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Abstract. The anthropogenic and biogenic contributions of isoprene, monoterpenes, sesquiterpenes and methanol in an urban 

area were estimated based on direct eddy covariance flux observations during four campaigns between 2018 and 2021. While 

these compounds are typically thought to be dominated by biogenic sources on regional and global scales, the role of potentially 

significant anthropogenic emissions in urban areas has been recently debated. Typical fluxes of isoprene, monoterpenes and 15 

sesquiterpenes were on the order of 0.07 .
.  nmol m−2 s−1, 0.09 nmol m−2 s−1 and 0.003 nmol m−2 s−1 during spring. During 

summer, emission fluxes of isoprene, monoterpenes and sesquiterpenes were higher on the order of 0.85 .
.  nmol m−2 s−1, 

0.11 nmol m−2 s−1, 0.004 nmol m−2 s−1. It was found that the contribution of the anthropogenic part is strongly seasonally 

dependent. For isoprene the anthropogenic fraction can be as high as 64 % in spring, but is typically very low < 18 % during 

the summer season. For monoterpenes the anthropogenic fraction was estimated between 43 % in spring and less than 20 % in 20 

summer. 

With values of 2.8 nmol m−2 s−1 in spring and 3.2 nmol m−2 s−1 in summer, methanol did not exhibit a significant seasonal 

variation of observed surface fluxes. However, there was a difference in emissions between weekdays and weekends (about 

2.3 times higher on weekdays in spring). This suggests that methanol emissions are likely influenced by anthropogenic 

activities during all seasons. 25 

1 Introduction 

Volatile organic compounds (VOCs) are omnipresent in the troposphere due to biogenic or anthropogenic activities (Guenther 

et al., 1995; Kansal, 2009; Sahu, 2012), and the VOC composition in urban environments can be particularly complex 

(Calfapietra et al., 2013; Khare et al., 2020; Pfannerstill et al., 2023). Besides substantial anthropogenic VOC (AVOC) 

emissions, urban environments are home to vegetation and thus also experience the emissions of biogenic VOC (BVOC) (Bonn 30 

et al., 2018; Churkina et al., 2017; Ren et al., 2017; Simon et al., 2019). An example of AVOCs are BTEX (benzene, toluene, 

ethylbenzene and xylenes), which are among the best-studied groups of AVOCs due to their relatively high prevalence in the 
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urban atmosphere and their potential health risks (Dehghani et al., 2018). BTEX has been linked to combustion and evaporative 

emissions from industry and transport (Zalel et al., 2008).  

The presence of BVOCs in the atmosphere must also be taken into account due to the complexity of the urban environment. 35 

However, the characterization of the magnitude of emissions of BVOC in urban areas is still an issue that is being investigated, 

and it was found that particularly the partitioning of emission sources is complex and often difficult to interpret (Li et al., 2018; 

Watson et al., 2001; Wei et al., 2008; Wei et al., 2011).  

While AVOCs are regionally important, on global scale BVOCs are estimated to be emitted in 10 times higher amounts than 

AVOCs (Piccot et al., 1992; Guenther et al., 2012). Of these biogenic emissions, terpenes dominate, of which 50 % can be 40 

attributed to isoprene (Guenther et al., 2012). Other terpenes important due to their reactivity in the atmosphere are 

monoterpenes, accounting for 15 % of total emissions, and sesquiterpenes, with annual emissions of 0.5 % (Guenther et al., 

2012). After isoprene, the second largest BVOC emitted by the vegetation is methanol, which can play an important role in 

global atmospheric chemistry (Tie et al., 2003). The emission of methanol from biogenic source is related to plant growth that 

accounts for 40-80 % of the total emission strengths of methanol (Singh et al., 2000; Galbally and Kirstine, 2002; Jacob et al., 45 

2005; Wohlfahrt et al., 2015). 

The presence of VOCs , both AVOCs and BVOCs, can affect air quality by forming tropospheric ozone (Derwent et al., 1996) 

and leads to the formation of precursors necessary for the production of secondary organic aerosols (SOA) (Goldstein et al., 

2009; Laothawornkitkul et al., 2009; Riipinen et al., 2012; Simon et al., 2020). In particular, an increasing number of studies 

report on the role of isoprene in the formation of SOA. Among these studies, we can mention that of Wu et al. (2020), the 50 

result of this study showed how the formation of biogenic SOA depends on the interactions between anthropogenic and 

biogenic BVOCs emissions. It also pointed out that management of anthropogenic emissions would lead to a reduction in SOA 

of both biogenic and anthropogenic origin. It is therefore important to understand whether there are variations in the emissions 

of these compounds, particularly in terms of what measures can be taken to improve air quality in urban environments. 

Considerations of BVOC emission management are also reported in Gu et al. (2021) and Pfannerstill et al. (2023) for the city 55 

of Los Angeles. These studies analyse the influence of urban greening in emission management on SOA and ozone formation, 

and how biogenic inventories underestimate isoprene fluxes, with a focus on analysing these fluxes to determine ozone and 

SOA formation potentials. 

Several studies have shown significant interannual variability in BVOC emissions over the years (Palmer et al., 2006; Vaughan 

et al., 2017; Kaser et al., 2022). Some factors, such as heatwaves and/or drought, can lead to an increase of the emission of 60 

isoprene and monoterpenes by vegetation (Warneke et al., 2010). Mechanical damage of plants within the frame of urban 

gardening operations has also been observed to play a role for the emission of terpenes (Kaser et al., 2013). Studies using 

models to determine the influence of future temperature changes on emissions (Steinbrecher et al., 2009; Tawfik et al., 2012) 

have suggested increased terpenoid fluxes.  

To some extent increased emissions can be associated with protective systems against abiotic stressors (Peñuelas and Munné-65 

Bosch, 2005; Velikova et al., 2005). In view of the fact that future climate scenarios predict an increase in temperatures (IPCC, 
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2007), a possible increase in BVOC emissions worldwide in the range of 30 to 45 % with an increase of 2-3 °C in mean global 

temperature has been inferred (Peñuelas and Llusiá, 2003). On the other hand, it has been estimated that as CO2 emissions 

increase, there will be an inhibition of terpenoid emissions (Holopainen et al., 2018, Rosenstiel et al., 2003). From a general 

point of view, therefore, the estimation of BVOC emissions considering various parameters (IPCC, 2021) is complex, as the 70 

dependence of these emissions is related to the evolution of climate and land use scenarios (IPCC, 2021).This has important 

ramifications for air quality, because terpene emissions play a fundamental role in the chemical reactions that form ozone and 

secondary organic aerosol (SOA) (Llusiá et al., 2002; Wu et al., 2020; Salvador et al., 2020). 

Many studies (Dal Maso et al., 2005; Hellén et al., 2006; Aaltonen et al., 2011; Mäki et al., 2017) have identified the summer 

period as the time when terpenoids emissions are predominantly of biogenic origin. This time of the year is linked to the 75 

growing season, when leaf temperatures and leaf densities are highest (Spirig et al., 2005; Laffineur et al., 2011; Acton et al., 

2016). On the other hand, the source of emissions during the late winter to spring period has been investigated less frequently, 

especially in an urban context.  

Due to the low vegetation cover and the dormancy period of plants, the emission of terpenoids during this period of the year 

was considered to be more related to anthropogenic sources (Hellén et al., 2012; Rouvière et al., 2006). More recently, a 80 

number of studies (e.g. McDonald et al., 2018; Gkatzelis et al., 2021a; Coggon et al., 2021) have suggested that urban volatile 

chemical product (VCP) emissions are a major source of urban terpenoid compounds. This once again highlights the 

importance of distinguishing between the different sources of emissions of these compounds in terms of their impact on air 

quality (Chiemchaisri et al., 2001; Claeys et al., 2004a, 2004b; Curci et al., 2010). Indeed, the winter and spring seasons, with 

their low temperatures, are typically associated with higher emissions of compounds from residential heating, and to some 85 

extent also traffic (Shindell et al., 2011; Saha et al., 2018; Squires et al., 2020). Borbon et al. (2023) report that traffic-related 

monoterpene emissions may account for around 40 % of the environmental levels in the developing world's cities. While on a 

global scale volatile terpenoids are thought to be mostly emitted from biogenic sources (Guenther et al., 2012), impacting air 

quality (Chiemchaisri et al., 2001; Claeys et al., 2004; Curci et al., 2010), local urban emissions can also exhibit an 

anthropogenic component (McDonald et al. 2018). It has been shown that terpenes can be regarded as an important subclass 90 

of volatile chemical product (VCP) use in urbanized areas (McDonald et al., 2018; Gkatzelis et al., 2021a; Coggon et al., 

2021). 

The main aim of this study was thus to investigate the extent of possible anthropogenic contributions to the total emissions of 

terpenoids (defined as isoprene, monoterpenes and sesquiterpenes) and methanol during two key seasons ((i) late winter – 

early spring and (ii) summer), by attributing potential biogenic and anthropogenic emissions to changing factors of urban 95 

emission activities. 

To investigate urban VCP and BVOC emissions we provide a synthesis of four campaigns when direct eddy covariance flux 

observations were conducted in 2018, 2020 and 2021. These campaigns span different seasons from late winter, early spring 

to summer, which allows to constrain seasonal urban emission sources of these important VOCs, and estimate the 

anthropogenic (“VCP”) share of isoprene, monoterpenes, sesquiterpenes and methanol emissions in the city of Innsbruck. 100 
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2 Material and methods 

2.1 Field site and instruments 

The data used in this study originates from four campaigns that took place in 2018 (29 March to 16 April, and 28 July to 31 

August), in 2020 (18 March to 12 April) which coincides with the first lockdown (16 March to 1 May 2020) due to the 

emergence of the SARS-CoV-2 virus (Austrian COVID-19-legislation (BGBl. II Nr. 98/2020)), and in 2021 (25 February to 105 

12 April). The spring trends of VOCs during these three years are also compared to those analysed previously, at the same site, 

by Kaser et al. (2022).  

VOC eddy covariance measurements were conducted at the Innsbruck Atmospheric Observatory (IAO) (47°5′51.66′′ N, 

11°23′06.82′′ E). The measurements were made from a tower at the top of the university building. The tower is 42 m above 

street level and 13.3 m above the zero-plane displacement height. Estimated at 70 % of the average building height of 19m, 110 

this corresponds to the five to seven storey buildings that are most important in terms of drag (Ward et al., 2022). The average 

building height within 500 m of the IAO is 17.3 m, reduced by the small buildings in the courtyards, which do not have an 

impact on the flow (Christen et al., 2009). The roughness-length, z0, is 1.6 m (Ward et al., 2022). The dominant wind direction 

at the IAO is from the NE during the day and SW during nighttime (Karl et al., 2020; Striednig et al., 2020). A climatological 

analysis of the flux footprint for the different campaigns is presented in the SI. Briefly, during all intensive operational periods 115 

(IOPs) most of the footprint (<80%) was contained within a domain extending about 1km to the East and 1 km to the West. 

During the 2018 spring IOP, we see a slightly higher influence of Föhn conditions (to a lesser extent also 2019), that increases 

the footprint contribution from the south sectors, compared to spring 2020 and 2021. Overall, the area of interest is quite 

comparable during all IOPs. 

 120 

Meteorological data such as temperature, wind speed and direction, and CO2 and H2O concentrations were obtained using the 

CPEC200 (Campbell Scientific, USA) at a sampling frequency of 10 Hz. Photosynthetically active radiation (PAR) was 

estimated based on short wave radiation measurements. A four-component radiometer (CNR4, Kipp & Zonen) at a height of 

42.8 m provided incoming and outgoing shortwave and longwave radiation. Air temperature and relative humidity are 

measured by the HC2S3 probe from Campbell Scientific. Precipitation was measured by a tipping bucket rain gauge (ARG100, 125 

Campbell Scientific). 

For the interpretation of VOC fluxes in relation to anthropogenic emissions, we analysed NOx and O3 fluxes. Nitrogen oxides 

were measured by chemiluminescence (CLD899, Ecophysics, Switzerland), and ozone was measured by absorption 

spectroscopy (APOA-360, Horiba, Jp) (Lamprecht et al., 2021). 

Two proton transfer reaction time-of-flight mass spectrometers (PTR-ToF-MS) were used to obtain BVOC flux data for the 130 

campaigns. A proton transfer reaction quadrupole interface time-of-flight mass spectrometer (PTR-QiToF-MS, IONICON 

Analytik, Sulzer et al., 2014) was used for the 2018 campaigns. A PTR-ToF 6000X2 (IONICON Analytik GmbH, Innsbruck, 

Austria; Barber et al., 2012; Sulzer et al., 2014) was used for the 2020 and 2021 campaigns. All campaigns employed the same 
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standard calibration gas (Peron et al., 2021). Kaser et al. (2022) and Peron et al. (2021) describe the operational characteristics 

of the instrument for the 2018 and 2020 and 2021 campaigns, respectively. The PTR-ToF-MS was operated at an E/N of about 135 

108 Td to minimize fragmentation. Both PTR-ToF-MS instruments have sufficient mass resolution and mass accuracy to 

obtain isobaric formulae (Graus et al. 2010). This minimizes potential interferences compared to quadrupole mass 

spectrometers. The PTR-ToF-MS was used to detect isoprene, at m∕z 69.070 [(C5H8)H+], the sum of the monoterpenes at m∕z 

137. 133 [(C10H16)H+], the major fragment at m∕z 81.070 [(C6H8)H+] and the sum of sesquiterpenes at m∕z 205.195 [(C15H24)H+] 

(Brilli et al., 2011, 2016; Tasin et al., 2012; Maja et al., 2014; Misztal et al., 2015; Giacomuzzi et al., 2016; Yener et al., 2016; 140 

Portillo-Estrada et al., 2017). 

Recently an evaluation of PTR techniques showed varying fragmentation patterns in urban environments (Coggon et al., 2023). 

Similarly, for m/z 69.070 Fall et al. (2001) already reported potential fragmentation from C5 alcohols and aldehydes, which 

would represent an interference for isoprene. Based on earlier evidence (Fall et al., 2001), the most common fragmenting 

species are often associated with m/z 87.081. From a regression analysis between m/z 69.070 to m/z 87.081 we obtained an 145 

upper limit of about 30 % of an interference for isoprene during the spring campaigns (slope 0.16) and 3 % for the summer 

campaign (slope 0.01). This is based on the assumption that all ions at m/z 87.081 would fragment at m/z 69.070 in a similar 

way to common aldehydes measured at this mass (Fall et al. 2001). This is likely an upper limit, because it assumes that all of 

the ions on m/z 87.081 would represent protonated oxygenated VOC fragmenting on m/z 69.070 by loss of H2O. A potential 

interference for the springtime analysis is within the range reported by Coggon et al. (2023) (e.g. up to 40 %), but likely <30 150 

% for this study. The same analysis was carried out for protonated C8 carbonyls (m/z 129.128), together with protonated C9 

carbonyls  (m/z 143.144) and the parent protonated ion and the protonated dehydration products (m/z 111.117, and m/z 

125.133, respectively), obtaining similar results to those obtained for m/z 87. To account for these uncertainties we have 

provided a likely range for assigning isoprene to m/z 69 by including upper and lower bounds. 

In addition to the fluxes of isoprene, monoterpenes and sesquiterpenes, the fluxes of benzene ([(C6H6)H+], m/z 79.054), toluene 155 

([C₆H₅CH₃)H+], m/z 93.070) and C4 alkenes ([(C4H8)H+], m/z 57.070, e.g. 2-butene) were analysed, because the emissions of 

these compounds are strongly linked to anthropogenic activities (Derwent et al., 2000; Dollard et al., 2007). Emissions of furan 

([(C4H4O)H+], m/z 69.033) was analysed, because it was shown to be a good tracer for periods influenced by biomass burning 

(Müller et al., 2016; Koss et al., 2018). Methanol was observed on m/z 33.034 ([(CH3OH)H+]). Methanol is the most abundant 

tropospheric non-methane organic gas (Dominutti et al., 2023), which plays an important role in the chemistry of the remote 160 

atmosphere (Duncan et al., 2007; Tie et al., 2007).  

An automated valve system allowed sequential analysis of ambient air, calibration and instrument background. Every five and 

a half hours, calibration and background were performed for two minutes each. 
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2.2 Data analysis 

The PTR-ToF-MS data were analysed using the IONICON DATA ANALYZER v4 software (Müller et al., 2013) in order to 165 

obtain peak integrated stick spectra in ncps for all VOCs of interest. These data were then converted to ppbv based on a 

calibration standard (Apel Riemer Environmental Inc., Broomfield, CO, USA), containing 15 compounds (Peron et al., 2021).  

Fluxes were subsequently calculated by the InnFLUX routine (Striednig et al., 2020). This open-source software allows to 

process eddy covariance and disjunct eddy covariance flux data. The high frequency loss was inferred to amount to 1.1 % 

based on spectral analysis (Striednig et al., 2020). Fluxes were filtered by common quality criteria (Foken et al., 2012), which 170 

are a combination of the steady-state and integral turbulence characteristic tests. The quality assurance procedures were 

described previously in Kaser et al. (2022). 

 

To make the interpretation of results consistent with the analysis of Kaser et al., (2022) data were additionally filtered by 

analysing fluxes originating from the east sector between 0 and 120° (NE), the dominant wind direction.  175 

Given that it is well established that isoprene emissions are light dependent (Kesselmeier and Staudt, 1999; Guenther et al., 

2006), nighttime emissions (between 8 p.m. and 3 a.m. UTC) were assumed to be exclusively of anthropogenic origin, while 

daytime emissions (between 8 a.m. and 4 p.m.) represent a mix of biogenic and anthropogenic sources. 

Significant interference from potentially stressed plants were investigated by correlating with green leave volatiles (GLV). 

The emission of GLVs by plants has been attributed to both abiotic and biotic stresses (Halitschke et al., 2004; Loreto et al., 180 

2006; Wenda-Piesk, 2011; Allmann et al., 2013). Compounds belonging to this group, which includes molecules such as esters, 

alcohols and aldehydes, are characterised by a chain of six carbon atoms (C6). Specifically, for this analysis Hexenal 

([(C6H10O)H+], m/z 99.080) was considered (Beauchamp et al., 2005; Giacomuzzi et al., 2016; Portillo-Estrada et al., 2017) 

as a marker compound. The analysis showed no significant correlation due to low fluxes on ions associated with GLV. We 

also analysed the fluxes of Decamethylcyclopentasiloxane (C10H30O5Si5, D5), which is related to the usage of cosmetics and 185 

other health care products, allowing to use this compound as a human mobility proxy marker (Horii and Kannan, 2008; Wang 

et al., 2009).  

Regarding the data treatment of monoterpenes and sesquiterpenes, the two categories were analysed using different means to 

calculate ambient concentrations due to common fragmentation patterns. For monoterpenes, the correlation between exact m/z 

137.133 and the exact m/z 81.070 was used to calculate the overall abundance. In all four campaigns, the correlation between 190 

parent ions and expected fragments was strong, both for fluxes and for concentrations. From the regression, the concentrations 

and fluxes of monoterpenes were based on the fragment correct signal on m/z mass 137.133.  

Regarding the quantification of sesquiterpenes, common fragments were used to correct for the abundance of sesquiterpenes 

on m/z 205.195 as by Kaser et al. (2022). Due to the potential of a higher contribution of sesquiterpenes that react very fast 

with respect to ozone (e.g. beta- caryophellene) we additionally estimated potential chemical losses due to reaction with ozone 195 

as suggested by Kaser et al., (2022). Since the PTR-ToF-MS does not allow to speciate sesquiterpenes, upper and lower limits 
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for the composition were chosen based on typical literature values. In particular, the sesquiterpene composition mix used by 

Sakulyanontvittaya et al. (2008) was applied, with a reactive terpene fraction between 36 % and 50 %. Due to the fast reaction 

with ozone potential losses between the point of emission and detection was estimated. Ozone data were obtained from ambient 

measurements using a UV absorption technique. Based on the commonly reported composition of sesquiterpenes 200 

(Sakulyanontvittaya et al. 2008) we used these constraints, to estimate the possible breakdown of sesquiterpenes fluxes due to 

chemical reactions in the atmosphere. We obtained a range of approximately 30-45 %. 

In order to constrain the influence of the anthropogenic component on the emissions, we investigated the difference in 

emissions between the weekend (Sunday and public holidays) and weekdays (i.e. working days from Monday to Thursday). 

The weekend to weekdays effect is defined as the average flux (or activity) difference by defining the ratio of average emissions 205 

between weekdays and weekends. This differentiation of the fluxes during two different periods of the week (weekend and 

weekdays) has also allowed us to estimate the percentage of the anthropogenic or biogenic contribution to the total of the 

measured emissions. The analysis was done by pooling the data from a narrow temperature window of (T = 278 - 282 K). This 

consideration has been made to minimize the effect of a potential temperature dependence of the BVOC emissions. In order 

to maintain a statistically significant number of data points, it was decided to aggregate all of the data from the three spring 210 

campaigns first. To determine whether the weekend to weekdays ratio is statistically significant, a t-test was applied to the 

data using 50 random realizations. 

2.3 Emission modelling 

BVOC emission factors in MEGAN (Guenther et al., 2012) for urban areas are still scarce (Leung et al., 2010). In addition, 

during the winter and spring months, AVOC emissions can mask BVOC emissions and the anthropogenic fraction can 215 

potentially dominate. 

In order to include anthropogenic and biogenic sources for urban isoprene emissions one can partition the dataset between an 

anthropogenic flux component and a biogenic component parameterized by MEGAN.  

For isoprene, both terms can be modelled independently to reconstruct the total emission flux (FVOC): according to (Eq.1). 

𝐹 = 𝐹 + 𝐹            (1) 220 

The variation of the anthropogenic component for isoprene was calculated from nighttime data, when biogenic isoprene 

emissions can be assumed to be negligible, by correlating isoprene fluxes with benzene fluxes (FBe). The urban benzene flux, 

is thought to be dominated by urban combustion processes in Innsbruck particularly traffic related emissions. The ratio of 

isoprene to benzene emissions (α) over the same period can then be estimated according to (Eq. 2):  

𝐹 , = 𝛼 × 𝐹             (2) 225 

α was calculated based on a linear x-y weighted fit between nocturnal isoprene and benzene fluxes (Cantrell., 2008), assuming 

that all the isoprene emissions during nighttime originate from anthropogenic sources. Unfortunately, this correlation analysis 
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cannot be applied to monoterpenes and sesquiterpenes, because it is not reasonable to assume that nighttime biogenic emissions 

of these compounds are negligible. We therefore resort to an independent analysis based on the weekend to weekday effect for 

these compounds.  230 

To analyse the correlation with benzene fluxes we used a linear fit in Matlab with uncertainties both in x and y (linfitxy, 

Browaeys, 2023).  

The inferred biogenic isoprene fluxes were subsequently normalized based on common biogenic emission algorithms (e.g. 

MEGAN, Guenther et al., 2012, eq. 3).  

𝐹 = Ε 𝛾 𝛾    (3)  235 

where 𝛾  represents the light dependent activity factor, and 𝛾  the short-term temperature dependent activity factor.  

 

In this study, the stand-alone version of MEGAN (Guenther et al., 2012), was used to calculate the light and temperature 

variation of isoprene emissions in response to T [C°] and PAR [µmol m-2 s-1]. In order to determine the biogenic isoprene 

emission factor, eq. 3 was used to normalize measured fluxes after subtracting the anthropogenically derived portion of the 240 

isoprene flux that was inferred from the nighttime correlation analysis (Eq. 4): 

Ε =
( )

             (4)  

2.4 Ancillary data 

In order to characterize the seasonal vegetation phenological development in the study area, the normalised difference 

vegetation index (NDVI) was used (Rouse et al. 1974). To this end, the harmonized Landsat-Sentinel HLSS30 v002 satellite 245 

product (Masek et al. 2021) was downloaded through NASA’s AppEEARS web interface 

(https://appeears.earthdatacloud.nasa.gov). The HLSS30 product is derived from Sentinel-2A and -2B products and provides 

Nadir BRDF-corrected reflectances with a 30 m spatial and 2-3 day temporal resolution. The NDVI was calculated from the 

narrow-band reflectances in the red (band 4) and near-infrared (band 8A). Data were filtered for the presence of surface water, 

ice and snow, as well as clouds, clouds shadows and cloud shadows in adjacent pixels using the quality assessment layer 250 

provided with the product. Data were downloaded for the period 2018-2022 and cut out for a 1 x 1 km area with the flux tower 

in the centre. Overall, 35 % of the data passed quality control, during the measurement campaigns this fraction ranged between 

27 and 47 %. The final data were weighted with the flux footprint calculated using the model by Kljun et al. (2015). To that 

end, satellite NDVI data were linearly interpolated in time between satellite retrievals to the flux timestamps. 
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3 Results and discussion  255 

3.1 Meteorological, urban metabolism and traffic overview 

 
Figure 1: Daily meteorological conditions and urban metabolism between January 2018 and January 2022. Panel (a) air temperature 
[K] – left y-axis, PAR [µmol m-2s-1] – right y-axis. Panel (b) the relative air humidity [%] – left y-axis, daily precipitation [mm d-1] – 
right y-axis. Panel (c) NDVI – left y-axis, and CO2 flux [µmol m-2s-1] – right y-axis. The grey areas indicate the duration of the 260 
measurement campaigns. 

The analysis of the weather conditions over the three years under consideration shows no particular variations in PAR and 

relative humidity (Fig. 1). In fact, the three spring periods are comparable when analysing these two parameters. 

With regard to temperature, the average daytime temperature in spring 2021 was lower (9.60 °C) than in 2018 and 2020 (15.2 

°C and 15.10 °C respectively). During the night, on the other hand, a decrease in the average temperature was observed over 265 

the three years, from 9.40 °C in 2018 to 2.50 °C in 2021 (Table 1). These variations are related to the different sampling 

periods, which are not entirely coincident. 

Analysing the precipitation during the three spring periods, it can be seen that the spring of 2020 was the one with the lowest 

precipitation (2.3 mm), although the campaign only lasted 26 days. On the other hand, 2021 is the year in which more 

precipitation was recorded (56.7 mm) than in 2018 and 2020 (Table 1). 270 

The plant phenological development for the spring campaigns in 2018, 2020, 2021 shows no significant inter-annual 

differences with average NDVI values of 0.28, 0.28 and 0.25, respectively (Table 1). For the summer season campaign 2018, 

the average value was 0.37 (Table 1), similar to what was observed during summers 2019-2021 (Fig. 1). Generally, a low 

vegetation cover characterizes the flux footprint - Ward et al. (2021) showed that on average vegetation cover comprises about 

19 % of the flux footprint surrounding the site.  275 
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The dominant source of CO2 emissions in Innsbruck are anthropogenic emissions (i.e. traffic and residential heating) (Ward et 

al., 2022; Nicolini et al. 2022). The seasonal variation (Fig 1.) clearly shows this with higher CO2 emission in the cold season 

than during the warm season, when CO2 fluxes decrease. Lower CO2 emissions during summer reflect reduced anthropogenic 

emissions (50 % of CO2 emissions are estimated to originate from heating) and, to a minor extent, higher photosynthetic 

uptake. Previous work at this site suggested a CO2 flux bias of about 10-20 % during summer corresponding to the vegetated 280 

land cover surrounding the flux tower (Ward et al., 2022). 

 

Table 1: Average daytime and nighttime temperature [°C], PAR [µmol m-2s-1], relative humidity [%], CO2 flux [µmol m-2s-1]. NDVI 
[-] values are referring to the averaged value of the single period. Sum of precipitation [mm] are the sums of the seasonal 
precipitation. The data are reported with corresponding standard errors for the four measurement campaigns.  285 

 Spring 2018 Summer 2018 Spring 2020 Spring 2021 

 Daytime Nighttime Daytime Nighttime Daytime Nighttime Daytime Nighttime 

Temperature [°C] 15.2 ± 0.08 9.40 ± 0.07 27.20 ± 0 08 18.40 ± 0.06 15.10 ± 0.10 5.80 ± 0.08 9.60 ± 0.07 2.50 ± 0.05 

PAR 

[µmol m-2s-1] 
965.25 ± 11.28 - 1228.50 ± 8.83 - 1257.00 ± 8.33 - 839.25 ± 6.14 - 

Relative Humidity 

[%] 
37.00 ± 0.35 63.00 ± 0.33 41.00 ± 0.28 78.00 ± 0.21 30.00 ± 0.24 62.00 ± 0.24 41.00 ± 0.24 73.00 ± 0.19 

CO2 [µmol m-2s-1] 4.70 ± 0.24 9.09 ± 0.33 2.88 ± 0.12 9.42 ± 0.20 4.74 ± 0.17 8.14 ± 0.21 4.26 ± 0.16 9.93 ± 0.21 

NDVI [-] 0.2772 ± 0.0013 0.3838 ± 0.0001 0.2935 ± 0.0005 0.2557 ± 0.0007 

Sum of 

precipitation [mm] 
25.4 137.0 2.3 56.7 

 

With regard to anthropogenic activities, the effect from weekend to weekdays was analysed. Results are plotted in Figure 2, 

which shows that this ratio varies depending on the type of compound and/or activity (Fig. 2). To determine whether the 

weekend to weekday ratio is statistically significant, a t-test was applied to the data using 50 random realizations This statistical 

analysis shows that when the three spring campaigns are analysed together, there is a significant difference between the 290 

weekday and weekend fluxes for isoprene, monoterpenes, benzene, toluene, methanol, C4 alkenes, NOx and traffic activity. 

No significant difference was found for sesquiterpenes, siloxanes, temperature and PAR.  

For compounds such as isoprene, monoterpene, benzene, toluene-methanol, C4 alkenes (e.g. 2-butene) and NOx, emissions are 

highest during the week, i.e. Monday to Thursday. This seems to indicate that the emission of these compounds is largely 

driven by anthropogenic activities. In the joint analysis of the three spring campaigns, compounds such as sesquiterpenes and 295 

siloxanes do not seem to be influenced by a change in anthropogenic activities (Fig. 2), as the average flux values do not show 

any particular variations between the two identified weekly periods. In the case of siloxanes, this would seem to indicate that 

the population maintains the same personal care habits during weekdays as during the weekend.  

The traffic volume was found to be on average about 3.8 times higher on weekdays than on weekends. In addition, and in order 

to better understand the possible influence on the emissions of the VOC of interest considered in this study, an analysis of 300 

traffic flow (transit of motorized vehicles) and NOx fluxes was carried out (Fig. 2). Traffic, NOx, benzene and toluene emissions 
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differ significantly between the weekend and weekday periods. For traffic, it was estimated that the number of vehicles on the 

road during the weekdays is almost four times higher than at the weekend. Comparable variations were found for NOx, benzene 

and toluene for which workday emissions are about three times higher than on the weekend. 

To exclude the possibility of varying environmental conditions for this type of analysis we compared PAR and air temperature 305 

during weekdays and weekends. PAR did not show a statistically significant difference. To check whether there is still a 

remaining temperature variation after the data selection, the analysis was also performed for air temperature and, as expected, 

no variation was found. These results strongly suggest that the weekday-weekend differences of all VOCs are most likely 

related to a variation in anthropogenic activities. 

 310 

Figure 2: Data from all campaigns plotted as a ratio between the mean value during the weekdays and the weekend period for 
isoprene (ISO), monoterpenes (MT), sesquiterpenes (SQT), benzene (BEN), toluene (TOL), methanol (MeOH), siloxane (SIL), C4 
alkenes (C4), NOx, traffic, temperature (T) and PAR. * represent cases where the t-test for the weekend effect on the data (p-value 
> 0.05) was not statistically significant.  

As a next step, the analysis was carried out on a campaign-by-campaign basis, bearing in mind that this analysis is less robust 315 

due to the limited number of weekend data for each campaign. In this case, for the summer data, only fluxes emitted when the 

temperature was higher than 292 K were taken into account in order to minimize the temperature-related effect on BVOC 

emissions. The analysis for spring time data was the same as for the bulk analysis described above. An analysis of the weekend 

effect for VOCs during the different campaigns shows that the situation changes depending on whether the period is spring or 

summer (Fig. 3). The variation of the compounds will be analysed in the following chapters. 320 
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Figure 3: Ratio between average values during weekend and weekdays of VOCs fluxes for spring 2018 (a), summer 2018 (b), spring 
2020 (c) and spring 2021 (d) for fluxes of isoprene (ISO), monoterpenes (MT), sesquiterpenes (SQT), benzene (BEN), toluene (TOL), 
methanol (MeOH), siloxane (SIL) and C4 alkenes (C4). * represent cases where the t-test for the weekend effect on the data (p-value 
> 0.05) was not statistically significant. 325 

3.2 Isoprene 

 

Figure 4: Hourly averaged isoprene fluxes during spring 2018 (a), summer 2018 (b), spring 2020 (c) and spring 2021 (d). Note the 
different y-scale in panel (b).  
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Figure 4 shows daily variations of isoprene fluxes during all campaigns. For the three spring periods, respectively, average 330 

isoprene fluxes amounted to 0.09 .
.  nmol m−2 s−1 for 2018, 0.05 .

.  nmol m−2 s−1 for 2020 and 0.05 .
.  nmol m−2 s−1 for 

2021. In spring, on average, 64 % of the measured isoprene flux was attributed to anthropogenic emissions according to 

equation 3. The modelled average anthropogenic isoprene emissions were 0.05 .
.  nmol m−2 s−1 in the year 2018, 0.03 .

.  

nmol m−2 s−1 in the year 2020 and 0.04 .
.  nmol m−2 s−1 in the year 2021.  

For comparison, the anthropogenic fraction was quite a bit lower in summer compared with the total amount of the isoprene 335 

flux (0.15 .
.   nmol m−2 s−1, 18 % of total isoprene emissions). This is consistent with findings of Kaser et al. (2022). 

Isoprene can also be released from burning activities (Yokelson et al., 2009). To rule out any potential interference of burning 

activities during nighttime on isoprene fluxes, furan fluxes, which were proposed to be a good marker for urban biomass 

burning (BB) phenomena (Koss et al., 2018), were investigated. The averaged nocturnal fluxes of furan were 0.005 

nmol m−2 s−1, 0.009-nmol m−2 s−1, 0.007-nmol m−2 s−1, 0.005-nmol m−2 s−1 in spring 2018, summer 2018, spring 2020 and 2021, 340 

respectively. For the corresponding periods, furan fluxes did not exceed 0.01 nmol m−2 s−1, 0.03 nmol m−2 s−1, 0.05 nmol m−2 s−1 

and 0.04 nmol m−2 s−1. These low fluxes suggest that there were no significant BB episodes during the measurement period 

reported here. This is also supported by the low correlation (R2 = 0.39) between furan and isoprene fluxes and concentrations 

during the nighttime spring periods. Biomass burning plumes would have clearly influenced the relationship between isoprene 

and benzene, due to different emission ratios and correlation (Santos et al., 2018). The data do not show any significant 345 

interannual differences for mean fluxes of benzene, neither during the day (0.20 nmol m−2 s−1 – 2018, 0.10 nmol m−2 s−1 – 2020, 

0.14 nmol m−2 s−1 – 2021) nor at night (0.04 nmol m−2 s−1 – 2018, 0.03 nmol m−2 s−1 – 2020, 0.02 nmol m−2 s−1 – 2021). 

To test for other potential interferences for nighttime fluxes (i.e. plant stress and damage) for isoprene and terpenoid emissions, 

we investigated Green Leaf Volatiles (GLV). Emissions of GLV are associated with biotic (Maja et al., 2014; Faiola and 

Taipale, 2020) and abiotic stresses (Fall et al., 1999; Beauchamp et al., 2005; Behnke et al., 2009; Betz et al., 2009). In spring 350 

during the nighttime period, the mean GLV fluxes were 0.005 nmol m−2 s−1 in 2018, 0.002-nmol m−2 s−1 in 2020, and 0.004 

nmol m−2 s−1 in 2021. The maximum values reported were 0.01 nmol m−2 s−1, 0.03-nmol m−2 s−1, 0.02 nmol m−2 s−1 and 0.03 

nmol m−2 s−1 respectively. In summer, the mean GLV flux during the night was 0.005 nmol m−2 s−1 with a maximum not 

exceeding 0.03-nmol m−2 s−1. These low fluxes and little correlation (R2 = 0.35) between GLV and VOC fluxes suggests little 

influence due to interfering species from plant stress. 355 

The diurnal trend of the isoprene emissions, divided into weekdays and the weekend, showed that most of the emission fluxes 

occur during daylight. Since anthropogenic emissions are expected to be less influenced by temperature variations, higher 

isoprene fluxes during summer are due to biogenic emissions.  

However, during spring non-zero nighttime fluxes (Fig.4) of isoprene become more prominent due to the overall low isoprene 

flux. The nighttime emissions of isoprene must be a result of the presence of anthropogenic sources (e.g. tail-pipe emissions 360 

from cars). If true, there should also be evidence from the weekend/weekday effect. Indeed, it was found that nighttime 

emission fluxes during weekdays were higher compared to the nighttime emission fluxes on weekends. This is because then 

these fluxes are more influenced by transport volumes (e.g. traffic activity). 
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During spring the difference between weekends and holidays, and typical working days of the week was statistically 

significant, with lower emissions during holidays and weekends. (Table 2). The weekend-weekday difference was consistently 365 

observed over three years of measurements (Fig. 3). The same statistics during a summer campaign on the other hand, did not 

show any significant difference, suggesting that summer emissions of isoprene are dominated by biogenic emissions (Kaser et 

al., 2022). This information supports the hypothesis, that anthropogenic emissions of isoprene play a more important role, in 

the urban environment, during spring periods. 

Table 2: Average value of the isoprene, monoterpenes and methanol emissions measured during the four campaigns on Sundays and 370 
holidays (weekend) and working days (weekdays) with relative p-value for the significance of the difference between the different 
days of the week. For isoprene to account for the uncertainties we have provided a likely range for assigning isoprene to m/z 69 by 
including upper and lower bounds. 

 
Spring 2018 

[nmol m−2 s−1] 

Summer 2018 

[nmol m−2 s−1] 

Spring 2020 

[nmol m−2 s−1] 

Spring 2021 

[nmol m−2 s−1] 

Isoprene 
Weekdays 0.05 +0.02 0.15 +0.02 0.05 +0.02 0.06 +0.02 

-0.01 -0.02 -0.01 -0.01 

Weekend 0.03 
+0.01 

0.18 
+0.02 

0.03 
+0.01 

0.03 
+0.01 

-0.01 -0.02 -0.01 -0.01 

Monoterpenes 
Weekdays 0.11 0.07 0.09 0.09 

Weekend 0.07 0.05 0.06 0.05 

Sesquiterpenes 
Weekdays 0.003 0.002 2 E-04 0.001 

Weekend 0.003 0.001 8 E-04 3 E-4 

Benzene 
Weekdays 0.09 0.14 0.12 0.15 

Weekend 0.06 0.10 0.02 0.07 

Toluene 
Weekdays 0.15 0.16 0.21 0.26 

Weekend 0.08 0.15 0.06 0.09 

Methanol 
Weekdays 1.22 2.51 3.25 3.74 

Weekend 1.03 2.36 1.97 2.01 

Siloxane 
Weekdays 0.003 0.001 2 E-4 1 E-4 

Weekend 0.003 0.001 NaN 2 E-4 

C4 Alkenes 
Weekdays 0.16 0.30 0.21 0.28 

Weekend 0.10 0.29 0.08 0.11 

 

The correlation analysis based on nighttime flux analysis in conjunction with an additive emission model (eq. 2-4) allows to 375 

apportion isoprene fluxes into an anthropogenic and biogenic component. Thus, isoprene emissions during summer are 

dominated by biogenic emissions. This is in line with Kaser et al. (2022), who estimated that biogenic emissions account for 

80-95 % of the observed isoprene flux during summer. We can also use the weekend to weekday effect as an independent 

estimate to constrain the anthropogenic vs biogenic component of isoprene emissions. From Table 2 and Figure 3 we get a 
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weekday to weekend variation of isoprene fluxes that is on the order of 1.8 for spring. There is no statistically significant 380 

variation during the summer (i.e. the ratio is close to 0.8). This suggests that about 50 % of isoprene fluxes exhibit an 

anthropogenically driven source activity for spring but not for summer.  

We have previously observed that a large number of oxygenated VOCs can be emitted in urban areas (Karl et al., 2018), and 

factor analysis revealed distinct emission patterns, where aromatic compounds typically cluster with traffic related signals. 

The flux ratio of toluene to benzene fluxes exhibited a high correlation (R2 = 0.79) with an average flux ratio of 1.6 ([nmol/m2/s] 385 

/ [nmol/m2/s]) during spring, and 1.9 ([nmol/m2/s] / [nmol/m2/s]) during summer in this study. This supports previous findings 

in Europe (Schnitzhofer et al., 2008), that toluene emissions from cars are evaporative and temperature dependent throughout 

the season. In comparison the correlation between monoterpene and benzene was poorer (R2 ~0.46) with a typical flux ratio of 

0.16 ([nmol/m2/s] / [nmol/m2/s]) in summer and 0.17 ([nmol/m2/s] / [nmol/m2/s]) in spring.  

3.3 Monoterpenes 390 

3.3.1 Weekday-Weekend effect 

 

Figure 5: Daily sum of monoterpenes fluxes during spring 2018 (a), summer 2018 (b), spring 2020 (c) and spring 2021 (d). 

Compared to isoprene, the partitioning analysis of monoterpenes and sesquiterpenes is more complex, because nighttime 

biogenic emissions may not be assumed negligible a priori. The data show a less pronounced daily flux trend (Fig. 6), as is the 395 

case for isoprene. This is because biogenic monoterpene emissions are not solely dependent on the presence of PAR and can 

have a significant temperature driven emission from storage pools (Guenther et al., 1993, 1995, 2012).  
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We observed typical emission fluxes of monoterpenes on the order of 0.09 nmol m−2 s−1 during the daily period in spring 2018, 

2020 and 2021, and 1.11 nmol m−2 s−1 during summer 2018. The higher emissions of monoterpenes in 2018 (0.12 nmol m−2 s−1) 

compared to 2020 (0.07 nmol m−2 s−1) and 2021 (0.08 nmol m−2 s−1), were not statistically significant (p-value 0.14). The 400 

percentage of these emission attributed to biogenic sources was estimated based on the weekend to weekday effect as for 

isoprene. We see that the weekend to weekday effect for monoterpenes (as for isoprene) was more significant during the spring 

campaigns 2020 and 2021 (an average ratio of 1.7) than during the summer campaign (1.4). In addition, there also seems to be 

a decrease in emission fluxes during the weekdays of the spring lockdown period (0.11 nmol m−2 s−1 - spring 2018, 0.09 

nmol m−2 s−1 - spring 2020, 0.09 nmol m−2 s−1 - spring 2021). The weekend to weekday ratio in spring 2020 was close to the 405 

ratio observed during the 2018 summer campaign. The correlation between benzene and monoterpene fluxes is somewhat 

poorer than for isoprene (e.g. R2 = 0.61 during the spring campaigns for monoterpenes vs R2 = 0.77 for isoprene (Figure S6 in 

Supplement)). In spring, the slopes between isoprene/benzene fluxes were 2.1, and for monoterpenes it was 0.9, respectively 

(data not shown). For summer we find that the correlation coefficient between monoterpenes and benzene was poor, with an 

R2 of only <0.3 (Figure S7 in Supplement). The anthropogenic fraction of monoterpenes was 43% in spring and 20% in 410 

summer. Yet the total monoterpene flux did not change significantly between these seasons like for isoprene. This might come 

as a surprise, since an increase of biogenic emissions is expected in summer. Our explanation for this is that the increase of 

biogenic emissions was compensated by a decrease of anthropogenic emissions due to two main factors: (1) The IAO is located 

close to the city centre at one of the university campuses. In August, most students are on summer break and fewer people are 

on the streets within the flux footprint. (2) The campaign happened to take place during a significant heat wave in 2018, when 415 

people preferentially stayed in cooler environments rather than in the unpleasant street climate of the urban heat island. Both 

factors provide an explanation that fewer people were out on the streets during the day in the summer of 2018, and that the 

anthropogenic fraction of monoterpene fluxes was lower. Coggon et al. (2021) reported the ratio between monoterpenes and 

benzene in correlation with population density, with an R2 of 0.48. They suggested that emissions from drivers and passengers 

are co-emitted with benzene (emitted from the tailpipe) and therefore exhibit a good correlation in urban areas. To put our 420 

results in context of the study of Coggon et al. (2021) we investigated the relationship between monoterpenes and benzene, 

based on population density. Coggon et al. 2021 obtain a concentration enhancement ratio of monoterpenes / benzene that 

depends on population density and is on the order of 5.2e-5 [ppb/ppb]/[people/km2] for New York City. From our flux data, 

we can calculate the ratio of monoterpene to benzene fluxes for the spring IOPs, and normalize it by the population density 

estimated for the city centre of Innsbruck (7000 – 8800 people/km2) (Ward et al., 2022). We obtain a normalized ratio of 3.9e-425 

5 to 5.0e-5 [(nmol/m2/s)/(nmol/m2/s)]/[people/km2]. Considering that about 43% of springtime monoterpenes fluxes are of 

anthropogenic emission, we find a normalized flux ratio of 1.7e-5 to 2.2e-5 [(nmol/m2/s)/(nmol/m2/s)]/[people/km2]. 

3.3.2 COVID lockdown period 

 A special case in this dataset is the period of 2020 during the hard COVID lockdown, when a significant weekday-weekend 

effect was observed for human markers (Figure 3). 430 
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When analysing siloxanes, we observed that D5 fluxes were present during weekdays, but not at weekends. This would seem 

to indicate that the pedestrian circulation of people was active during the weekday period, due to the need to buy groceries and 

partially work (which was still permitted). On the other hand, during the weekend period, the pedestrian circulation of people 

was almost zero, as people were not allowed to leave their homes, except for special reasons. Similar results were observed 

for monoterpene fluxes.  435 

This is a qualitative indication that, in contrast to isoprene, anthropogenic emissions of monoterpenes are more related to the 

use of personal care products than due to vehicle traffic (Oz et al., 2015; Nazzaro et al., 2013; Cheng et al., 2018; Zhang et al., 

2020; Gkatzelis et al., 2021b; Panopoulou et al., 2020, 2021; Kornbausch et al., 2022).  

The correlation between D5 siloxane and benzene fluxes observed here, only exhibited an R2 lower than <0.13, thus was very 

poor. In contrast, Gkatzelis et al. (2021a) observed a very high correlation with R2 of ~0.8. However, D5 siloxane fluxes 440 

observed here are generally very low, especially in spring. From the spring analysis, the weekend to weekday variation of 

monoterpenes was similar to isoprene (e.g. a ratio of 1.9 for isoprene vs a ratio of 1.6 for monoterpenes). This suggests a 

similar partitioning between anthropogenic and biogenic emission components in spring. As a best estimate from various 

constraints, we argue that 50-67 % of isoprene and monoterpenes emissions during spring can be associated with anthropogenic 

activity, but less than 20 % during summer. In this context it is noteworthy to mention that isoprene fluxes are about a factor 445 

of 10 higher during summer (Fig. 4), while monoterpenes fluxes vary much less throughout the seasons and the magnitude is 

comparable during the seasons (Fig. 5). 

In this study, a good correlation between monoterpenes and D5 reported by Gkatzelis et al. (2021a) was not present during the 

nighttime and during the lockdown period (data not shown). This is an indication that the anthropogenic component of 

monoterpene fluxes was lower during the lockdown period, and consequently was more associated with vegetation due to the 450 

strict mobility restrictions in Austria (Lamprecht et al., 2021). 

3.4 Sesquiterpenes 
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Figure 6: Daily sum of sesquiterpenes fluxes during spring 2018 (a), summer 2018 (b), spring 2020 (c) and spring 2021 (d). The 455 
dotted line represents the average hourly emissions taking into account a 40 % loss caused by reactions with ozone (considering the 
range of 35-45 % based on Sakulynontvittaya et al., (2008)). 

Due to low urban fluxes during the spring period, disentangling sesquiterpene fluxes into anthropogenic and biotic components 

is even more difficult than for isoprene and monoterpenes. As for the monoterpenes, the emissions of the sesquiterpenes show 

a less pronounced trend in the daily flux pattern (Fig. 6). The measured average sesquiterpenes flux was on the order of 7 460 

pmol m−2 s−1 in the spring of 2018, 0.004 nmol m−2 s−1 in the summer of 2018, 1 pmol m−2 s−1 in 2020 and 2 pmol m−2 s−1 in 

2021. The measured sesquiterpene fluxes may be underestimated by 35-45 % due to losses caused by reacting with ozone 

(Kaser et al. 2022). The overall ratio between isoprene to monoterpene flux in spring (summer) was 0.97 ([nmol/m2/s] / 

[nmol/m2/s]) (7.90 ([nmol/m2/s] / [nmol/m2/s])). The ratio between sesquiterpene and monoterpene flux after correcting for a 

35-45 % chemical loss was 0.05 ([nmol/m2/s] / [nmol/m2/s]) (spring) and 0.05 ([nmol/m2/s] / [nmol/m2/s]) (summer).  465 

The daily course of emissions shows that the nighttime emissions of sesquiterpenes are low during the weekend in spring 

compared to the weekdays (data not shown). The analysis of the weekday to weekend variation shows that it was not significant 

(p-value 0.65) for sesquiterpenes. It suggests a mostly biogenic influence on urban sesquiterpene emissions in Innsbruck. 

Compared to the other BVOCs analysed in this study, sesquiterpenes emissions in the urban environment remain low. This is 

in agreement with other studies in which low fluxes of sesquiterpenes have been reported in an urban context 470 

(Sakulynontvittaya et al., 2008; Kaser et al., 2022).  

The correlation between sesquiterpenes and monoterpenes exhibited an R2 of 0.6, with a typical flux ratio of 0.05 ([nmol/m2/s] 

/ [nmol/m2/s]). The correlation coefficient between sesquiterpenes and benzene was comparable to monoterpenes. We interpret 

these findings to indicate that the correlation between monoterpenes and benzene can only partially be used as a proxy to 



19 
 

estimate the anthropogenic component of monoterpene emissions, because a significant fraction of biogenic terpene emissions 475 

seems to interfere with this analysis. We have independently estimated the anthropogenic and biogenic components of these 

terpene fluxes, and find that they can contribute up to 43 % in spring, but are generally small during the peak of the growing 

season. 

 

3.4 Methanol 480 

In the case of methanol, the sources of emissions can be many and varied. In fact, in addition to having both biological and 

anthropogenic origins, anthropogenic sources are quite diverse and therefore a quantitative breakdown has not been attempted 

here.  

From a general point of view, during the daytime (8 UTC to 16 UTC), methanol emissions have increased over the years in 

spring. In 2018 the average daily emission flux was 1.92 nmol m−2 s−1, while in 2020 it increased to 3.04 nmol m−2 s−1, and in 485 

2021 it reached 3.41 nmol m−2 s−1. In this case, the difference in methanol emissions does not seem to be explained by the 

decrease in temperature during the spring seasons (Table 1). In order to demonstrate this, the temperatures and PAR during 

the spring and summer periods of 2018 were compared (Fig. 7). 

 

 490 

Figure 7: Methanol fluxes during the four campaigns, spring 2018 (black), summer 2018 (blue), spring 2020 (red), spring 2021 
(green), as function of temperature (a) and light (b). 

During the spring period (Fig. 7), it was not possible to detect any meaningful relationship between methanol fluxes and 

temperature and radiation. In the summer, there is a slight temperature dependence of methanol fluxes above 300 K (Fig. 7a). 
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The correlation between PAR and methanol emissions is poor for all datasets (Fig. 7b). No temperature and PAR dependence 495 

during spring qualitatively suggests little biogenic influence (Wohlfahrt et al., 2015). The diurnal variation of the biogenic 

methanol flux is strongly driven by stomatal conductance (Niinemets and Reichstein, 2003; Harley et al., 2007), which, 

provided plants are not water-stressed, usually follows PAR and thus air temperature (Hörtnagl et al., 2011). On the other 

hand, a difference was observed between the spring and the summer season by analysing the weekday to weekend effect (Table 

2). It can be seen that the spring emissions during the weekdays are higher than the emissions during the weekends and the 500 

holidays (Fig. 3). The increase in emissions during the weekdays is therefore likely to be the result of an increase in the 

contribution from anthropogenic sources. The spring-time weekend to weekday effect is comparable to isoprene and 

monoterpenes, but in summer the weekend to weekday effect was smaller, suggesting a higher contribution of biogenic 

emissions. During the lockdown period and spring 2021, methanol emission fluxes during weekdays and weekend show 

significant changes compared to the 2018 spring campaigns. This was interpreted as methanol emissions are closely related to 505 

traffic emissions or emissions related to human presence on the roads. 

4 Summary  

Urban fluxes of common biogenic VOC classes, such as isoprene, monoterpenes, sesquiterpenes and methanol along with 

anthropogenic tracer VOCs were measured during four campaigns during the late winter-early spring period in 2018, 2020 and 

2021 and summer 2018. In-depth analyses of the fluxes made it possible to assess how emissions from anthropogenic urban 510 

sources affects emissions of these species that are normally predominantly associated with biogenic sources.  

During the seasonal period of spring, the anthropogenic contribution to the total isoprene flux was greater than the contribution 

from biogenic sources. Approximately 64 % of isoprene emissions are attributable to anthropogenic sources, such as emissions 

from the transport sector. This finding is consistent with other studies on anthropogenic sources from traffic (Borbon et al., 

2001, 2002; Hellèn et al., 2012; Liu et al., 2024, Khan et al., 2018) and provides an estimate applicable to other urban areas 515 

with similar site characteristics. Summer time isoprene emissions are dominated by biogenic emissions with an upper limit of 

<15 % for the anthropogenic fraction. Isoprene emission fluxes were about an order of magnitude larger in summer than in 

spring. 

We also found evidence for an anthropogenic contribution to monoterpene fluxes in Innsbruck, which is likely related to the 

use of personal care products such as cosmetics and personal hygiene products. From the weekend-weekday effect we find 520 

that in spring 43 % of monoterpenes can potentially be related to anthropogenic sources. The anthropogenic contribution 

decreased to less than 20 % in summer. 

For the compounds investigated in this study, we detect a dependence of the emissions on the activities of the population of 

the city of Innsbruck- Emission changes during holiday periods (Sundays and national holidays) and weekdays were observed 

for isoprene, monoterpenes, sesquiterpenes, benzene, toluene, methanol and D5 siloxanes for spring. In the 2020 and 2021 525 

campaigns, the differences between weekdays and weekend were more pronounced. During the 2020 COVID lockdown 
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additional qualitative evidence was inferred by comparing with emission fluxes of siloxanes (in this case D5), which are linked 

to the use of personal care products (Horii and Kannan, 2008; Wang et al., 2009). During the lockdown period, the state of 

Tirol imposed one of the strictest mobility restrictions in Europe, resulting in large decreases of all branches of mobility (cars, 

bikes, pedestrians). This led to an increase in the ratio of weekday to weekend emissions, especially for benzene (4.9) and 530 

toluene (3.4). This confirms that during the weekdays the circulation of cars was linked to the working activities of the 

population, whereas at weekends people were forced to stay at home, as circulation was only possible for urgent needs. 

Springtime flux data allow to quantify the effect of terpene emissions from anthropogenic sources, that was suggested by a 

number of previous studies (Oz et al., 2015; Nazzaro et al., 2013; Cheng et al., 2018; Zhang et al., 2020; Gzatzelis et al., 2021a; 

Panopoulou et al., 2020, 2021; Kornbausch et al., 2022). Summer time data show that the anthropogenic components of 535 

isoprene, monoterpenes and sesquiterpenes play a minor role. For isoprene this is particularity relevant since most of the 

isoprene flux observed in Innsbruck occurs during the growing season. 

Urban methanol emissions are difficult to trace to a particular source due to a combination of possible anthropogenic and 

biogenic sources. The analysis of weekends and weekdays does not show significant differences, but only an increasing trend 

over the years. This increase during the late winter/early spring season does not seem to be affected by any difference in PAR 540 

or by any decrease in average temperatures, as is the case in the summer season where we have an increase in temperature. 

We do not observe a significant trend of NDVI values, (proxy for biogenic sources), which are similar over the periods 

analysed. During the summer period, the results show that increasing temperatures lead to an increase in methanol emissions, 

which points towards evaporative emissions. The weekend-weekday effect suggests significant anthropogenic contributions 

to methanol emissions. There still is a need for a deeper understanding of the different sources of methanol in this context.  545 

The vegetation cover in Innsbruck is low, on the order of 19 %. As a consequence, flux data show evidence of anthropogenic 

VCP emissions contributing to the abundance of urban monoterpenes. In spring this is comparable to the fraction of 

anthropogenic isoprene, which is released by vehicular emissions. Despite the low vegetation cover, however, isoprene, 

monoterpene, and sesquiterpene fluxes, which are considered the most important BVOCs, are mostly associated with biogenic 

emissions during the peak of the growing season.  550 

This characterisation of the different contributions to total terpene emissions on a seasonal basis is fundamental to 

understanding the possible measures that can be taken to mitigate the effects of these compounds in the atmosphere, which are 

known to affect air quality. Further studies are also needed during the autumn and winter seasons, which are currently less 

studied. This study shows that there are no significant variations in total monoterpene fluxes between spring and summer. 

What does vary is the different contribution from anthropogenic and biogenic sources. When analyzing VCP emissions in 555 

context of urban environments we caution that short-term campaign-based observations might over- or underestimate their 

significance depending on local and seasonal circumstances. Our observations show that significant seasonal variations in 

absolute emission fluxes as well as the relative apportionment between anthropogenic and biogenic contributions exist.  

 



22 
 

Code and data availability 560 

The eddy covariance flux code used to analyse fluxes was published by Striednig et al. (2020) and can be accessed via the 

following link: https://git.uibk.ac.at/acinn/apc/innflux. VOC and basic micrometeorological data used in this paper are also 

provided via Zenodo under doi: 10.5281/zenodo.10943991. NDVI data were obtained via https://urs.earthdata.nasa.gov . 

Additional meteorological data can be obtained from  https://data.hub.geosphere.at/ . 

Author contributions 565 

AP, TK, GW, and MG drafted the manuscript, which was edited by all co-authors. Eddy covariance observations and 
associated data-analysis and interpretation were performed by AP, MG, TK, CL and MS. 

Competing interest 

At least one of the (co-)authors is a member of the editorial board of Atmospheric Chemistry and Physics. 

Disclaimer 570 

Publisher's note: Copernicus Publications remains neutral with regard to jurisdictional claims in published maps and 

institutional affiliations. 

Acknowledgements and financial support 

This work was supported by the Austrian National Science fund (FWF) through grant P33701 and P30600. 

References 575 

Aaltonen, H., Pumpanen, J., Pihlatie, M., Hakola, H., Hellén, H., Kulmala, L., Vesala, T., and Bäck, J.: Boreal pine forest floor 

biogenic volatile organic compound emissions peak in early summer and autumn, Agr. Forest Meteorol., 151, 682–691, 

https://doi.org/10.1016/j.agrformet.2010.12.010, 2011. 

Acton, W. J. F., Schallhart, S., Langford, B., Valach, A., Rantala, P., Fares, S., Carriero, G., Tillmann, R., Tomlinson, S. J., 

Dragosits, U., Gianelle, D., Hewitt, C. N., and Nemitz, E.: Canopy-scale flux measurements and bottom-up emission estimates 580 

of volatile organic compounds from a mixed oak and hornbeam forest in northern Italy, Atmos. Chem. Phys., 16, 7149–7170, 

https://doi.org/10.5194/acp-16-7149-2016, 2016.  

Allmann, S., Späthe, A., Bisch-Knaden, S., Kallenbach, M., Reinecke, A., Sachse, S., Baldwin, I.T., Hansson, B.S.: Feeding-

induced rearrangement of green leaf volatiles reduces moth oviposition, Elife, May 14;2:e00421, doi: 10.7554/eLife.00421, 

2013. 585 



23 
 

Barber, S., Blake, R. S., White, I. R., Monks, P. S., Reich, F., Mullock, S., and Ellis, A. M.: Increased Sensitivity in Proton 

Transfer Reaction Mass Spectrometry by Incorporation of a Radio Frequency Ion Funnel, Anal. Chem., 84, 5387–5391, 

https://doi.org/10.1021/ac300894t, 2012.  

Beauchamp, J., Wisthaler, A., Hansel, A., Kleist, E., Miebach, M., Niinemets, Ü., and Wildt, J.: Ozone induced emissions of 

biogenic VOC from tobacco: relationships between ozone uptake and emission of LOX products, Plant Cell Environ., 28, 590 

1334–1343, https://doi.org/10.1111/j.1365-3040.2005.01383.x, 2005.  

Behnke, K., Kleist, E., Uerlings, R., Wildt, J., Rennenberg, H., and Schnitzler, J. P.: RNAi-mediated suppression of isoprene 

biosynthesis in hybrid poplar impacts ozone tolerance, Tree Physiol., 29, 725–736, https://doi.org/10.1093/treephys/tpp009, 

2009.  

Betz, G. A., Knappe, C., Lapierre, C., Olbrich, M., Welzl, G., Langebartels, C., Heller, W., Sandermann, H., and Ernst, D.: 595 

Ozone affects shikimate pathway transcripts and monomeric lignin composition in European beech (Fagus sylvatica L.), Eur. 

J. Forest Res., 128, 109–116, https://doi.org/10.1007/s10342-008-0216-8, 2009.  

Bonn, B., von Schneidemesser,E., Butler, T., Churkina, G., Ehlers, C., Grote, R., Klemp, D., Nothard, R., Schäfer, K., von 

Stülpnagel, A., Kerschbaumer, A., Yousefpour, R., Fountoukis, C., and Lawrence, M. G.: Impact of vegetative emissions on 

urban ozone and biogenic secondary organic aerosol: Box model study for Berlin, Germany, J. Clean. Prod., 176, 827–841, 600 

https://doi.org/10.1016/j.jclepro.2017.12.164, 2018. 

Borbon, A., Fontaine, H., Veillerot, M., Locoge, N., Galloo, J.C. Guillermo R.: An investigation into the traffic-related fraction 

of isoprene at an urban location, Atmos. Environ., 35, 3749-3760, https://doi.org/10.1016/S1352-2310(01)00170-4, 2001. 

Borbon, A., Locoge, N., Veillerot, M., Galloo, J. C., and Guillermo, R.: Characterisation of NMHCs in a French urban 

atmosphere: overview of the main sources, Sci. Total Environ., 292, 177–191, https://doi.org/10.1016/S0048-9697(01)01106-605 

8, 2002. 

Borbon, A., Dominutti, P., Panopoulou, A., Gros, V., Sauvage, S., Farhat, M., Afif, C., Elguindi, N., Fornaro, A., Granier, C., 

Hopkins, J.R., Liakakou, E., Thiago Nogueira, T., Corrêa dos Santos, T., Salameh, T., Armangaud,, A., Piga, D., and Perrussel, 

O.: Ubiquity of anthropogenic terpenoids in cities worldwide: Emission ratios, emission quantification and implications for 

urban atmospheric chemistry, J. Geophys. Res.-Atmos., 128, e2022JD037566, https://doi.org/10.1029/2022JD037566, 2023. 610 

Brilli, F., Ruuskanen, T. M., Schnitzhofer, R., Müller, M., Breitenlechner, M., Bittner, V., and Hansel, A.: Detection of plant 

volatiles after leaf wounding and darkening by Proton Transfer Reaction “Time-of-Flight” Mass Spectrometry (PTR-TOF), 

PloS One, 6, e20419, https://doi.org/10.1371/journal.pone.0020419, 2011. 

Brilli, F., Gioli, B., Fares, S., Terenzio, Z., Zona, D., Gielen, B., and Ceulemans, R.: Rapid leaf development drives the seasonal 

pattern of volatile organic compound (VOC) fluxes in a “coppiced” bioenergy poplar plantation, Plant Cell Environ., 39, 539–615 

555, https://doi.org/10.1111/pce.12638, 2016. 

Browaeys, J.: Linear fit with both uncertainties in x and in y (https://www.mathworks.com/matlabcentral/fileexchange/45711-

linear-fit-with-both-uncertainties-in-x-and-in-y), MATLAB Central File Exchange. Retrieved December 13, 2023. 



24 
 

Calfapietra, C., Pallozzi, E., Lusini, I., and Velikova, V: Modification of BVOC emissions by changes in atmospheric CO2 and 

air pollution, Biology, Controls and Models of Tree Volatile Organic Compound Emissions, Springer, Dotrecht, 253–284, 620 

https://doi.org/10.1007/978-94-007-6606-8_10, 2013. 

Cantrell, C. A.: Technical Note: Review of methods for linear least-squares fitting of data and application to atmospheric 

chemistry problems, Atmos. Chem. Phys., 8, 5477–5487, https://doi.org/10.5194/acp-8-5477-2008, 2008. 

Cheng, X., Li, H., Zhang, Y., Li, Y., Zhang, W., Wang, X., Bi, F., Zhang, H., Gao, J., Chai, F., Lun, X., Chen, Y. and Lv, J.: 

Atmospheric isoprene and monoterpenes in a typical urban area of Beijing: Pollution characterization, chemical reactivity and 625 

source identification, J. Environ. Sci., 71, 150–167, https://doi.org/10.1016/J.JES.2017.12.017, 2018.  

Chiemchaisri, W., Visvanathan, C., and Jy, S. W.: Effects of trace volatile organic compounds on methane oxidation, Brazilian 

Arch. Biol. Technol., 44, 135–140, https://doi.org/10.1590/S1516-89132001000200005, 2001. 

Christen, A., Rotach, M. W., and Vogt, R.: The Budget of Turbulent Kinetic Energy in the Urban Roughness Sublayer, Bound.-

Lay. Meteorol., 131, 193–222, https://doi.org/10.1007/s10546-009-9359-5, 2009.  630 

Churkina, G., Kuik, F., Bonn, B., Lauer, A., Grote, R., Tomiak, K., and Butler, T.: Effect of VOC emissions from vegetation 

on air quality in Berlin during a heatwave, Environ. Sci. Technol., 51, 6120–6130, https://doi.org/10.1021/acs.est.6b06514, 

2017. 

Claeys, M., Graham, B., Vas, G., Wang, W., Vermeylen, R., Pashynska, V., Cafmeyer, J., Guyon, P., Andreae, M. O., Artaxo, 

P., and Maenhaut, W.: Formation of secondary organic aerosols through photooxidation of isoprene, Science, 303, 1173–1176, 635 

https://doi.org/10.1126/science.1092805, 2004a. 

Claeys, M., Wang, W., Ion, A. C., Kourtchev, I., Gelencs´er, A., and Maenhaut, W.: Formation of secondary organic aerosols 

from isoprene and its gas-phase oxidation products through reaction with hydrogen peroxide, Atmos. Environ., 38, 4093–4098, 

https://doi.org/10.1016/j.atmosenv.2004.06.001, 2004b. 

Coggon, M. M., Gkatzelis, G. I., McDonald, B. C., Gilman, J. B., Schwantes, R. H., Abuhassan, N., Aikin, K. C., Arend, M. 640 

F., Berkoff, T. A., Brown, S. S., Campos, T. L., Dickerson, R. R., Gronoff, G., Hurley, J. F., Isaacman-VanWertz, G., Koss, 

A. R., Li, M., McKeen, S. A., Moshary, F., Peischl, J., Pospisilova, V., Ren, X., Wilson, A. Wu, Y., Trainer, M., and Warneke, 

C.: Volatile chemical product emissions enhance ozone and modulate urban chemistry, P. Natl. Acad. Sci. USA, 118, 

e2026653118, https://doi.org/10.1073/pnas.2026653118, 2021. 

Coggon, M. M., Stockwell, C. E., Claflin, M. S., Pfannerstill, E. Y., Lu, X., Gilman, J. B., Marcantonio, J., Cao, C., Bates, K., 645 

Gkatzelis, G. I., Lamplugh, A., Katz, E. F., Arata, C., Apel, E. C., Hornbrook, R. S., Piel, F., Majluf, F., Blake, D. R., Wisthaler, 

A., Canagaratna, M., Lerner, B. M., Goldstein, A. H., Mak, J. E., and Warneke, C.: Identifying and correcting interferences to 

PTR-ToF-MS measurements of isoprene and other urban volatile organic compounds, EGUsphere [preprint], 

https://doi.org/10.5194/egusphere-2023-1497, 2023. 

Curci, G., Palmer, P. I., Kurosu, T. P., Chance, K., and Visconti, G.: Estimating European volatile organic compound emissions 650 

using satellite observations of formaldehyde from the Ozone Monitoring Instrument, Atmos. Chem. Phys., 10, 11501–11517, 

https://doi.org/10.5194/acp-10-11501-2010, 2010. 



25 
 

Dal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., Hussein, T., Aalto, P. P., and Lehtinen, K. E. J.: Formation and growth 

of fresh atmospheric aerosols: eight years of aerosol size distribution data from SMEAR II, Hyytiala, Finland, Boreal Environ. 

Res., 10, 323–336, 2005. 655 

Dehghani, M., Fazlzadeh, M., Sorooshian, A., Tabatabaee, H. R., Miri, M., Baghani, A. N., Delikhoon, M., Mahvi, A. H., and 

Rashidi, M.: Characteristics and health effects of BTEX in a hot spot for urban pollution, Ecotox. Environ. Safe., 155, 133–

143, https://doi.org/10.1016/j.ecoenv.2018.02.065, 2018. 

Derwent, R. G., Jenkin, M. E., and Saunders, S. M.: Photochemical ozone creation potentials for a large number of reactive 

hydrocarbons under European conditions, Atmos. Environ, 30, 181–199, https://doi.org/10.1016/1352-2310(95)00303-G, 660 

1996. 

Derwent, R.G., Davies, T.J., Delaney, M., Dollard, G.J., Field, R.A., Dumitrean, P., Nason, P.D., Jones, B.M.R., Pepler, S.A.: 

Analysis and Interpretation of the Continuous Hourly Monitoring Data for 26 C2-C8 Hydrocarbons at 12 United Kingdom Sites 

during 1996. Atmos. Environ, 34, 297–312, https://doi.org/10.1016/S1352-2310(99)00203-4, 2000. 

Dollard, G., Dumitrean, P., Telling, S., Dixon, J., and Derwent, R.: Observed trends in ambient concentrations of C2-C8 665 

hydrocarbons in the United Kingdom over the period from 1993 to 2004, Atmos. Environ., 41, 2559–2569, doi: 

10.1016/j.atmosenv.2006.11.020, 2007. 

Dominutti, P. A., Hopkins, J. R., Shaw, M., Mills, G. P., Le, H. A., Huy, D. H., Forster, F.L., Keita, S., Hien, T.T., and Oram, 

D.E.: Evaluating major anthropogenic VOC emission sources in densely populated Vietnamese cities, Environ. Pollut., 318, 

120927, https://doi.org/10.1016/j.envpol.2022.120927, 2023. 670 

Duncan, B. N., Logan, J. A., Bey, I., Megretskaia, I. A., Yantosca, R. M., Novelli, P. C., Jones, N.B., and Rinsland, C.P.: 

Global budget of CO, 1988–1997: Source estimates and validation with a global model, J. Geophys. Res., 112, D22301. 

https://doi.org/10.1029/2007JD008459, 2007. 

Faiola, C. and Taipale, D.: Impact of insect herbivory on plant stress volatile emissions from trees: A synthesis of quantitative 

measurements and recommendations for future research, Atmos. Environ. X, 5, 100060, 675 

https://doi.org/10.1016/j.aeaoa.2019.100060, 2020.  

Fall, R., Karl, T., Hansel, A., Jordan, A., and Lindinger, W.: Volatile organic compounds emitted after leaf wounding: On-line 

analysis by proton-transfer-reaction mass spectrometry, J. Geophys. Res., 104, 15963–15974, 

https://doi.org/10.1029/1999JD900144, 1999.  

Fall, R., Karl, T., Jordan, A., and Lindinger, W.: Biogenic C5 VOCs: release from leaves after freeze-thaw wounding and 680 

occurrence in air at a high mountain observatory, Atmos. Environ. 35, 3905–3916, https://doi.org/10.1016/S1352-

2310(01)00141-8, 2001. 

Foken, T, Leuning, R., Oncley, S. R., Mauder, M., and Aubinet, M.: Corrections and Data Quality Control, in: Eddy 

Covariance: A Practical Guide to Measurement and Data Analysis, edited by: Aubinet, M., Vesala, T., and Papale, D., 

Dordrecht: Springer Netherlands, https://doi.org/10.1007/978-94-007-2351-1_4, 2012. 685 



26 
 

Galbally, I. E. and Kirstine, W.: The production of methanol by flowering plants and the global cycle of methanol, J. Atmos. 

Chem., 43, 195–229, https://doi.org/10.1023/A:1020684815474, 2002. 

Giacomuzzi, V., Cappellin, L., Khomenko, I., Biasioli, F., Schütz, S., Tasin, M., Knight, A. L., and Angeli, S.: Emission of 

volatile compounds from apple plants infested with Pandemis heparana larvae, antennal response of conspecific adults, and 

preliminary field trial, J. Chem. Ecol., 42, 1265–1280, https://doi.org/10.1007/s10886-016-0794-8, 2016. 690 

Gkatzelis, G. I., Coggon, M. M., McDonald, B. C., Peischl, J., Aikin, K. C., Gilman, J. B., Trainer, M., and Warneke, C.: 

Identifying Volatile Chemical Product Tracer Compounds in U.S. Cities, Environ. Sci. Technol., 55, 188–199, 

https://doi.org/10.1021/acs.est.0c05467, 2021a. 

Gkatzelis, G. I., Coggon, M. M., McDonald, B. C., Peischl, J., Gilman, J. B., Aikin, K. C., Robinson, M. A., Canonaco, F., 

Prevot, A. S. H., Trainer, M., and Warneke, C.: Observations Confirm that Volatile Chemical Products Are a Major Source of 695 

Petrochemical Emissions in U.S. Cities, Environ. Sci. Technol., 55, 4332–4343, https://doi.org/10.1021/acs.est.0c05471, 

2021b.  

Goldstein, A. H., Koven, C. D., Heald, C. L., and Fung, I. Y.: Biogenic carbon and anthropogenic pollutants combine to form 

a cooling haze over the southeastern United States, PNAS, 106, 1–6, https://doi.org/10.1073/pnas.0904128106, 2009. 

Graus, M., Müller, M., and Hansel, A.: High resolution PTR-TOF: quantification and formula confirmation of VOC in real 700 

time, J. Am. Soc. Mass Spectr., 21, 1037–1044, https://doi.org/10.1016/j.jasms.2010.02.006, 2010. 

Gu, S., Guenther, A., and Faiola, C.: Effects of Anthropogenic and Biogenic Volatile Organic Compounds on Los Angeles Air 

Quality, Environ. Sci. Technol., 55, 12191–12201, https://doi.org/10.1021/acs.est.1c01481, 2021. 

Guenther, A. B., Zimmerman, P. R., Harley, P. C., Monson, R. K., and Fall, R.: Isoprene and monoterpene emission rate 

variability: Model evaluation and sensitivity analysis, J. Geophys. Res., 98, 609–617, https://doi.org/10.1029/93JD00527, 705 

1993. 

Guenther, A. B., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L., Lerdau, M., McKay, W. 

A., Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J., and Zimmermann, P.: A global model of natural volatile 

organic compounds emissions, J. Geophys. Res., 100, 8873–8892, https://doi.org/10.1029/94JD02950, 1995. 

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I., and Geron, C.: Estimates of global terrestrial isoprene 710 

emissions using MEGAN (Model of Emissions of Gases and Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210, 

https://doi.org/10.5194/acp-6-3181-2006, 2006. 

Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K., and Wang, X.: The Model of 

Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1): an extended and updated framework for modeling 

biogenic emissions, Geosci. Model Dev., 5, 1471–1492, https://doi.org/10.5194/gmd-5-1471-2012, 2012. 715 

Halitschke, R., Ziegler, J., Keinänen, M. and Baldwin, I.T.: Silencing of hydroperoxide lyase and allene oxide synthase reveals 

substrate and defense signaling crosstalk in Nicotiana attenuate, The Plant Journal, 40: 35-46, https://doi.org/10.1111/j.1365-

313X.2004.02185.x, 2004. 



27 
 

Harley, P., Greenberg, J., Niinemets, Ü., and Guenther, A.: Environmental controls over methanol emission from leaves, 

Biogeosciences, 4, 1083–1099, https://doi.org/10.5194/bg-4-1083-2007, 2007. 720 

Hellén, H., Hakola, H., Pystynen, K.-H., Rinne, J., and Haapanala, S.: C2-C10 hydrocarbon emissions from a boreal wetland 

and forest floor, Biogeosciences, 3, 167–174, https://doi.org/10.5194/bg-3-167-2006, 2006. 

Hellén, H., Tykkä, T., and Hakola, H.: Importance of monoterpenes and isoprene in urban air in northern Europe, Atmos. 

Environ., 59, 59–66, https://doi.org/10.1016/j.atmosenv.2012.04.049, 2012. 

Holopainen, J. K., Virjamo, V., Ghimire, R. P., Blande, J. D., Julkunen-Tiitto, R., and Kivimäenpää, M.: Climate Change 725 

Effects on Secondary Compounds of Forest Trees in the Northern Hemisphere, Front. Plant Sci., 9, 1445, 

https://doi.org/10.3389/fpls.2018.01445, 2018. 

Horii, Y., and Kannan, K.: Survey of organosilicone compounds, including cyclic and linear siloxanes, in personal-care and 

household products, Arch. Environ. Contam. Toxicol, 55, 701– 710, https://doi.org/10.1007/s00244-008-9172-z, 2008. 

Hörtnagl, L., Bamberger, I., Graus, M., Ruuskanen, T. M., Schnitzhofer, R., Müller, M., Hansel, A., and Wohlfahrt, G.: Biotic, 730 

abiotic, and management controls on methanol exchange above a temperate mountain grassland, J. Geophys. Res., 116, 

G03021, https://doi.org/10.1029/2011jg001641, 2011. 

IPCC: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L.: Climate 

Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, UK, and New York, 1007 pp., 2007. 735 

IPCC: Szopa, S., v. Naik, Adhikary, B., Artaxo, P., Berntsen, T., Collins, W. D., Fuzzi, S., Gallardo, L., Kiendler-Scharr, A.,  

Khan, M.A.H., Schlich, B.L., Jenkin, M.E., Shallcross, B.M.A, Moseley, K., Walker, C., Morris, W.C., Derwent, R.G., 

Percival, C.J., and D.. Shallcross, A Two-Decade Anthropogenic and Biogenic Isoprene Emissions Study in a London Urban 

Background and a London Urban Traffic Site, Atmosphere, 9, 387 , https://doi.org/10.3390/atmos9100387, 2018.  

Klimont, Z., Liao, H., Unger, N., and Zanis, P.: Short-Lived Climate Forcers, in: Climate Change 2021: The Physical Science 740 

Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, 

edited by: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., 

Gomis, M. I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., and 

Zhou, B., Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 817–922, 

https://doi.org/10.1017/9781009157896.008, 2021. 745 

Jacob, D. J., Field, B. D., Li, Q. B., Blake, D. R., de Gouw, J., Warneke, C., Hansel, A., Wisthaler, A., Singh, H. B., and 

Guenther, A.: Global budget of methanol: Constraints from atmospheric observations, J. Geophys. Res., 110, D08303, 

https://doi.org/10.1029/2004JD005172, 2005. 

Kansal, A.: Sources and reactivity of NMHCs and VOCs in the atmosphere: A review, J. Hazard. Mater.,166, 17-26, 

https://doi.org/10.1016/j.jhazmat.2008.11.048, 2009. 750 

Karl, T., Striednig, M., Graus, M., Hammerle, A., and Wohlfahrt, G.: Urban flux measurements reveal a large pool of 

oxygenated volatile organic compound emissions, PNAS, 115/6, 1186–1191, https://doi.org/10.1073/pnas.1714715115, 2018. 



28 
 

Karl, T., Gohm, A., Rotach, M., Ward, H., Graus, M., Cede, A., Wohlfahrt, G., Hammerle, A., Haid, M., Tiefengraber, M., 

Lamprecht, C., Vergeiner, J., Kreuter, A., Wagner, J., and Staudinger, M.: Studying Urban Climate and Air quality in the Alps 

– The Innsbruck Atmospheric Observatory, B. Am. Meteorol. Soc., 101/4, E488–E507, https://doi.org/10.1175/BAMS-D-19-755 

0270.1, 2020. 

Kaser, L., Karl, T., Guenther, A., Graus, M., Schnitzhofer, R., Turnipseed, A., Fischer, L., Harley, P., Madronich, M., Gochis, 

D., Keutsch, F. N., and Hansel, A.: Undisturbed and disturbed above canopy ponderosa pine emissions: PTR-TOF-MS 

measurements and MEGAN 2.1 model results, Atmos. Chem. Phys., 13, 11935–11947, https://doi.org/10.5194/acp-13-11935-

2013, 2013. 760 

Kaser, L., Peron, A., Graus, M., Striednig, M., Wohlfahrt, G., Juráň, S., and Karl, T.: Interannual variability of terpenoid 

emissions in an alpine city, Atmos. Chem. Phys., 22, 5603–5618, https://doi.org/10.5194/acp-22-5603-2022, 2022. 

Kesselmeier, J. and Staudt, M.: Biogenic Volatile Organic Compounds (VOC): An Overview on Emission, Physiology and 

Ecology, J. Atmos. Chem., 33, 23–88, https://doi.org/10.1023/a:1006127516791, 1999. 

Kljun, N., Calanca, P., Rotach, M. W., and Schmid, H. P.: A simple two-dimensional parameterisation for Flux Footprint 765 

Prediction (FFP), Geosci. Model Dev., 8, 3695–3713, https://doi.org/10.5194/gmd-8-3695-2015, 2015. 

Koss, A. R., Sekimoto, K., Gilman, J. B., Selimovic, V., Coggon, M. M., Zarzana, K. J., Yuan, B., Lerner, B. M., Brown, S. 

S., Jimenez, J. L., Krechmer, J., Roberts, J. M., Warneke, C., Yokelson, R. J., and de Gouw, J.: Non-methane organic gas 

emissions from biomass burning: identification, quantification, and emission factors from PTR-ToF during the FIREX 2016 

laboratory experiment, Atmos. Chem. Phys., 18, 3299–3319, https://doi.org/10.5194/acp-18-3299-2018, 2018. 770 

Kornbausch, N., Debong, M. W., Buettner, A., Heydel, J.-M., and Loos, H. M.: Odorant Metabolism in Humans, Angew. 

Chem., 134, e202202866, https://doi.org/10.1002/anie.202202866, 2022. 

Laffineur, Q., Aubinet, M., Schoon, N., Amelynck, C., Müller, J. F., Dewulf, J., Van Langenhove, H., Steppe, K., Šimpraga, 

M., and Heinesch, B.: Isoprene and monoterpene emissions from a mixed temperate forest, Atmos. Environ., 45, 3157–3168, 

https://doi.org/10.1016/j.atmosenv.2011.02.054, 2011.  775 

Lamprecht, C., Graus, M., Striednig, M., Stichaner, M., and Karl, T.: Decoupling of urban CO2 and air pollutant emission 

reductions during the European SARS-CoV-2 lockdown, Atmos. Chem. Phys., 21, 3091–3102, https://doi.org/10.5194/acp-

21-3091-2021, 2021.  

Laothawornkitkul, J., Taylor, J. E., Paul, N. D., and Hewitt, C.N.: Biogenic volatile organic compounds in the Earth system, 

New Phytol., 183, 27–51, https://doi.org/10.1111/j.1469-8137.2009.02859.x, 2009. 780 

Leung, D. Y. C., Wong, P., Cheung, B. K. H., and Guenther, A.: Improved land cover and emission factors for modeling 

biogenic volatile organic compounds emissions from Hong Kong, Atmos. Environ., 44, 1456–1468, 

doi:10.1016/j.atmosenv.2010.01.012, 2010. 

Li, G., Wei, W., Shao, X., Nie, L., Wang, H., Yan, X., Zhang, R.: A comprehensive classification method for VOC emission 

sources to tackle air pollution based on VOC species reactivity and emission amounts, J. Environ Sci., 67, 78-88, 785 

https://doi.org/10.1016/j.jes.2017.08.003, 2018. 



29 
 

Liu, P., Wu, Y., Li, Z., Lv, Z., Zhang, J., Liu, Y., Song, A., Wang, T., Wu, L., Mao, H., and Peng, J.: Tailpipe volatile organic 

compounds (VOCs) emissions from Chinese gasoline vehicles under different vehicle standards, fuel types, and driving 

conditions, Atm. Environ., 120348, https://doi.org/10.1016/j.atmosenv.2024.120348, 2024. 

Loreto, F., Barta, C., Brilli, F., Nogues, I.: On the induction of volatile organic compound emissions by plants as consequence 790 

of wounding or fluctuations of light and temperature, Plant Cell Environ., 29(9):1820-8. doi: 10.1111/j.1365-

3040.2006.01561.x, 2006. 

Llusiá, J., Penuelas, J., and Gimeno, B. S.: Seasonal and species-specific response of VOC emissions by Mediterranean woody 

plant to elevated ozone concentrations, Atmos. Environ., 36, 3931–3938, https://doi.org/10.1016/S1352-2310(02)00321-7, 

2002. 795 

Maja, M. M., Kasurinen, A., Yli-Pirilä, P., Joutsensaari, J., Klemola, T., Holopainen, T., and Holopainen, J.: Contrasting 

responses of silver birch VOC emissions to short- and long-term herbivory, Tree Physiol., 34, 241–252, 

https://doi.org/10.1093/treephys/tpt127, 2014. 

Masek, J., Ju, J., Roger, J., Skakun, S., Vermote, E., Claverie, M., Dungan, J., Yin, Z., Freitag, B., and Justice, C.: HLS 

Sentinel-2 Multi-spectral Instrument Surface Reflectance Daily Global 30m v2.0 [Data set]. NASA EOSDIS Land Processes 800 

Distributed Active Archive Center. Accessed 2023-10-26 from https://doi.org/10.5067/HLS/HLSS30.002, 2021. 

Mäki, M., Heinonsalo, J., Hellén, H., and Bäck, J.: Contribution of understorey vegetation and soil processes to boreal forest 

isoprenoid exchange, Biogeosciences, 14, 1055–1073, https://doi.org/10.5194/bg-14-1055-2017, 2017.  

McDonald, B. C., de Gouw, J. A., Gilman, J. B., Jathar, S. H., Akherati, A., Cappa, C. D., Jimenez, J. L., Lee-Taylor, J., Hayes, 

P. L., McKeen, S. A., Cui, Y. Y., Kim, S.-W., Gentner, D. R., Isaacman-VanWertz, G., Goldstein, A. H., Harley, R. A., Frost, 805 

G. J., Roberts, J. M., Ryerson, T. B., and Trainer, M.: Volatile chemical products emerging as largest petrochemical source of 

urban organic emissions, Science, 359, 760, https://doi.org/10.1126/science.aaq0524, 2018. 

Misztal, P. K., Hewitt, C. N., Wildt, J., Blande, J. D., Eller, A. S. D., Fares, S., Gentner, D. R., Gilman, J. B., Graus, M., 

Greenberg, J., Guenther, A. B., Hansel, A., Harley, P., Huang, M., Jardine, K., Karl, T., Kaser, L., Keutsch, F. N., Kiendler-

Scharr, A., Kleist, E., Lerner, B. M., Li, T., Mak, J., Nölscher, A. C., Schnitzhofer, R., Sinha, V., Thornton, B., Warneke, C., 810 

Wegener, F., Werner, C., Williams, J., Worton, D. R., Yassaa, N., and Goldstein, A. H.: Atmospheric benzenoid emissions 

from plants rival those from fossil fuels, Sci. Rep.-UK., 5, 12064, https://doi.org/10.1038/srep12064, 2015. 

Müller, M., Mikoviny, T., Jud, W., D'Anna, B., and Wisthaler, A.: A new software tool for the analysis of high resolution 

PTR-TOF mass spectra, Chemometr. Intell. Lab., 127, 158–165, https://doi.org/10.1016/j.chemolab.2013.06.011, 2013. 

Müller, M., Anderson, B. E., Beyersdorf, A. J., Crawford, J. H., Diskin, G. S., Eichler, P., Fried, A., Keutsch, F. N., 815 

Mikoviny, T., Thornhill, K. L., Walega, J. G., Weinheimer, A. J., Yang, M., Yokelson, R. J., and Wisthaler, A.: In situ 

measurements and modeling of reactive trace gases in a small biomass burning plume, Atmos. Chem. Phys., 16, 3813–3824, 

https://doi.org/10.5194/acp-16-3813-2016, 2016. 

Nazzaro, F., Fratianni, F., De Martino, L., Coppola, R., and De Feo, V.: Effect of essential oils on pathogenic bacteria, 

Pharmaceuticals (Basel), Nov 25;6 (12):1451-74, https://doi.org/10.3390/ph6121451, 2013. 820 



30 
 

Niinemets, Ü. and Reichstein, M.: Controls on the emission of plant volatiles through stomata: Differential sensitivity of 

emission rates to stomatal closure explained, J. Geophys. Res. Atmos., 108, 4208, https://doi.org/10.1029/2002JD002620, 

2003. 

Nicolini, G., Antoniella, G., Carotenuto, F., Christen, A., Ciais, P., Feigenwinter, C., Gioli, B., Stagakis, S., Velasco, E., Vogt, 

R., Ward, H. C., Barlow, J., Chrysoulakis, N., Duce, P., Graus, M., Helfter, C., Heusinkveld, B., Järvi, L., Karl, T., Marras, S., 825 

Masson, V., Matthews, B., Meier, F., Nemitz, E., Sabbatini, S., Scherer, D., Schume, H., Sirca, C., Steeneveld, G.-J., Vagnoli, 

C., Wang, Y., Zaldei, A., Zheng, B., and Papale, D.: Direct observations of CO2 emission reductions due to COVID-19 

lockdown across European urban districts, Sci. Total Environ., 830, 154662, https://doi.org/10.1016/j.scitotenv.2022.154662, 

2022. 

Oz, M., Lozon, Y., Sultan, A., Yang, K.-H S., and Galadari, S.: Effects of monoterpenes on ion channels of excitable cells, 830 

Pharmacol. Ther.,152:83–97, https://doi.org/10.1016/j.pharmthera.2015.05.006, 2015. 

Palmer, P. I., Abbot, D. S., Fu, T.-M., Jacob, D. J., Chance, K., Kurosu, T. P., Guenther, A., Wiedinmyer, C., Stanton, J. C., 

Pilling, M. J., Pressley, S., Lamb, B., and Sumner, A. L.: Quantifying the seasonal and interannual variability of North 

American isoprene emissions using satellite observations of the formaldehyde column, J. Geophys. Res., 111, D12315, 

https://doi.org/10.1029/2005JD006689, 2006. 835 

Panopoulou, A., Liakakou, E., Sauvage, S., Gros, V., Locoge, N., Stavroulas, I., Bonsang, B., Gerasopoulos, E., and 

Mihalopoulos, N.: Yearlong measurements of monoterpenes and isoprene in a Mediterranean city (Athens): Natural vs 

anthropogenic origin, Atmos. Environ., 243, 117803, https://doi.org/10.1016/J.ATMOSENV.2020.117803, 2020.  

Panopoulou, A., Liakakou, E., Sauvage, S., Gros, V., Locoge, N., Bonsang, B., Salameh, T., Gerasopoulos, E., and 

Mihalopoulos, N.: Variability and sources of non-methane hydrocarbons at a Mediterranean urban atmosphere: The role of 840 

biomass burning and traffic emissions, Sci. Total Environ., 800, 149389, https://doi.org/10.1016/J.SCITOTENV.2021.149389, 

2021.  

Peñuelas, J. and Llusiá, J.: BVOC's: plant defense against climate warming?, Trends Plant Sci., 8, 105–109, 

https://doi.org/10.1016/S1360-1385(03)00008-6, 2003. 

Peñuelas, J. and Munné-Bosch, S.: Isoprenoids: an evolutionary pool for photoprotection, Trends Plant Sci., 10, 166–169, 845 

https://doi.org/10.1016/j.tplants.2005.02.005, 2005. 

Peron, A., Kaser, L., Fitzky, A. C., Graus, M., Halbwirth, H., Greiner, J., Wohlfahrt, G., Rewald, B., Sandén, H., and Karl, T.: 

Combined effects of ozone and drought stress on the emission of biogenic volatile organic compounds from Quercus robur 

L., Biogeosciences, 18, 535–556, https://doi.org/10.5194/bg-18-535-2021, 2021. 

Pfannerstill, E. Y., Arata, C., Zhu, Q., Schulze, B. C., Woods, R., Harkins, C., Schwantes, R. H., McDonald, B. C., Seinfeld, 850 

J. H., Bucholtz, A., Cohen, R. C., and Goldstein, A. H.: Comparison between Spatially Resolved Airborne Flux Measurements 

and Emission Inventories of Volatile Organic Compounds in Los Angeles, Environ. Sci. Technol., 

https://doi.org/10.1021/acs.est.3c03162, 2023. 



31 
 

Piccot, S., Watson, J., and Jones, J.: A global inventory of volatile organic compound emissions from anthropogenic sources, 

J. Geophys. Res., 97, 9897–9912, https://doi.org/10.1029/92JD00682, 1992. 855 

Portillo-Estrada, M., Kazantsev, T., and Niinemets, Ü.: Fading of wound-induced volatile release during Populus tremula leaf 

expansion, J. Plant Res., 130, 157–165, https://doi.org/10.1007/s10265-016-0880-6, 2017. 

Ren, Y., Qu, Z., Du, Y., Xu, R., Ma, D., Yang, G., Shi, Y., Fan, X., Tani, A., Guo, P., Ge, Y., and Chang, J.: Air quality and 

health effects of biogenic volatile organic compounds emissions from urban green spaces and the mitigation strategies, 

Environ. Pollut., 230, 849–861, https://doi.org/10.1016/j.envpol.2017.06.049, 2017. 860 

Riipinen, I., Yli-Juuti, T., Pierce, J. R., Petäjä, T., Worsnop, D. R., Kulmala, M., and Donahue, N. M.: The contribution of 

organics to atmospheric nanoparticle growth, Nat. Geosci., 5, 453–458, https://doi.org/10.1038/ngeo1499, 2012. 

Rosenstiel, T. N., Potosnak, M. J., Griffin, K. L., Fall, R., and Monson, R. K.: Increased CO2 uncouples growth from isoprene 

emission in an agriforest ecosystem, Nature, 421, 256–259, 2003. 

Rouse, J.W., Haas, R.H., Scheel, J.A., and Deering, D.W.: Monitoring vegetation system in the Great Plains with ERTS, 865 

Proceedings, 3rd Earth Resource Technology Satellite (ERTS) Symposium, vol. 1, 48-62, 

https://ntrs.nasa.gov/citations/19740022614, 1974. 

Rouvière, A., Brulfert, G., Baussand, P., and Chollet, J.-P.: Monoterpene source emissions from Chamonix in the Alpine 

Valleys, Atmos. Environ., 40, 3613–3620, https://doi.org/10.1016/j.atmosenv.2005.09.058, 2006.  

Saha, D., Mirando, N., and Levchenko, A.: Liquid and vapor phase adsorption of BTX in lignin derived activated carbon: 870 

Equilibrium and kinetics study, J. Clean. Produ., 182, 372-378, https://doi.org/10.1016/j.jclepro.2018.02.076, 

2018. 

Sahu, L.K.: Volatile organic compounds and their measurements in the troposphere, Curr. Sci., 1645-1649, 2012. 

Simon, H., Fallmann, J., Kropp, T., Tost, H., and Bruse: M. Urban Trees and Their Impact on Local Ozone Concentration – A 

Microclimate Modeling Study, Atmosphere, 10, 154, https://doi.org/10.3390/atmos10030154, 2019. 875 

Santos, F., Longo, K., Guenther, A., Kim, S., Gu, D., Oram, D., Forster, G., Lee, J., Hopkins, J., Brito, J., and Freitas, S.: 

Biomass burning emission disturbances of isoprene oxidation in a tropical forest, Atmos. Chem. Phys., 18, 12715–12734, 

https://doi.org/10.5194/acp-18-12715-2018, 2018. 

Sakulyanontvittaya, T., Duhl, T., Wiedinmyer, C., Helmig, D., Matsunaga, S., Potosnak, M., Milford, J., and Guenther, A.: 

Monoterpene and Sesquiterpene Emission Estimates for the United States, Environ. Sci. Technol., 42, 1623–1629, 880 

https://doi.org/10.1021/es702274e, 2008. 

Schnitzhofer, R., Beauchamp, J., Dunkl, J., Wisthaler, A., Weber, A., and Hansel, A.: Long-term measurements of CO, NO, 

NO2, benzene, toluene and PM10at a motorway location in an Austrian valley, Atmos. Environ., 42, 1012–1024, 

https://doi.org/10.1016/j.atmosenv.2007.10.004, 2008. 

Salvador, C. M., Chou, C. C. K., Ho, T. T. , Tsai, C. Y., Tsao, T. M., Tsai, M. J., and Su, T. C.: Contribution of terpenes to 885 

ozone formation and secondary organic aerosols in a subtropical forest impacted by urban pollution, Atmosphere, 11, 1232, 

https://doi.org/10.3390/atmos11111232, 2020. 



32 
 

Shindell, D., Faluvegi, G., Walsh, M., Anenberg, S. C., Van Dingenen, R., Muller, N. Z., Austin, J., Koch, D., and Milly, G.: 

Climate, health, agricultural and economic impacts of tighter vehicle-emission standards, Nat. Clim. Change, 1, 59–66, 

https://doi.org/10.1038/nclimate1066, 2011.  890 

Simon, M., Dada, L., Heinritzi, M., Scholz, W., Stolzenburg, D., Fischer, L., Wagner, A. C., Kürten, A., Rörup, B., He, X.-C., 

Almeida, J., Baalbaki, R., Baccarini, A., Bauer, P. S., Beck, L., Bergen, A., Bianchi, F., Bräkling, S., Brilke, S., Caudillo, L., 

Chen, D., Chu, B., Dias, A., Draper, D. C., Duplissy, J., El-Haddad, I., Finkenzeller, H., Frege, C., Gonzalez-Carracedo, L., 

Gordon, H., Granzin, M., Hakala, J., Hofbauer, V., Hoyle, C. R., Kim, C., Kong, W., Lamkaddam, H., Lee, C. P., Lehtipalo, 

K., Leiminger, M., Mai, H., Manninen, H. E., Marie, G., Marten, R., Mentler, B., Molteni, U., Nichman, L., Nie, W., Ojdanic, 895 

A., Onnela, A., Partoll, E., Petäjä, T., Pfeifer, J., Philippov, M., Quéléver, L. L. J., Ranjithkumar, A., Rissanen, M. P., 

Schallhart, S., Schobesberger, S., Schuchmann, S., Shen, J., Sipilä, M., Steiner, G., Stozhkov, Y., Tauber, C., Tham, Y. J., 

Tomé, A. R., Vazquez-Pufleau, M., Vogel, A. L., Wagner, R., Wang, M., Wang, D. S., Wang, Y., Weber, S. K., Wu, Y., Xiao, 

M., Yan, C., Ye, P., Ye, Q., Zauner-Wieczorek, M., Zhou, X., Baltensperger, U., Dommen, J., Flagan, R. C., Hansel, A., 

Kulmala, M., Volkamer, R., Winkler, P. M., Worsnop, D. R., Donahue, N. M., Kirkby, J., and Curtius, J.: Molecular 900 

understanding of new-particle formation from α-pinene between −50 and +25 ∘C, Atmos. Chem. Phys., 20, 9183–9207, 

https://doi.org/10.5194/acp-20-9183-2020, 2020. 

Singh, H., Chen, Y., Tabazadeh, A., Fukui, Y., Bey, I., Yantosca, R., Jacob, D., Arnold, F., Wohlfrom, K., Atlas, E., Flocke, 

F., Blake, D., Blake, N., Heikes, B., Snow, J., Talbot, R., Gregory, G., Sachse, G., Vay, S., and Kondo, Y.: Distribution and 

fate of selected oxygenated organic species in the troposphere and lower stratosphere over the Atlantic, J. Geophys. Res., 105, 905 

3795–3805, https://doi.org/10.1029/1999JD900779, 2000. 

Spirig, C., Neftel, A., Ammann, C., Dommen, J., Grabmer, W., Thielmann, A., Schaub, A., Beauchamp, J., Wisthaler, A., and 

Hansel, A.: Eddy covariance flux measurements of biogenic VOCs during ECHO 2003 using proton transfer reaction mass 

spectrometry, Atmos. Chem. Phys., 5, 465–481, https://doi.org/10.5194/acp-5-465-2005, 2005. 

Steinbrecher, R., Smiatek, G., Köble, R., Seufert, G., Theloke, J., Hauff, K., Ciccioli, P., Vautard, R., and Curci, G.: Intra- and 910 

inter-annual variability of VOC emissions from natural and semi e natural vegetation in Europe and neighbouring countries, 

Atmos. Environ., 43, 1380e1391, https://doi.org/10.1016/j.atmosenv.2008.09.072, 2009. 

Squires, F. A., Nemitz, E., Langford, B., Wild, O., Drysdale, W. S., Acton, W. J. F., Fu, P., Grimmond, C. S. B., Hamilton, J. 

F., Hewitt, C. N., Hollaway, M., Kotthaus, S., Lee, J., Metzger, S., Pingintha-Durden, N., Shaw, M., Vaughan, A. R., Wang, 

X., Wu, R., Zhang, Q., and Zhang, Y.: Measurements of traffic-dominated pollutant emissions in a Chinese megacity, Atmos. 915 

Chem. Phys., 20, 8737–8761, https://doi.org/10.5194/acp-20-8737-2020, 2020.  

Striednig, M., Graus, M., Märk, T. D., and Karl, T. G.: InnFLUX – an open-source code for conventional and disjunct eddy 

covariance analysis of trace gas measurements: an urban test case, Atmos. Meas. Tech., 13, 1447–1465, 

https://doi.org/10.5194/amt-13-1447-2020, 2020 (data available at: https://git.uibk.ac.at/acinn/apc/innflux, last access: 1 

August 2021). 920 



33 
 

Sulzer, P., Hartungen, E., Hanel, G., Feil, S., Winkler, K., Mutschlechner, P., Haidacher, S., Schottkowsky, R., Gunsch, D., 

Seehauser, H., Striednig, M., Juerschik, S., Breiev, K., Lanza, M., Herbig, J., Maerk, L., Maerk, T., and Jordan, A.: A Proton 

Transfer Reaction-Quadrupole interface Time-Of-Flight Mass Spectrometer (PTR-QiTOF): High speed due to extreme 

sensitivity, Int. J. Mass Spectrom., 368, 1–5, https://doi.org/10.1016/j.ijms.2014.05.004, 2014. 

Tasin, M., Cappellin, L., and Biasioli, F.: Fast direct injection mass-spectrometric characterization of stimuli for insect 925 

electrophysiology by proton transfer reaction-time of flight mass-spectrometry (PTR-ToF-MS), Sensors, 12, 4091–4104, 

https://doi.org/10.3390/s120404091, 2012. 

Tawfik, A. B., Stöckli, R., Goldstein, A., Pressley, S., and Steiner, A. L.: Quantifying the contribution of environmental factors 

to isoprene flux interannual variability, Atmos. Environ., 54, 216–224, https://doi.org/10.1016/j.atmosenv.2012.02.018, 2012. 

Tie, X., Guenther, A., and Holland, E.: Biogenic methanol and its impacts on tropospheric oxidants, Geophys. Res. Lett., 30, 930 

1881, https://doi.org/10.1029/2003GL017167, 2003. 

Tie, X., Madronich, S., Li, G. H., Ying, Z., Zhang, R., Garcia, A. R., Lee-Taylor, J., and Liu, Y.: Characterizations of chemical 

oxidants in Mexico City: A regional chemical dynamical model (WRF-Chem) study, Atmos. Environ., 41, 1989–2008, 

https://doi.org/10.1016/j.atmosenv.2006.10.053, 2007. 

Vaughan, A. R., Lee, J. D., Shaw, M. D., Misztal, P. K., Metzger, S., Vieno, M., Davison, B., Karl, T. G., Carpenter, L. J., 935 

Lewis, A. C., Purvis, R. M., Goldstein, A. H., and Hewitt, C. N.: VOC emission rates over London and South East England 

obtained by airborne eddy covariance, Faraday Discuss., 200, 599–620, https://doi.org/10.1039/c7fd00002b, 2017. 

Velikova, V., Tsonev, T., Pinelli, P., Alessio, G. A., and Loreto, F.: Localized ozone fumigation system for studying ozone 

effects on photosynthesis, respiration, electron transport rate and isoprene emission in field-grown Mediterranean oak species, 

Tree Physiol., 25, 1523–1532, https://doi.org/10.1093/treephys/25.12.1523, 2005. 940 

Wang, R., Moody, R. P., Koniecki, D. and Zhu, J.: Low molecular weight cyclic volatile methylsiloxanes in cosmetic products 

sold in Canada: Implication for dermal exposure, Environ. Int., 35, 900– 904, http://doi.org/10.1016/j.envint.2009.03.009, 

2009. 

Ward, H. C., Rotach, M. W., Gohm, A., Graus, M., Karl, T., Haid, M., Umek, L., and Muschinski, T.: Energy and mass 

exchange at an urban site in mountainous terrain – the Alpine city of Innsbruck, Atmos. Chem. Phys., 22, 6559–6593, 945 

https://doi.org/10.5194/acp-22-6559-2022, 2022. 

Warneke, C., de Gouw, J. A., Del Negro, L., Brioude, J., McKeen, S., Stark, H., Kuster, W. C., Goldan, P. D., Trainer, M., 

Fehsenfeld, F. C., Wiedinmyer, C., Guenther, A. B., Hansel, A., Wisthaler, A., Atlas, E., Holloway, J. S., Ryerson, T. B., 

Peischl, J., Huey, L. G., and Case Hanks, A. T.: Biogenic emission measurement and inventories determination of biogenic 

emissions in the eastern United States and Texas and comparison with biogenic emission inventories, J. Geophys. Res., 115, 950 

D00F18, https://doi.org/10.1029/2009JD012445, 2010. 

Watson, J.G., Chow, J.C., and Fujita, E.M.: Review of volatile organic compound source apportionment by chemical mass 

balance, Atmos. Environ., 35, 1567-1584, https://doi.org/10.1016/S1352-2310(00)00461-1, 2001. 



34 
 

Wei, W., Wang, S.X., Chatani, S., Klimont, Z., Cofala, J., and Hao J.M.: Emission and speciation of nonmethane volatile 

organic compounds from anthropogenic sources in China, Atmos. Environ., 42, 4976-4988, 955 

https://doi.org/10.1016/j.atmosenv.2008.02.044, 2008 

Wei, W., Wang, S.X., Hao, J.M., and Chen, S.Y.: Projection of anthropogenic volatile organic compounds (VOCs) emissions 

in China for the period 2010–2020, Atmos. Environ., 45, 6863-6871, http://doi.org/10.1016/j.atmosenv.2011.01.013, 2011. 

Wenda-Piesik, A.: Volatile organic compound emissions by winter wheat plants (Triticum aestivum L.) under Fusarium spp, 

infestation and various abiotic conditions, Pol. J. Environ. Stud., 20, 1335–1342, 2011.  960 

Wohlfahrt, G., Amelynck, C., Ammann, C., Arneth, A., Bamberger, I., Goldstein, A. H., Gu, L., Guenther, A., Hansel, A., 

Heinesch, B., Holst, T., Hörtnagl, L., Karl, T., Laffineur, Q., Neftel, A., McKinney, K., Munger, J. W., Pallardy, S. G., Schade, 

G. W., Seco, R., and Schoon, N.: An ecosystem-scale perspective of the net land methanol flux: synthesis of 

micrometeorological flux measurements, Atmos. Chem. Phys., 15, 7413–7427, https://doi.org/10.5194/acp-15-7413-2015, 

2015. 965 

Wu, K., Yang, X., Chen, D., Gu, S., Lu, Y., Jiang, Q., Wang, K., Ou, Y., Qian, Y., Shao, P., and Lu, S.: Estimation of biogenic 

VOC emissions and their corresponding impact on ozone and secondary organic aerosol formation in China, Atmos. Res., 231, 

104656, https://doi.org/10.1016/j.atmosres.2019.104656, 2020.  

Yener, S., Sánchez-López, J. A., Granitto, P. M., Cappellin, L., Märk, T. D., Zimmermann, R., and Biasioli, F.: Rapid and 

direct volatile compound profiling of black and green teas (Camellia sinensis) from different countries with PTR-ToF-MS, 970 

Talanta, 152, 45–53, https://doi.org/10.1016/j.talanta.2016.01.050, 2016. 

Yokelson, R. J., Crounse, J. D., DeCarlo, P. F., Karl, T., Urbanski, S., Atlas, E., Campos, T., Shinozuka, Y., Kapustin, V., 

Clarke, A. D., Weinheimer, A., Knapp, D. J., Montzka, D. D., Holloway, J., Weibring, P., Flocke, F., Zheng, W., Toohey, D., 

Wennberg, P. O., Wiedinmyer, C., Mauldin, L., Fried, A., Richter, D., Walega, J., Jimenez, J. L., Adachi, K., Buseck, P. R., 

Hall, S. R., and Shetter, R.: Emissions from biomass burning in the Yucatan, Atmos. Chem. Phys., 9, 5785–5812, 975 

https://doi.org/10.5194/acp-9-5785-2009, 2009. 

Zalel, A., Yuval, Y., Broday, D. M.: Revealing source signatures in ambient BTEX concentrations, Environ. Pollut., 156, 553–

562, https://doi.org/10.1016/j.envpol.2008.01.016, 2008. 

Zhang, H., Zhang, Y., Huang, Z., Acton, W. J. F., Wang, Z., Nemitz, E., Langford, B., Mullinger, N., Davison, B., Shi, Z., 

Liu, D., Song, W., Yang, W., Zeng, J., Wu, Z., Fu, P., Zhang, Q., and Wang, X.: Vertical profiles of biogenic volatile organic 980 

compounds as observed online at a tower in Beijing, J. Environ. Sci., 95, 33–42, https://doi.org/10.1016/J.JES.2020.03.032, 

2020.  

 


