations of 2x105 molecules cm-3 (Williams et al., 2000). 

All previous measurements tabulated above show a diel cycle in the averaged OH concentrations with a 

maximum around solar noon, driven by its photolytic source. This is also observed in this study with 

maximum OH occurring around 14:00 LT. For the studies presented in Table 2.1 the maximum OH 

concentration ranges from 11:00 - 15:00 LT. Interestingly none of the previous observations reported a 

second OH maximum (1.4 x106 molecules cm-3) in the morning as was the case from both methods applied 

in this study. 

 

Table 2.1: Overview of OH observations conducted in largely remote, forested sites. a) values taken from averaged daily cycles, 
b) daily mean values, c) box model simulations with MCM v3.3.1, d) mean values 10:00 – 15:00 LT, e) simulated mean values 
10:00 – 15:00 

Project Year site Height above 
ground [m] 

OH measured 
[#/cm3] 

NO 
[ppt] 

O3 
[ppb] 

Isoprene 
[ppb] 

OH  
[s-1] 

 

PROPHET 1998/ 
2008 

Michigan, 
USA 

31 1.9-3.9x106/ 
0-3E6a (FAGE) 

< 150a  30-47a/ 
22-35a 

1-2.5/  
0.2-2.5a 

- (Griffith et 
al., 2013; 
Tan et al., 
2001) 

GABRIEL 2005 Surinam < 1000 (ABL) 5.6x106 ±1.9b 

(FAGE) 

20 ±20b 18.5 
±4.6 

2.00 
±0.76b 

- (Lelieveld 
et al., 2008) 

OP3 2008 Borneo 6 (forest edge, 
canopy height 
10m) 

0-2.5x106 a 

(FAGE) 

20-200a 5-15a 0-3a 5-30a (Whalley et 
al., 2011) 

CABINEX 2009 Michigan, 
USA 

31 0-1.5 x106 a 

(FAGE) 

< 150 a 22-35a 0.1-2a 2-14a (Griffith et 
al., 2013) 

SOAS 2013 Alabama, 
USA 

15 (canopy 
height 9-12m) 

0.2-2 x106 a (LIF) 
/0-2 x106 a 
(CIMS)  

< 300a  15-40a 1-7a  15-33a 
(LIF) / 
18-35a 
(CIMS) 
 

(Sanchez et 
al., 2018) 

GoAmazon 2014/
2015 

Amazonia, 
Brazil (T3) 

2 (forest 
edge) 

0.2-1.5 x106 a 
(CIMS) 

0-150a,c 21d 0.5-3a 8.5e (Jeong et 
al., 2021; 
Vilà-Guerau 
de Arellano 
et al., 2020) 
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2.3.4 OH simulated using a hierarchy of models: turbulence-resolved, regional and 

global 

Three different models were used to simulate OH radical concentrations as a function of time-of-day and 

height above forest, and these were compared to the OH inferred in this study. Results from the 

turbulence-resolving transport model DALES (50x50x20 m), a nested regional atmospheric chemistry 

model WRF-Chem (3x3 km, 7 layers in the first 500 m), and a global atmospheric chemistry model EMAC 

(208x208 km, 3 layers in the first 500 m) are shown for the dry season in Figure 2.6. In the case of DALES 

one typical day is simulated whereas EMAC and WRF-Chem present median average time series of the dry 

season in 2010 and 2018 respectively, with precipitation events being as well excluded.  

Model simulations were matched with the estimated OH from the isoprene gradient method, which was 

deemed to be most reliable (see section “Inferring OH”). Large differences in the predicted OH 

concentration and its daily variability are found between models. The highest OH concentration up to 

2x106 ± 0.3x106 molecules cm-3 is predicted by the global model EMAC which shows a classical diurnal 

evolution following the intensity of solar irradiation and photochemistry. The diurnal cycle of WRF-Chem 

has a similar shape exhibiting a second early morning maximum on some days at 380 m, but relatively low 

concentrations up to 3.6x105 ± 1.8x105 molecules cm-3 around noon. Up until about 11:30 LT WRF-Chem 

produces OH concentrations similar to those of the gradient method. Simulated OH by DALES shows 

highest values in the morning at 90 m and 330 m depending on the OH recycling efficiency. Choosing n = 

1.5 from the DALES runs that were performed to test the sensitivity of the isoprene gradients towards OH, 

fits best the averaged empirically estimated concentrations. Though it overestimates concentrations 

derived before 11:30 LT and underestimates the values thereafter as it shows decreasing OH 

concentrations throughout the day. Looking at higher altitudes in DALES reveals a shift of the daily 

maximum towards noon. The two major differences between the models is the spatial resolution around 

the location of ATTO and the complexity of chemistry. DALES is equipped with a modest chemistry scheme 

(Supplementary Table 1) but high-resolution simulation (20m) of vertical turbulence; WRF-Chem uses the 

larger MOZART-4 gas phase chemical mechanism scheme (Emmons et al., 2010) and a medium spatial 

resolution, while EMAC involves the very detailed MECCA (Sander et al., 2005) chemistry scheme but has 

a coarse vertical and horizontal resolution. 

Due to a highly parameterized vertical exchange in EMAC, local issues occur, e.g. the temperature at the 

canopy interface is too high so that a large amount of isoprene and other BVOC with temperature 

dependent emission parameterizations is emitted from surface vegetation (Guenther et al., 2006) 

(Supplementary Fig. 5). To overcome the mismatch, the EMAC isoprene emissions are arbitrarily reduced 

by about half, to avoid passing the issue on to all mechanisms involving isoprene (Pozzer et al., 2007). 

Figure 2.6 also includes the case of full isoprene emissions which depress the OH concentration 

substantially. Nevertheless, the reduced isoprene emissions are still higher compared to DALES and WRF-

Chem. In Figure 2.7 the isoprene mixing ratios of the three models are compared, as well as dominant 

driving factors for OH like O3 and NO. Taking them into account, high OH concentrations in EMAC are a 

result of high O3 and recycling within the MECCA chemistry scheme. Elevated O3 concentrations in EMAC 

are suspected to arise from a strong entrainment from above layers due to the highly parameterized 

vertical transport.  
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The O3 concentrations of WRF-Chem and DALES are closer to mixing ratios observed at ATTO, but in WRF-

Chem average NO is additionally very low. The standard deviation of NO from WRF-Chem is enhanced in 

the morning between 6:00 and 9:00 LT though, when also DALES and ATTO measurements show peaking 

NO from nocturnal accumulation of soil emission and subsequent ejection into the ABL during its 

transition to a convective layer. The reaction of HO2 with NO to form OH (Peeters et al., 2014) leads to 

temporally enhanced OH concentrations between 6:00 and 9:00 LT which can be seen in the empirically 

inferred OH and for DALES as well as for WRF-Chem on some days. In the case of DALES this is the only 

maximum during the day, as the production of OH via NO is the largest source of OH over the day 

(Supplementary Fig. 6). The chemistry scheme of DALES does for example not include terpenes other than 

isoprene which are considered in the detailed chemistry schemes of WRF-Chem and EMAC, so differences 

in sources and sinks for OH are generated (Supplementary Fig. 7). Further investigation of the DALES 

Figure 2.6: Diurnal variability of OH time series at different heights compared to OH estimate in this study (80 – 
325 m) with the gradient method. The shadings indicate the (0.15, 0.85) quantiles for inferred OH and 1 sigma for 
modeled concentrations. a) DALES results are obtained by including the sensitivity towards OH recycling efficiencies 
of 0.8 and 1.5 b) WRF-Chem c) EMAC run with halved biogenic emissions at different heights and the full emission 
for comparison. 
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simulated OH showed that the diurnal evolution and the morning peak in particular depends strongly on 

the initial boundary conditions of NOx. These initial profiles depend on the chemistry and the emissions 

occurring in the nocturnal boundary layer and in the residual layer before sunrise.  The empirical method 

has the advantage that entrainment of NOx from the residual layer and formation of OH is inherently 

considered. Therefore, it can act to guide the large eddy simulation along with additional observations. 

DALES and WRF-Chem produce elevated OH concentrations due to NO between 8:00 and 9:00, but at 

ATTO the OH peaks before 8:00 LT reaching 1.4 x106 molecules cm-3. On average observations of NO in 

Figure 2.7: Diurnal variability of simulated Isoprene, O3 and NO concentration time series compared to ATTO 
observations under no-rain conditions. The shadings indicate the (0.15, 0.85) quantiles for observations and 1 sigma 
for modeled data. a) Isoprene mixing ratio measured at ATTO compared to model results. The number of days with 
isoprene data presented as colored marks decreases after noon as precipitation events are excluded. For DALES 
simulations with two different recycling efficiencies are included. b) O3 observed and simulated c) NO observed and 
simulated 
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the 2018 dry season peak at 7:00 - 9:00. However, data coverage is limited to only four days of overlapping 

inferred OH and NO data. These days all show enhanced NO before 8:00 LT (Supplementary Fig. 8). The 

elevated OH concentrations at ATTO shortly after sunrise are found on two days, which stand out because 

the temperature profiles indicate unstable conditions before 8:00 LT, earlier than usual, connected with 

long mixing times and high isoprene gradients observed (Supplementary Fig. 9). Thus, the elevated OH 

concentrations between 7:00 and 8:00 LT could be strongly influenced by the morning transition and the 

boundary layer growth if air at 325 m is still affected by the isoprene poor nocturnal stable boundary layer. 

This is prevented by regarding the same airmass at 80 and 325 m, ensured by the shift of 325 m isoprene 

concentrations according to the mixing time. High OH concentrations derived with the ratio method might 

also be caused by an enhanced increase of IsoO with height. Entrainment of IsoO rich air from above the 

ATTO tower, accumulated in the nocturnal boundary layer can not be ruled out without further 

measurements at higher levels. Another possible explanation is that the accumulated NO ascends 

together with the emitted isoprene earlier than on the other considered 21 days. To evaluate the ratio- 

and gradient-method during the boundary layer transition in closer detail more parallel measurements of 

NO and VOC will need to be acquired. 

 

2.4 Conclusion 

A novel and measurement-constrained method for the empirical estimation of the diurnal variability of 

OH radical abundances has been developed and applied to data obtained from the 325 m ATTO tower in 

the remote Amazon rainforest. In this region, high fluxes of BVOC coincide with high primary production 

rates of OH (Lelieveld et al., 2016), highly variable vertical mixing and low NO concentrations. Under these 

conditions, uncertainties regarding OH recycling mechanisms have been reported to be significant (Jeong 

et al., 2021; Novelli et al., 2020). Our findings show that the resulting daytime median averaged OH 

concentrations are characterized by peaks in the morning (short) and after solar noon (main), varying 

between 8:00 – 15:00 LT from 0.2 (0.1, 7.4) x105 to 2.2 (0.2, 3.8) x106 molecules cm-3. OH concentrations 

within that part of the day are consistent with observations previously conducted at rainforest sites. The 

peak in the morning needs to be verified by additional simultaneous observation of NO and isoprene to 

infer OH concentrations during the nocturnal-diurnal transition over of a tall rainforest canopy. 

Furthermore, the reaction of isoprene and OH under different mixing conditions with regard to the 

intensity of segregation needs to be known to reduce the OH variability uncertainty in the morning. 

To infer accurate OH variations over the day, we show the need to consider emission, turbulent mixing 

and dilution of the isoprene by entrainment to adequately quantify the partitioning of these dynamic 

processes and the oxidative chemistry taking place simultaneously. By introducing the DTW-derived 

mixing time (105 to 15 minutes) based on observations of the warming of the lower ABL, we find that the 

timescales of mixing are faster than isoprene chemistry but within a similar range throughout the day. 

The choice of the reaction time estimation has a large impact on the resulting OH concentration. Here, 

the assumption of using a timescale based on the convective velocity 𝑤∗ inferred from individual 

convective updrafts needs to be revisited. The DTW derived mixing time represents the time shift due to 

the observed warming between two levels, driven by vertical motions and lateral mixing. The plumes of 

air containing isoprene and OH also undergo lateral mixing and the ensemble of turbulent motions. 

Accounting for these turbulent motions as a whole is crucial when analyzing measurements in the 

roughness sublayer or lower boundary layer. This is substantiated by the agreement of observed and 
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estimated OH concentrations under similar environmental conditions when applying the mixing time, 

whereas applying 𝑤∗ yields concentrations one order of magnitude higher. 

Comparing the diurnal variability of OH inferred in this study against a hierarchy of models, all 

characterized by different assumptions in resolving turbulent transport (explicit or parameterized), 

vertical and horizontal resolution and in chemical mechanisms, we find that all applied models provided 

very different OH concentrations and temporal patterns in the first 380 m. Greater agreement of the 

diurnal variability between the models was achieved above 500 m. We therefore conclude that the lower 

interface region characterized by a tall canopy is still difficult to model accurately, being complex in both 

chemistry and dynamics. The dynamical time warping method presented here has been shown to be 

suitable for calculating mixing times and hence OH concentrations and it can be applied when direct OH 

observations are lacking. In future it will be of great interest to compare our estimates to in-situ OH 

measurements if they can be realized at the site. Since this region governs emission export to, and oxidant 

levels in, the free troposphere, further measurements and numerical models that explicitly account for 

the canopy-atmosphere interactions are recommended to examine OH characteristics in other seasons 

and ecosystems. 

 

2.5 Method 

2.5.1 Observation 

The observations presented here were made at the Amazon Tall Tower Observatory (ATTO), a 

collaborative Brazilian-German project, located 135 km north-east of Manaus (02.14°S,58.99°W, 120 m 

above sea level). A detailed description of the observatory including a map is published in (Andreae et al., 

2015). A detailed map of the ATTO site can be found in the supplementary (Supplementary Fig. 15). The 

site provides close to pristine conditions with low levels of NOx in the absence of nearby anthropogenic 

sources (Yáñez-Serrano et al., 2015). A Proton Transfer Reaction Time of Flight Mass Spectrometer (PTR-

TOF-MS; Ionicon Analytik, Innsbruck, Austria) (Jordan et al., 2009) was installed within an air-conditioned 

laboratory container at the foot of the ATTO tower. Sample inlets (3/8”OD insulated Teflon) are installed 

from the container to 80m, 150m and 325m, so that semi-continuous measurements can be made at 

three heights by sequentially sampling at each height for 5 minutes. Each height is therefore sampled for 

5 minutes every 15 minutes. The time resolution was 20 seconds averaged to 1 minute. The PTR-TOF-MS 

was operated with hydronium ions (H3O+) at a pressure of 3.5mbar and an E/N of 120 Td. VOC mixing 

ratios were obtained by calibrating to a VOC gas-standard (Apel-Riemer Environmental Inc., Colorado, 

USA). Isoprene (m/z 69.069) can be detected as low as 40 ppt, with an uncertainty of 11.6 % and a 

precision of 3.2 %. The oxidation products of isoprene, measured as their sum at m/z 71.049, MVK, MACR 

and ISOPOOH can be detected with a total uncertainty of 12.3% and 2.3 % precision down to 21 ppt. The 

total uncertainty includes the precision and the calibration error. Possible line loss of those compounds is 

in experience neglected. In this study, 23 days of data from the dry season (September and October) of 

2018/2019 is used under exclusion of periods with precipitation for the use of DTW (in 2018: 10/21/2018 

– 10/24/2018 and in 2019: 09/01 - 09/06, 09/08 – 09/16, 09/18, 09/19, 09/21 and 09/26). Median mixing 

ratios for isoprene were found to vary from 1.48 ± 0.35 ppb after sunrise up to 8.12 ± 1.92 ppb at 14:30 

at 80m height averaged over the considered period. IsoO follows the daily evolution of isoprene with 
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median values of 1.05 ± 0.21 ppb to 4.00 ± 0.80 ppb at 80m. The mixing ratios measured represent the 

integrated emission of the forest biosphere, which is assumed to be uniform over the whole catchment 

area of ATTO (Andreae et al., 2015). Meteorological and flux data up to 80m is measured at 80 m on the 

Instant tower, a walk-up-tower in 1 km distance from ATTO (Andreae et al., 2015) (LI7500A, LI-COR 

Biotechnology, Lincoln,USA) and at a weather station at 325m installed directly on the ATTO tower (Lufft, 

WS600-LMB, G. Lufft Mess- und Regeltechnik GmbH, Fellbach, Germany). Both meteorological datasets 

are available with a 1 minute time resolution. The potential temperature has a measurement uncertainty 

of less than 1 % at 80m and 325m. For the period studies here, there was no meteorological data available 

for the altitudes in between 80m and 320m. To estimate the uncertainty of OH due to the precision of the 

measurement of isoprene, IsoO and θ, a Monte Carlo simulation is performed for the gradient and the 

ratio method. Samples with 10,000 normally distributed random values for each variable (isoprene, IsoO, 

mixing time) constrained by the median and the precision of measurement are used to calculate OH and 

its distribution. The uncertainty of the mixing time related to the DTW method is small, but uncertainty 

may arise from local anomalies that alter θ only on one of the two sample heights. For the purpose of 

demonstration, it is assumed to be 0, 5 and 10 %. We report uncertainty factors relative to the median, 

derived from the 15 % and 85 % quantiles since the distribution of OH concentrations is not normal. For 

the gradient method uncertainties of 𝑂𝐻0.59
0.88 assuming no uncertainty of the mixing time, 𝑂𝐻0.59

0.90 for 5 % 

uncertainty of the mixing time and 𝑂𝐻0.59
0.91 for 10 % uncertainty of the mixing time are estimated. The 

calculation of OH with the ratio method is computationally more demanding, thus a sample number of 

2,000 is applied for the Monte Carlo simulation. It yields 𝑂𝐻0.41
0.50 for 10 % uncertainty on the mixing 

timescale. The OH variability with measurement uncertainty is shown in the supplementary Fig 16. 

 

2.5.2 Atmospheric Models 

The model applied is the numerical experiment, described by Vilà-Guerau de Arellano et al. (2020) based 

on the Dutch Atmospheric Large-Eddy Simulation (DALES) (Ouwersloot et al., 2017) with an integrated 

O3‐NOx‐VOC‐HOx chemical system. The numerical experiment is designed according to observations made 

during the GoAmazon campaign in September 2014 (dry season), that took place in Amazonia (Martin et 

al., 2016). The initial profiles of isoprene and its oxidation products are constrained by the observation 

regarded in this study, therefore they are set to 2 ppb and 0.2 ppb for all altitude levels respectively. Wind 

is calculated explicitly using Navier-Stokes simulations. Surface winds that induce mechanical turbulence 

and wind profiles are compared to sounding observations with good agreement (Vilà-Guerau de Arellano 

et al., 2020). DALES has a vertical resolution of 20 m and a horizontal resolution of 50 m so that the 

dimension of the ATTO tower is well represented in the model. The forest canopy is treated as a single 

layer. At the high of the measurements 80 m and 325 m, the coupling of vegetation and atmosphere 

processes, including the interaction with clouds, vegetation responses to radiation and meteorological 

conditions and turbulent transport during the course of the day is explicitly (not parameterized) 

reproduced by DALES.  The large eddy simulation code and the numerical experiment settings can be 

accessed here: http://doi.org/10.5281/zenodo.3759193. 

The Weather Research and Forecasting coupled with chemistry (WRF-Chem) (Grell et al., 2005) is a 

regional atmospheric chemistry model which has been extensively used in the past for several regions of 

the world for a variety of studies requiring high spatial and vertical resolution (Kuik et al., 2018; Teixeira 

et al., 2016). By setting up nested domains such that the outer-most (parent) domain is driven by a 
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chemical and meteorological boundary conditions of a global model or global reanalysis dataset, one can 

achieve spatial resolutions of up to a few km.  

For the current study, WRF-Chem was set up in a nested configuration such that spatial resolution of the 

parent domain (d01) is 15×15 km2 and that of the inner domain (d02) is 3×3 km2. Vertically the setup has 

42 terrain following layers from surface until 50 hPa with 3 and 10 layers in the bottom 80m and 1km, 

respectively. The simulation was performed for a period between 01/09/2018 and 20/10/2018. The 

meteorological boundary conditions were prescribed by the ERA5 reanalysis dataset (Hersbach et al., 

2020) updated every 3 hours. Similarly, the chemical conditions were prescribed from the archived model 

output of CAM-Chem every 6 hours available from https://www.acom.ucar.edu/cam-chem/cam-

chem.shtml. We also employed spectral nudging of geopotential height (ph) and U and V components of 

wind from ERA5 above the boundary layer height to make sure that the large scale features of the 

simulations don’t drift away from the reanalysis dataset while allowing it to resolve the fine scale 

meteorological features (Gómez and Miguez-Macho, 2017). 

Biogenic and soil NOx emissions in WRF-Chem are calculated online using the MEGAN version 2.0, while 

the anthropogenic and fire emissions are prescribed from the EDGAR v5.0 inventory (Crippa et al., 2019) 

and GFAS (Kaiser et al., 2012) respectively. We used the HERMESv3 tool (Guevara et al., 2019) for mapping 

of the emissions inventories on the WRF-Chem horizontal grid. 

The ECHAM/MESSy Atmospheric Chemistry (EMAC) is the Earth System Model with core atmospheric 

general circulation model ECHAM5 (Roeckner et al., 2006) coupled with the Modular Earth Submodel 

System (MESSy) implementing relevant (sub)grid processes (trace gas/aerosol chemistry, emission, 

dry/wet removal of species, etc.) in one consistent modelling framework (Jöckel et al., 2010, 2006). In the 

current study we use the output of the MESSy v2.54 evaluation study (Pozzer et al., 2007) performed with 

a model resolution T63L31 (equivalent to 1.88° or about 208 km at the ATTO location in horizontal, model 

top at 10 hPa or approx. 31 km). In comparison to DALES and WRF-Chem, EMAC has coarser spatial 

resolution (three lowermost layers span approximately 500 m with interfaces at about 70 and 250 m) and 

more parameterized representation of the BL dynamics and tracer transport (Ouwersloot et al., 2015), 

yet being equipped with the most comprehensive kinetic chemistry mechanism MOM (Lelieveld et al., 

2016; Sander et al., 2019). The latter intrinsically reproduces high OH reactivities over the Amazon 

(Lelieveld et al., 2016) however isoprene emissions reduced by 50% of their nominal strength (calculated 

by the MEGAN v2.1 model (Guenther et al., 2012)) yield best agreement with the observed OH and 

isoprene surface concentrations globally and at ATTO (Pozzer et al., 2007). Similar to WRF-Chem, EMAC 

atmospheric dynamics are nudged towards the ERA5 [ref.above] reanalysis fields, the anthropogenic and 

fire emissions of NOX and BVOC are calculated based on the EDGAR v4.3.2 and GFAS v1.0 inventories, 

respectively. Model output (grid column encircling ATTO location, no interpolation used) for September 

2010 from the simulated 2008−2017 period is analysed here.  

 

2.5.3 Dynamical Time Warping 

DTW is a method to allocate common points of two differently stretched curves in order to warp one of 

the curves into the other (Rabiner and Juang, 2016). It was developed within the field of speech 

recognition in order to identify words that are the same but pronounced differently. It is, however, 

applicable to many forms of time-series. In a first step the daily time-series are normalized to values 
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between zero and one. Then a two-dimensional cross-distance-matrix 𝐷 = 𝑑(𝑥, 𝑦) containing the 

Euclidean distance between every pair of elements is created (Supplementary Fig. 10). 𝑥 and 𝑦 are the 

time indices of each time series respectively. The goal of DTW is to find the best allocation, that is the 

path through the cross-distance-matrix that yields a minimal distance between elements of the time-

series. The so-called warping path defines possible allocations and underlies certain constraints (Keogh 

and Pazzani, 2001):  

1. The boundary conditions can force the warping path to start or end in the opposite diagonal 

corners of the cross-distance-matrix. 

2. To ensure continuity the warping path must proceed continuous through the cross-distance-

matrix 

3. The warping path must be monotonic to avoid pointless detours and loops 

4. A user defined windowing function forbids the warping path to cross the window (S9) that 

prevents negative mixing times (𝑥(𝑖) − 𝑦(𝑖) ≥ 0)  

5. User defined step patterns can constrain the steps taken by the warping path, e.g. it must not 

move straight upwards, leading to a warping path with unique indices 𝑦.  In this study the 

‘symmetric2’ step pattern is used, that allows all steps that fulfil the points 1-4.  

The warping path reallocates the time indices 𝑥 and 𝑦 according to the minimalized warping path. The 

result is an allocation of the data points of two timeseries, which is presented in Figure 2.2. The warping 

yields the relative temporal variabilities between both curves, which shows in this application how one 

curve is followed by the other. The last step is to calculate this time shift, here the mixing time, from the 

obtained allocation. The time indices correspond to the temporal resolution of the time-series, so E2.6 

results in the time shift for every element of the time-series. 

𝑡𝑚𝑖𝑥𝑖𝑛𝑔  = (𝑥(𝑖) − 𝑦(𝑖)) ∗ 𝑟𝑒𝑠𝑡          , 𝑖 = 1…𝑛     (E2.6) 

𝑛 is the length of the array of indices. With the applied settings is possible that multiple indices 𝑥(𝑖) are 

allocated to one index of 𝑦(𝑖), if this is the case the average of the distances 𝑥(𝑖) − 𝑦(𝑖) give the mixing 

time. The property used to derive the mixing time needs to fulfill two requirements: It must have primary 

(emission) source located at the level of the rainforest, and its chemical lifetime must strongly exceed the 

mixing time. We chose the potential temperature (θ) to be used to obtain the mixing time because 

conductive heating takes place at the ground and at canopy level leading to lateral mixing of up and 

downdraft turbulent motions and thus to heating of the ABL during convective conditions at daytime. θ is 

also indifferent towards chemical processing. The resulting time shift is the consequence of boundary 

layer warming through the mixing of heat fluxes.  

 

Data Availability 

Profile data of VOC [ppb] that support the findings of this study will be available in the ATTO Data Portal 

via https://doi.org/10.17871/atto.300.3.1213. 

Meteorological data and products, pressure, temperature, relative humidity and z/L conducted at the 

Instant tower (80 m) that support the findings of this study have been deposited in the ATTO Data Portal 

and are accessible upon request at http://attodata.org/. 
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Meteorological data, pressure, temperature and relative humidity conducted at the ATTO tower (320 m) 

in 2019 that support the findings of this study are available via https://doi.org/10.17871/atto.95.12.742. 

For the year 2018 this data is deposited in the ATTO Data Portal and accessible upon request at 

http://attodata.org/. 

Profile data of NO and O3 [ppb] that support the findings of this study have been deposited in the ATTO 

Data Portal and are accessible upon request at http://attodata.org/. 

Outputs from DALES, WRF-chem and EMAC that support the findings of this study are available from 

J. Vilà-Guerau de Arellano, V. Kumar and S. Gromov respectively upon reasonable request. 

Code availability 

Dynamical Time Warping (version 1.22-3) is a freely available package for R (version 3.6.1). Commented R 

code is attached. 
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3.1 Abstract 

The photochemistry of carbonyl compounds significantly affects tropospheric chemical composition by 

altering the local oxidative capacity, free radical abundance in the upper troposphere, and formation of 

ozone, PAN and secondary organic aerosol particles. Carbonyl compounds can be emitted directly from 

the biosphere into the atmosphere or formed through photochemical degradation of a variety of 

precursor compounds. Aldehydes have atmospheric lifetimes of hours to days, in contrast to ketones, 

which linger for days to several weeks. While standard operating conditions for proton transfer 

time-of-flight mass spectrometer (PTR-ToF-MS) using H3O+ ions are unable to separate aldehydes and 

ketones, the operation using NO+ reagent ions allows for the differential detection of isomeric carbonyl 

compounds with a high time resolution. Here we study the temporal (24 h) and vertical (80-325 m) 

variability of individual carbonyl compounds in the Amazon rainforest atmosphere with respect to their 

rainforest-specific sources and sinks. Strong sources within or just above the rainforest canopy were found 

for the ketones (acetone, MEK, and C5-ketones). A common feature of the carbonyls was nocturnal 

deposition observed by loss rates, most likely since oxidized volatile organic compounds are rapidly 

metabolized and utilized by the biosphere. With NO+ chemical ionization we show that the dominant 

carbonyl species include acetone and propanal, which are present at a ratio of 1:10 in the wet-to-dry 

transition and 1:20 in the dry season. 

 

3.2 Introduction 

On a global scale, tropical forests are regarded as the largest source of biogenic volatile organic 

compounds (BVOC) to the atmosphere (Guenther, 2013). However, in view of the high biodiversity and 

plant species related emission quality, the ecosystem composition and development needs to be 

considered as clearly demonstrated by Ciccioli et al. (2023). BVOC comprises multiple compound classes 

including terpenes, alkenes, alkanes, alcohols, acids, esters, halocarbons, and carbonyls, all emitted due 

to various physiological processes and as a function of environmental conditions. Most of the carbon 

released as BVOC from the tropical rainforest is in the form of terpenes, including the hemiterpene 

isoprene (C5H8) (Yáñez-Serrano et al., 2015), monoterpenes such as alpha-pinene (C10H16) (Zannoni et al., 

2020b), and sesquiterpenes such as copaene (C15H24) (Yee et al., 2020). In addition, considerable amounts 

of oxygenated VOC (OVOC) are known to be present in rainforest air, with carbonyl compounds, namely 

aldehydes and ketones containing the C=O functional group, as an important subset of the atmospheric 

OVOC (Kesselmeier and Staudt, 1999). Direct biogenic emission, biomass burning, and secondary 

formation, mainly from the oxidation of the aforementioned terpene precursors and photolysis of larger 

carbonyls, all contribute to the cocktail of carbonyl compounds in the atmosphere (Guenther, 2013; 

Mellouki et al., 2015; Liu et al., 2022). To understand such a cocktail, deposition and uptake by vegetation 

i.e. bidirectional exchange, should always be considered as potential players (Kesselmeier, 2001; 

Kesselmeier et al., 1997; Villanueva et al., 2014). Carbonyl species form after VOC oxidation is initiated by 

hydroxyl radical (OH), ozone (O3), or at nighttime by the nitrate radical (NO3), and the resulting peroxy 

radicals (RO2) react either with NO (when present) or with other ambient RO2 radicals. Under the presence 

of NO this oxidation chain results in a net production of O3, an important radiatively active oxidant in the 

Amazon and worldwide (Mellouki et al., 2015; Trebs et al., 2012). 

 



 Investigating carbonyl compounds using PTR-ToF-MS with NO⁺ chemical ionization 59 

 

The main atmospheric carbonyl sinks are photolysis and oxidation by OH  (Atkinson and Arey, 2003). As a 

consequence, the reactions with carbonyls combined with those of other BVOC control the availability of 

OH and thus the oxidative capacity of the atmosphere (Lelieveld et al., 2016). In Amazon rainforest air, 

OVOC contribute 22-40 % to the OH reactivity, namely the overall loss frequency of OH radicals 

(Pfannerstill et al., 2021). For unsaturated carbonyls, like the isoprene oxidation products methacrolein 

(MACR) and methyl vinyl ketone (MVK) oxidation by O3 is also possible. Ketones, such as acetone, react 

much less readily with OH than aldehydes and have accordingly longer atmospheric lifetimes. Thus they 

are sustained during long-range transport and convective lifting to high altitudes, whereas more reactive 

aldehydes impact the chemistry more locally. However, through rapid, deep convection, a frequent 

phenomenon in the humid and hot tropics, carbonyls can be transported to altitudes between 10 and 

17 km (Prather and Jacob, 1997). 

Oxidation of aldehydes and photolysis of ketones and dicarbonyls and further reaction with NOx (NO + 

NO2) yields peroxycarboxylic nitric anhydride (PAN). PAN and other peroxynitrates are thermally unstable 

near the surface but in the cooler mid and upper troposphere PAN is the most abundant reservoir for 

nitrogen oxides, being transported over long distances (Mellouki et al., 2015; Fischer et al., 2014; Singh et 

al., 1990; Roberts, J. M, 2007). The main precursors of PAN are acetaldehyde, followed by more minor 

contributions from methylglyoxal (not reported here) and acetone (Fischer et al., 2014). Sources of NOx 

in the tropical atmosphere are a composite of several processes, starting with microbial activities in soils 

and the release of NO, which is rapidly oxidized to NO2, a large fraction even before it escapes the canopy. 

NO2 can be taken up by the vegetation, and here again only a part of this molecule is passing the canopy 

to the atmosphere above (Breuninger et al., 2013; Rummel et al., 2002; Chaparro-Suarez et al., 2011).  

Further sources are lightning discharges, and biomass burning, the latter having the strongest seasonal 

variability (Bond et al., 2002). The photochemical degradation of carbonyls in the atmosphere is also a 

source of HOx (HO2 + OH) radicals, particularly important in the upper troposphere where OH radical 

production from carbonyls can exceed primary production in areas impacted by convection (Liu et al., 

2022; Lary and Shallcross, 2000; Prather and Jacob, 1997). Furthermore, the abundance of radicals and 

oxidation products of carbonyls and dicarbonyls can promote the formation and growth of secondary 

organic aerosols (Liu et al., 2022). 

In this study, the observed diel and vertical (80-325 m) variability of 15 carbonyl species (C2-C9) was 

investigated. They were detected online with a PTR-ToF-MS using NO+ as a reagent ion. This technique 

enables the separation of isomeric aldehydes and ketones to identify their partitioning in the Amazonian 

atmospheric boundary layer (ABL) at the ATTO site. Previous measurements of carbonyls have been 

conducted over the rainforest using PTR-MS with H3O+ as the reagent ion. With this method, both, 

aldehyde and ketone carbonyl forms are detected at the same mass. Usually, for airborne measurements, 

atmospheric chemists have argued that the m/z used for the detection of C3 carbonyls can be interpreted 

as predominantly acetone since its atmospheric lifetime is relatively long (Williams et al., 2001). However, 

if the data is used to extract further information about the environment, such as OH concentrations 

(Williams et al., 2000), the validity of this assumption should be verified. 

The dataset presented here is the first online measurement of speciated individual aldehydes and ketones 

in the Amazon. This rainforest environment is characterized by high solar insolation and vigorous vertical 

transport by deep convection. We aim to quantify the relative abundance of carbonyl species and to 



60 Experimental

 

improve the understanding of their emissions, secondary formation in the atmosphere, transformation, 

and deposition. 

3.3 Experimental 

3.3.1 Measurement site and instrumentation 

All measurements were conducted at the Amazon Tall Tower Observatory (ATTO) within the primary 

tropical rainforest of Brazil. The site is located at 135 km NE of Manaus (02.14°S,58.99°W, 120 m above 

sea level) with the main wind direction being NE to SE (Fig. S 3.1 at the end of this chapter). In the wet 

season (February-May) the air is typically nearly pristine since the airmasses pass over more than 1000 

km of mostly untouched rainforest before being sampled. This is reflected by low concentrations of NOx 

of less than 150 ppt in the ABL. In the dry season (August-November), however, biomass burning 

influenced air caused by human activities was sampled at the site, and enhanced black carbon 

concentrations were observed due to the hemispheric wide summer maximum in biomass burning. The 

site is equipped with a 325 m tall tower and an 80 m walk-up tower, among other measurement and 

accommodation facilities. A detailed map can be found in the supplement (Fig. S 3.2 at the end of this 

chapter). The canopy height of the surrounding forest is about 35 m (Kuhn et al., 2007). A comprehensive 

description of the site is provided by Andreae et al. (2015). The measurements were conducted from 23 

June until 8 July and from 27 September until 14 October 2019. 

The sampling inlets for the BVOC measurements are located at 80, 150, and 325 m on the tall tower. Air 

is drawn by high-volume pumps down to the instrumentation that is stored in an airconditioned container 

at the foot of the tower. By sequentially sampling each height for 5 minutes, a semi-continuous 

measurement can be achieved, so that each height is sampled four times per hour. The flow in the 

insulated and heated (40°C) Teflon sampling lines (3/8″OD) is about 10 l min-1. A long inlet line can be 

compared to a gas chromatographic column, which retains the sampled VOC depending on their volatility 

and polarity, expressed by a wall saturation concentration (Pagonis et al., 2017). Adsorption to the inner 

walls of the Teflon line caused a response time of 90 seconds at ATTO using a VOC gas standard. Before 

the actual sampling of each height, the line was therefore flushed with ambient air to achieve saturation. 

Some less volatile molecules, like sesquiterpenes never reached equilibrium and were potentially 

degraded by O3, thus they were not detected. Tests with a 400 m inlet line in China have also shown that 

the carbonyl compounds investigated in this study have high saturation concentrations (C*, which is 

inversely proportional to the wall partitioning) and are not affected by line loss (Li et al., 2023; Deming et 

al., 2019), but line effects such as a broadening of initially sharp concentration peaks cannot be excluded. 

It has to be noted that sharp concentration peaks or spikes of short duration (< 90 s) were not expected 

high above the homogenous vegetation of the rainforest. VOC were measured by a Proton Transfer 

Reaction Time of Flight Mass Spectrometer (PTR-ToF-MS 4000, Ionicon Analytik, Innsbruck, Austria) 

(Jordan et al., 2009) with a time resolution of 20 seconds. 

Meteorological data was measured at the walk-up tower at multiple heights up to 80 m (LI7500A, LI-COR 

Biotechnology, Lincoln, USA) and at the tall tower at 325 m (Lufft, WS600-LMB, G. Lufft Mess- und 

Regeltechnik GmbH, Fellbach, Germany) with a time resolution of 1 minute. 
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3.3.2 NO+ chemical ionisation 

PTR-ToF-MS in general is a form of chemical ion mass spectrometry (CIMS) commonly operated with 

hydronium ions (H3O+) to chemically ionize VOC in air samples. This is a well-established and sensitive 

technique that is able to detect most of the prominent VOC in ambient air with a high time resolution of 

Fseconds (de Gouw and Warneke, 2007). The proton transfer reaction that lends its name to the 

instrument occurs between H3O+ ions and the molecules R with a higher proton affinity than water (> 691 

kJ mol-1) (Hunter and Lias, 1998). 

R + H3O+ 
         
→   RH+ + H2O     (3.1) 

Thus, isomeric molecules (such as acetone and propanal) form the same product ion RH+ and cannot be 

distinguished. For the purpose of investigating the atmospheric chemistry of carbonyl compounds, this is 

a major disadvantage since the distribution between short-lived aldehydes and longer-lived ketones with 

the same carbon number remains unclear. However, it has been shown that by using an alternative 

reagent ion (i.e. NO+), aldehydes and ketones can be distinguished. NO+ ionizes aldehydes mainly via 

hydride abstraction (Reaction 3.2) whereas ketones and NO+ tend to form a cluster (Reaction 3.3) leading 

to different product ions (Koss et al., 2016; Španěl et al., 1997). 

R + NO+ 
          
→   (R-H)+ + HNO     (3.2) 

R + NO+ 
          
→   (RNO)+     (3.3) 

To implement the NO+ chemical ionization mass spectrometer (NO+ CIMS) synthetic air instead of water 

vapor was introduced in the ion source and the source parameters were tuned to achieve a low 

contribution of impurity ions (H3O+, O2
+, NO2

+) and high counts of NO+. Which reaction occurs to ionize the 

target compound depends on the thermodynamical properties of the molecule. The hydride ion affinity 

of aldehydes is less than that of NO+, so reaction 3.2 is exothermic and favored (Karl et al., 2012; Španěl 

et al., 1997). Ketones do not show the same tendency to donate a hydrogen atom and the ionization 

energies of most, especially small ketones is slightly higher than that of NO (> 9.26 eV) (Smith et al., 2003). 

Thus, an association reaction, reaction 3.3, primarily occurs for the ketones in this study. Due to the humid 

conditions in the rainforest, NO+(H2O)-clusters were also available to react with ketones via ligand 

switching, producing the same products as the association reaction 3.3 (Smith et al., 2003). The ionization 

energies of 3-hexanone, 2-heptanone, and 2-nonanone are smaller or equal than that of NO, nevertheless 

the association reaction has been shown to be favored by selected ion flow tube (SIFT) studies (Španěl et 

al., 1997). Those compounds were, however, not detected in the mass spectra obtained in the rainforest 

environment examined in this study. 

Besides the most favored reaction, other ionization channels can also produce product ions. This and 

partial fragmentation in the drift tube can lead to additional complications of the mass spectra. To test 

the distribution of product ions and fragments for the carbonyls for the type of instrument used in this 

study, a single-compound headspace analysis was performed in the laboratory using a PTR-ToF-MS 8000. 

The basic components of the instrument, mainly the ion source, drift tube, and detector are similar to a 

PTR-ToF-MS 4000 so that the relative transmission can be assumed identical. The instrument was tuned 

to have the same E/N (electric field intensity divided by gas number density) in the drift tube and similar 

impurities (≤ 5 %) as the instrument in the field. In both, field and laboratory, two different settings for 

the E/N values were applied. One setting had a relatively low E/N of 70 Td, recommended by previous 



62 Experimental

 

studies to minimize fragmentation (Koss et al., 2016; Romano and Hanna, 2018), the other was operated 

with 120 Td for comparison. The results of the single-compound headspace analysis can be found at the 

end of this chapter (Table S 3.1). 

The complexity of the mass spectra measured with a NO+ CIMS is a disadvantage if one aims for a non-

targeted analysis of VOC present in a certain environment, such as the rainforest. Long-term VOC 

observations at ATTO are therefore conducted with a PTR-ToF-MS using H3O+ ions. However, for a 

targeted analysis, specifically for separating carbonyl compounds, the NO+ CIMS is a convenient method 

(Koss et al., 2016; Karl et al., 2012; Ernle et al., 2023). Another advantage of the NO+ chemistry is the ability 

to detect certain alkanes, as their proton affinity is too low to be detected by a PTR-MS (Koss et al., 2016). 

This has been widely used in urban or rural areas to quantify vehicle emissions but such species have not 

yet been investigated at the ATTO rainforest site (Wang et al., 2020a; Chen et al., 2022). 

 

3.3.3 VOC data analysis 

Integration of the mass spectra, baseline, and duty-cycle correction were performed using the IDA 

software (Ionicon Analytik). In a subsequent step, the obtained signals were normalized to NO+ and 

H2ONO+ and drift parameters like pressure and temperature, to account for fluctuations. 

Table 3.1 shows the sensitivities and limits of detection (LoD) for all target molecules with E/N values of 

70 and 120 Td applied. It is obvious that the sensitivity of ketones decreases dramatically with high E/N 

conditions, most probably due to enhanced fragmentation caused by more collisions in the drift tube. 

Compounds displayed in bold in Table 3.1 were quantified using a primary VOC gas-standard (Apel-Riemer 

Environmental Inc., Colorado, USA). Unfortunately, this did not comprise all target carbonyls, and for 

those compounds not in the standard, a theoretical method was applied to obtain concentrations, albeit 

with a higher uncertainty. The relative distribution of the product ions obtained from the single-

compound headspace analysis was used to correct for the fragmentation of carbonyl compounds with 

higher m/z-ratios on the parent m/z-ratio of other target compounds. 

For those compounds not included in the gas-standard, mixing ratios were obtained by calculating the 

ionization efficiency with a previously determined reaction rate of NO+ and the target compound under 

the current conditions in the drift tube (k-rate analysis) (Cappellin et al., 2012). The reaction rates (k-

rates), also presented in Table 3.1, were derived for the sum of all product ions. Thus, a weighting factor 

for the relative production of the target ion needed to be applied, which was also obtained by the single-

compound headspace analysis by the slope of the signals of the target ion vs. other product ions. The 

mixing ratios of both E/N settings, obtained by applying the respective product ion distributions, agree 

well for most compounds (except for n-hexanal and ketones, which have a low sensitivity at 120 Td). This 

conformance supports the assumption that product ion distributions were valid for both instruments. To 

calculate propanal, the calibration factor of methacrolein was used since the previous calibrations 

measured with the PTR-ToF-MS 8000 both had similar sensitivities (methacrolein: 0.13 ppb ncps-1, 

propanal: 0.17 ppb ncps-1). 

The measurement uncertainty in the mixing ratios of standard calibrated VOC was less than 25 %. It was 

derived from the accuracy of the VOC gas-standard (± 5 %), the flow meter used for the calibration (± 1 %), 

the accuracy of the least square fit of the calibration curve (molecule dependent, circa ± 10 %) and the 
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uncertainty of the relative distribution of product ions, which was expected to be below 20 %. The 

uncertainty of the product ion distribution was estimated from the purity of the liquid carbonyls tested (> 

95%) as well as possible contamination during the headspace sampling. In the case of theoretically 

calculated mixing ratios using k-rates the accuracy was accordingly higher. The accuracy of the k-rate 

(± 20 %) (Španěl et al., 1997) and the accuracy of the distribution of product ions give the absolute 

accuracy for k-rate calibrated mixing ratios which was thus estimated to be below 30 %. 

Detection limits were defined as three times the standard deviation of the background noise at the 

specified mass. Those are also displayed in Figure 3.1-3.2. Negative values arising from the subtraction of 

the background were set to zero to account for a slightly too high background measurement of some 

compounds during calibration. 

 

3.3.4 Validation of observations 

Preseparation of the VOC with a GC column prior to detection with the NO+ CIMS can indicate the pureness 

or compound specificity of an m/z ratio. Koss et al. reported such data for urban ambient air and 

concluded that certain masses can be seen as unambiguous in that environment. The E/N field used in 

that study, which strongly impacts the fragmentation patterns on different m/z ratios, was similar to this 

study (60 Td), but the measurement site was a parking lot in an urban area (Koss et al., 2016). 

Uncontaminated m/z ratios assigned to carbonyl compounds were found for acetaldehyde, propanal, 

methacrolein, and crotonaldehyde, the sum of C5-aldehydes, acetone, hexanal, MVK, methyl ethyl ketone 

(MEK), benzaldehyde, heptanal, the sum of C5-ketones and octanal. Nevertheless, biogenic compounds 

that may not be present in an urban environment were, therefore, not part of the GC method applied in 

Koss et al. and remained as potential interferents for the carbonyl m/z ratios. 

Allyl ethyl ether, an isomer of C5-aldehydes that also undergoes hydride transfer, was potentially such a 

candidate (Smith et al., 2011; Španěl and Smith, 1998). The m/z ratio of C5-aldehydes might have also 

been affected by 1-5 pentanediol if present at significant concentrations (Španěl et al., 2002). Some 

carboxylic acids react with NO+ under the drift tube conditions to form R – OH + HNO2 and thus make 

isomers to the ionized carbonyl species. Trimethylacetic acid was reported to mainly form C5H9O+ and thus 

also potentially interfered with C5-aldehydes (Ŝpaněl and Smith, 1998). 

N-butyric acid is part of the glucose metabolism in plants and, upon ionization, partly makes C4H7O+ ions 

(m/z 71.0491) thus it potentially interfered with butanal (Smith et al., 2011). The same holds for isobutyric 

acid. Also valeric acid has been shown to fragment into C4H7O+ to a great extent (Ŝpaněl and Smith, 1998). 

For the alcohols 2-butanol, 1,4-butanediol, and the ester methyl butyrate, fragmentation into C4H7O+ has 

been shown to occur (Koss et al., 2016; Španěl et al., 2002; Ŝpaněl and Smith, 1998). Tetrahydrofuran, an 

ether isomeric with butanal is ionized via hydride transfer and also forms C4H7O+ (Španěl and Smith, 1998). 

Contamination from 2-butanol was shown to contribute around 50 % to C4H7O+ at the urban site in 

Boulder, USA (Koss et al., 2016). Since 2-butanol has been previously found in emissions from vegetation 

(Kesselmeier and Staudt, 1999) and the mixing ratios of C4H7O+ were close to the detection limit, butanal 

could not be investigated without suspecting bias from other oxygenated VOC. With another 

measurement technique (sampling to adsorbent tubes and measurement with a GC-ToF-MS) applied at 

ATTO also no significant butanal peak was found. Though, butanal has been identified in the Amazonian 

atmosphere during the dry and wet season at another site in 1999 (Andreae et al., 2002). 
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It can also not be excluded that fragmentation to C2H3O+ of several species, in particular acetic acid, methyl  

Table 3.1: List of identified carbonyl compounds and other hydrocarbons and their properties for the detection with NO+ CIMS 
(PTR-ToF-MS 4000). The sensitivities are compared to the classical PTR-MS method using H3O+ reagent ions. The “product factor” 
represents the weighting factor for the k-rate obtained from the distribution of product ions as described in section 3.3.3. 
Compounds given in bold were quantified using a primary standard.  

    NO+ H3O+ 

    E/N = 70 Td E/N = 120 Td E/N = 120 Td 

Carbonyl 
species 

Ion 
formula 

Exact m/z k-rate 
10-9 cm3 s-1 

Prod. 
factor 

Sensitivity 
ppb ncps-1 

LoD 
ppb 

Prod. 
factor 

Sensitivity 
ppb ncps-1 

LoD 
ppb 

Sensitivity 
ppb ncps-1 

Acetaldehyde C2H3O+ 43.01784 0.6(Španěl et 

al., 1997) 
- 0.155 0.112 - 0.431 0.160 0.025 

Acetone C3H6NO2
+ 88.0393 1.2(Španěl et 

al., 1997) 
(0.43) 0.078 0.06 0.27 4.803 0.705 0.031 

Propanal C3H5O+ 57.0335 2.5(Španěl et 

al., 1997) 
(0.79) 0.046 0.053 0.82 0.256 0.049 - 

MEK C4H8NO2
+ 102.055 2.8(Španěl et 

al., 1997) 
(0.84) 0.049 0.008 0.61 1.027 0.111 0.028 

MVK C4H6NO2
+ 100.039 2.4(Michel et 

al., 2005) 
0.86 - 0.004 0.67 - 0.012 - 

MACR  C4H5O+ 69.03349 2.6(Michel et 

al., 2005) 
(0.54) 0.046 0.021 0.42 0.256 0.093 0.028 

n-pentanone C5H10NO2
+ 116.0706 3.4(Španěl et 

al., 1997) 
0.85 - 0.005 0.56 - 0.007 - 

n-pentanal  C5H9O+ 85.0648 3.2(Španěl et 

al., 1997) 
0.79 - 0.003 0.28 - 0.011  

n-hexanone  C6H12NO2
+ 130.0863 3.3(Španěl et 

al., 1997) 
- - 0.002 - - - - 

Hexanal  C6H11O+ 99.0804 2.5(Španěl et 

al., 1997) 
0.75 - 0.006 0.4 - 0.016 - 

Trans-2-
hexenal  

C6H9O+ 97.0672 2.8(Roberts 

et al., 2022) 
0.68 - 0.006 0.82 - 0.005 - 

Benzaldehyde C7H5O+ 105.033 2.8(Španěl et 

al., 1997) 
0.96 - 0.005 0.97 - 0.003 - 

Heptanal C7H13O+ 113.0961 2 - - 0.004 - - 0.007 - 

Octanal C8H15O+ 127.1117 2.7(Romano 
and Hanna, 
2018) 

0.81 - 0.004 0.61 - 0.004 - 

Nonanal C9H17O+ 141.1274 1.1(Roberts 

et al., 2022) 
0.04 - 0.145 0.1 - 0.078 - 

Nopinone C9H14O+ 138.1039 2 - - 0.019 - - 0.002 - 

Alkanes 
 

          

Isopentane C5H11
+ 71.086 2 - - 0.013 - - 0.027 - 

Methyl-
cyclopentane 

C6H11
+ 83.086 2 - - 0.005 - - 0.008 - 

2-, 3-methyl-
pentane 

C6H13
+ 85.101 2 - - 0.007 - - 0.006 - 

C7 cyclic 
alkanes 

C7H13
+ 97.101 2 - - 0.004 - - 0.003 - 
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Propionic acid is a potential contaminant for propanal on m/z of C3H5O+, but only a fraction of the acid 

was found to land on the propanal m/z (Ŝpaněl and Smith, 1998). A higher fraction of the fragments of 

methyl and ethyl propionate were detected as isomers to ionized propanal, but have not been found to 

be present in biogenic emissions so far (Ŝpaněl and Smith, 1998; Kesselmeier and Staudt, 1999). 

It can also not be excluded that fragmentation to C2H3O+ of several species, in particular acetic acid, methyl 

formate, methyl acetate, and ethyl acetate contributes to the m/z ratio of acetaldehyde (C2H3O+). 

Experimental evidence for the contamination has been found only for a small contribution of methyl and 

ethyl acetate of less than 20% (Ŝpaněl and Smith, 1998). 

The isomers hexanal and z-3-hexenol are known to be emitted together by damaged green leaves 

(Langford et al., 2010; Jardine et al., 2012a). A possible detection of both compounds on m/z of C6H11O+ 

could not be excluded, since alcohols also undergo hydride abstraction during the reaction with NO+  (Koss 

et al., 2016). 

Table 3.1 continued. 

    NO+ H3O+ 

    E/N = 70 Td E/N = 120 Td E/N = 120 Td 

VOC species Ion 
formula 

Exact 
m/z 

k-rate 
10-9 cm3 s-1 

Prod. 
factor 

Sensitivity 
ppb ncps-1 

LoD 
ppb 

Prod. 
factor 

Sensitivity 
ppb ncps-1 

LoD 
ppb 

Sensitivity 
ppb ncps-1 

C2-alkyl-
cyclohexanes 

C8H15
+ 111.117 2 - - 0.004 - - 0.005 - 

Alkenes 
 

          

C5-alkene (2-
pentenes) 

C5H10
+ 70.0777 2 - - - 

 
- - 0.009 - 

C5-alkene (a-
olefin) 

C5H10NO+ 100.076 2 - - 0.006 - - 0.003 - 

C6H10  C6H10
+ 82.0777 2 - - 0.006 - - 0.01  

Alcohols 
 

          

Ethanol C2H5O+ 45.0335 2 - - 0.050 - - 0.019 - 

Alkyne           

Propyne C4H6
+ 54.046 2 - - 0.026 - - 0.011 - 

Aromatic           

Benzene C6H6
+ 78.046 - - 0.101 0.020 - 0.071 0.009 0.063 

Terpenes 
 

          

Isoprene C5H8
+ 68.0621 - - 0.078 0.018 - 0.068 0.023 0.045 

Sum of mono-
terpenes 

C10H16
+ 136.125 - - 0.067 0.004 - 0.554 0.039 0.103 

Other 
 

          

Furan C4H4O+ 68.0258 2 - - 0.008 - - - - 

C5H4O3 C5H4NO4
+ 142.014 2 - - 0.005 - - 0.003 - 
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To our knowledge, none of the species that were demonstrated to fragment on the same m/z ratios like 

carbonyls have been reported to be abundant in forested environments or even biogenically emitted, 

except z-3-hexenol, 2-butanol, n- and isobutyric acid, acetic acid, and propionic acid. In general, acids have 

primary sources, including biogenic emissions and biomass burning but also photochemical sources 

including the ozonolysis of alkenes (Orzechowska et al., 2005). The dataset from this study and a 

comparison to the corresponding m/z of acids under H3O+ ionization that have been measured previously 

at the ATTO site, suggested that carboxylic acids undergo an association reaction with NO+. A headspace 

analysis with acetic acid also revealed no significant contributions to any other m/z except the association 

product C2H4NO3
+. 

Fragmentation from higher carbonyls to m/z ratios attributed to lower carbonyls was observed in the 

single compound headspace analysis, conducted with aldehydes and ketones up to nonanal. The m/z of 

acetaldehyde (C2H3O+, 43.0178) saw small contributions from acetone and pentanone, which were 

subtracted from the acetaldehyde signal. For this correction, the relative contribution of the fragments 

from their parent mass, which was determined by the headspace analysis, was used. A list of the single 

compounds and their product ions formed in the drift tube can be found in the supplementary Table S 3.1 

at the end of this chapter. Contributions from higher carbonyls in the NO+ CIMS were not probable since 

they were not observed or below the detection limit. 

 

3.4 Results 

3.4.1 Atmospheric conditions and seasonality 

Seasonality in the central Amazon is characterized by a comparatively clean wet season (February – May) 

and a dry season (August – November) (Pöhlker et al., 2019). The NO+ CIMS measurements took place 

from 23 June until 8 July and from 27 September until 14 October 2019. This section outlines the 

meteorological conditions of both measurement periods as they influenced seasonal variations in 

observed VOC mixing ratios and correlations. It is important to consider that the photochemical loss of 

VOC and reactions involving OH depend on the availability of photons, which also affects the secondary 

formation of OVOC from the oxidation of different hydrocarbons. VOC emissions from vegetation are 

driven by light (photosynthetically active radiation, PAR), temperature, water availability, air pollution and 

biotic factors, such as herbivore infestation, pathogenic infections, or the developmental stage of a plant. 

However, at heights above 80 m integrated VOC emissions from a whole forested area domiciled by 

various plant and herbivorous species at all developmental stages were sampled. As has been reported 

previously, inter-seasonal growth variations may even induce the plant to switch from isoprene emission 

to monoterpene emission and back (Kuhn et al., 2004a, b). The growing of new leaves (leaf flush), which 

are photosynthetically more effective than mature leaves peaks in the dry season, aligned with the 

availability of light (Restrepo-Coupe et al., 2013), which causes an inter-seasonal gradient possibly 

observed by the presented BVOC emissions. 

On average, daytime temperatures differed by only 0.4 °C between the transition (June – July) and the dry 

season (Fig. S 3.3 at the end of this chapter). Maximum temperatures in the canopy (at 26 m) were 

reached at 12:00 local time (LT), with 30.5 °C in the transition season and 31.2 °C in the dry season on 

average. The diurnal evolution of temperature closely followed the incoming solar radiation, here 

represented by PAR. Dry season observations of PAR were higher by about 9 % compared to the transition 
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season. Precipitation in the month before the NO+ CIMS measurements took place totaled 157 mm in June 

and 119 in September 2019 (Fig. S 3.4 at the end of this chapter). The water level measured in the Rio 

Negro close to Manaus in 2019, however, had maximum values in June and minimum values in October, 

with a difference of about 10 m (Chevuturi et al., 2022). 

The sampled air originated predominantly from SE to NE, thus an influence from the city of Manaus could 

be excluded (Fig. S 3.1 at the end of this chapter). However, for long-lived anthropogenic alkanes, 

influence from populated areas along the Amazonas and smaller side rivers was conceivable. The detected 

alkanes (Table 3.1) had low mixing ratios below the detection limit, indicating no significant influence from 

industries based on fossil fuel combustion. 

Black carbon (BC) was used as a marker of biomass burning emissions. BC sampled at ATTO has been 

shown to originate from biomass burning in South America and Africa (Holanda et al., 2020). Enhanced 

concentrations of 0.42 and 0.54 µg m-3 (80, 325 m) were found on average in the dry season 2019. 

Maximum concentrations reached 0.93 and 1.17 µg m-3. Average concentrations of 0.18 and 0.21 BC (80, 

325 m) in the transition season indicated less polluted conditions. A large number of VOC, including 

certain carbonyl compounds, are usually co-emitted during biomass burning at various emission factors 

and rates (Andreae and Merlet, 2001; Andreae, 2019). Therefore, the carbonyls detected with the NO+ 

CIMS during this study and their precursors potentially had both biogenic and biomass burning sources. 

Correlations of carbonyls with BC at 325 m are shown in the supplementary for both seasons (Fig. S 3.5 at 

the end of this chapter) to find possible influence from advected, fresh, or aged biomass burning plumes. 

In the cases of acetaldehyde, acetone, methacrolein, MVK, and benzaldehyde, a Pearson coefficient of 

p > 0.55 was retrieved at day and nighttime so that an influence of biomass burning through co-advection 

or in plume production was feasible. 

 

3.4.2 Vertical distribution of carbonyls above canopy 

The distribution of carbonyls with height above the uniform rainforest-covered landscape provides 

information on the nature of emission sources, oxidative transformations, and sinks of the carbonyls 

under consideration of dynamic processes in the atmospheric mixed layer. Vertical gradients were 

governed by the strength and temporal variance of the respective source, the atmospheric lifetime of the 

species considered, and dilution through turbulent mixing or entrainment from the free troposphere 

during mixed layer growth. An earlier work investigated the chemical and dilutive loss of isoprene with 

height using observations at ATTO and a turbulence-resolving large eddy simulation (DALES). It 

demonstrated that slightly more than 50 % of the isoprene loss in the vertical (80-325 m) at noon occurred 

due to dilutive turbulent mixing (Ringsdorf et al., 2023). It is important to note that the lowest sampling 

height at 80 m was within the roughness sublayer. This is a layer within the mixed ABL of about 2-3 times 

the canopy height (≈ 35 m), which is strongly affected by the tall canopy with respect to wind fields and, 

thus, turbulence. Within this layer, the exchange between the canopy and atmosphere occurs by 

inhomogeneous flows into and out of the canopy (Chamecki et al., 2020). An important process 

influencing the ambient concentration of the compounds presented at all sampling heights was the 

growth of the ABL (up to 2 km height) after sunrise due to the strengthening of turbulences from thermal 

expansion of the heated air masses near the ground. During the growth, air from higher altitudes (residual  
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Figure 3.1: Median averaged timeseries in the wet-to-dry transition season (June/July) of 2019 measured at all 
sampling heights for each carbonyl compound and its respective vertical profile at noon (12:00-15:00 LT) to the right. 
The shadings indicate the quartiles (25th and 75th). In the box-and-whisker plots, the boxes also represent the 
quartiles, while the residual data except outliers are included in the whiskers. The mixing ratios stated in black font 
were calibrated to standard, while those in gray font were calculated based on k-rate.  
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Figure 3.2: Median averaged timeseries in the dry season (September/October) of 2019 measured at all sampling 
heights for each carbonyl compound and its respective vertical profile at noon (12:00-15:00 LT) to the right. The 
shadings indicate the quartiles (25th and 75th). In the box-and-whisker plots, the boxes also represent the quartiles, 
while the residual data except outliers are included in the whiskers. The mixing ratios stated in black font were 
calibrated to standard, while those in gray font were calculated based on k-rate. 
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layer containing more aged air) is entrained, leading to the minimum mixing ratios observed after 06:00 LT 

at all three heights. During the day, the turbulent mixing via convection and associated downward motions 

is strongest until convection eases with decreasing insolation. At night, a stable stratification associated 

with low vertical mixing is formed (Jordi Vilà-Guerau de Arellano, et al., 2015). 

Under the reasonable assumption of a carbonyl source at canopy level, the long-lived ketones were 

expected to have a certain background concentration in the convective mixing layer but also above, while 

short-lived aldehydes will be zero at higher altitudes, like isoprene. Consequently, the aldehydes should 

show a stronger decrease in their vertical profiles than the ketones, which were expected to be well mixed 

at a certain height above the canopy. Nonetheless, one has to also take the secondary chemical formation 

of carbonyls into account which can influence the vertical gradients depending on the emission source 

and atmospheric lifetime of the precursors. 

Figures 3.1 and 3.2 present the diurnal variability observed at the three sampling heights for all carbonyls 

measured in the wet-to-dry-transition and in the dry season respectively. Some compounds were 

measured in very low concentrations, below the detection limit in one or both seasons, namely the sum 

of C5-aldehydes, C6-ketones, heptanal, octanal, and nonanal. All other carbonyls showed distinct diurnal 

variabilities with increasing concentrations after sunrise (06:00 LT) and decreasing concentrations at 

nighttime. Their diurnal cycle followed the evolution of PAR and temperature with a slight delay 

throughout the day, reflecting the expected biogenic emission and photochemical production. As 

hypothesized above, no significant vertical variability was found for ketones, though only at 150 and 

325 m, whereas a strong decrease in mixing ratio with height was observed between 80 and 150 m. This 

distribution indicates that mixing ratios of ketones were only well mixed above 150 m, while the 

measurements at 80 m were influenced by a strong source of ketones, which is discussed compound-wise 

below. The observed aldehydes exhibited different vertical distributions, some showed increasing mixing 

ratios with height, others were rather steadily decreasing as it was hypothesized, and some showed very 

small variabilities throughout the lowermost 325 m of the atmosphere. The different sources and sinks 

leading to the observed vertical gradients are also discussed individually for each aldehyde or family of 

aldehydes. 

 

3.4.3 Correlations at 80m and common sources 

The chemical composition of airmasses measured at 80 m was governed by various processes occurring 

from the leaf level up to mixing scales of the lower atmosphere. At the leaf level, BVOC are formed by 

plant metabolic pathways or possibly in the case of OVOC including carbonyls via within-leaf reactions. 

Epicuticular waxes, also called leaf waxes consist of long-chained hydrocarbons, e.g. the triterpene 

squalene, which yield volatile compounds during ozonolysis. Depending on the position of the double 

bond of the long-chained molecule and its functional groups, aldehydes or ketones are formed, whereby 

the chances for the formation of short-chained carbonyls like acetone are highest (Fruekilde et al., 1998). 

Following their emission a fraction is deposited on surfaces, which is most of the time reversible, or 

uptaken by stomata, which represents a potential sink (Niinemets et al., 2014). Depending on their 

atmospheric lifetime, BVOC undergo within-canopy oxidation; in the case of reactive isoprene and 

monoterpenes, this was found to be not more than 10 % of their initial emission flux (Karl et al., 2004; 

Fuentes et al., 2022) before being ejected from the canopy. Within and above the canopy they are mixed  
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Figure 3.3: Pearson correlation coefficients from the intercorrelation of the carbonyl species in the wet-to-dry 
transition season (upper) and in the dry season (lower). 
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with more or less aged air masses and secondary production and depletion take place simultaneously. 

When correlating two timeseries of BVOC measured at that height, a high correlation coefficient can 

indicate similar production and loss or possibly a precursor-product relation. Here it is very important to 

consider the timescales of production and loss versus vertical transport since the residence time of 

airmasses in the first 80 m is limited during daytime convective conditions. In a previous study the mixing 

timescale, which accounted for turbulent up and downward motions, between 80 and 325 m at ATTO, 

was determined to range on average from 60 minutes at 10:00 LT to 15 min at 15:00 LT (Ringsdorf et al., 

2023). Based on that study, we assumed the mean residence time between canopy and 80 m to be in the 

same time range of minutes to 1 hour. Carbonyl precursors including alkenes, isoprene, higher terpenes 

and alkanes have atmospheric lifetimes with respect to oxidation by OH radicals of τ > 2 hours, 

τ  ≈ 3 hours, minutes to hours and days to weeks for the much less reactive alkanes (Altshuller, 1991; 

Wolfe et al., 2011). The lifetimes with respect to OH of carbonyl compounds themselves range from 

12 hours (trans-3-hexenal) (Jiménez et al., 2007) to 119 days (acetone) and are even shorter when 

considering photolysis, which is a significant sink for carbonyls (Mellouki et al., 2015). In Table 3.2 the 

lifetimes of carbonyls with respect to an average OH concentration of 1x106 molecules cm-3 based on a 

previous study at the ATTO site are presented. This is the average over roughly the same time of day that 

was considered for carbonyl correlations (10:00 – 15:00) (Ringsdorf et al., 2023). However, isoprene 

oxidation was observed by the daily increase of the product MVK between 80 and 325 m. 

Thus, correlations at 80 m will reflect only the processes that occur on a comparable or faster timescale 

than mixing. This is primary emission, product formation in the atmosphere from short-lived precursors 

like alkenes and terpenes, and progressive photochemical degradation/photolysis of short-lived carbonyls 

as well as loss via deposition. 

Figures 3.3-3.4 show the Pearson correlation coefficients (p) for both seasons divided into day 

(10:00-17:00 LT) and nighttime (22:00-05:00 LT) between the carbonyl compounds and between 

carbonyls and other selected VOC, including terpenes (isoprene, sum of monoterpenes), alkenes (C5-

alkenes, benzene) and oxygenated compounds (ethanol, furan, acetic acid, C5H4O3). Their diel and vertical 

distributions are presented in the supplementary Figures S 3.6-S 3.7 (at the end of this chapter). C5H4O3 is 

a highly oxygenated compound, which was classified to be exclusively an oxidation product of very 

reactive BVOC in a previous study conducted within and above a pine forest. Therein, emission rates of 

very reactive BVOC were estimated to reach 6-30 times the emission rates of monoterpenes (Holzinger et 

al., 2005). In this study, the highest mixing ratios were found at 325 m, suggesting that besides being 

formed as a first order oxidation product close to the canopy it was also an oxidation product of higher 

order which therefore emerges at longer timescales. Very reactive BVOC presumably also represent 

precursors for Carbonyl compounds. Periods with precipitation were excluded from the correlations to 

avoid the effects of downbursts and washout. As expected, good correlations were found between 

isoprene and the sum of monoterpenes, which are all primary emissions that depend strongly on light and 

temperature. Correlation of carbonyl compounds with isoprene and monoterpenes was preferred over 

PAR and temperature to identify light and temperature dependent direct emission, due to the temporal 

delay between emission and detection. However, it is striking that most carbonyls showed good 

correlations with all other carbonyls with Pearson coefficients greater than 0.7. This likely resulted from 

the common driving variables, namely light and temperature for emission, as well as similar 

photochemical production rates. 
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The highest correlations with the primary emitted isoprene and monoterpenes were obtained for 

propanal and n-hexanal. Other compounds that were found to correlate very well were acetaldehyde, 

Figure 3.4: Pearson correlation coefficients from the correlation of the carbonyl species with selected hydrocarbons 
in the wet-to-dry transition season (upper) and the dry season (lower). 
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methacrolein, MVK, and C5H4O3 as well as acetone and MEK. In the following section, implications drawn 

from different gradients are discussed in detail. 

 

3.4.4 Nocturnal loss rates 

Biogenic emissions, not related to photosynthesis, might have continued during night whereas oxidative 

chemistry and thus secondary production of carbonyls was limited to reactions with O3 and NO3, which 

were found in low levels in the remote forested atmosphere. Important loss mechanisms at night are 

deposition to surfaces and reaction with NO3 (Brown and Stutz, 2012). Deposition at night is thought to 

happen via adsorption to the cuticle of the leaves since stomata are closed in the absence of light. 

However, there is evidence that the stomatal conductance is maintained at night by many woody species, 

implying an irreversible uptake for BVOCs that are further processed and converted to other 

metabolites(Niinemets et al., 2014). Reaction with NO3 at nighttime is limited to unsaturated BVOC but is 

also efficient for some saturated aldehydes. A rather high assumed mixing ratio of 10 ppt NO3 (Brown and 

Stutz, 2012; Khan et al., 2015) yields nighttime atmospheric lifetimes of 8 days for n-hexanal, the most 

reactive observed aldehyde with respect to NO3. Ozone is circa a thousand times more abundant than 

NO3, but the reaction rates with carbonyls are even slower. Therefore, deposition is expected to be the 

dominant loss mechanism for carbonyls at night. Table 3.2 summarizes properties of the observed 

carbonyl compounds that are important driving variables of deposition on surfaces together with their 

observed loss rates during the night. They were obtained by linear regression of the observed nocturnal 

timeseries at 80 m between 22:00 and 04:00 LT. Since the uptake of BVOC by leaves occurs only when the 

ambient concentration exceeds the concentration in the inter-leaf space, high loss rates were observed 

for BVOC with high ambient mixing ratios. However, the concentration gradient can be maintained by a 

metabolic transformation of the BVOC in the leaf. Table 3.2 also includes their reactivity towards the OH 

radical, O3, and NO3. 

 

3.5 Discussion 

In the following sections, the diel variability, vertical distribution (80-325 m) (Table 3.3), and correlations 

between all measured BVOC are considered in a compound-wise manner. The measurements presented 

here are related to previous studies related to the emission, formation, and loss of the carbonyl species. 

Acetaldehyde 

Acetaldehyde (ethanal), is known to be an important contributor to the total ambient carbonyl 

concentration levels in the atmosphere. Various sources of acetaldehyde have been characterized 

previously, including direct emissions from vegetation and the ocean, and secondary production from the 

OH, NO3, and O3 initiated photooxidation of hydrocarbons (Rottenberger et al., 2004; Wang et al., 2020b). 

Direct biogenic emissions may be of special importance for the Amazonian rainforest, as acetaldehyde 

and ethanol release have been reported to result from root anoxia (Bracho-Nunez et al., 2012; Holzinger 

et al., 2000; Rottenberger et al., 2008). This may occur in large areas caused by seasonal flooding (Parolin 
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et al., 2004). At 80, 150, and 325 m in the wet-to-dry transition season of 2019, observed mean diurnal 

concentrations were 642, 702, 852 ppt and 1.38, 1.25, 1.47 ppb in the dry season of 2019. 

Metabolic production pathways of acetaldehyde within plants and subsequent emission have been found 

to occur not only during root-flooding but also during fast light-dark transitions (Fall, 2003; Holzinger et 

al., 2000). The anaerobic conditions at the root’s surface during flooding cause the ethanolic fermentation 

pathway to form ethanol that is transported to the leaves of the plant to provide an energy source.  

Acetaldehyde is an intermediate of this pathway which tends to leak out to the atmosphere due to its 

high volatility (Kreuzwieser et al., 2000). Some Amazonian tree species can switch to the fermentative 

metabolism (Bracho-Nunez et al., 2012), but concentration or flux measurements during the dry-to-wet 

transition in Amazonia under field conditions are missing. In this study, a strong correlation was found for 

ethanol and acetaldehyde in the nighttime of the transition season (p = 0.92). Ethanol mixing ratios were 

ten times higher in the transition season and showed a diel maximum at nighttime. Since river levels were 

maximum in the transition season, root flooding may be responsible for the seasonal variability of ethanol 

Table 3.2: Rate coefficients for the reaction with OH, NO3, and O3 and the atmospheric lifetime considering an OH radical 
concentration of 1x106 molecules cm-1. The rate coefficients and boiling point temperature were taken from the NIST database. 
Water solubility has been reported by Sander et al.(Sander, 2023).The loss rate is calculated based on the median averaged 
slopes of the nocturnal (22:00-04:00) carbonyl timeseries. 

VOC species kOH 
[cm3 #-1 s-1] 

Estimated 
lifetime Amazon 

[days] 

kNO3- 
[cm3 #-1 s-1] 

kO3 

[cm3 #-1 s-1] 
Volatility 
(Tboil [K]) 

Water- 

solubility (Hs
cp

) 
[mol m-3 Pa-1] 

Loss rate 
[ppb min-1] 

(transition, dry 
season) 

Acetaldehyde 1.6E-11 1.4 2.4E-15 3.4E-20 294 1.3E-1 -6.7E-4, 
-1E-3 

Acetone 1.9E-13 
 

119.3 8.5E-18 8.5E-18 329 2.7E-1 -7.8E-4, 
-9.5E-4 

Propanal 
 

2E-11 1.2 6.2E-15 - 322 9.9E-2 -8.9E-5, 
-1.4E-4 

MEK 1.2E-12 19.3 - 2.06E-16 353 1.8E-1 -8.4E-5, 
-7.4E-5 

MVK 1.9E-11 1.25 1.2E-16 4.48E-18 354 4.0E-1 -1.1E-4, 
-4.8E-4 

MACR 3E-11 0.75 3.3E-15 1.09E-18 341 4.5E-2 -2.1E-4, 
-2.1E-4 2-Butenal 3.6E-11 0.64 5.1E-15 1.58E-18 375.5 5.9E-1 

2-pentanone 
(C5-ketones) 

4.6E-12 5.08 - - 375 1.3E-1 - 

n-hexanal 2.8E-11 0.83 1.1E-14 - 402 4.5E-2 -2E-6 
- Z-3-hexenol 1E-10 0.21 2.7E-13 6.4E-17 427.7 - 

z-2-hexenal 4.4E-11 0.52 1.2E-14 2.0E-18 419.7 1.4E-1 - 

Benzaldehyde 1.3E-11 1.78 2.01E-15 2.0E-19 452 4.0E-1 -7.9E-6, 
-8E-6 

Isoprene 1E-10 0.23 6.7E-13 1.28E-17 307 1.3E-4 -1.5E-3, 
-2.6E-3 

α-pinene 5.3E-11 0.43 6.2E-12 9.6E-17 430 7E-4 1.7E-4, 
-3.2E-4 
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(Kirstine and Galbally, 2012). However, acetaldehyde showed a different seasonal variability, indicating 

other sources were dominant. It is important to keep in mind, that the ATTO site is a Terra firme region 

with rare inundation events. Field measurements of roots under anoxia are still missing. Fast light-dark 

transitions occur all the time inside the forest canopy and are suspected to lead to an overproduction of 

cytosolic pyruvic acid in the leaves that is converted to acetaldehyde as a safety mechanism against 

acidification (Fall, 2003). The wounding of a plant through cutting or drying out plant tissues also releases 

acetaldehyde (Guenther, 2000). It is also found in emissions from leaf litter presumably as a byproduct of 

biomass degradation (Schade and Goldstein, 2001; Karl et al., 2003). Furthermore, the oxidation of 

polyunsaturated fatty acids in leaves leads to the formation of reactive aldehydes, which can represent a 

primary source for many aldehydes, including acetaldehyde (Niinemets et al., 2014; Matsui et al., 2010). 

Table 3.3: Median averaged mixing ratios of the observed carbonyl compounds for the measurement periods in the 
dry-to-wet transition and the dry season 2019. The range presents the lowest mixing ratio included in the 25th and the 
highest mixing ratio included in the 75th quantile of the median averaged diurnal cycle. Numbers in italics represent the 
limit of detection. 

Carbonyl species Height [m] Wet-to-dry transition – Jun-Jul 2019 Dry season 2019 – Sep-Oct 2019 

  Median [ppt] Range [ppt] Median [ppt] Range [ppt] 

Acetaldehyde 80 642 24 - 2043 1380 160 - 3179 

150 702 24 - 1801 1252 239 - 3134 

325 852 59 - 1883 1472 256 - 3716 

Acetone 80 1333 559 - 2083 2546 1155 - 3812 

150 1124 494 - 1509 1657 918 - 2105 

325 1146 661 - 1545 1707 1087 - 2115 

Propanal 
 

80 176 71 - 438 165 53 - 410 

150 150 58 - 365 115 53 - 349 

325 119 53- 348 85 53 - 305 

MEK 80 177 82 - 267 249 116 - 348 

150 175 81 - 229 188 98 - 259 

325 177 105 - 240 185 75 - 247 

MVK 80 184 45 - 483 607 100 - 994 

150 229 53 - 481 599 164 - 967 

325 265 93 - 499 659 239 - 1014 

MACR/2-Butenal 80 415 149 - 755 679 250 - 1026 

150 425 149 - 697 644 307 - 1010 

325 439 181 - 694 644 281 - 996 

C5-ketones 80 11 7 - 18 14 7 - 23 

150 9 7 - 15 8 7 - 13 

325 9 7 - 15 7 7 - 12 

n-hexanal/ hexenols 80 15 6 - 50 26 6 - 53 

150 11 6 - 33 19 6 - 42 

325 9 6 - 30 16 6 - 43 

Z-2-hexenal 80 - < 11 8 6 - 14 

150 - < 9 - < 12 

325 - < 9 - < 12 

Benzaldehyde 80 12 6 - 27 11 6 - 26 

150 12 6 - 24 10 6 - 26 

325 12 6 - 24 11 6 - 25 
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Once released, the atmospheric lifetime of acetaldehyde is in the range of 1.4 days with respect to OH 

(Table 3.2). 

Tree branch enclosures and vertical gradient measurements at another Amazonian measurement site 

(Rondônia) in 1999 have revealed that the canopy’s role as a sink can even dominate the emissions. 

Uptake to leaves mainly occurred via the leaf stomata and has been reported to be governed by a 

compensation point that varies between canopy and understory species. The authors concluded that the 

observed ambient concentrations were generated mainly by the secondary photochemical production of 

acetaldehyde (Rottenberger et al., 2004). In 2013, measurements of acetaldehyde vertical gradients 

below 80 m at ATTO conformingly showed increasing acetaldehyde between 24 m (inside the canopy, 

high influence by surrounding trees) and 79 m. However, interestingly, this has only been observed in the 

dry season (Sep), whereas during the wet season of 2013 (Feb/Mar), a dominance of primary emission 

over secondary production was indicated by decreasing concentrations directly above the canopy (Yáñez-

Serrano et al., 2015). We observed decreasing mixing ratios at altitudes above 80 m under dry season or 

close to dry season conditions in 2019. At noon the acetaldehyde mixing ratios were peaking in the first 

150 m above the canopy, consistent with a fast secondary production and a possible contribution from 

direct emission. Primary emission might vary in strength and dominance with season due to the variability 

of light, temperature, precipitation, and soil moisture and due to plant phenology. At 150 and 325 m, 

similar mixing ratios were measured, suggesting well mixed conditions and ongoing secondary formation 

between those heights, due to the many routes of acetaldehyde photochemical generation. 

In the rainforest environment, the photochemical precursor hydrocarbons of acetaldehyde are most likely 

natural emissions or longer-lived emissions from distant biomass burning. Aldehydes are a common 

product of any hydrocarbons that are oxidized in the atmosphere (Mellouki et al., 2015; Calogirou et al., 

1999). Laboratory experiments showed that acetaldehyde emerges from the oxidation of alkanes and 

alkenes, with ethane and propene having the largest emission fluxes globally (Singh et al., 2004). Ethane 

is globally distributed thus background concentrations of acetaldehyde are generated by this route, which 

are however low due to the rapid transformation via reaction with OH. Biogenically emitted compounds 

with high molar yields for the formation of acetaldehyde are > C2 alkenes (0.85) and ethanol (0.95). 

Additionally, isoprene and terpenes have a low molar yield (0.019, 0.025), but the strongest emissions 

measured from the forest (Fischer et al., 2014). The reaction of other aldehydes, butanal, 2-pentanone, 

and 2-heptanone with OH and NO3 also leads to the formation of acetaldehyde, sometimes with high 

yields (Atkinson et al., 2000). In the data presented here, acetaldehyde at 80 m correlated best with 

photolytically generated species like MVK, methacrolein, C5H4O3 (p = 0.96) and with benzaldehyde 

(p = 0.93) in the dry season and well with acetic acid (p > 0.92) in both seasons. In the transition season 

correlations were weaker overall (Fig. 3.3-3.4), which could hint at varying primary and secondary 

acetaldehyde sources. Correlation coefficients of acetaldehyde and BC at 325 m lie below 0.6 at daytime 

but at nighttime, in the transition season, a rather high correlation with p = 0.82 is observed (Fig. S 3.6). 

From about 16:00 LT onwards until the next day the vertical gradient is reversed with the lowest 

concentrations at 80 m. This likely reflects the uptake to plant tissues regulated by compensation points 

since the NO3 and O3 reactivity is rather low. Acetaldehyde exhibits the strongest observed loss rate at 

nighttime among all the carbonyl compounds in the dry season and it had the highest Henry’s law constant 

(Table 3.2). 
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Acetone 

Acetone (propanone) is the simplest ketone and the most abundant and widespread OVOC in the 

atmosphere due to its relatively long atmospheric lifetime of 15 days (Singh et al., 2004) (primarily driven 

by photolysis in the upper troposphere, 119 days with respect to OH). The variation of acetone mixing 

ratios throughout the day above the roughness sublayer at 150 and 325 m was small compared to the 

other carbonyls. However, mixing ratios at 80 m increased substantially with light and temperature during 

the day. In the wet-to-dry transition season mixing ratios reached 1.33, 1.12, 1.15 ppb on average, while 

in the dry season, 2.55, 1.66, 1.71 ppb (80, 150, 325 m) were measured. 

The vertical distribution of acetone showed clearly enhanced mixing ratios at 80 m during daytime 

compared to well mixed conditions at higher altitudes. The strong gradient in the first 150 m above the 

canopy indicated a large positive flux above the canopy. Possible reasons for this strong gradient include 

primary biogenic emission, biomass burning, production from leaf wax, or efficient secondary formation 

from very short-lived precursors that exceed deposition and stomatal uptake. Flux measurements in a 

tropical forest in Costa Rica in the drier season have found a bidirectional but net positive canopy flux of 

acetone (Karl et al., 2004). Additionally in 2013, when several carbonyls have been measured at ATTO 

below 80 m, the acetone mixing ratios inside the canopy (influenced by surrounding trees) were lower 

than the values measured at 79 m in the dry season. Just as for acetaldehyde, this indicated a dominance 

of photolytically secondary formation over direct emission. In the wet season in 2013 however, mixing 

ratios measured in the canopy and at 79 m were of similar magnitude and compared to the dry season 

much lower on both heights. In conclusion, no clear dominance of secondary formation or direct emission 

was found in the wet season (Yáñez-Serrano et al., 2015). In this study, seasonal differences were also 

observed at all three heights, with lower mixing ratios in the transition compared to the dry season. While 

we cannot report acetone observations from the wet season, we did observe higher correlations of 

acetone with non-primary emitted OVOC methacrolein, MVK, and C5H4O3 in the transition season 

(p > 0.82) compared to the dry season suggesting that in 2019 secondary formation contributed more 

acetone to observed mixing ratios in the transition season than in the dry season. In light of the widely 

differing atmospheric lifetimes of acetone and those OVOC, the most likely explanation for the high 

transition season correlations is a dominating secondary acetone source at a similar rate. Contributions 

from aged biomass burning plumes containing acetone in the dry season, when enhanced BC 

concentrations were observed, could also be the reason for a weaker correlation of C5H4O3, methacrolein, 

and MVK with acetone in the dry season. By combining the information obtained in 2013 and from this 

study, the secondary production in the dry and transition season appears to be peaking somewhere 

between the canopy and 150 m above ground and added up to a varying contribution of direct emission 

from vegetation. Concludingly, the most relevant precursors were very reactive biogenic compounds. The 

best correlations were found with MEK (p > 0.87) in both seasons, another long-lived ketone that is known 

to be directly emitted from the Amazon rainforest and produced in the atmosphere above (Yáñez-Serrano 

et al., 2015, 2016). 

Primary sources identified are direct emission from vegetation and to a smaller extent also from dead 

plant matter. Acetone is released during cyanogenesis, which repels herbivores eating the plant's leaves. 

During the production and release of volatile hydrogen cyanide, which deters the feeding herbivore, 

acetone is formed as a byproduct. Cyanogenesis occurs in many plant species though some employ 

different mechanisms for the production of hydrogen cyanide so that other carbonyl byproducts can be 

released (Fall, 2003). Another known biogenic pathway for acetone formation is acetoacetate 
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decarboxylation in soil bacteria and humans (Fall, 2003). Both light and temperature have been suspected 

to drive acetone emissions, as shown for some pine and spruce trees (Seco et al., 2007). 

The secondary formation is known to occur from anthropogenically emitted C3-C5 isoalkanes (propane, 

isobutane, isopentane) and biogenic emitted methyl butenol and certain terpenes (Seco et al., 2007; 

Fischer et al., 2014; Jacob et al., 2002). We found mixing ratios of isopentane to be below the detection 

limit (13 ppt), and the vertical distribution and correlations reported for acetone indicated a fast 

formation in the first 150 m above ground by much more short-lived hydrocarbons than alkanes. 

At night, deposition could be observed at the fastly decreasing mixing ratios at 80 m, compared to its 

slowly occurring reactions with NO3 and O3. Similar effects have been reported in flux measurements 

performed by Karl et al. (2004). 

Propanal 

Propanal is an isomer of acetone and is not distinguishable from acetone by classical PTR-MS type 

instruments using H3O+. In this study, the first high temporal resolution measurements of propanal in a 

tropical forest are presented, and the vertical distribution above the canopy was found to differ markedly 

from acetone. In general, in the remote atmosphere, we may expect the more reactive propanal to be at 

lower mixing ratios than acetone, although this needs not to be true close to sources. We measured 

average concentrations of 176, 150, and 119 ppt in the wet-to-dry transition and 165, 115, and 85 ppt in 

the dry season (80, 150, 325 m). The ratio of propanal to acetone in the roughness sublayer of the tropical 

forest and above yields 1:7.6, 1:9.6 (transition season) and 1:15.4, 1:20 (dry season) at 80 and 325 m. 

Globally, the mixing ratio of propanal has been estimated to be about one-third of acetaldehyde (Singh et 

al., 2004), while at ATTO a ratio of 1:4.2, 1:8.1 (transition season) and 1:7.2, 1:14 (dry season) was 

measured at 80 and 325 m, respectively. However, it should be noted that globally, a large source of 

propanal is the oxidation of propane, which is predominantly emitted from anthropogenic activities 

associated with the use of oil and gas. Acetaldehyde sources in the rainforest thus far exceed propanal 

sources compared to the global budget (Warneck, P.; Williams, J., 2012). 

Propanal emission from vegetation has been reported for non-tropical forests (Guenther, 2000; 

Villanueva-Fierro et al., 2004), although without specifying its metabolic pathway. Wang et al. (2019) 

demonstrated the biosynthesis of acetaldehyde and propanal during fruit ripening. It was also noted that 

propanal emission occurs from fern (Isidorov et al., 1985), which is important since fern species are 

common in the understory of tropical forests. 

Throughout the day, propanal exhibited a negative vertical gradient (i.e. decreasing mixing ratio with 

increasing height). This occurs most likely due to dilution and photochemical loss of propanal generated 

in, or emitted from the canopy. A similar distribution was also observed for monoterpenes and isoprene, 

which are primarily emitted VOC. Accordingly, propanal observed at 80 m also correlates best with 

isoprene in both seasons (0.89 > p > 0.98) followed by monoterpenes (0.84 > p > 0.92). The estimated 

atmospheric lifetime of propanal of about 1 day (Guimbaud et al., 2007) (1.2 days for the oxidation by OH, 

Table  3.2) is similar to that of acetaldehyde, but the vertical profiles revealed different distributions in 

the first 325 m above ground (Figures 3.1 and 3.2). The weak gradient of acetaldehyde between 150 and 

325 m at daytime in contrast to the steadily decreasing vertical profile of propanal can thus only be 

explained by a higher yield of acetaldehyde from secondary production above 150 m. This is not surprising 

since acetaldehyde is produced during oxidative degradation of many hydrocarbons. The secondary 
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production of propanal is known to occur via the photochemical oxidation of C3 and larger hyrocarbons 

(Singh et al., 2004) and propane (Altshuller, 1991). Their lifetimes range from 5 days to a few hours 

(Altshuller, 1991). However, due to the high correlation of propanal and isoprene, which is even higher 

than the correlation of isoprene and its oxidation products MVK and methacrolein, a primary and mainly 

light dependent source is surmised. 

Nighttime mixing ratios of propanal were decreasing at 80 m (Table 3.2). Since the reaction rate of 

propanal with NO3 is faster and the water solubility lower in comparison to the other carbonyl compounds, 

more propanal could potentially react in the atmosphere. While stomatal uptake for the terpenes might 

be driven by the concentration gradient between leaf and atmosphere, the same might hold for propanal. 

Methyl ethyl ketone  

Mixing ratios of MEK in the wet-to-dry transition were 177, 175, and 177 ppt on average, compared to 

249, 188, and 185 ppb in the dry season (80, 150, 325 m). With a conventional PTR-MS, butanal and MEK 

are detected at the same exact mass, whereas in this study using NO+ reagent ions solely MEK was 

measured. Butanal mixing ratios were determined to be below the detection limit (20 ppt), thus the 

contribution of butanal to MEK for PTR-MS can be assumed to be very low. The mixing ratios obtained in 

this study agree well with previous studies conducted with a PTR-quadrupole-MS at the ATTO site in 2013 

and close to Manaus (Amazonia) in 2014, which could not completely exclude possible interferences of 

the nominal mass of MEK (Yáñez-Serrano et al., 2015, 2016). The vertical distribution of MEK throughout 

the day resembles that of acetone in both seasons. Mixing ratios above the roughness layer (at 150 and 

325 m) were almost uniform, while those at 80 m showed a more pronounced diurnal cycle with strongly 

increasing values in the day and decreasing values at night. Not only structurally similar to acetone, MEK 

also has a long lifetime of 4.3 days (Fischer et al., 2014) (19.3 with respect to OH oxidation alone) relative 

to mixing timescales. It is also known to have primary and secondary sources (Yáñez-Serrano et al., 2016). 

Therefore, it is not surprising that MEK correlated best with acetone at 80 m (p = 0.87 in the dry season), 

but in the transition season, also with C5H4O3, methacrolein, and MVK. This suggests secondary sources 

from biogenically emitted precursors were more dominant during the transition season than in the dry 

season, similar to acetone. 

MEK emissions have been reported for rainforest canopies (Yáñez-Serrano et al., 2015) and fern (Isidorov 

et al., 1985), decaying plant matter (Warneke et al., 1999), fungi, and bacteria (Yáñez-Serrano et al., 2016). 

The metabolic pathways of production and the release mechanisms are poorly understood, but it has 

been suggested that it is related to plant signaling, injured leaves, and root-aphid interactions (Yáñez-

Serrano et al., 2016). Within plant conversion of the cytotoxic 1,2-ISOPOOH, which deposited on poplar 

leaves, to first MVK and subsequently MEK has been reported to represent a large biogenic source for 

MEK. The responsible enzyme for the conversion of MVK to MEK is widespread among plants (Canaval et 

al., 2020). 

The secondary formation of MEK occurs via the oxidation of n-butane with a yield of 80 % (Singh et al., 

2004) and via oxidation of 2-butanol, 3-methyl pentane, and 2-methyl-1-butene (Yáñez-Serrano et al., 

2016). Additionally, all alkenes with a methyl/ethyl group on the same side of the olefin bond are possible 

precursors of MEK (Singh et al., 2004). Butane was not expected to be abundant in the rainforest 

environment, due to its anthropogenic sources, and butane oxidation would also yield butanal, which was 

only detected below the LOD. As for acetone, the vertical distribution and correlations discussed above 

suggest more short-lived precursors of MEK than alkanes. 
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Rapidly decreasing concentrations at 80 m at night support earlier studies, that report deposition to the 

canopy due to its high water solubility (Yáñez-Serrano et al., 2016) (Table 3.2). 

Methyl vinyl ketone and methacrolein/2-butenal 

The main source of both carbonyls, MVK, and methacrolein is the oxidation of isoprene by OH. Thus, they 

are summarized in one section. It has been shown previously that methacrolein is detected together with 

2-butenal (Koss et al., 2016), which is also found in vegetation emission studies, albeit in small 

concentrations (Isidorov et al., 1985; Hellén et al., 2004). (E)-2-butenal is a signaling compound within the 

plant to induce a response to abiotic stress (Yamauchi et al., 2015). Its atmospheric lifetime is around 

20 hours, slightly longer than the lifetimes of methacrolein and MVK of 10 and 14 hours respectively 

(Hellén et al., 2004; Liu et al., 2016). It is also known that MVK and methacrolein cannot be detected 

separately from isoprene hydroxyhydroperoxides (ISOPOOH) without using a scrubber since the 

hydroperoxides decompose onto that m/z. With NO+ CIMS the fragment of 1,2-ISOPOOH and 

methacrolein share one m/z-ratio, while 4,3-ISOPOOH is detected together with MVK (Rivera‐Rios et al., 

2014). Wall exchange effects in the inlet line might have led to the removal of ISOPOOH from the sampled 

air due to their reduced volatility, but a contribution to the signals of MVK and methacrolein must be 

considered. ISOPOOH also originate from the oxidation of isoprene and are very reactive, reflected by 

lifetimes of 3 and 2 hours. After the initial reaction of OH and isoprene, the subsequently formed peroxy 

radical (RO2) can react with NO to form MVK and methacrolein, but it can also react with HO2 to form 

ISOPOOH (Liu et al., 2016). At close to pristine conditions at ATTO, NO mixing ratios are low, and the yield 

distribution between ISOPOOH, MVK, and methacrolein was estimated to be 50, 25, and 25 %, 

respectively (Rivera‐Rios et al., 2014; Ringsdorf et al., 2023). It has been shown that the oxidation of 

isoprene can proceed already within plant tissues, by reaction with accumulated reactive oxygen species. 

The accumulation of reactive oxygen species, including OH, is a reaction to biotic and abiotic stresses and 

can exceed the antioxidant defense capacities in the tissue. The oxidation of isoprene within the tissue 

reduces the amount of reactive oxidized species and leads to the direct emission of its products MVK and 

methacrolein, especially under stress (Jardine et al., 2012b, 2013). 

Another secondary source for MVK has been found in the oxidation of the monoterpene ocimene 

(Calogirou et al., 1999). To our knowledge, there are no other significant direct or secondary sources of 

MVK, methacrolein, and ISOPOOH other than the oxidation of isoprene. This explains the observed diurnal 

cycle with an afternoon maximum due to the light dependent emission of isoprene and the photochemical 

production of OH. Since isoprene is present at relatively high mixing ratios at all tree sampling heights 

(3.69, 3.33, 3.0 ppb at 80, 150, and 325 m in the dry season), the oxidative formation of MVK, 

methacrolein, and ISOPOOH takes place throughout the mixed layer. The observed slightly increasing 

mixing ratios of MVK with height are consistent with fast isoprene oxidation above the canopy, slower 

removal of MVK itself, and turbulent in-mixing of cleaner air from above. Isoprene has an estimated 

atmospheric lifetime of about 3 hours, and it was previously reported that only circa 10 % of emitted 

isoprene was oxidized within the canopy (Karl et al., 2004). Unlike MVK, methacrolein and 2-butenal show 

a slightly decreasing vertical gradient. Sources and sinks of MVK and methacrolein are very closely related, 

even considering a contribution of ISOPOOH, so the presence of significant quantities of 2-butanal is the 

most likely explanation for that difference. 

Dry deposition to leaf surfaces has been observed in a previous study for the sum of MVK and 

methacrolein, and individually during daytime (Nguyen et al., 2015; Tani et al., 2010). The uptake by leaves 
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represents a significant sink that exceeds loss via OH oxidation near leaves (Tani et al., 2010). In this study, 

the fast decrease of nocturnal concentrations at 80 m indicated also deposition at night. 

MVK and methacrolein + 2-butenal showed similar mixing ratios in the dry season of 607, 599, 659 ppt 

MVK and 679, 644, 644 ppt methacrolein + 2-butenal. It has to be considered that the uncertainty of MVK 

mixing ratios is higher due to their k-rate based calculation rather than calibration to a gas standard. In 

the transition season, methacrolein + 2-butenal (415, 425, 439 ppt) exceeded the mixing ratios of MVK 

(184, 229, 265 ppt). Whether that resulted from a high seasonal variability of 2-butanal or from the 

contribution of ISOPOOH, unfortunately, remains unclear. Lower levels of all isoprene oxidation products 

were expected as a result of lower isoprene mixing ratios and photo-oxidation rates in the transition 

season. 

Sum of C5 ketones 

The mixing ratios obtained for the sum of C5 ketones were 11, 9, and 9 ppt in the transition season and 

slightly higher 14, 8, and 7 ppt (80, 150, 325 m) in the dry season. A diurnal cycle was observed at 80 m 

only, whereas levels at 150 and 325 m were similar and showed no trend throughout day and night. C5 

ketones were 2- and 3- pentanone as well as 3-methyl-2-butanone. The atmospheric lifetime of 2-

pentanone is in the range of 5 days. All three ketones have been measured in emission inventories from 

plants (Isidorov et al., 1985; König et al., 1995; Kesselmeier and Staudt, 1999), but there is little 

information on metabolic pathways or mechanisms. 2-pentanone has been identified as a marker for 

fungal activity in indoor environments (Kalalian et al., 2020) since it is produced in the hyphae of 

Aspergillus niger (Lewis, 1970), a fungi that was also found to degrade biomass in the Amazon. 

3-pentanone is one of the C5 green leaf volatiles (GLV), emitted at lower rates than C6 GLV, which are 

described in the next section (Jardine et al., 2012a). An increase of 3-pentanone coincident with high 

temperatures after noon was observed at another measurement station in the Amazon rainforest, with a 

simultaneous decrease of terpenoid emissions (Jardine et al., 2015). Consistent with this observation, in 

this study, the correlation of C5 ketones with isoprene or monoterpenes was low in the transition and the 

dry season during daytime (p < 0.39). The best correlations for C5-ketones were obtained with acetone 

and MEK of 0.53 < p < 0.6. This was most likely a consequence of common sources, including primary 

emission and formation from rather short-lived hydrocarbons, and of the long atmospheric lifetimes 

relative to mixing timescales, which the observed ketones have in common. Above the height of 150 m, 

no diurnal variability was observed, also in agreement with the other ketones, suggesting they were well 

mixed above the Amazonian roughness sublayer. 

Fumigation experiments with different VOC have shown a loss of all three C5-ketones on leaf surfaces 

(Tani and Hewitt, 2009). A decrease of the mixing ratios at 80 m could be observed at nighttime and a 

high water solubility of the ketones indicated a high loss rate, but the signal was too noisy to draw loss 

rates from the data. 

C5-aldehydes, which were usually detected together with the C5-ketones exhibited lower mixing ratios, 

especially in the dry season. Overall, the mixing ratios were below their LOD and thus not investigated in 

detail. However, a diurnal and vertical pattern of C5-aldehydes with different vertical and diurnal 

variabilities to that of the C5-ketones was still apparent. 
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n-hexanal/hexenols and hexenals 

C6-aldehydes, namely n-hexanal, Z-2-hexenal, Z-3-hexenal, E-2-hexenal, and E-3-hexenal, together with 

C6-alcolhols and esters form the group that is often termed green leaf volatiles (GLV). Although different 

temporal variabilities were observed for n-hexanal/hexenols and hexenals, they are discussed in one 

section due to their common sources. 

In the chloroplasts of almost all green plants, GLV are synthesized from fatty acids as part of the oxylipin 

pathway. Their emission results from wounding or mechanical damage, from abiotic factors (such as 

winds) or herbivore and pathogen attack (Scala et al., 2013). The amount of GLV emitted from corn plants 

has been shown to depend on soil water content, temperature, light, and fertilization, with a stronger 

emission response at higher temperatures (Gouinguené and Turlings, 2002). Furthermore, emission as a 

response to abiotic stress from light-dark transitions has been reported (Jardine et al., 2012a). Their 

production and release can be very fast, in the case of Z-3-hexenal emission begins only 1 or 2 seconds 

after damage (Fall et al., 1999). On one hand, GLV have antibiotic properties and protect the wounded 

tissue from the invasion of bacteria or other microorganisms. On the other hand, their fast production 

and release make them useful for intra and inter-chemical communication in plants to prime defense 

mechanisms. It has been found that a herbivore infested plant releases signaling compounds, like GLV to 

attract the predator (insects, beetles, birds, etc.) of the herbivore (Scala et al., 2013; Mumm and Dicke, 

2010; Zannoni et al., 2020a). The release of GLV can happen on short timescales of minutes to hours but 

in case of repetitive wounding or drying of leaves, the emission can be continuous over days (Scala et al., 

2013; Fall et al., 1999). The release of GLV is also caused by drought stress and GLV have been observed 

to increase during noon as a result of high temperatures in the Amazon forest (Jardine et al., 2015; 

Kesselmeier and Staudt, 1999). 

It remains unclear if leaf alcohol, Z-3-hexanol, contributed to the hexanal signal. Z-3-hexanol is also a GLV 

and has been reported to represent a major part of the emission of many studied plants (Kesselmeier and 

Staudt, 1999). Its atmospheric lifetime was calculated to be 5 hours with respect to OH. Also, the less 

abundant isomers, such as Z-4-hexenol or E-2-hexenol, are also likely to contribute to the hexanal signal. 

The lifetime of n-hexanal due to photolysis and reaction with OH is about 4 hours (12 hours for oxidation 

by OH only), which also holds for E-2-hexenal (Jiménez et al., 2007). Z-3-hexenal has a shorter atmospheric 

lifetime of 3 hours (Xing et al., 2012). 

At ATTO, the integrated emissions from a large uniform area were measured, which made it impossible 

to detect single wounding events, except for large-scale storm damage or human activities such as forest 

clearing. Measured mixing ratios were 15, 11, and 9 ppt in n-hexanal in the transition season and 26, 19, 

and 16 ppt in the dry season. Hexenals were detected at mixing ratios below LOD (6 ppt) for most parts 

of the day in the transition season, and 8 ppt were measured at 80 m in the dry season. Nighttime mixing 

ratios of hexenals at 150 and 325 m were, however, also below the LOD (6 ppt). During both measurement 

phases, n-hexanal was continuously present, exhibiting a distinct diurnal cycle with maximum mixing 

ratios in the afternoon and higher values in the dry season. Since the emission rate of damaged leaves of 

hexenals was found to be higher compared to n-hexanal (Fall et al., 1999), the contribution of hexanols 

to the signal of n-hexanal was very likely. Average daytime mixing ratios between 40 and 70 ppt have also 

been observed for hexanal and/or hexenols in an elevated position above the rainforest of Malaysia 

(Langford et al., 2010). To investigate whether the diurnal cycle results from temperature dependent 

emission of GLV or additional secondary formation, measurements inside the canopy are required. 



84 Discussion

 

Considering both, n-hexanal and hexenols, it was not surprising that a continuous decrease with height 

was observed throughout the day, similar to propanal and other reactive primary emissions like isoprene 

and monoterpenes. Correlations at 80 m with isoprene (0.78 < p < 0.86), monoterpenes (0.74 < p < 0.91), 

and propanal (p = 0.88, dry season) indicated a light or temperature driven emission or fast secondary 

formation close to the canopy. This correlation is interesting since GLV emissions upon biotic induced 

stresses such as herbivory do not necessarily follow a diel cycle. However, boundary layer dynamics might 

have modulated the diel cycle since mixing between the canopy and atmosphere is most efficient during 

daytime convective conditions. Additionally, temperature related drying of leaves could have led to the 

observed diel variability. 

In contrast, hexenals exhibit a more pronounced seasonal variability, with very low mixing ratios, mostly 

below LOD, in the transition season. The correlation with isoprene and monoterpenes, in the dry season 

at daytime was rather low (p = 0.71), but highest with acetone, MEK, benzaldehyde, and ethanol (p > 0.8), 

suggesting primary and secondary sources of hexenals. 

For all C6-aldehydes investigated in this section, decreasing concentrations during nighttime on all three 

heights were observed in the dry season, when C6-aldehydes mixing ratios were in general higher than in 

the transition season. A slightly slower decrease of 80 m mixing ratios compared to higher levels in the 

dry season, may indicate a continued nocturnal emission of GLV, which is plausible since production and 

release from mechanical wounding, stress or herbivory is possible without light (He et al., 2021). 

Benzaldehyde 

Average mixing ratios of benzaldehyde measured in this study are 12, 12, 12 ppt in the transition season 

and 11, 10, 11 ppt (80, 150, 325 m) in the dry season. No seasonal variability or vertical gradient was 

observed between the measurement periods. 

Benzaldehyde is the lightest monoaromatic aldehyde and is formed via the oxidation of other aromatic 

compounds. It is a major intermediate product of the oxidation of benzyl radicals via OH and thereby of 

all alkyl substituted aromatic hydrocarbons (Sebbar et al., 2011). Biogenic aromatics, such as volatile 

benzenoids or larger molecules like lignols, are produced via the shikimate pathway by plants, an 

important metabolic process, but it can also be emitted by microorganisms (Ladino-Orjuela et al., 2016; 

Laothawornkitkul et al., 2009). The oxidation of toluene, which has been observed previously as emission 

from forested environments and from farm crops (Heiden et al., 1999), yields benzaldehyde as a product 

(6 %) (Atkinson and Arey, 2003). It is also a benzyl alcohol oxidation product, which has been reported 

previously to be emitted from biogenic sources (Bernard et al., 2013). Benzaldehyde is very reactive with 

a calculated atmospheric lifetime primarily determined by photolysis of 2.4 hours (Cabrera-Perez et al., 

2016) (1.7 days with respect to OH). 

Primary emission of benzaldehyde from vegetation has been reported for grass (Kirstine et al., 1998) and 

elevated concentrations under and within the canopy of the Amazon rainforest were measured 

(Kesselmeier et al., 2000). The high mixing ratios (about 300 ppt) found at the ground were suspected to 

result from the decomposition of biomass, specifically the decomposition of lignols within the litter. In 

that particular study, the mixing ratios above the canopy were much lower than those measured at ground 

level. 
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The apparent light or temperature driven diurnal cycle of benzaldehyde suggests secondary 

photochemical production from aromatic hydrocarbons, as the shikimate pathway is independent of light 

(Jan et al., 2021). The atmospheric lifetime of precursor aromatics is in the range of days to weeks 

(Altshuller, 1991). Secondary production from long-lived precursors is a feasible explanation for the 

missing vertical variability of the very reactive benzaldehyde in the first 325 m of the mixed layer. The 

rather slow secondary production throughout the mixed layer possibly compensated for the expected loss 

through oxidation and dilutive mixing. Mixing ratios observed at 80 m were only slightly more abundant 

in the dry season compared to higher altitudes, which could mean a stronger contribution of 

benzaldehyde emissions. However, the narrow vertical benzaldehyde distribution points towards well 

mixed conditions of aromatic precursor hydrocarbons. Daytime mixing ratios of carbonyls that are 

suspected to be formed predominantly due to photochemical formation, namely acetic acid, C5H4O3, 

methacrolein, MVK but also acetaldehyde and acetone correlate very well with benzaldehyde in the dry 

season (0.85 > p > 0.95). In the transition season, the correlation with the same compounds is smaller 

(0.75 > p > 0.86). Possible explanations for this difference are most likely attributed to altered sources of 

precursors or benzaldehyde itself due to differences in e.g. litter decomposing activities. It is important to 

note that the missing vertical variability could also be a sign of contamination from the measurement 

tower itself, e.g. through temperature dependent outgassing of its coating. However, the measurement 

of the fresh paint did not show elevated benzaldehyde, while the fresh anticorrosion agent emits some 

benzaldehyde, but at much lower rates than other VOC, e.g. toluene or xylene. 

Globally, dry deposition constitutes a small sink of benzaldehyde, in the same range as oxidation by NO3 

(Cabrera-Perez et al., 2016). We observed decreasing mixing ratios at all three heights throughout the 

night (Table 3.2). Wet deposition and uptake to leaves might have been the dominant sink. 

There is evidence that a benzaldehyde PAN can emerge when transported to high NOx regions (Caralp et 

al., 1999). Mixing ratios of PAN are quite high so this must be considered, but photochemical PAN creation 

potential is the lowest of the whole compilation (Derwent et al., 1998). 

 

3.6 Conclusion 

In this study, a PTR-ToF-MS was operated using NO+ as the reagent ion to measure specific carbonyl 

compounds at three heights (80, 150, 325 m), in two seasons, and over 24 hour cycles, on the ATTO tower 

located in the Brazilian Amazon rainforest. With the more commonly used ionization method for PTR-MS 

involving H3O+ ions, aldehyde and ketone isomers were detected together at the same exact mass. This 

precludes the investigation of the individual species. For the first time, mixing ratios of biogenic aldehydes 

and ketones measured at high frequency are reported for a rainforest ecosystem. Generally, higher mixing 

ratios were found in the dry season. To some extent, this can be attributed to higher levels of temperature 

and light, which drive emissions and photochemical activity. However, since temperature and PAR were 

only slightly enhanced in the dry season compared to wet-to-dry transition, other aspects such as 

phenology (gross ecosystem productivity peaking in the dry season) and contribution of long-lived species 

from aged biomass burning plumes are of importance. Ketones have atmospheric lifetimes (days to 

weeks) that are much longer than the vertical mixing times (15-60 min) (Ringsdorf et al., 2023). Such 

compounds can be therefore expected to be also present above the lowermost mixing layer (ABL) in the 

residual layer and free troposphere. Interestingly, elevated mixing ratios of ketones in the roughness 
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sublayer observed at 80 m by day suggest a large source at canopy level or just above. At night, the loss 

of these species indicates a rapid deposition to the canopy. The correlations shown in Figures 3.3-3.4 

reveal seasonal differences in the partitioning of primary emission from the canopy and the rate of fast 

secondary production above the canopy. The most abundant individually measured carbonyls in this study 

were acetaldehyde and acetone, both effective PAN precursors, followed by isoprene oxidation products 

and propanal. Note that formaldehyde was not detected by the applied method.  The shorter-lived, 

longer-chain aldehydes observed in this study showed great variation; exhibiting both increasing and 

decreasing vertical gradients, that vary considerably in strength. All carbonyl compounds showed a 

distinct diurnal cycle which followed the evolution of light and temperature during the day and for most 

compounds a decrease during the night driven in part by reaction with NO3 but more importantly by 

deposition to plant tissues, as it has been shown by flux measurements for some few oxygenated species 

before (Karl et al., 2004). The nocturnal uptake of these carbonyl compounds is an important aspect of 

their local to regional scale budget. Based on this data, we hypothesize that the ecosystem can more 

efficiently produce reduced species such as isoprene and monoterpenes, but more efficiently utilize the 

oxygenated products of these precursors. The importance of uptake followed by metabolization or 

storage, especially for oxygenated BVOC has been stressed already in the context of bidirectional 

exchange of BVOC by Niinemets et al. (2014). This would imply that the rainforest exploits the atmospheric 

oxidation to convert products into more useful, metabolizable forms. Similar preferences of the uptake of 

oxygenated species over terpenes have been reported for epiphytes such as lichen and moss (Edtbauer 

et al., 2021). This idea can serve as the basis hypothesis for future plant experiments and the observed 

loss rates of carbonyl species can help to constrain turbulence resolving canopy exchange models. Overall, 

we need to improve our understanding of the complexity of biological production and consumption and 

invest into investigations of primary emissions on a leaf or branch level. 

Butanal, and carbonyls higher than C7 were found to be minor components of the rainforest atmosphere, 

as well as the alkanes isopentane, methylcyclopentane, sum of 2- and 3-methylpentane and C7 cyclic 

alkanes. The ratio of the aldehydes propanal and acetaldehyde, which have comparable atmospheric 

lifetimes and were shown to correlate very well in previous studies, was found to be much higher with 

1:4.2 and 1:7.2 in the transition and dry season at 80 m compared to the global average ratio of 1:3 (Singh 

et al., 2004), due to the overwhelming predominance of biogenic sources and precursors in the rainforest. 

This application of the NO+ CIMS method has enabled the study of the individual carbonyls not accessible 

by the H3O+ based method. We, therefore, recommend periodic switching of the reagents used in order 

to track biogenic emissions more specifically. This would complement long term measurements 

conducted using the H3O+ ionization method. 
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Table S 3.1: The product ion distributions for the ionization with NO+. The values were obtained by the single 
compound headspace analysis conducted with the PTR-ToF-8000. Values in bold represent the main m/z used for 
the measurements in the Amazon rainforest. 

         

  E/N 70 Td   E/N 120 Td  

Carbonyl 
species 

Peaking 
masses 

Max. 
ncps 

Relative 
counts Formular 

Peaking 
masses 

Max. 
ncps 

Relative 
counts Formular 

Acetone 88.0393 13609 0.76 C3H6NO2
+ 88.0393 585 0.40 C3H6NO2

+ 

  59.0461 3016 0.17 C3H7O+ 59.0491 461 0.32 C3H7O+ 

  77.0597 745 0.04 C3H9O2
+ 43.0178 405 0.28 C2H3O+ 

  43.0178 507 0.03 C2H3O+     

Hexanal 99.0804 1989 0.79 C6H11O+ 71.0855 572 0.38 C5H11
+ 

  117.091 157 0.06 C6H13O2
+ 99.0804 526 0.35 C6H11O+ 

  100.076 152 0.06 C5H10NO+ 43.0542 309 0.21 C3H7
+ 

  71.0855 81 0.03 C5H11
+ 81.0699 52 0.03  

  101.0961 80 0.03 C6H13O+ 41.0383 45 0.03 
 

  135.114 72 0.03      

Benzaldehyde 105.033 114 0.93 C7H5O+ 105.033 91 0.91 C7H5O+ 

  99.0804 8 0.07   99.0804 9 0.09   

Pentanal 85.0648 2704 0.84 C5H9O+ 57.0699 1048 0.64 C4H9
+ 

  86.0726 159 0.05 C5H10O+ 85.0648 451 0.28 C5H9O+ 

  103.075 154 0.05 C5H11O2
+ 58.076 53 0.03  

  57.0699 106 0.03 C4H9
+ 41.038 43 0.03 C3H5

+ 

  87.0804 99 0.03 C5H11O+ 69.0699 45 0.03  

Nonanal 85.0648 218 0.78 C5H9O+ 57.0699 40 0.51 C4H9
+ 

  88.0393 19 0.07 C3H6NO2
+ 85.0648 29 0.37 C5H9O+ 

  103.075 14 0.05 C5H11O2
+ 141.1274 6 0.08 C9H17O+ 

  57.0699 11 0.04 C4H9
+ 86.07262 4 0.05 C5H10O+ 

  141.1274 8 0.03 C9H17O+     

  121.0968 8 0.03      

             

Octanal 127.1117 79 0.65 C8H15O+ 127.1117 58 0.56 C8H15O+ 

  85.0648 42 0.35 C5H9O+ 57.0699 39 0.38 C4H9
+ 

      85.0648 7 0.07 C5H9O+ 

Trans-2-
hexenal 97.0672 354 0.73 C6H9O+ 97.0672 1134 0.76 C6H9O+ 

  128.0768 87 0.18 C6H10NO2
+ 55.039 203 0.14  

  99.0804 27 0.06 C6H11O+ 98.060 124 0.08 C6H10O+ 

  85.0648 14 0.03 C5H9O+ 99.0804 40 0.03 C6H11O+ 
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Table S3.1 continued 

         

  E/N 70 Td   E/N 120 Td  

Carbonyl 
species 

Peaking 
masses 

Max. 
ncps 

Relative 
counts Formular 

Peaking 
masses 

Max. 
ncps 

Relative 
counts Formular 

Pentanone 116.0706 2125 0.95 C5H10NO2
+ 116.0706 578 0.57 C5H10NO2

+ 

  87.08044 101 0.05 C5H11O+ 86.07262 109 0.11 C5H10O+ 

      43.01784 89 0.09 C2H3O+ 

      58.04132 87 0.09 C3H6O+ 

      87.08044 82 0.08 C5H11O+ 

      71.04914 70 0.07 C4H7O+ 

Methacrolein 69.03349 3114 0.58 C4H5O+ 69.03349 586 0.45 C4H5O+ 

  100.039 1528 0.29 C4H6NO2
+ 41.0383 562 0.43 C3H5

+ 

  57.03349 527 0.10 C3H5O+ 71.04914 66 0.05 C4H7O+ 

  71.04914 179 0.03 C4H7O+ 57.03349 54 0.04 C3H5O+ 

      100.039 48 0.04 C4H6NO2+ 

MVK 100.039 3067 0.91 C4H6NO2
+ 100.039 240 0.69 C4H6NO2

+ 

  71.04914 319 0.09 C4H7O+ 71.04914 94 0.27 C4H7O+ 

      43.01784 16 0.05 C2H3O+ 

          

MEK 102.055 7073 0.90 C4H8NO2
+ 102.055 985 0.64 C4H8NO2

+ 

  73.069 531 0.07 C4H9O+ 73.069 181 0.12 C4H9O+ 

  57.03349 232 0.03 C3H5O+ 57.03349 158 0.10 C3H5O+ 

      43.01784 155 0.10 C2H3O+ 

      72.05697 71 0.05 C4H8O+ 

Butanal 71.04914 2453 0.89 C4H7O+ 43.05423 434 0.63 C3H7
+ 

  72.05697 139 0.05 C4H8O+ 71.04914 200 0.29 C4H7O+ 

  89.05971 90 0.03  41.0383 58 0.08 C3H5
+ 

  43.05423 83 0.03 C3H7
+     

Propanal 57.03349 7606 0.85 C3H5O+ 57.03349 3388 0.74 C3H5O+ 

  88.0393 692 0.08 C3H6NO2
+ 37.0284 782 0.17  

  75.04405 370 0.04 C3H7O2
+ 59.04914 401 0.09 C3H7O+ 

  59.04914 288 0.03 C3H7O+     
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Figure S 3.1: Wind rose for the measurement period in the dry season (left) and the wet-to-dry transition (right) 
of 2019. 

Figure S 3.2: A map of the ATTO site created and provided by Andrew Crozier. 
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Figure S 3.3: Median averaged time series of meteorological parameters. Temperatures were measured inside the 
canopy at 26 m and PAR at 80 m on the 80 m walk-up tower. The shadings indicate the quartiles (25th and 75th). 

 

Figure S 3.4: Precipitation before and during the measurement periods marked with purple dashed lines. Precipitation 
was measured on the 325 m tall tower. 

  

Figure S 3.5: Pearson correlation coefficients for the observed carbonyl compounds with black carbon measured at 
325 m on the tall tower. 
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Figure S 3.6: Median averaged timeseries in the wet-to-dry transition season (June/July) of 2019 measured at all 
sampling heights for each hydrocarbon and its respective vertical profile at noon (12:00-15:00 LT) to the right. The 
shadings indicate the quartiles (25th and 75th). In the box-and-whisker plots, the boxes also represent the quartiles, 
while the residual data except outliers are included in the whiskers. The mixing ratios stated in gray font were 
calculated based on k-rate. 
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Figure S 3.7: Median averaged timeseries in the dry season (September/October) of 2019 measured at all sampling 
heights for each hydrocarbon and its respective vertical profile at noon (12:00-15:00 LT) to the right. The shadings 
indicate the quartiles (25th and 75th). In the box-and-whisker plots, the boxes also represent the quartiles, while the 
residual data except outliers are included in the whiskers. The mixing ratios stated in gray font were calculated based 
on k-rate. 
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This chapter has been published as: Ernle, L., Ringsdorf, M. A., and Williams, J.: Influence of ozone 

and humidity on PTR-MS and GC-MS VOC measurements with and without a Na2S2O3 ozone scrubber, 

Atmos. Meas. Tech., 16, 1179–1194, https://doi.org/10.5194/amt-16-1179-2023, 2023. 

 

Contribution to this paper: Akima Ringsdorf designed the setup of the experiment together with Lisa 
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MS and reviewed the manuscript. 

4 Influence of ozone on VOC measurements  
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4.1 Abstract 

The measurement of volatile organic compounds (VOCs) can be influenced by ozone (O3), resulting in 

sampling artefacts that corrupt the data obtained. Published literature reports both positive (false 

enhancements of signal) and negative (loss of signal) interference in VOC data due to ozonolysis occurring 

in the sample gas. To assure good data quality it is essential to be aware of such interfering processes, to 

characterize them and to try to minimize the impact with a suitable sampling setup. Here we present 

results from experiments with a sodium thiosulfate ozone scrubber (Na2S2O3), which is a cost-effective 

and easily applied option for O3 scavenging during gas-phase sampling. Simultaneous measurement of 

selected organic trace gases using gas chromatography–mass spectrometry and proton transfer reaction–

mass spectrometry was performed at different ozone levels (0–1 ppm) and different relative humidities 

(0 %–80 %). In this way both tropospheric and stratospheric conditions were examined. The measured 

data show that several carbonyl compounds including acetaldehyde, acetone and propanal show artificial 

signal enhancement when ozone is present at higher concentrations (> 150 ppb) in dry air, while analytes 

with double bonds like isoprene (measured with GC-MS) and terpenes show lower signals due to reaction 

with ozone. Both effects can be eliminated or in the case of sesquiterpenes substantially reduced by using 

Na2S2O3 impregnated quartz filters in the inlet line. With the chosen scrubbing material, relative humidity 

(RH) substantially improves the scrubbing efficiency. Under surface conditions between 50 %–80 % RH, 

the filter allows for accurate measurement of all species examined. 

 

4.2 Introduction 

Volatile organic compounds (VOCs) are trace atmospheric constituents usually present at mixing ratios of 

parts per billion (ppb) or lower in the earth’s atmosphere. Nevertheless, they can have a considerable 

impact on the global air chemistry and climate and can influence the health of living organisms on the 

earth’s surface (Crutzen and Lelieveld, 2001; Williams, 2004). Organic trace gases can act as greenhouse 

gases, contribute to particle formation and take part in photochemical oxidation processes that influence 

ozone. Additionally many VOCs are also considered to be contaminants of the indoor environment where 

human exposure to such chemicals can be high (Weschler and Carslaw, 2018). VOC sources can be of 

natural (plants, phytoplankton, volcanoes, etc.) or anthropogenic origin (e.g. fossil fuel combustion, 

agriculture, industry) (Koppmann, 2008; McDonald et al., 2018; Weschler and Shields, 1997). To 

understand the chemical reactions and processes in outdoor, as well as indoor environments, it is 

essential to accurately quantify the VOCs in the air. 

Common analytical techniques for sampling organic trace gases are proton transfer reaction–mass 

spectrometry (PTRMS) and gas chromatography–mass spectrometry (GCMS). With these measurement 

techniques a wide range of volatile organic compounds can be measured including aliphatic and aromatic 

hydrocarbons and oxygenated and halogen-containing species (Koppmann, 2008; Warneck and Williams, 

2012). However, research has shown that due to the reactivity of some analytes to ozone, measurements 

can be rendered inaccurate, as already reported by Helmig (1997) more than 20 years ago. 

Ozone can influence VOC measurements either due to reaction with the target analytes during sampling, 

which particularly affects techniques with pre-concentration steps prior to analysis (Helmig, 1997; 

Koppmann et al., 1995; Pollmann et al., 2005), or by generating sampling artefacts in the inlet of an online 

instrument. Northway et al. (2004) and Apel et al. (2003) reported for example increased mixing ratios for 
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acetaldehyde in their systems for measurements in the lower stratosphere where ozone levels are high 

and humidity is low. Ozone and water are omnipresent in the troposphere with mixing ratios between 10 

and 200 ppb (ozone) and humidities (10 %–100 %). Stratospheric O3 is essential for life on planet Earth, as 

it absorbs high-energy solar UV radiation. It is formed in the stratosphere through the photolysis of 

oxygen, which generates mixing ratios between 1–10 ppm. While such processes generate the protective 

ozone layer in the stratosphere, at ground level this oxidative gas is considered to be a pollutant, as it is 

detrimental to the human respiratory tract and damages plants (Pandis and Seinfeld, 2006). Being present 

in both the troposphere and stratosphere, albeit at different concentrations, ozone can potentially affect 

VOC measurements made at the ground and from high-flying aircraft. The two instruments examined in 

this study are regularly installed on an aircraft capable of reaching ca. 15 km which at mid-latitudes gives 

access to the lower stratosphere. Also in indoor environments where ozone is typically 3– 5 times less 

than outside ambient levels, it may affect the measurement fidelity. 

Sodium thiosulfate (Na2S2O3) has been reported to have a good ozone scrubbing efficiency for VOC 

measurements (Lehmpuhl and Birks, 1996; Pollmann et al., 2005) and was therefore chosen as the best 

test material for O3 removal in the experiments described here. Like ozone, humidity varies strongly 

between the dry stratosphere and much more humid conditions of the earth’s surface. Humidity is 

considered an important variable here, as it can strongly influence chemistry occurring at surfaces. 

Measurement conditions that reflect the conditions likely to be met in these two environments were 

therefore examined. The aim of this study was to investigate the influence of different ozone levels and 

different relative humidity (RH) on two specific VOC measurement instruments, namely the fast GC-MS 

SOFIA described by Bourtsoukidis et al. (2017) and a PTR-ToF-MS described in Wang et al. (2022). We 

report on the effect of using the sodium thiosulfate impregnated quartz filters for multiple VOC species 

including carbonyls, alcohols and non-methane hydrocarbons. Additionally, the lifetime of the scrubber 

with respect to ozone exposure was determined under tropospheric and stratospheric conditions. This is 

essential to assure that the scrubber is working correctly when applied in the field, to determine optimum 

exchange times, and to avoid unnecessary exchange and waste. These results will define operational 

expectations of using a Na2S2O3 filter in field conditions to improve organic trace gas measurement 

techniques, assure good data quality for smaller VOCs and therefore improve the data comparability 

between different studies. 

 

4.3 Materials and methods 

The influence of ozone on measurements from an online VOC instrument (PTR-ToF-MS 8000, IONICON 

Analytik, Austria) and a custom-built quasi-online fast gas chromatograph–mass spectrometer (GC-MS) 

(Bourtsoukidis et al., 2017), which collects, concentrates and measures within 3 min, was investigated. 

Additionally, the effect of an implemented sodium thiosulfate ozone scrubber on those systems, as well 

as the scrubber lifetime, was examined at different relative humidity. A list with the measured species is 

shown in Table 4.2. It includes saturated and unsaturated halocarbons, non-methane hydrocarbons 

(NMHCs), small oxygenated VOCs (OVOCs), siloxanes, and some nitrogenand sulfur-containing molecules. 

Some species could be detected with both instruments simultaneously, while other species could only be 

measured by one. The majority of the tubing used in this study was fluorinated ethylene propylene (FEP) 

Teflon which was found by Deming et al. (2019) to perform well in a comparison of inlet materials 

(including polyetheretherketone (PEEK) and stainless steel), as adsorption on FEP was found to be 
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independent of humidity, concentration and functionality. The tubing was not new but was used 

previously for airborne measurements aboard a research aircraft. It was flushed with synthetic air for at 

least 1 h prior to when the experiments were performed. When considering the ozone in the instrument 

inlet, one could consider passivating the inlet surfaces prior to measurement by the introduction of high 

(500 ppb) ozone mixing ratios. Northway et al. (2004) tested this possibility and noted a passivation that 

disappeared during further field measurements. As this will in effect generate a shifting background to 

the subsequent measurements, and as 6 h flushing is impractical prior to flight measurements, we chose 

not to follow this procedure. 

 

4.3.1 Experimental setup 

The experimental setup includes both PTR-ToF-MS and fast GC-MS as shown in Fig. 4.1. Synthetic air from 

a gas cylinder (synthetic air, hydrocarbon free, T50, Westfalen, Germany) was connected to the ozone 

generator which was set to generate O3 at levels between 25 and 1000 ppb. This corresponds to 

tropospheric and lower stratospheric levels, similar to those encountered by the HALO aircraft on which 

the instruments are certified to fly. Thereafter, the air stream was led through ultra-pure water for 

humidification. Ozone as a non-polar molecule has a very low solubility in water and will therefore not be 

lost during the humidification process. Two different calibration gas cylinders (40 L, Apel Riemer, USA) 

were connected through a junction (T-piece) to the sampling line. These cylinders contained a 

gravimetrically prepared mixture of VOCs at known mixing ratios, which could be added to the system air. 

The VOC-enriched synthetic air could then be directed through the ozone scrubber or directly to the two 

mass spectrometers, which both drew ca. 200 sccm air from the sampling line. At the end of the Teflon 

tubing inlet line the ozone monitor was connected to measure the O3 concentration after the scrubber. 

Several exhaust lines and pressure gauges were installed in the setup to ensure a system pressure close 

to ambient pressure (ca. 1000 hPa). This is required for the operation of the ozone instruments. To make 

sure that the monitor was always operated within the required flow range, a dilution flow could be added 

shortly before the instrument. Gas flows were checked regularly with a flow metre (DryCal, MesaLabs, 

USA) after the ozone generator and monitor. All the lines were made of FEP and heated to approximately 

Figure 4.1: Experimental setup. MFC – mass flow controller, RH – relative humidity sensor, P – pressure gauge, and 
DryCal – flow metre. 



 Influence of ozone on VOC measurements 109 

 

45 ◦C to avoid condensation in the tubing. This simulates conditions on the research aircraft aboard which 

the measurement devices have been installed. The total tubing length between the ozone generator and 

scrubber was approximately 2 m; the outer diameter was 1/4 in. (0.635 cm), again equivalent to the 

aircraft setup. 

During the ozone experiment series various tests were performed (see Table 4.1): VOC mixtures were 

measured at several levels, adding 0, 50 and 1000 ppb ozone to investigate the measurement 

performance at ambient background ozone levels on the ground and in the lower stratosphere. 

Additionally, one VOC level was measured at seven different ozone levels up to 1000 ppb (0, 25, 50, 150, 

400, 750, 1000 ppb). The tests also included experiments without added VOCs to see if any of the analytes 

are produced in the pre-used inlet line. Note that during the very first experiment performed, flows were 

measured every time the VOC level was adjusted. It turned out that some compounds were emitted from 

the flow metre, resulting in elevated terpene masses. When switching to a new calibration gas level, as 

well as in the first hour of the experiment, there were spikes in the VOC signal. These were judged to be 

mechanical flow-related anomalies and therefore removed to assure better visibility of the mixing ratio 

in the plots. To investigate the influence of sodium thiosulfate impregnated quartz filters as an ozone 

scrubber, VOC levels at 0.5 and 2 ppb were measured at different ozone levels (0, 50 and 150 ppb) and 

different relative humidities (0 %, 50 % and 80 % RH) with and without scrubber in the flow path. For 

scrubber endurance tests, another exhaust line was installed after the ozone generator to reduce the flow 

through the sodium thiosulfate impregnated quartz filter in order to simulate field conditions. The flow 

through the filter was set to 200–600 sccm to replicate either typical field measurement conditions or the 

experiments focusing on the influence on the VOC measurements. For those experiments the flow 

through the scrubber was higher to provide enough air for both of the instruments. Before each single 

longevity experiment the Na2S2O3 impregnated filter was exchanged and left in the flow path until an 

abrupt increase in ozone concentration was detected with the O3 monitor. This rise marks the end of the 

scrubber lifetime. Further details on the preparation of the filter scrubber can be found in Sect. 4.3.3. 

Scrubber performance was tested under three different ozone concentrations: 50, 150 and 1000 ppb at 

0 % RH. These are the same ozone levels used for the experiment focused on the effect of O3 on the VOC 

measurements, which correspond to ambient ground and lower stratospheric ozone levels. Additionally, 

the influence of 80 % relative humidity on the scrubber lifetime was tested. This RH level was chosen as 

an extreme to see whether or not it changes the scrubber performance. Relative humidity was measured 

with a humidity sensor that includes a temperature sensor (MSR145, MSR, Switzerland; indicated with RH 

in Fig. 4.1).  

 

4.3.2 Instrumentation 

4.3.2.1 Ozone instruments 

An ozone generator, as well as an ozone monitor (49iQPS and 49iQ, both Thermo Fisher Scientific, USA), 

were installed in the experimental setup. Each instrument’s supply air stream is divided into a reference 

and a sample gas channel. In the generator the sample gas flows through an ozonator, while the reference 

gas of the monitor flows through a scrubber to eliminate existing ambient ozone. Both instruments use a 

spectroscopic approach to determine the mixing ratio: as the O3 molecule absorbs UV light of 254 nm the 
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difference of light intensity of this wavelength in both channels is used to calculate the ozone 

concentration in the sample stream based on Beer’s law (ThermoFisherScientific, 2020a, b). 

4.3.2.2 PTR-MS 

An IONICON PTR-ToF-MS with a drift tube pressure of 2.2 hPa, drift temperature of 60 ◦C and E/N 137 Td 

was operated with H3O+ as primary ions. It is a soft ionization technique and therefore causes little 

fragmentation of the analytes during the detection process. This is the case for most analytes in this study. 

However, some species (e.g. terpenes, siloxanes) do fragment during ionization (Pagonis et al., 2019). 

Fragments can impact the measurement of target species such as isoprene if they have exactly the same 

mass. Identification of the analytes was performed using the exact mass of the most abundant fragment, 

usually the protonated molecular mass, which does not exclude simultaneous measurement of isomeric 

compounds. The mass range of the system was 0–500 amu and the mass resolution approximately 3500. 

The PTR used a FEP inlet tubing (o.d. 1/4 in. (0.635 cm), inner diameter (i.d.) 1/8 in. (0.3175 cm)) with an 

inlet flow of 200 sccm. The distance between the ozone scrubber and PTR was 1.85 m, resulting in an inlet 

residence time tres of ca. 4 s. In order to regulate the pressure in the drift tube during flight measurements, 

the sample air passes an adjustable O-ring (fluorinated propylene monomer (FPM) or nitrile butadiene 

rubber (NBR), tres ≤30 ms). The influence of the O-ring on VOC measurements was found to be zero 

without O3 present but has not been tested separately under ozone exposure. Inside the instrument, a 

1 m line (i.d. 0.1 cm) made of polyetheretherketone (PEEK) is used (ca. 70 sccm, tres ≤1 s, depending on 

the flow rate). Limits of detection (LODs) were <0.05 ppb, with a total uncertainty of 15 %–20 %. 

Measured species included alkenes, siloxanes and OVOCs. For measurements at RH > 0 a humid 

calibration was applied: the calibration was performed at the same relative humidity as the corresponding 

experiment. 

4.3.2.3 GC-MS 

The fast GC-MS system has been described in detail by Bourtsoukidis et al. (2017). In this study it was used 

to measure halocarbons, small NMHCs and OVOCS, as well as some sulfur-containing compounds and 

small organic nitrates. Due to its chromatographic column it is capable of separating isomeric compounds 

prior to detection (e.g. acetone and propanal). The custom-built instrument uses a cryogenic three-step 

pre-concentration to collect air samples, followed by gas chromatographic separation in a custom-built 

oven and detection with a quadrupole mass spectrometer which was operated in selected ion monitoring 

mode (SIM). With a time resolution of 3 min it is currently not possible to measure high molecular mass 

compounds (e.g. sesquiterpenes), as those would need more time to elute from the GC column. 

Bromoform is the largest analyte detected with the currently applied method. The system’s inlet flow was 

200 sccm, and the tubing length between the GC inlet and the ozone scrubber was 2 m (o.d. 1/4 in. 

Table 4.1: Conditions of the different experiments performed in this study. 

Condition O3 levels (ppb) CalGas MR (ppb) RH (%) 

Effect of O3 on VOCs 0, 50, 1000 0, 0.5, 1, 2, 4 0 

Effect of O3 on tubing 0, 25, 50, 100, 150, 400, 750, 1000 0, 0.5 0 

Effect of RH on VOCs with and without scrubber 0, 50, 150 0, 0.5, 2 0, 50, 80 

Scrubber endurance 50, 150, 1000 0 0, 80 
 

 



 Influence of ozone on VOC measurements 111 

 

(0.635 cm), i.d. 1/8 in. (0.3175 cm)), which results in an inlet residence time of ca. 5 s. Inside the system, 

the sample air is exposed to silicosteel tubing (o.d. 1/16 in. (0.1588 cm), i.d. 0.02 in. (0.0508 cm), 40 sccm, 

tres < 1 s) and stainless steel surfaces in the traps (tres 1.5 min). LODs were typically < 0.03 ppb 

(acetaldehyde, acetone and acrolein < 0.2 ppb), and the total measurement uncertainty was 

approximately 10 %. 

 

4.3.3 Ozone scrubbing 

Various materials have been tested to eliminate interferences from ozone on VOC measurements. Helmig 

(1997) compiled an overview of widely used O3 scrubbing techniques for the sampling of atmospheric 

organic compounds. Several groups have reported satisfactory results of sodium thiosulfate as an ozone 

scavenger for VOC analysis (Helmig, 1997; Lehmpuhl and Birks, 1996; Pollmann et al., 2005; Strömvall and 

Petersson, 1992). In this study the scrubbers were prepared by soaking quartz fibre filters (37 mm, GE 

HealthCare Life Sciences, USA) in a 10 % (w/w) aqueous solution for 1 h followed by drying under a 

nitrogen flow of approximately 100 sccm at room temperature. This quartz filter was placed under a 

47 mm PTFE filter (Sartorius, Germany) in a Teflon filter holder. The smaller quartz filter was selected to 

avoid leaks at the filter holder (i.d. 47 mm, Reichelt Chemietechnik, Germany) previously caused due to 

the thickness of the quartz filter. The volume of the filter housing is ca. 55 mL, resulting in a residence 

time of ca. 6 s with a flow rate of ∼600 sccm. 

 

4.3.4 Scrubber lifetime calculation 

The time that the scrubber remains effective at removing ozone, here termed the scrubber lifetime, is 

important information for field measurement practitioners. In order to improve data quality and to keep 

cost and workload low, the ozone scrubbers need to be exchanged before their efficiency is compromised, 

while still using them as long as possible. Assuming that the scrubber lifetime is a function of ozone mixing 

ratio and flow, the data from the scrubber lifetime experiment were plotted and fitted with a power 

function. Additionally the influence of relative humidity on the scrubber lifetime was tested 

 

4.3.5 Potential effects causing interference 

VOC measurements performed by the PTR-ToF-MS and the fast GC-MS may in the presence of ozone 

suffer interference through various effects. Surface reactions on the inner walls of the tubing can lead to 

ozonolysis of compounds previously absorbed on the FEP inlet tubing. The ozonolysis of alkenes, which 

are either present on the tubing surface or in the gas phase (sample air), can lead to production of 

carbonyl compounds which cause positive artefacts on the carbonyl masses. Another potential source of 

interference is fragmentation during the ionization process in the PTR-MS. Several groups reported for 

example fragments on PTR m/z 69.07 from C5–C10 aldehydes (Buhr et al., 2002; Ruzsanyi et al., 2013; Wang 

et al., 2022). The instrument-internal fragmentation process itself is independent of ozone, but the 

presence of the aldehyde species in the sample air is likely to be caused by the release of those species 

from the sample line surface due to ozonolysis reaction. Not only the PTR but also the GC-MS can suffer 

interference caused by ozone inside the instrument. It has been reported previously that O3-induced 
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emission from rotor material of multiposition valves can lead to positive artefacts when measuring C2–C4 

aldehydes (Apel et al., 2003). 

 

4.4 Results and discussion 

4.4.1 Influence of ozone on VOC measurements 

For most of the analytes, mainly saturated NMHCs and halocarbons, no ozone interference of the 

measurement through reactive loss due to ozone was expected. This is because such species do not 

contain a double bond with which ozone can react, nor do they contain oxygen atoms, so they are unlikely 

to be produced by surface oxidation processes. However, due to the different molecular structures and 

physical properties of some analytes, it was potentially possible to obtain negative interference for some 

unsaturated species like isoprene and terpenes, as well as artificial signal enhancement on the aldehyde 

masses. Table 4.2 shows whether ozone had an effect on the measured mixing ratio of the VOCs. 

4.4.1.1 No effect on VOC measurements 

In accordance with the expectations no interference from reactions with ozone were observed for most 

of the measured species, namely saturated and unsaturated halocarbons, alkanes, aromatics, nitriles, 

methyl tert butyl ether (MTBE), ethanol, hydroxyacetone, methyl ethyl ketone (MEK), isopropyl nitrate, 

and the two sulfur-containing species carbon disulfide and dimethyl sulfide (DMS), as well as siloxanes. 

As an example of the VOCs where ozone did not influence the measurements Fig. 4.2 shows the mixing 

ratios of chlorobenzene applied and measured by GC- and PTR-MS, as well as the ozone mixing ratio. In 

this experiment no ozone scrubber was applied. While the instruments observe slightly different mixing 

Table 4.2: Measured species and effect of ozone. X: no effect, ↓: negative interference and ↑: positive 
interference. 

Analytes and effect of O3 on measured MR     

X Dichlorodifluoromethane X Trichloroethene X Hydroxyacetone 

X Trichlorofluoromethane (CFC-11) X Chlorobenzene X Isopropyl nitrate 

X Tetrachloromethane X Benzene X Acetonitrile 

X 1,1,2-Trichloro-1,2,2-Trifluoroethane (CFC-113) X m-Xylene X Acrylonitrile 

X Bromomethane X 1,2,4-Trimethylbenzene X Carbon disulfide 

X Bromoform X 3-Methylfuran X DMS 

X Chloromethane X 2-methyl-3-buten-1-ol X D3 

X Dichloromethane ↑ Acetaldehyde X D4 

X Chloroform ↑ Propanal X D5 

X Iodomethane ↑ Acetone X n-butane, i-butane 

X Bromodichloromethane ↑ Butanal X Propene 

X 1,1,1-Trichloroethane X MEK ↓ Isoprene 

X 1,1,2-Trichloroethane X MTBE ↓ Monoterpenes 

X Vinylchloride X Acrolein ↓ Sesquiterpenes 

X Tetrachloroethene ↓ Methacrolein   
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ratios owing to differences in sensitivity, the relative change in chlorobenzene mixing ratios remain 

unchanged when ozone is present. 

4.4.1.2 Ozone causing positive interference 

Based on current literature, some carbonyl compounds such as aldehydes and ketones do have the 

potential to show higher mixing ratios when ozone is present. Northway et al. (2004) and Apel et al. (2003) 

observed positive artefacts under ozone presence for acetaldehyde. Additionally, Apel et al. (2003) 

observed artefact formation for propanal, acetone and butanal in their fast GC-MS system, which were 

emitted by parts of their system when ozone was present. Lehmpuhl and Birks (1996) found positive 

interference also for larger carbonyl compounds. Acetaldehyde measurements in this study under dry 

conditions agree with the results reported by Northway et al. (2004), Apel et al. (2003) and others. The 

VOC signal increases with ozone concentration. Both the PTR- and GC-MS measured higher acetaldehyde 

mixing ratios when O3 was above 150 ppb (see Fig. 4.3). This indicates that the interference is not 

instrument-specific but more likely a function of the common inlet tubing exposure to ozone. Note that 

the inlet lengths to GC and PTR were roughly the same. The higher enhancement of the GC acetaldehyde 

could be due to emission of oxidation products from the material of multiposition valves as described by 

Apel et al. (2003). In contrast to the PTR data, the ozoneinduced enhancement of the GC signal increases 

with acetaldehyde concentration. This effect can be due to the different materials used for the tubing 

inside the instruments: Deming et al. (2019) showed that in glass and metal tubing competitive adsorption 

occurs, which depends on humidity and concentration and functionality of the analyte, while polymer 

tubing shows independent absorption. Our fast GC instrument is equipped with heated silicosteel tubing, 

which allows for competitive adsorption, while the PTR is equipped with perfluoroalkoxy alkane (PFA) 

tubing. Additionally, with increasing O3 mixing ratios ozonolysis reactions during trapping are gaining 

importance. It seems that the interferences on the VOC measurements caused by high ozone exposure 

are an effect of both the inlet line and the instrument’s surfaces. The higher GC signals at 2 ppb calibration 

gas are again assigned to the difference in sensitivity (due to filament degradation) already mentioned in 

the previous section. In Figs. 4.3 and 4.4a, the acetaldehyde signals rise significantly when 1000 ppb ozone 

was present. For the zero air sample (Fig. 4.4b) the signal rose after increasing ozone from 150 ppb where 

the effect was negligible to 400ppb. The acetaldehyde signal increased further between 400 and 1000 ppb 

O3 to about 0.4 ppb (GC) to 0.5 ppb (PTR). Interestingly, the GC signal in Fig. 4.4b did not drop when the  

Figure 4.2: Effect of ozone (0, 50, 1000 ppb) on GC- and PTR-MS measurements of chlorobenzene under different 
standard gas levels (0–4 ppb). 
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standard gas level dropped to 0 ppb. This is an interesting observation that we currently cannot explain. 

No abnormal behaviour in the GC-MS could be ascertained at this time, including retention time shifts, 

tuning anomalies or changes in RH. We conclude that most likely it was an unlogged flow-switching issue. 

Nevertheless, it does not interfere with our general observation that the acetaldehyde signal is suffering 

positive interference under high ozone exposure, most likely due to ozonolysis reactions at the tubing 

surface. 

Besides acetaldehyde, C3 and C4 aldehydes and ketones have also been measured, namely propanal, 

acetone, butanal and MEK. Unfortunately, for those compounds the results were not as clear as for the 

C2 carbonyl described above. The PTR-ToF-MS in H3O+ mode cannot separate the aldehyde from the 

ketone, as they have exactly the same mass, i.e. the PTR-ToF data presented here always show the sum 

of propanal and acetone (C3) and butanal and MEK (C4) respectively and should therefore be double the 

GC signals for the separated species. When measuring zero air, ozone increases the signal of the C3 and C4 

carbonyls (see Fig. 4.5), starting at O3 mixing ratios of 400 ppb, similar to acetaldehyde. This is most likely 

due to the reaction of ozone with species attached/adsorbed at the walls of the instrument sampling 

systems or to unmeasured ozone reactive species in the zero air. While butanal (measured by GC-MS) 

shows a strong increase, MEK does not show a significant increase in the GC data. 

Figure 4.3: Five different standard gas levels between 0 and approx. 4 ppb at ozone mixing ratios of 0, 50 and 
1000 ppb. 

Figure 4.4: Acetaldehyde mixing ratios at seven different ozone levels between 0 and 1000 ppb and one standard gas 
level. VOC levels are 0 ppb (a) and 0.5 ppb (b). 
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Interestingly, the aldehyde mixing ratios are relatively stable with a tendency to decrease with ozone 

when the standard gas was added. Figure 4.6 shows this phenomenon. Propanal and butanal mixing ratios 

do not show a substantial increase under the same O3 conditions where they increase in the zero air 

measurement, while the sum of C3 carbonyls (PTR signal) and GC acetone again increase (as in the zero air 

measurement). As propanal slightly decreases and acetone strongly increases with ozone, the PTR 

measurements show a positive net ozone effect for the C3 carbonyls. For C4 carbonyls, the GC 

quantification during this experiment was compromised (too low mixing ratio) for unknown reasons. 

However, the qualitative results match the rest of our observations: butanal decreases slightly, while MEK 

increases slightly, leading to a stable signal for the sum of butanal and MEK, which is shown by the PTR 

data presented in Fig. 4.6b. Additionally, the qualitative results of butanal and MEK are in line with the 

qualitative results of C2–C3 carbonyls: the signals for the ketones (acetone (C3), MEK (C4)) increase with O3 

mixing ratios ≥ 400 ppb, and the signals for the aldehydes (acetaldehyde (C2), propanal (C3) and butanal 

(C4)) are relatively stable with a tendency to decrease between 200 and 400ppb O3 and increase as well 

with O3 mixing ratios ≥ 400 ppb. Between 3.5 and 4 h after the start of the experiment (see Fig. 4.6), not 

all signals dropped to background levels. They finally drop once ozone was switched off. This is consistent 

with the results from the zero air measurement (Fig. 4.5) and the acetaldehyde data (Fig. 4.4b). It shows 

that exposure of the inlet tubing to high ozone does not rapidly clean the lines of the interfering 

compounds. Apel et al. reported carbonyl generation in the presence of ozone from the rotor material of 

VICI valves and a KNF Teflon pump included in their system (Apel et al., 2003). Positive artefacts were 

reported for acetaldehyde, propanal, acetone and butanal; they did not find any interference for MEK. 

This matches our results. We assume that C2–C4 carbonyl compounds are generated inside the setup inlet 

tubing and were measured by the GC, as otherwise the signal would have dropped when measuring zero 

air with 1000 ppb O3. However, at 0.5 ppb calibration gas we observed a C3 and C4 aldehyde loss under 

high ozone exposure in the GC measurements. A possible explanation for this is the effect is due to OH 

radicals produced via Criegee intermediates from the ozonolysis reaction of alkenes present in the 

standard gas. OH radicals react preferentially with aldehydes rather than ketones. Apparently, these 

reactions are faster than the C3 and C4 aldehyde generation within the sampling setup. All the experiments 

show the same trend: under dry conditions, at tropospheric ozone levels (≤ 150 ppb O3), no interference 

from the oxidant can be observed, while under stratospheric conditions (> 400 ppb O3) there is a strong 

interference. This leads to the conclusion that both instruments can measure C2 to C4 carbonyls in the 

Figure 4.5: C3 and C4 carbonyl mixing ratios of a zero air sample at different ozone levels. 
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troposphere without being restricted by the amount of ozone present. No reliable results can be achieved 

when ozone is above 150 ppb under dry conditions. Hence, the current setup is not suitable for 

stratospheric measurements of these oxygenated species. 

4.4.1.3 Ozone causing negative interference 

Due to the presence of reactive double bonds, terpenes (isoprene, alpha-pinene and beta-caryophyllene) 

were expected to show a decrease in mixing ratio with increasing ozone concentration. This was indeed 

observed. In Fig. 4.7 it can be seen that the monoterpene signal at 50ppb O3 is 10 %– 20 % lower for each 

VOC level compared to the signal without ozone present. The signal drops by almost the same percentage 

when O3 is increased to 1000 ppb. For sesquiterpenes the effect is even stronger. With 50 ppb O3, the 

signal drops by roughly 80 %, while the signal is close to or below detection limit at an ozone level of 

1000 ppb depending on the terpene mixing ratio applied. This behaviour can be explained with reference 

to the different reaction rate constants k of the mono- and sesquiterpenes in the calibration gas with 

ozone. α-pinene, which is the monoterpene included in the standard gas mixture, has a reaction rate 

constant with ozone of 9.6×10−17 cm3 molecules−1 s−1, while k for βcaryophyllene is 1.2×10−14 cm3 

molecules−1 s−1 (IUPAC, 2021). With a reaction rate more than 3 orders of magnitude larger, the reaction 

is fast enough to remove 1 ppb βcaryophyllene within the short time the sample air needs to travel 

through the inlet line (<10 s). Furthermore, it can be seen that the sesquiterpene needs considerable time 

(more than an hour) to reach a steady-state level in the beginning of the experiment (∼3 h in Fig. 4.7), 

even with lines heated to 45 ◦C. This could be due to independent absorption of the FEP tubing of these 

less volatile species (Deming et al., 2019). 

Another compound which was expected to show a decreasing mixing ratio with increasing ozone 

concentration due to its double bonds was isoprene. It was measured simultaneously with PTR- and GC-

MS. As can be seen in Fig. 4.8, the signal is not measurably affected by adding 50ppb O3. At an ozone level 

of 1000ppb, the GC detects roughly 50% less isoprene. This fits with expectations, as isoprene ozonolysis 

is rather slow, the reaction rate coefficient being close to the one for α-pinene (1.3×10−17 cm3 molecules−1 

s−1), which results in only partial depletion of the isoprene present. Interestingly the PTR-ToF shows 

slightly higher mixing ratios of the isoprene mass (m/z 69) when ozone is present. The elevated signal on 

this mass can be caused by carbonyl compounds present in the sample air or in the inlet line.  

Figure 4.6: C3 and C4 carbonyl mixing ratios at approximately 0.5 ppb per VOC at different ozone levels. 
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Literature reports the same exact mass commonly used for isoprene detection in PTR systems to be a 

fragment of certain aldehydes (Buhr et al., 2002; Ruzsanyi et al., 2013). Most likely the PTR m/z 69 signal 

in the present study is elevated, because under the experimental conditions the positive offset from the 

carbonyl compounds is higher than the isoprene depletion. For the GC-MS, aldehydes do not interfere, as 

the analytes are separated in the chromatographic system prior to detection. The assumption is supported 

by the measurement of a zero air sample (no standard gas added into the system) at different ozone levels 

(see Fig. 4.9a). The GC does not detect any isoprene in the zero air sample regardless of the ozone 

concentration, while the PTR-MS shows an increasing m/z 69 signal at O3 levels between 150 and 

1000 ppb. Apparently the PTR-ToF-MS signal correlates with the oxidant’s concentration. At 150 ppb O3 

the PTR-MS detects approximately 100 ppt signal at the isoprene mass; at 400 ppb ozone PTR 

measurements show around 150 ppt and with the highest tested O3 concentration (1000 ppb) roughly 

350 ppt. 

Figure 4.9b shows data obtained from the measurement of one isoprene level (∼0.6 ppb) at seven 

different ozone mixing ratios and without ozone. GC-isoprene is stable until 100 ppb O3. Somewhere 

between 150 and 400 ppb the isoprene signal starts to decrease until it reaches approximately two-thirds 

of the real value at 1000 ppb O3. The two analytical instruments show reverse effects of ozone being 

present: the PTR-isoprene mass signal is increasing over the same range as the GC signal decreases. This 

is in line with the measurement of the zero air. The PTR-signal increase is probably due to fragments of 

Figure 4.7: Different terpene levels at 0, 50 and 1000 ppb O3 measured with PTR-MS. 

Figure 4.8: Different isoprene levels at 0, 50 and 1000 ppb O3. 
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other compounds on the same exact mass. In literature, increased PTR m/z 69 signals have been reported 

in high-ozone environments in indoor and outdoor air studies which could not be attributed to isoprene 

(Colomb et al., 2006; Wang et al., 2022). Those studies might have been influenced by the same 

interference we observed. 

4.4.1.4 Effect of a sodium thiosulfate scrubber on VOC measurements 

Generally, when the sodium thiosulfate impregnated quartz filters were added to the sampling system 

(see Fig. 4.1), no influence on the VOC measurements was seen for the selected VOCs. The literature also 

reports that this scrubbing material is suitable for measurement of many VOCs without causing 

interferences (Helmig, 1997; Pollmann et al., 2005). In Fig. 4.10 the measured terpene mixing ratios 0 and 

2 ppb VOC with and without scrubber are shown. It can be seen that the scrubber performed as expected 

and removed the ozone effectively. α-pinene levels reach the same concentration with the scrubber as 

before ozone was applied. The measurement of this compound is not affected by the sodium thiosulfate 

filters, and if the scrubber is applied, there is no interference on the measurement with up to 170 ppb 

ozone. As mentioned before β-caryophyllene again needed a long time to reach steady state when 2 ppb 

VOC was applied to the system (inlet line temperature 45 ◦C; see Sect. 4.3.1). Steady state is reached after 

almost 2 h when the scrubber was introduced (∼4 h 30 min). For the 30–40 min when the thiosulfate 

filters were introduced (∼4 h 50 min–5 h 30 min) steady state is not even reached. Sesquiterpene 

adsorption by the tubing material would again explain this effect. The scrubber was connected using 

Teflon tubing and a filter holder of the same material. The first time when the terpene-rich air was 

directed through the scrubber (50 ppb O3, 5 h after the start of the experiment, ∼4 h 50 min–5 h 30 min) 

the sesquiterpene mixing ratio increased within half an hour, while later (170 ppb O3, ∼6 h–7 h 30 min) 

this was not the case. In other words, in the first half hour the sesquiterpenes appeared to be absorbed 

by the tubing (∼4 h 50 min–5 h 30 min), while afterwards the material was conditioned, and the 

concentration could reach steady state (∼6 h–7 h 30 min). Steady-state mixing ratios decrease with 

Figure 4.9: Isoprene mixing ratio at different ozone levels. 
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increasing O3 mixing ratio, as the scrubber was installed roughly halfway between the junction where the 

standard gas was connected and the analytical instruments. On their way to the scrubber, the 

sesquiterpenes are depleted by ozonolysis. Furthermore, at the applied flow rate of approximately 

650 sccm, there is already about 10 ppb ozone passing the scrubber (see Sect. 4.4.2), which allows the 

oxidant to further react with β-caryophyllene on the way between the scrubber and the detector. An 

improved filter assembly or several scrubbing filters as suggested by Pollmann et al. (2005) could improve 

the sesquiterpene sampling. For all other compounds including isoprene no interference from the 

scrubber itself could be observed. Furthermore, interferences from ozone on the measurements of 

analytes like isoprene or acetaldehyde could be eliminated with the filter scrubber in line. The effect on 

sesquiterpenes could probably also be eliminated if the scrubber was placed at the inlet’s front end and 

the flow through the scrubber was lower. However, it cannot be excluded that the sesquiterpene signal 

is affected by the scrubber material. Therefore, a longer time span with the scrubber in the sampling line 

would be required for the signal to reach steady state, and the instrument would be unresponsive to rapid 

changes. 

 

4.4.2 Scrubber endurance 

Figure 4.11 shows the O3 mixing ratio measured with the ozone monitor behind the sodium thiosulfate 

scrubber under the dry condition at approximately 200 sccm. Results from the experiment at 1000 ppb 

O3 can be seen in Fig. 4.11a. The ozone concentration behind the filter never reached 0 ppb, already at 

the beginning 100 ppb oxidant could pass the scrubber. That means 1000 ppb ozone results in an overload 

of the scrubber capacity, and it was not suitable to remove the oxidant completely from the dry sample 

air – not even for short time periods. The concentration increases slightly in the beginning, while after 

15 h a sudden signal rise can be observed where the mixing ratio increases from roughly 200 to 500 ppb. 

After 55 h no ozone was scavenged anymore; the concentration before the scrubber is the same as after. 

Despite inefficient scrubbing under these conditions, the scrubber lifetime would be 15 h, as after this 

time period a strong increase in the signal of the ozone monitor can be observed. In total it can be 

concluded that the sodium thiosulfate impregnated quartz filters made in the way described in the 

method section are not suitable for measurements at these flow rates and such high ozone levels as 

Figure 4.10: Terpene mixing ratios measured by PTR-MS with and without scrubber at 50 and 170 ppb O3. 



120 Results and discussion

 

encountered in the lower stratosphere due to insufficient O3 removal and relatively fast depletion of the 

scrubbing material. However, at lower flow rates it might be more efficient and effective. 

Figure 4.11b presents the result from a similar experiment but with 150 ppb ozone applied, which 

corresponds to high ozone levels at ground level and is typical for the upper troposphere. In the very 

beginning, the O3 concentration was already 20 ppb. It can be excluded that the filter is not able to remove 

the O3 completely, as the experiment was started twice under these conditions. The first time the ozone 

mixing ratio was zero at the beginning, but unfortunately the experiment had to be stopped after 50 h. 

There was no sudden signal increase visible within that time. This 20 ppb offset during the second 

experiment might be caused by the filter not being perfectly centred in the filter holder. It is possible that 

a tiny stream of air bypassed the filter inside the filter holder, as the 37 mm quartz filter was placed under 

a 47 mm Teflon filter as described in Sect. 4.3.3. With 150 ppb ozone applied, the measured mixing ratio 

increased by 20 ppb within 40 h and up to 50 ppb within 80 h. As previously shown even isoprene was not 

affected by 50 ppb ozone. The only compounds affected by such low O3 levels were mono- and 

sesquiterpenes. Therefore, it is concluded that the ozone scrubber can be used for up to 80 h (3.3 d) at a 

flow of 255 sccm. The scrubber lifetime test for the lowest ozone concentration used here (50 ppb) took 

in total more than 20 d. During the first 300 h (12.5 d) the signal did not change and was below or close  

Figure 4.11: O3 mixing ratios after Na2S2O3 scrubber at 0 % RH. Flows and O3 levels before scrubber: (a) 220 sccm, 
1000 ppb; (b) 225 sccm, 150 ppb; and (c) 230 sccm, 50 ppb. 
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to the limit of detection of 0.5 ppb. Around 300 h the measured mixing ratio started to be above detection 

limit but still below 5 ppb O3. A sudden increase occurred after approximately 350 h (14.5 d), where the 

mixing ratio climbed up to 20 ppb within 1.5 d. After the total time of 477 h (almost 20 d) the experiment 

was stopped; the mixing ratio after the scrubber reached more than 30 ppb. The breakthrough point of 

the Na2S2O3 impregnated filter after 350 h was determined as the end of the scrubber lifetime i.e. at 

background O3 mixing ratios of 50 ppb the scrubber lasts more than 14 d. 

Results of the test at a flow of 550 sccm, which corresponds approximately to the flow used for the 

experiments to investigate the effect of ozone on the VOC measurements (Sect. 4.4.1), are presented in 

Fig. 4.12. Please note that for the average and minimum scrubber lifetimes only measurements at O3 

levels 150 and 1000 ppb have been included, as for 50 ppb there was no measurement at approximately 

550 sccm. For quality assurance it is considered important to have a real measurement which can be 

compared with the calculated results. 

The scrubber lifetime is 8 h at 550 sccm and 1000 ppb O3 according to Fig. 4.12a. At the lower ozone level 

(150 ppb), the actual flow was 620 sccm. From the plot a lifetime of 30 h has been determined. 

Figure 4.12: O3 mixing ratio after Na2S2O3 scrubber at 0 % RH. Flows and O3 levels before scrubber: (a) 550 sccm, 
1000 ppb and (b) 620 sccm, 150 ppb. 

Figure 4.13: Measured data from the scrubber endurance test. 
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Scrubber lifetime τ highly depends on ozone concentration and flow rate. In Table 4.3 measured flows 

and lifetimes can be found. The data were fitted with a power function (y = axb; see Fig. 4.13) being the 

best fit with R2 close to 1. Additionally, the lifetimes for exactly 200 and 550 sccm were calculated with 

Eq. (E4.1) and can be found in Table 4.4. The factors a and b obtained from the fit were rounded to 

3500000 and −1 respectively, as small changes are attributed to measurement uncertainties. 

 

τ =  
3500000

O3×flow
        (E4.1) 

The ozone levels were chosen to correspond to those experienced in the troposphere (50 and 150 ppb 

O3) and stratosphere (1000 ppb O3) so that replacement times of the scrubber under field conditions could 

be determined. Flows correspond to the inlet flows of the mass spectrometers (200 sccm) and to the flow 

used for the experiments described in Sect. 4.4.1. 

The calculated lifetime at 200 sccm and 1000 ppb ozone is 18 h. Hence, this is the time after which the 

filter should be exchanged under these conditions if reducing ozone to 100– 200 ppb is enough for the 

compounds of interest. If the background ozone mixing ratio does not exceed 150 ppb and the flow is the 

same as used for the here applied mass spectrometers (200 sccm), the scrubber needs to be replaced 

after 117 h to avoid interference from ozone for analysis of most VOCs except terpenes. However, on 

Table 4.3: Ozone mixing ratio and corresponding flows through the scrubber during scrubber endurance 
tests, as well as resulting lifetimes τ. 

 Measured 

O3 flow τ τ 

(ppb) (sccm) (h) (days) 

1000 220 15 0.6 

150 255 80 3.3 

50 230 350 14.6 

1000 550 8 0.3 

150 620 35 1.5 

 

 
Table 4.4: Calculated scrubber lifetimes τ at exactly 200 and 550 sccm. 

 Calculated 

O3 flow τ τ 

(ppb) (sccm) (h) (days) 

1000 200 18 0.7 

150 200 117 4.9 

50 200 350 14.6 

1000 550 6 0.3 

150 550 42 1.8 
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many ground-based measurement sites in the troposphere the ozone mixing ratio rarely exceeds 50 ppb, 

which would result in a scrubber exchange every 14 d to assure efficient ozone removal. The lifetime 

calculation at 550 sccm and stratospheric ozone concentration results in a scrubber lifetime of 6 d and is 

slightly lower than the measured lifetime (8 d; see Fig. 4.12a). With 150 ppb O3 and the same flow τ would 

be 42 h and filter replacement would be due in less than 2 d. The determination of the lifetime is 

approximate, as we use the time at which a sudden increase in ozone concentration after the scrubber 

was observed. Exchanging the filter earlier does not affect the data quality and is therefore recommended. 

The filter assembly could be improved by using a filter housing which fits perfectly to the filter diameter 

in order to avoid any small air stream bypassing the filter. In this study, we did not examine the effect of 

several filters placed in series in the line, as it was done by Pollmann et al. (2005). They found that with 

additional filters the scrubbing efficiency and scrubber endurance could be improved, but we adopted 

single filters to test their efficacy and endurance while minimizing potential uptake losses. 

However, in Sect. 4.4.1 the presented experiments were all performed in less than 1 d, and the maximum 

ozone concentration (1000 ppb) was applied for only several hours. Thus, the ozone concentration was 

stable throughout each experiment. 

 

4.4.3 Effect of humidity 

Field measurements can take place in various locations and environmental conditions. Relative humidity 

may influence the analysis of water soluble compounds. However, the presence of water may also affect 

the behaviour of VOC molecules when interacting with surfaces. The scrubber material used here is 

inorganic and water soluble and has therefore been tested under dry and humid conditions. For the 

measurements performed within this study, humidity did not have any influence on the GC-MS and PTR-

ToF-MS instrument measurement capability, as these dried the air before detection (GC-MS) or used 

humid calibrations (PTR-ToFMS). Thus any effects observed can be ascribed to the inlet system. 

Interestingly, the scrubber lifetime increased dramatically at 80 % relative humidity. The test was done 

twice to double-check the results obtained. Figure 4.14 shows the ozone mixing ratio and relative 

humidity measured at 1000 ppb O3 and a flow of 230 sccm. RH was relatively stable throughout the whole 

experiment. As mentioned in Sect. 4.4.2, under similar dry conditions the sodium thiosulfate scrubber was 

able to remove only 90 % of the ozone, and filter performance dropped drastically after 15 h. In contrast, 

Figure 4.14: O3 mixing ratio after Na2S2O3 scrubber at 80 % RH, 230 sccm. 
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at 80 % RH the ozone could be removed completely from the sample air. The O3 mixing ratio did not 

change over 65 h of experiment; it was always below 10 ppb. After 65 h the experiment was stopped. 

The only signal that was still influenced by ozone when the filter scrubber was in the sample line was the 

sesquiterpene signal. Consequently the corresponding mixing ratio can be used to investigate whether or 

not relative humidity changes the results compared to the dry condition. Figure 4.15 shows the 

sesquiterpene mixing ratio under dry (Fig. 4.15a) and humid (Fig. 4.15b) conditions when ca. 2 ppb 

standardgas was introduced to the system. In the first plot the signal with scrubber at 50 ppb ozone 

(approx. 6 h–6 h 30 min) comes back to 50 % of the original signal, while in the second plot it comes back 

to approx. 80 % (approx. 8–9 h) of the original height. This is consistent with the results from the scrubber 

lifetime tests at 80 % RH and suggests that scrubber performance benefits from increased humidity. 

Sodium thiosulfate reacts with ozone to tetrathionate, water and oxygen: 

 

2S2O3
2− + O3 + 2H

+ ⇋ S4O6
2− + O2 + H2O   (4.1) 

 

As it is an equilibrium reaction, the equilibrium will shift to the left if there is an excess of water, recovering 

the thiosulfate from the S4O2
6

− produced. This could explain why the ozone level during the scrubber 

performance test at a relative humidity of 80 % was relatively stable throughout the whole measurement 

time, which was almost 3 d, and why all the oxidant can be scavenged at an O3 level of 1000 ppb. 

 

4.5 Conclusions 

Most species tested were not affected by ozone being present. Nevertheless, higher mixing ratios were 

observed for carbonyl compounds, indicating an ozone interference. Signals for acetaldehyde, propanal, 

acetone and butanal increased with ozone levels above 150 ppb in zero air measurements with GC, as 

well as PTR. Thus, it can be concluded that there are positive artefacts generated in the experimental 

Figure 4.15: Sesquiterpene mixing ratio with and without scrubber at different O3 mixing ratios when 2 ppb 
sesquiterpenes were introduced to the system: (a) 0 % RH and (b) 50 % RH. 
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setup, i.e. in the tubing, inside the ozone generator or within both of the mass spectrometers. As we 

observed the same during stratospheric measurements before, the ozone generator cannot be the only 

source. Apel et al. (2003) originally conducted ozone sensitivity tests on their airborne GCMS system due 

to anomalous acetaldehyde observations in the stratosphere. Our experiments also show acetaldehyde 

to be the species most affected by ozone interference. When our PTR encountered a stratospheric 

intrusion in flight as on 2 June 2020 we found 0.88 ppb acetaldehyde (altitude 13000 m, O3 465 ppb), 

extremely suspect for such a shortlived molecule under otherwise clean conditions. Unfortunately, the 

fast GC-MS did not measure acetaldehyde during this flight campaign. When 0.5 ppb VOC standard gas 

was measured, the signals for propanal and butanal decreased due to the reaction with the OH radical, 

generated from ozonolysis of terpenes. For MEK no ozone interference could be observed. Decreasing 

signals were found for monoterpenes (α-pinene), sesquiterpenes (β-caryophyllene) and GC-isoprene as 

expected due to the direct reaction with ozone. The PTRToF-MS measured increasing “isoprene” mixing 

ratios on m/z 69 with increasing ozone concentration due to aldehyde fragments on the same exact mass. 

Those fragments are most likely ozonolysis products from some adsorbed species inside the FEP tubing 

or the instrument itself from some former measurements. Therefore caution should be applied when 

interpreting the isoprene mixing ratios provided by PTR-ToF-MS in high-ozone environments. Generally 

the scrubber lifetime under tropospheric conditions (O3 mixing ratios between 50 and 150 ppb) and a flow 

of 200 sccm is between 5 and 14 d. The inlet flow of both instruments is the same (200 sccm); therefore 

the result can directly be used for ground-based field measurements with the here employed PTR-ToF-MS 

and fast GC-MS systems. Sodium thiosulfate impregnated quartz filters are a very convenient means of 

ozone scavenging, as the filters can be prepared in advance easily and at a low cost and can be stored in 

a dry, dark and clean place. The preparation, as well as the application, are simple, and the usage time for 

the filters is with several days long enough to allow measurement of complete diel cycles without stopping 

the measurements in between to open the inlet line for scrubber exchange. Nevertheless, the scrubbing 

technique as applied here is not suitable for sesquiterpene measurement. The observed loss of these 

analytes could be reduced with a Na2S2O3 scrubber in line, but it could not be eliminated completely. 

Similar results have been reported earlier. Pollmann et al. (2005) found ozone concentrations in the 

sampling air reduced to 0.4 % when using a thiosulfate scrubber at an ozone mixing ratio of 100 ppb and 

255 sccm. Unfortunately they did not report how long these conditions were measured. Nevertheless, 

their finding is comparable to that reported here; at 150 ppb O3 and at the same flow the scrubber could 

reduce ozone to almost zero, while at 50 ppb the oxidant’s mixing ratio was below the limit of detection 

for more than 14 d. The tests have shown that the scrubbing technique used in this study performs well 

for most groundbased operations of the VOC instruments, as inlet flows and ozone levels are usually low 

enough to stay within range of good performance of the sodium thiosulfate filter scrubber. Nonetheless, 

it is not possible to completely avoid sesquiterpene loss due to reaction with ozone during sampling. The 

current setup is not suitable for measuring highly ozonereactive compounds such as sesquiterpenes or 

under high ozone conditions like in the lower stratosphere. Fortunately, since sesquiterpenes are emitted 

from the surface, they are extremely unlikely to be present in the stratosphere. In general it can be 

concluded that higher humidity has a positive influence on the VOC measurements performed here with 

a sodium thiosulfate filter scrubber, when ozone was present and no interference from the humidity on 

the gas analysis itself could be observed. Still, the O3 removal is not sufficient to measure sesquiterpenes 

when ozone is present, not even at a low mixing ratio such as 50 ppb. Implementing a stable 

humidification to the measurement system is non-trivial, and additional effects for other analytes could 
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develop. It is important to continue the development and characterization of reliable techniques which 

are cheap and easy to implement for lab, as well as field, experiments. 

In summary we can say that insertion of the ozone scrubber resulted in the removal of most of the 

interferences observed. This implies that most of the effects observed were initiated in the inlet, and any 

residual effects were produced within the instruments being therefore different and specific for each 

instrument. It is important to note that these improvements apply to the suite of gases tested here and 

presumably also to those with comparable vapour pressures and ozone reactivities. The filter system 

could be further improved with a low dead volume filter housing to avoid any tiny air streams bypassing 

the filter inside the assembly and by the installation of multiple scrubbing filters in series as was tested by 

Pollmann et al. (2005). However, it is important to consider that the introduction of a filter into the system 

can also induce some negative effects. For example, highly oxygenated low volatility species are likely to 

suffer losses on such a filter assembly. Such compounds may need entirely different approaches such as 

inlet-less collection onto adsorbent filled cartridges or ozone removal at the inlet entrance by the addition 

of nitric oxide (NO). Furthermore, the filter itself can introduce flow rate limits to the inlet due to its 

physical restriction of flow. Generally, for field studies, our current recommended strategy is to use a high-

volume, constant temperature flow from the inlet tip to close to the instrument and then subsample that 

flow, through the ozone scrubber, into the instrument at a lower rate. The inlet material should be Teflon 

in agreement with the findings of Deming et al. (2019). VOC-emitting materials such as silicone should be 

avoided, and during high local pollution events (such as in an aircraft taxiing on the ground) inlets should 

be stoppered or back flushed to avoid strong contamination. 
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5.1 Conclusions 

In this doctoral project, biogenic volatile organic compounds (BVOC) were measured on a tower in the 

Amazon rainforest at three heights, 80, 150, and 325 m using a proton transfer reaction time-of-flight 

mass spectrometer (PTR-ToF-MS). Two studies investigated vertical BVOC profiles and their temporal 

variability in the interface region between the rainforest and the atmosphere. The first study focused on 

the vertical distribution of isoprene and its reaction products and aimed to infer the diurnal variability of 

the OH radical concentration from the observed isoprene gradient. Secondly, aldehydes and ketones were 

detected individually by applying NO+ chemical ionization, revealing differences in their relative 

abundance and vertical distributions. 

Through this thesis, it was shown that BVOC mixing ratios at the rainforest-atmosphere interface were 

affected by various interdisciplinary processes. The bidirectional exchange of BVOC between the 

atmosphere and several ecosystem compartments, driven by metabolic processes, plant communication, 

BVOC chemical properties, abiotic factors, and atmospheric concentrations determined their emission 

and uptake rates. Atmospheric oxidative chemistry and photolysis presented a source and sink for BVOC, 

with the most important oxidant being the OH radical. Moreover, turbulent motions within and above the 

canopy drove the mixing of BVOC emissions, atmospheric oxidants, and the resulting oxidation products. 

In the case of isoprene, which only has primary emission sources, the partitioning between turbulent 

mixing and oxidative chemistry was investigated using a turbulence resolving large eddy simulation 

(DALES) constrained by observations. It was shown that dilutive mixing is responsible for more than 50 % 

of the observed isoprene loss between 80 and 325 m. A timescale of mixing was derived based on the 

observed warming between the two heights. For that, the method of dynamical time warping was applied 

to quantify the temporal shift between the time series of potential temperature at both heights. The 

resulting mixing timescale accounts for the up and downward vertical motions and lateral mixing and 

ranged from about 105 minutes in the morning (7:00-8:00 LT) to 15 minutes in the afternoon (14:00-

15:00 LT). Based on these findings the mean diurnal variability of OH radical concentrations was 

calculated. The OH radical predominantly determines the atmospheric lifetimes of many BVOC, but so far, 

direct observations in the Amazon have been rare. The diurnal variability and concentrations of OH 

simulated by the turbulence resolving model DALES, the regional-scale model WRF-chem, and the global 

model EMAC showed considerable differences between each other and in comparison to the empirically 

derived diurnal OH variability. At higher altitudes in the boundary layer, the agreement between those 

models improved, which emphasizes the complex nature of the rainforest-atmosphere interface region. 

To individually study isomeric carbonyl compounds, which differ in terms of atmospheric lifetimes and 

primary and secondary sources, required the adaptation of the PTR-ToF-MS to NO+ chemical ionization. 

Favored ionization reactions of ketones were association reactions ((RNO)+) while aldehydes were ionized 

by hydride abstraction ((R - H)+), leading to the detection of isomeric carbonyls at different m/z ratios. The 

highest mixing ratios among the observed carbonyl compounds in the rainforest atmosphere were found 

for the short-chain carbonyls, acetaldehyde and acetone and for the products of isoprene oxidation, 

methacrolein and methyl vinyl ketone. Butanal and carbonyl compounds higher than C7 were not found 

(below the limit of detection). The vertical distributions of the much longer-lived ketones suggested well 

mixed conditions above and a strong source below 150 m, most likely at canopy level or just above. The 

observed shorter-lived aldehydes showed distinct vertical distributions, providing indications of their 

respective sources, in conjunction with correlation analyses. Oxidized BVOC (OVOC) including carbonyl 
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compounds were taken up by vegetation and efficiently utilized via metabolic pathways. This decreasing 

mixing ratios observed at 80 m at night most likely reflect the uptake. 

Parts of this thesis characterized the measurement interference on the signals of certain VOC, that was 

found to be initiated by ozone in the inlet tubing or the instrument itself. Ozone is ubiquitous in the 

troposphere, so a comprehensive experiment conducted with a PTR-ToF-MS and a gas chromatograph 

mass spectrometer (GC-MS) was performed to investigate the interfering effects of ozone. Furthermore, 

the effectiveness of a thiosulfate ozone scrubber to inhibit the interference was tested under varying 

humidity. Overall, the experiment demonstrated that ozone can lead to an artificial decrease or increase 

of VOC signals, which was successfully inhibited by the installation of the ozone scrubber in the inlet tubing 

for most species. The ozone scrubber's performance and lifetime improved with increasing humidity. 

However, the experiment showed that no significant effect is expected for the low ozone mixing ratios 

found in the Amazon rainforest environment, with the exception of some unsaturated terpenoids. 

Sesquiterpenes are very reactive towards ozone, which was shown to cause a substantial depletion in the 

inlet line and the instrument already at ozone levels of 50 ppb. To a lesser degree, this effect was also 

noticed for monoterpenes, so it requires a careful investigation of their vertical profiles when ozone 

reaches mixing ratios close to 50 ppb, which is typically not the case. 

 

5.2 Future perspectives 

Throughout the period of this doctoral project, the interdisciplinary research at the Amazon Tall Tower 

Observatory (ATTO) grew. More and more data were accumulated to understand the interactions 

between the rainforest ecosystem and the atmosphere above and to improve the prediction of how these 

interactions will be affected by climate changes. The measurements of BVOC are a crucial part of this 

research. In the past years the methods for BVOC detection improved, a PTR-Quadrupole-MS previously 

used for the vertical profile measurements was replaced by the PTR-ToF-MS deployed in this doctoral 

project. Due to its higher mass resolution, it allows for the identification of a wider range of compounds. 

Limitations in the detection of isomeric compounds were tackled by periodic offline GC sampling, so far 

mainly for mono- and sesquiterpenes. As demonstrated in this doctoral project the implementation of 

NO+ chemical ionization allows for the separate detection of several isomeric aldehydes and ketones. The 

importance of their individual measurement was shown by their different emission and uptake rates and 

seasonal variabilities. Thus, the long-term observations of BVOC would profit from periodically switching 

between H3O+ to NO+ to achieve a better characterization of carbonyl compounds throughout different 

seasons. Combining this with an extended offline GC sampling would allow for a more detailed speciation 

of OVOC and BVOC in general. 

In December 2022 and January 2023, the aircraft-based measurement of BVOC among many other trace 

gases, including the OH radical, and sampling of aerosol particles provided a great opportunity to study 

atmospheric interactions and transport above ATTO (325 m). The vertical BVOC profiles measured at ATTO 

could be extended throughout the troposphere to investigate the mechanisms of BVOC transport by 

shallow and deep convection.  

Apart from the observations of the vertical distribution of BVOC in the rainforest-atmosphere interface 

region, flux measurements with a PTR-ToF-MS could strongly improve our understanding of bidirectional 

canopy exchange. In this doctoral project, the coupling of emissions, oxidative chemistry, and turbulent 
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mixing was addressed by the application of a turbulence resolving atmospheric model (DALES), while 

BVOC flux measurements formally consider turbulent flows. Also in this case, the deployment of both 

H3O+ and NO+ could enable to observe the bidirectional exchange of many OVOC continuously over a long 

period. However, for a more comprehensive investigation, the bidirectional exchange studied on the 

canopy level (tower-based) could be extended by measurements on the tree or leaf level, for example by 

branch enclosure experiments, etc.  

The vertical distributions and their temporal and seasonal variabilities provide a good basis to constrain 

models on biogenic VOC emissions. In this doctoral study, the explicitly resolved turbulence above the 

canopy was beneficial for the investigation of vertical gradients. Therefore, the further development of 

models to include the turbulent and bidirectional exchange of BVOC could be advanced hand in hand with 

PTR-ToF-MS measurements of BVOC concentrations and fluxes above and within the canopy.   
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Abbreviations and acronyms 

  
ABL Atmospheric boundary layer 
ATTO Amazonia tall tower observatory 
BC Black carbon 
BL Boundary layer 
BVOC Biogenic volatile organic compounds 
CAFE Chemistry of the atmosphere field experiment 
CAM-chem Community atmosphere model with chemistry 
CIMS Chemical ionization mass spectrometer 
DALES Dutch large eddy simulation 
DMS Dimethyl sulfide 
DTW Dynamic time warping 
ECHAM Earth system model with core atmospheric general circulation model - 

Hamburg 
EDGAR Emission database for global atmospheric research 
EMAC ECHAM/MESSy Atmospheric Chemistry 
E/N Electrical field strength/number density of the neutral molecules 
ERA 5 ECMWF Reanalysis 5 
FEP Fluorinated ethylene propylene 
FPM Fluorinated propylene monomer  
GC or GC-MS Gas chromatoraph mass spectrometer 
GFAS Global fire assimilation system 
GHG Greenhouse gas 
GLV Green leaf volatiles 
HALO High altitude and long range research aircraft 
HERMESv3 High-elective resolution modelling emission system version 3 
Iso Isoprene 
IsoO Isoprene oxidation products 
ISOPOOH Isprenehydroxyhydroperoxide 
LES Large eddy simulation 
LoD or LOD Limit of detection 
LT Local time 
MACR Methacrolein 
MECCA Module efficiently calculating the chemistry of the atmosphere 
MEGAN Model of emissions of gases and aerosols from nature 
MEK Methyl ethyl ketone 
MESSy Modular earth submodel system 
MOM Mainz oxidation mechanism 
MTBE Methyl tert butyl ether 
MVK Methyl ethyl ketone 
NBR Nitrile butadiene rubber 
NMHC None-methane hydrocarbons 
OD Outer diameter 
OVOC Oxidized volatile organic compounds 
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PAN Peroxycarboxylic nitric anhydrides 
PAR Photosynthetically active radiation 
ppb Parts per billion (by volume) 
ppm Parts per million (by volume) 
ppt Parts per trillion (by volume) 
PEEK Polyetheretherketone 
PFA Perfluoroalkoxy alkane 
PTR or PTR-ToF-MS Proton transfer reaction time-of.flight mass spectrometer 
RH Relative humidity 
SIFT Selected ion flow tube 
TKE Turbulent kinetic energy 
UTC Coordinated universal time 
UV Ultraviolet 
VOC Volatile organic compounds 
WRF-chem Weather research and forecasting model coupled with chemistry 
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