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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 cam-
paigns 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 sesquiterpenes were on the order of
0.07 £0.02, 0.09 and 0.003 nmol m~2 s~ ! during spring. During summer, emission fluxes of isoprene, monoter-
penes and sesquiterpenes were higher on the order of 0.8540.09, 0.11 and 0.004 nmolm~2s~!. 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 to be between 43 % in spring and less than 20 % in
summer.

With values of 2.8 nmolm~2s~! in spring and 3.2nmolm~2 s~! in summer, methanol did not exhibit a sig-
nificant 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
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are likely influenced by anthropogenic activities during all seasons.

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; Pfan-
nerstill et al., 2023). Besides substantial anthropogenic VOC
(AVOC) emissions, urban environments are home to vege-
tation and thus also experience the emissions of biogenic
VOCs (BVOCs) (Bonn et al., 2018; Churkina et al., 2017,
Ren et al., 2017; Simon et al., 2019). An example of AV-

OCs is BTEX (benzene, toluene, ethylbenzene and xylenes)
compounds, which are among the best-studied groups of AV-
OCs due to their relatively high prevalence in the urban at-
mosphere and their potential health risks (Dehghani et al.,
2018). BTEX compounds have 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 envi-
ronment. However, the characterization of the magnitude of
emissions of BVOCs in urban areas is still an issue that is
being investigated, and it was found that particularly the par-
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titioning 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 AVOC:s are regionally important, on a global scale,
BVOCs are estimated to be emitted in amounts 10 times
higher than AVOCs (Piccot et al., 1992; Guenther et al.,
2012). Of these biogenic emissions, terpenes dominate, of
which 50 % can be 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
sources 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., 2005;
Wohlfahrt et al., 2015).

The presence of VOCs, both AVOCs and BVOCs, can af-
fect air quality by forming tropospheric ozone (Derwent et
al., 1996) and leads to the formation of precursors neces-
sary for the production of secondary organic aerosols (SOAs)
(Goldstein et al., 2009; Laothawornkitkul et al., 2009; Riip-
inen et al., 2012; Simon et al., 2020). In particular, an in-
creasing number of studies report on the role of isoprene in
the formation of SOA. Among these studies, we can men-
tion that of Wu et al. (2020); the result of this study showed
how the formation of biogenic SOA depends on the interac-
tions between anthropogenic and biogenic VOC emissions.
It also pointed out that management of anthropogenic emis-
sions 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 com-
pounds, 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 of Los
Angeles. These studies analyze the influence of urban green-
ing in emission management on SOA and ozone formation
and how biogenic inventories underestimate isoprene fluxes,
with a focus on analyzing these fluxes to determine ozone
and SOA formation potentials.

Several studies have shown significant interannual vari-
ability in BVOC emissions over the years (Palmer et al.,
2006; Vaughan et al., 2017; Kaser et al., 2022). Some factors,
such as heat waves and/or drought, can lead to an increase
in the emission of isoprene and monoterpenes by vegetation
(Warneke et al., 2010). Mechanical damage of plants within
the frame of urban gardening operations has also been ob-
served to play a role in 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 ter-
penoid fluxes.
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To some extent increased emissions can be associated with
protective systems against abiotic stressors (Pefiuelas and
Munné-Bosch, 2005; Velikova et al., 2005). In view of the
fact that future climate scenarios predict an increase in tem-
peratures (IPCC, 2007), a possible increase in BVOC emis-
sions worldwide in the range of 30 % to 45 % with an in-
crease in 2-3 °C in mean global temperature has been in-
ferred (Pefiuelas and Llusia, 2003). On the other hand, it has
been estimated that as CO, emissions increase, there will be
an inhibition of terpenoid emissions (Holopainen et al., 2018;
Rosenstiel et al., 2003). From a general point of view, there-
fore, the estimation of BVOC emissions considering various
parameters (IPCC, 2021) is complex, as the 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) (Llusid 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; Miki et al., 2017) have identified the
summer period as the time when terpenoid emissions are pre-
dominantly of biogenic origin. This time of the year is linked
to the growing season, when leaf temperatures and leaf den-
sities are highest (Spirig et al., 2005; Laffineur et al., 2011;
Acton et al., 2016). On the other hand, the source of emis-
sions during the late winter—spring period has been investi-
gated 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; Rouviere et al., 2006). More
recently, a 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 dif-
ferent sources of emissions of these compounds in terms of
their impact on air quality (Chiemchaisri et al., 2001; Claeys
et al., 2004a, b; Curci et al., 2010). Indeed, the winter and
spring seasons, with their low temperatures, are typically
associated with higher emissions of compounds from resi-
dential heating and to some 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 qual-
ity (Chiemchaisri et al., 2001; Claeys et al., 2004a; Curci
et al., 2010), local urban emissions can also exhibit an an-
thropogenic component (McDonald et al., 2018). It has been
shown that terpenes can be regarded as an important subclass
of volatile chemical product (VCP) use in urbanized areas
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(McDonald et al., 2018; Gkatzelis et al., 2021a; Coggon et
al., 2021).

The main aim of this study was thus to investigate the ex-
tent of possible anthropogenic contributions to the total emis-
sions 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 emission activities.

To investigate urban VCP and BVOC emissions, we pro-
vide a synthesis of four campaigns when direct eddy co-
variance flux observations were conducted in 2018, 2020
and 2021. These campaigns span different seasons from late
winter—early spring to summer, which allows us 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.

2 Material and methods

2.1 Field site and instruments

The data used in this study originate 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 (BGBI. II no. 98/2020)); and in 2021 (25 February
to 12 April). The spring trends of VOCs during these 3 years
are also compared to those analyzed previously, at the same
site, by Kaser et al. (2022).

VOC eddy covariance measurements were con-
ducted 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 19 m, 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, zg, is 1.6m
(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 Supplement. Briefly, during all intensive
operational periods (IOPs), most of the footprint (< 80 %)
was contained within a domain extending about 1 km to the
east and 1km to the west. During the 2018 spring IOP, we
see a slightly higher influence of Fohn conditions (to a lesser
extent also 2019), which increases the footprint contribution
from the south sectors, compared to spring 2020 and 2021.
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Overall, the area of interest is quite comparable during all
1OPs.

Meteorological data such as temperature, wind speed and
direction, and CO;, and H>O concentrations were obtained
using the CPEC200 (Campbell Scientific, USA) at a sam-
pling frequency of 10 Hz. Photosynthetically active radiation
(PAR) was estimated based on shortwave radiation measure-
ments. A four-component radiometer (CNR4, Kipp & Zo-
nen) at a height of 42.8 m provided incoming and outgo-
ing shortwave and longwave radiation. Air temperature and
relative humidity were measured by the HC2S3 probe from
Campbell Scientific. Precipitation was measured by a tipping
bucket rain gauge (ARG100, Campbell Scientific).

For the interpretation of VOC fluxes in relation to anthro-
pogenic emissions, we analyzed NO, and O3 fluxes. Nitro-
gen oxides were measured by chemiluminescence (CLD§99,
Ecophysics, Switzerland), and ozone was measured by ab-
sorption spectroscopy (APOA-360, Horiba, JP) (Lamprecht
etal., 2021).

Two proton-transfer-reaction time-of-flight mass spec-
trometer (PTR-ToF-MS) instruments were used to obtain
BVOC flux data for the campaigns. A proton-transfer-
reaction quadrupole-interface time-of-flight mass spectrom-
eter (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 standard cali-
bration gas (Peron et al., 2021). Kaser et al. (2022) and Peron
et al. (2021) describe the operational characteristics of the in-
strument for the 2018 and 2020 and 2021 campaigns, respec-
tively. The PTR-ToF-MS was operated at an E/N of about
108 Td to minimize fragmentation. Both PTR-ToF-MS in-
struments have sufficient mass resolution and mass accuracy
to obtain isobaric formulae (Graus et al., 2010). This mini-
mizes potential interferences compared to quadrupole mass
spectrometers. The PTR-ToF-MS was used to detect iso-
prene, at m/z 69.070 [(CsHg)H™], the sum of the monoter-
penes at m/z 137.133 [(C1oH6)H™], the major fragment at
m/z 81.070 [(C¢Hg)H™'] and the sum of sesquiterpenes at
m/z 205.195 [(Cy5Hp4)H™] (Brilli et al., 2011, 2016; Tasin
et al., 2012; Maja et al., 2014; Misztal et al., 2015; Giaco-
muzzi et al., 2016; Yener et al., 2016; Portillo-Estrada et al.,
2017).

Recently, an evaluation of PTR techniques showed vary-
ing fragmentation patterns in urban environments (Coggon
et al., 2024). Similarly, for m/z 69.070, Fall et al. (2001)
already reported potential fragmentation from Cs 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
and m/z 87.081, we obtained an 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).
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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 H,O. A potential in-
terference for the springtime analysis is within the range re-
ported by Coggon et al. (2024) (e.g., up to 40 %) but likely
< 30 % for this study. The same analysis was carried out for
protonated Cg carbonyls (m/z 129.128), together with proto-
nated Cg 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 uncertain-
ties, 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 ([(C¢Hg)HT],
m/z 79.054), toluene ((C6H5CH3)H™], m/z 93.070) and Cy4
alkenes ([(C4Hg)H™], m/z 57.070, e.g., 2-butene) were ana-
lyzed because the emissions of these compounds are strongly
linked to anthropogenic activities (Derwent et al., 2000;
Dollard et al., 2007). Emissions of furan ([(C4H4O)HT],
m/z 69.033) were analyzed because it was shown to be
a good tracer for periods influenced by biomass burning
(Miiller et al., 2016; Koss et al., 2018). Methanol was ob-
served on m/z 33.034 ([((CH30H)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 atmosphere (Duncan et al., 2007; Tie et al.,
2007).

An automated valve system allowed for sequential anal-
ysis of ambient air, calibration and instrument background.
Every 5.5 h, calibration and background were performed for
2 min each.

2.2 Data analysis

The PTR-ToF-MS data were analyzed using the IONICON
Data Analyzer v4 software (Miiller et al., 2013) in order to
obtain peak-integrated stick spectra in ncps (normal counts
per second) for all VOCs of interest. These data were then
converted to parts per billion by volume (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 rou-
tine (Striednig et al., 2020). This open-source software al-
lows us to process eddy covariance and disjunct eddy co-
variance 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 (Fo-
ken et al., 2012), which are a combination of the steady-state
and integral turbulence characteristic tests. The quality as-
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surance 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 analyzing fluxes originating from the east sector between
0 and 120° (NE), the dominant wind direction.

Given that it is well established that isoprene emissions
are light-dependent (Kesselmeier and Staudt, 1999; Guen-
ther et al., 2006), nighttime emissions (between 20:00 and
03:00UTC) were assumed to be exclusively of anthro-
pogenic origin, while daytime emissions (between 08:00
and 16:00) represent a mix of biogenic and anthropogenic
sources.

Significant interference from potentially stressed plants
was investigated by correlation with green leaf volatiles
(GLVs). The emission of GLVs by plants has been attributed
to both abiotic and biotic stresses (Halitschke et al., 2004;
Loreto et al., 2006; Wenda-Piesk, 2011; Allmann et al.,
2013). Compounds belonging to this group, which includes
molecules such as esters, alcohols and aldehydes, are charac-
terized by a chain of six carbon atoms (Cg). Specifically, for
this analysis, hexenal ([(C¢Hi9O)H™ 1, m/z 99.080) was con-
sidered (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 GLVs. We also analyzed the fluxes of
decamethylcyclopentasiloxane (C1oH39O5Sis, D5), which is
related to the usage of cosmetics and other healthcare prod-
ucts, allowing us 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 analyzed using dif-
ferent means to calculate ambient concentrations due to com-
mon fragmentation patterns. For monoterpenes, the correla-
tion between exact m/z 137.133 and the exact m/z 81.070
was used to calculate the overall abundance. In all four cam-
paigns, the correlation between parent ions and expected
fragments was strong, both for fluxes and for concentra-
tions. 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, com-
mon 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 sesquiter-
penes that react very fast with respect to ozone (e.g., beta-
caryophyllene), we additionally estimated potential chemi-
cal losses due to reaction with ozone as suggested by Kaser
et al. (2022). Since the PTR-ToF-MS does not allow us
to speciate sesquiterpenes, upper and lower limits for the
composition were chosen based on typical literature val-
ues. In particular, the sesquiterpene composition mix used
by Sakulyanontvittaya et al. (2008) was applied, with a re-
active terpene fraction between 36 % and 50 %. Due to the
fast reaction with ozone, potential losses between the point
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of emission and detection were estimated. Ozone data were
obtained from ambient measurements using a UV absorp-
tion technique. Based on the commonly reported composi-
tion of sesquiterpenes (Sakulyanontvittaya et al., 2008), we
used these constraints to estimate the possible breakdown of
sesquiterpene fluxes due to chemical reactions in the atmo-
sphere. 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 hol-
idays) and weekdays (i.e., working days from Monday to
Thursday). The weekend—weekday effect is defined as the
average flux (or activity) difference by defining the ratio of
average emissions between weekdays and weekends. This
differentiation of the fluxes during two different periods of
the week (weekend and weekdays) has also allowed us to es-
timate the percentage of the anthropogenic or biogenic con-
tribution to the total of the measured emissions. The analysis
was done by pooling the data from a narrow temperature win-
dow 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 aggre-
gate all of the data from the three spring campaigns first. To
determine whether the weekend-to-weekday ratio is statis-
tically significant, a ¢ test was applied to the data using 50
random realizations.

2.3 Emission modeling

BVOC emission factors in MEGAN (Guenther et al., 2012)
for urban areas are still scarce (Leung et al., 2010). In addi-
tion, during the winter and spring months, AVOC emissions
can mask BVOC emissions, and the anthropogenic fraction
can potentially dominate.

In order to include anthropogenic and biogenic sources for
urban isoprene emissions, one can partition the dataset be-
tween an anthropogenic flux component and a biogenic com-
ponent parameterized by MEGAN.

For isoprene, both terms can be modeled independently
to reconstruct the total emission flux (Fyoc), according to

Eq. (1):
Fvoc = Favoc + Fevoc. (D

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 (Fgc). The urban ben-
zene flux is thought to be dominated by urban combustion
processes in Innsbruck, particularly traffic-related emissions.
The ratio of isoprene to benzene emissions () over the same
period can then be estimated according to Eq. (2):

Fyoc,ant = & X Favoc, (2
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where « 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 night-
time originate from anthropogenic sources. Unfortunately,
this correlation analysis cannot be applied to monoterpenes
and sesquiterpenes because it is not reasonable to assume that
nighttime biogenic emissions of these compounds are negli-
gible. We therefore resort to an independent analysis based
on the weekend—weekday effect for these compounds.

To analyze 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).

Fsvoc = EoyLyr, 3

where y1, represents the light-dependent activity factor, and
yr is the short-term temperature-dependent activity factor.

In this study, the stand-alone version of MEGAN (Guen-
ther et al., 2012) was used to calculate the light and temper-
ature variation of isoprene emissions in response to 7 [C°]
and PAR [umol m~2 s~ ']. In order to determine the biogenic
isoprene emission factor, Eq. (3) was used to normalize mea-
sured fluxes after subtracting the anthropogenically derived
portion of the isoprene flux that was inferred from the night-
time correlation analysis (Eq. 4):

_ (Fiso —aFBe)
YLyr

Ey “)

2.4 Ancillary data

In order to characterize the seasonal vegetation phenolog-
ical development in the study area, the normalized differ-
ence vegetation index (NDVI) was used (Rouse et al., 1974).
To this end, the harmonized Landsat—Sentinel HLSS30
v002 satellite product (Masek et al., 2021) was down-
loaded through NASA’s AppEEARS web interface (https:
/lappeears.earthdatacloud.nasa.gov, last access: 14 Decem-
ber 2023). The HLSS30 product is derived from Sentinel-
2A and Sentinel-2B products and provides nadir bidirec-
tional reflectance distribution function (BRDF)-corrected re-
flectances with a 30 m spatial and 2-3 d 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, cloud shadows and cloud shadows in adja-
cent pixels using the quality assessment layer 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 cen-
ter. 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).
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To that end, satellite NDVI data were linearly interpolated in
time between satellite retrievals to the flux timestamps.

3 Results and discussion

3.1 Meteorological, urban metabolism and traffic
overview

The analysis of the weather conditions over the 3 years under
consideration shows no particular variations in PAR and rel-
ative humidity (Fig. 1). In fact, the three spring periods are
comparable when analyzing these two parameters.

With regard to temperature, the average daytime temper-
ature in spring 2021 was lower (9.60 °C) than in 2018 and
2020 (15.2 and 15.10 °C respectively). During the night, on
the other hand, a decrease in the average temperature was ob-
served over the 3 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.

Analyzing the precipitation during the three spring pe-
riods, it can be seen that the spring of 2020 was the one
with the lowest precipitation (2.3 mm), although the cam-
paign only lasted 26 d. On the other hand, 2021 is the year
in which more precipitation was recorded (56.7 mm) than in
2018 and 2020 (Table 1).

The plant phenological development for the spring cam-
paigns in 2018, 2020 and 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 cam-
paign 2018, the average value was 0.37 (Table 1), similar
to what was observed during the summers of 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.

The dominant source of CO; emissions in Innsbruck is
anthropogenic emissions (i.e., traffic and residential heating)
(Ward et al., 2022; Nicolini et al., 2022). The seasonal vari-
ation (Fig. 1) clearly shows this with higher CO; emission
in the cold season than during the warm season, when CO;
fluxes decrease. Lower CO; emissions during summer reflect
reduced anthropogenic emissions (50 % of CO, emissions
are estimated to originate from heating) and, to a minor ex-
tent, higher photosynthetic uptake. Previous work at this site
suggested a CO, flux bias of about 10 %—20 % during sum-
mer corresponding to the vegetated land cover surrounding
the flux tower (Ward et al., 2022).

With regard to anthropogenic activities, the effect from
weekend to weekdays was analyzed. Results are plotted in
Fig. 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 signif-
icant, a ¢ test was applied to the data using 50 random real-
izations This statistical analysis shows that when the three
spring campaigns are analyzed together, there is a signif-
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Figure 1. Daily meteorological conditions and urban metabolism between January 2018 and January 2022. Panel (a) air temperature [K]

on the left y axis and PAR [umol m~257!] on the right y axis. Panel

[mmd~!]- right y axis. Panel (¢) NDVI - left y axis, and CO, flux [umol m~2

the measurement campaigns.

' .
= =
L]

Average of Week / Average of Weekend

ISO MT SQT BEN TOL MeOH SIL C4 NOx Traffic T PAR

Figure 2. Data from all campaigns plotted as a ratio between
the mean value during the weekday and the weekend periods for
isoprene (ISO), monoterpenes (MT), sesquiterpenes (SQT), ben-
zene (BEN), toluene (TOL), methanol (MeOH), siloxane (SIL),
C4 alkenes (Cy), NOy, traffic, temperature (7') and PAR. * repre-
sent cases where the ¢ test for the weekend effect on the data (p
value > 0.05) was not statistically significant.

icant difference between the weekday and weekend fluxes
for isoprene, monoterpenes, benzene, toluene, methanol, Cy4
alkenes, NO, 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 NO,,
emissions are highest during the week, i.e., Monday to
Thursday. This seems to indicate that the emission of these

https://doi.org/10.5194/acp-24-7063-2024

(b) the relative air humidity [%] — left y axis, daily precipitation

s - right y axis. The grey areas indicate the duration of

compounds is largely driven by anthropogenic activities. In
the joint analysis of the three spring campaigns, compounds
such as sesquiterpenes and siloxanes do not seem to be in-
fluenced by a change in anthropogenic activities (Fig. 2),
as the average flux values do not show any particular vari-
ations 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 traffic flow (transit of motorized vehicles) and
NO, fluxes was carried out (Fig. 2). Traffic, NO,, benzene
and toluene emissions differ significantly between the week-
end and weekday periods. For traffic, it was estimated that
the number of vehicles on the road on weekdays is almost
4 times higher than at the weekend. Comparable variations
were found for NO,, benzene and toluene for which work-
day emissions are about 3 times higher than on the weekend.

To exclude the possibility of varying environmental con-
ditions for this type of analysis, we compared PAR and air
temperature 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 tempera-
ture, and, as expected, no variation was found. These results
strongly suggest that the weekday—weekend differences of all

Atmos. Chem. Phys., 24, 7063-7083, 2024
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VOCs are most likely related to a variation in anthropogenic
activities.

As a next step, the analysis was carried out on a campaign-
by-campaign basis, bearing in mind that this analysis is less
robust due to the limited number of weekend data for each
campaign. In this case, for the summer data, only fluxes emit-
ted when the temperature was higher than 292 K were taken
into account in order to minimize the temperature-related ef-
fect on BVOC emissions. The analysis for springtime data
was the same as for the bulk analysis described above. An
analysis of the weekend effect for VOCs during the differ-
ent campaigns shows that the situation changes depending
on whether the period is spring or summer (Fig. 3). The vari-
ation of the compounds will be analyzed in the following
chapters.

3.2 Isoprene

Figure 4 shows daily variations of isoprene fluxes
during all campaigns. For the three spring periods,
respectively, average isoprene fluxes amounted to
0.09f8:8§ nmolm—2s~! for 2018, 0.0ngzg% nmolm—2 s~
for 2020 and O.OSJ_rg:g} nmolm~2s~! for 2021. In spring,
on average, 64 % of the measured isoprene flux was
attributed to anthropogenic emissions according to
Eq. (3). The modeled average anthropogenic isoprene
emissions were 0.0ng:g{ nmolm~2s~! in the year
2018, 0.03%00 nmolm=2s~! in the year 2020 and
0.04J_r8:8} nmol m~2 s~ in the year 2021.

For comparison, the anthropogenic fraction was quite a
bit lower in summer compared with the total amount of
the isoprene flux (0. 15f8:8§ nmolm~2s~!, 18 % of total iso-
prene 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, fu-
ran fluxes, which were proposed to be a good marker for ur-
ban biomass burning (BB) phenomena (Koss et al., 2018),
were investigated. The averaged nocturnal fluxes of furan
were 0.005, 0.009, 0.007 and 0.005 nmolm~—2s~! in spring
2018, summer 2018, spring 2020 and spring 2021, respec-
tively. For the corresponding periods, furan fluxes did not
exceed 0.01, 0.03, 0.05 and 0.04 nmolm~2s~". 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 (R? = 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 interannual
differences for mean fluxes of benzene, neither during the
day (0.20nmolm~2s~! — 2018, 0.10nmolm—2s~! — 2020,
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0.14nmolm~2s~! — 2021) nor at night (0.04 nmol m2g!
- 2018, 0.03nmolm~2s~! — 2020, 0.02nmolm=2s~! —
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
(GLVs). Emissions of GLVs 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 during the nighttime
period, the mean GLV fluxes were 0.005 nmol m2s~!in
2018, 0.002nmol m~2s~! in 2020 and 0.004 nmolm~2s~!
in 2021. The maximum values reported were 0.01, 0.03, 0.02
and 0.03nmolm~2s~! respectively. In summer, the mean
GLV flux during the night was 0.005nmolm~2s~!, with
a maximum not exceeding 0.03nmolm=2s~!. These low
fluxes and the little correlation (R% =0.35) between GLV
and VOC fluxes suggest little influence due to interfering
species from plant stress.

The diurnal trend of the isoprene emissions, divided into
weekdays and the weekend, showed that most of the emis-
sion fluxes occur during daylight. Since anthropogenic emis-
sions are expected to be less influenced by temperature vari-
ations, higher isoprene fluxes during summer are due to bio-
genic 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 from cars). If true, there should also be ev-
idence from the weekend-weekday effect. Indeed, it was
found that nighttime emission fluxes during weekdays were
higher compared to the nighttime emission fluxes on week-
ends. This is because then these fluxes are more influenced
by transport volumes (e.g., traffic activity).

During spring the difference between weekends and holi-
days and typical working days of the week was statistically
significant, with lower emissions during holidays and week-
ends (Table 2). The weekend—weekday difference was con-
sistently observed over 3 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.

The correlation analysis based on nighttime flux analysis
in conjunction with an additive emission model (Eqgs. 2—4)
allows us to 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—weekday
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Table 2. Average value of the isoprene, monoterpenes and methanol emissions measured during the four campaigns on Sundays and 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 Summer 2018 Spring 2020 Spring 2021
[nmol m—2 sfl] [nmol m—2 sfl] [nmol m—2 sfl] [nmol m—2 sfl]
I Weekd 0.05 0.02 0.02 0.02 0.02
Roprene ceRas * 015 005 006
—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 2x 1074 0.001
Weekend 0.003 0.001 8x 1074 3x 1074
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 2x 1074 1x 1074
Weekend 0.003 0.001 NaN 2% 1074
Cy4 alkenes Weekdays 0.16 0.30 0.21 0.28
Weekend 0.10 0.29 0.08 0.11

effect as an independent estimate to constrain the anthro-
pogenic vs biogenic component of isoprene emissions. From
Table 2 and Fig. 3, we get a weekday—weekend variation of
isoprene fluxes that is on the order of 1.8 for spring. There is
no statistically significant 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 oxy-
genated VOCs can be emitted in urban areas (Karl et al.,
2018), and factor analysis revealed distinct emission pat-
terns, where aromatic compounds typically cluster with traf-
fic related signals. The flux ratio of toluene to benzene
fluxes exhibited a high correlation (R% =0.79) with an aver-
age flux ratio of 1.6 ((nmolm~2s~']/ [nmolm~2s~!]) dur-
ing spring and 1.9 ([nmol m2s71] / [nmol m~2s71)) during
summer in this study. This supports previous findings in Eu-
rope (Schnitzhofer et al., 2008), that toluene emissions from
cars are evaporative- and temperature-dependent throughout
the season. In comparison the correlation between monoter-
pene and benzene was poorer (R ~ 0.46), with a typical flux
ratio of 0.16 ([nmolm~2s~!]/[nmolm~2s~!]) in summer
and 0.17 ([nmol m—2 s / [nmol m—2 s_l]) in spring.

Atmos. Chem. Phys., 24, 7063—-7083, 2024

3.3 Monoterpenes

3.3.1 Weekday—weekend effect

Compared to isoprene, the partitioning analysis of monoter-
penes 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 case for isoprene. This is because biogenic monoter-
pene 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).

We observed typical emission fluxes of monoterpenes
on the order of 0.09 nmolm~2s~! during the daily period
in spring 2018, 2020 and 2021 and 1.11 nmolm2s~!
during summer 2018. The higher emissions of monoter-
penes in 2018 (0.12nmolm~2s~!), compared to 2020
(0.07nmolm~2s~1) and 2021 (0.08 nmolm2s~1), were
not statistically significant (p value 0.14). The percentage of
these emissions attributed to biogenic sources was estimated
based on the weekend-weekday effect, as done for isoprene.
We see that the weekend-weekday effect for monoterpenes
(as for isoprene) was more significant during the spring
campaigns of 2020 and 2021 (an average ratio of 1.7) than
during the summer campaign (1.4). In addition, there also

https://doi.org/10.5194/acp-24-7063-2024
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seems to be a decrease in emission fluxes on weekdays of the
spring lockdown period (0.11nmolm~2s~! — spring 2018,
0.09nmolm~—2s~! — spring 2020, 0.09nmolm~2s~! —
spring 2021). The weekend-to-weekday ratio in spring 2020
was close to the ratio observed during the 2018 summer
campaign. The correlation between benzene and monoter-
pene fluxes is somewhat poorer than for isoprene (e.g.,
R? =0.61 during the spring campaigns for monoterpenes vs
R? =0.77 for isoprene, Fig. S6 in Supplement). In spring,
the slopes between isoprene/benzene fluxes were 2.1, and
for monoterpenes the slope was 0.9, respectively (data not
shown). For summer, we find that the correlation coefficient
between monoterpenes and benzene was poor, with an R>
of only <0.3 (Fig. S7 in Supplement). The anthropogenic
fraction of monoterpenes was 43 % in spring and 20 % in
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 in biogenic
emissions is expected in summer. Our explanation for this
is that the increase in biogenic emissions was compensated
for by a decrease of anthropogenic emissions due to two
main factors: (1) the IAO is located close to the city center
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
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 R? 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 results in the 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 con-
centration enhancement ratio of monoterpenes/benzene
that depends on population density and is on the order of
5.2 x 1073 [ppb ppb~—!1/ [people km 2] for New York City.
From our flux data, we can calculate the ratio of monoter-
pene to benzene fluxes for the spring IOPs and normalize
it by the population density estimated for the city center of
Innsbruck (7000-8800 people km~2) (Ward et al., 2022). We
obtain a normalized ratio of 3.9x 107 to 5.0 x 1073
[((mmolm~2s~1) / (nmolm~2s~1)] / [people km™2].

Considering that about 43% of springtime monoter-
pene fluxes are of anthropogenic emission, we find
a normalized flux ratio of 1.7x 107> to 2.2x 1073
[((mmolm~2s~") / (nmol m~2s~1)] / [people km~2].

https://doi.org/10.5194/acp-24-7063-2024

7073

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 (Fig. 3).

When analyzing siloxanes, we observed that D5 fluxes
were present during weekdays but not at weekends. This
would seem to indicate that the pedestrian circulation of peo-
ple 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 pedes-
trian 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.

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 R? lower than < 0.13 and
thus was very poor. In contrast, Gkatzelis et al. (2021a) ob-
served a very high correlation with R? of ~0.8. However,
D5 siloxane fluxes observed here are generally very low, es-
pecially in spring. From the spring analysis, the weekend—
weekday variation of monoterpenes was similar to isoprene
(e.g., aratio of 1.9 for isoprene vs a ratio of 1.6 for monoter-
penes). This suggests a similar partitioning between anthro-
pogenic 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 men-
tion that isoprene fluxes are about a factor of 10 higher dur-
ing summer (Fig. 4), while monoterpene fluxes vary much
less throughout the seasons, and the magnitude is compara-
ble 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 com-
ponent of monoterpene fluxes was lower during the lock-
down period and consequently was more associated with
vegetation due to the strict mobility restrictions in Austria
(Lamprecht et al., 2021).

3.4 Sesquiterpenes

Due to low urban fluxes during the spring period, dis-
entangling sesquiterpene fluxes into anthropogenic and
biotic components is even more difficult than for iso-
prene and monoterpenes. As for the monoterpenes,
the emissions of the sesquiterpenes show a less pro-
nounced trend in the daily flux pattern (Fig. 6). The

Atmos. Chem. Phys., 24, 7063—-7083, 2024
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Figure 5. Daily sum of monoterpene fluxes during spring 2018 (a), summer 2018 (b), spring 2020 (c) and spring 2021 (d).

measured average sesquiterpene flux was on the order of
7pmolm~2s~! in the spring of 2018, 0.004 nmolm~2s~!
in the summer of 2018, 1pmolm~2s~! in 2020 and
2pmolm~2s~! 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 of isoprene to monoterpene flux in spring
(summer) was 097 ([nmolm~2s~!']/[nmolm~2s~!])
(790  (nmolm~2s~!]/[nmolm~2s~!])). The ra-
tio between sesquiterpene and monoterpene flux af-
ter correcting for a 35%-45% chemical loss was
0.05 ([nmolm~2s~!]/ [nmolm~2s~1]) (spring) and
0.05 ((nmolm~2 s~ 1]/ [nmol m~2 s~!]) (summer).

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 anal-
ysis of the weekday—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 analyzed 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 con-
text (Sakulyanontvittaya et al., 2008; Kaser et al., 2022).

The correlation between sesquiterpenes and monoterpenes
exhibited an R? of 0.6, with a typical flux ratio of 0.05
([nmol m2s1] / [nmol m~2s1)). The correlation coeffi-
cient between sesquiterpenes and benzene was comparable
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to monoterpenes. We interpret these findings to indicate that
the correlation between monoterpenes and benzene can only
partially be used as a proxy to estimate the anthropogenic
component of monoterpene emissions because a significant
fraction of biogenic terpene emissions seems to interfere with
this analysis. We have independently estimated the anthro-
pogenic and biogenic components of these terpene fluxes and
find that they can contribute up to 43 % in spring but are gen-
erally small during the peak of the growing season.

3.5 Methanol

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 (08:00
to 16:00 UTC), methanol emissions have increased over
the years in spring. In 2018 the average daily emis-
sion flux was 1.92nmolm~2s~!, while in 2020 it in-
creased to 3.04nmolm—2s~!, and in 2021 it reached
3.41 nmolm~2s~!. 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).

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

https://doi.org/10.5194/acp-24-7063-2024
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and temperature and radiation. In the summer, there is a
slight temperature dependence of methanol fluxes above
300K (Fig. 7a).

The correlation between PAR and methanol emissions is
poor for all datasets (Fig. 7b). No temperature and PAR de-
pendence 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 (Hortnagl et al., 2011).
On the other hand, a difference was observed between the
spring and the summer season by analyzing the weekday—
weekend effect (Table 2). It can be seen that the spring emis-
sions on weekdays are higher than the emissions during the
weekends and the holidays (Fig. 3). The increase in emis-
sions during the weekdays is therefore likely to be the re-
sult of an increase in the contribution from anthropogenic
sources. The springtime weekend-weekday effect is com-
parable to isoprene and monoterpenes, but in summer the
weekend-weekday effect was smaller, suggesting a higher
contribution of biogenic emissions. During the lockdown pe-
riod and spring 2021, methanol emission fluxes during week-
days and weekend show significant changes compared to the
2018 spring campaigns. This was interpreted as methanol
emissions are closely related to 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 an-
thropogenic urban sources affect 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; Hellen et al., 2012; Liu et
al., 2024, Khan et al., 2018) and provides an estimate ap-
plicable to other urban areas with similar site characteris-
tics. Summertime isoprene emissions are dominated by bio-
genic emissions with an upper limit of <15 % for the an-
thropogenic 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
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the use of personal care products such as cosmetics and per-
sonal hygiene products. From the weekend—weekday effect,
we find that in spring, 43 % of monoterpenes can potentially
be related to anthropogenic sources. The anthropogenic con-
tribution 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 popula-
tion of the city of Innsbruck. Emission changes during hol-
iday 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 campaigns, the differences between week-
days and the weekend were more pronounced. During the
2020 COVID lockdown, additional qualitative evidence was
inferred by comparison 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). Dur-
ing the lockdown period, the state of Tirol imposed one of the
strictest mobility restrictions in Europe, resulting in large de-
creases 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 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 us to quantify the effect of ter-
pene emissions from anthropogenic sources that was sug-
gested 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). Summertime data show that the
anthropogenic components of isoprene, monoterpenes and
sesquiterpenes play a minor role. For isoprene this is par-
ticularly relevant since most of the isoprene flux observed in
Innsbruck occurs during the growing season.

Urban methanol emissions are difficult to trace to a partic-
ular source due to a combination of possible anthropogenic
and biogenic sources. The analysis of weekends and week-
days does not show significant differences but only an in-
creasing trend over the years. This increase during the late
winter/early spring season does not seem to be affected by
any difference in PAR or by any decrease in average temper-
atures, 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 analyzed. During the summer pe-
riod, the results show that increasing temperatures lead to an
increase in methanol emissions, which points towards evapo-
rative emissions. The weekend—weekday effect suggests sig-
nificant anthropogenic contributions to methanol emissions.
There still is a need for a deeper understanding of the differ-
ent sources of methanol in this context.

The vegetation cover in Innsbruck is low, on the order of
19 %. As a consequence, flux data show evidence of anthro-
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pogenic VCP emissions contributing to the abundance of ur-
ban monoterpenes. In spring this is comparable to the frac-
tion of anthropogenic isoprene, which is released by vehic-
ular emissions. Despite the low vegetation cover, however,
isoprene, monoterpene and sesquiterpene fluxes, which are
considered the most important BVOCs, are mostly associ-
ated with biogenic emissions during the peak of the growing
season.

This characterization of the different contributions to to-
tal 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 contribu-
tion from anthropogenic and biogenic sources. When analyz-
ing VCP emissions in the context of urban environments we
caution that short-term campaign-based observations might
over- or underestimate their significance depending on lo-
cal 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.

Code and data availability. The eddy covariance flux code used
to analyze fluxes was published by Striednig et al. (2020)
and can be accessed via https:/git.uibk.ac.at/acinn/apc/innflux
(last access: 6 June 2024). VOC and basic micrometeorologi-
cal data used in this paper are also provided via Zenodo under
https://doi.org/10.5281/zenodo.10943990 (Karl et al., 2024). NDVI
data can be obtained via https://www.earthdata.nasa.gov/ (NASA,
2024). Additional meteorological data can be obtained from https:
//data.hub.geosphere.at/ (GeoSphere, 2024).
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