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Abstract
When the world stayed at home at the time of the Covid-19 pandemic in 2020, it also

suddenly became quiet around Zurich/Kloten Airport. The turbines stopped and aircraft
remained on the ground. The movement restrictions had the effect that air traffic was re-
duced by 91%. In fact, you could call it a "Covid-19 grounding". In this thesis, the effects
of the pandemic lockdown and the associated reduction in traffic-related emissions on air
quality are studied using Norway spruce trees (Picea abies (L.) H.Karst) as bio-indicators at
Zurich Airport. For this purpose, three sites were investigated, two of which were located at
exposed locations to air (runway site) and road (carparking site) traffic and one control site
further away from traffic-related emission sources. Using the radiocarbon method, spruce
needles from four generations (pre-pandemic: 2018-2019 and pandemic: 2020-2021) were
analyzed and a decreasing dilution effect (14 C enrichment) was detected in the lockdown
needle generations (2020) at sites near traffic-related emission sources. This effect comes
from reduced combustion of fossil fuels and release of 14 C free CO2. The mean decreases
in -F14 C in needles from 2020 was 30% at the carparking site, like the decrease in local road
traffic, and 52% at the runway site, which was thus additionally affected by the reduction of
air traffic. In contrast, nitrogen isotope analysis at none of the three sites showed a signifi-
cant change in the δ15 N nor δ13 C ratio in the 2020 needle generation compared to previous
years. The method appeared less suitable than the radiocarbon method for examining short-
term reductions in air pollutants. Similarly, the mean tree-ring chronologies at the sites did
not correlate with the mean annual NO2 concentrations measured at Zurich Airport, but
rather with local climate factors such as precipitation and temperature. The results of the
stable isotope and tree-ring analysis showed that the signals caused by pollution or climate
are difficult to distinguish. The same applies to changes in measured concentrations of air
pollutants during the pandemic, which are strongly dependent on meteorological condi-
tions that influence the distribution and dilution of pollutants in the air. Determining which
changes in air quality are actually caused by emissions and which are due to weather con-
ditions is therefore one of the greatest challenges to date.
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1 Introduction

"Airports stand for mobility, flows, lack of history, commerce. In
fact, they are connected to their environment in many ways, as
they are complex structures in which technology and nature,
science, economy and society, past and future unite."

(Güttler et al., 2018)

1.1 Zurich Airport - concrete jungle and nature oasis

Squealing tires, roaring turbines and a slightly dizzying scent of kerosene fills the air. The
weather situation in Kloten has changed noticeably. The city with its more than 20’000 in-
habitants is not far from Switzerland’s largest airport, which has already received the "World
Travel Award" as the best airport in Europe for the 18th time - Zurich Airport.

In 1946, the majority of Zurich citizens voted for the construction of an intercontinen-
tal airport on the former military ground between the sparsely populated villages Kloten,
Rümlang and Oberglatt (Bauer, 2008). The marsh area was anything but an optimal location
for the construction of an airport. Due to the environmental conditions, the construction of
the runways was very costly and demanded complex civil engineering work (Bauer, 2008).
However, the explanation for the choice is understandable: one did not want to lose a cul-
tural landscape and the location and the prevailing wind conditions of the area were very
advantageous (Güttler et al., 2018). The effort required the drainage of the "unproductive"
marsh land and the canalization of the surrounding streams (Güttler et al., 2018; Bauer,
2008). Nature had to give way, the marsh land with its carrs and fens became the asphalted
western Runway 10/28 on which the first aircraft landed on June 14th, 1948.

At that time, little attention was paid to the high biodiversity of marsh lands. The sit-
uation was different with the forest areas. The surrounding communities defended every
square meter of forest and opposed the shifting of the further planed Blind Runway 16/34
by 500 m further to the east. In the end, Zurich Airport was nevertheless given a clear-
ing permit for aviation reasons (Güttler et al., 2018). A few months later, Blind Runway
16/34 was built and opened on November 17th 1948, giving Zurich Airport the most mod-
ern runway system in the world (see Figure 1.1a). With the new pure runway system, two
generously proportioned runways with high load-bearing capacity were already sufficient
for landing of large aircraft (>50 tons), regardless of wind direction. The construction of
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(A) 1950 (Friedli, 1950) (B) 1977 (Swissair Photo AG, 1977)

FIGURE 1.1: Aerial photograph Airport Zurich-Kloten view from the south
towards Oberglatt

Zurich Airport opened a gateway to the world, and as demand for air mobility increased,
the airport and its surrounding villages continued to expand (Güttler et al., 2018).

With the increasing demand for air mobility and jet aircraft taking over the sky, Zurich
airport decided in the late 1960s to extend the already existing runways and build another
runway to the north, today’s V Runway 14/32 (Güttler et al., 2018; Bauer, 2008). At the same
time, the idea of environmental protection also gained importance. Conservationists under
the direction of professor and plant ecologist Frank Klötzli pointed out to the government
council the high ecological value of the area where the new runway was planned (Güttler
et al., 2018). A compromise was found, resulting in the world’s first marsh replanting of
this kind to make way for the new runway. During the replanting, a special excavator dug
up the plants with their entire root system and relocated them to a new site with similar
conditions (Güttler et al., 2018; FZAG, 2020b). Finally, the V Runway 14/32 was opened
on April 1st 1976 and, together with the existing runways, formed the typical three-runway
system that can still be found today (Bauer, 2008).

1.2 Aircraft emissions and human health

1.2.1 The louder the turbines, the louder the opponents

When jet aircraft arrived in the 1960s and jumbo jets in the 1970s, the debate about aircraft
noise also became louder (Bauer, 2008). Unlike propeller planes, jets with their turbines
reached a whole new noise level. For the first time, the blue sky of euphoria over air mobility
became cloudy. While wind and weather conditions were the main concerns in the 1950s, it
was now the unpleasant local inhabitants who complained about the ever-increasing aircraft
noise (Güttler et al., 2018). Consequently, aircraft noise has been measured at Zurich Airport
since 1966. Today, it is a modern system consisting of 14 measuring stations in the airport’s
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catchment area: the ATANOMS (Airport Track And Noise Monitoring System), which has
been in operation since 2008 (FZAG, 2019). The data are published monthly in the noise
bulletin with thresholds set by NAO (Noise Abatement Ordinance) and presented in a noise
exposure map. These data are also used to create noise charge models, which are intended to
motivate airlines to fly to Zurich Airport with aircraft types that are as low-noise as possible
(FZAG, 2019). Nevertheless, over the past decade, every year, Zurich Airport has received
2’000-3’000 complaints from affected inhabitants regarding noise pollution (FZAG, 2019;
FZAG, 2020a).

1.2.2 Air pollution- burning fossil fuels

Natural greenhouse effect ensures a pleasant average temperature of 15°C, making life on
planet Earth possible. However, this balance of naturally occurring greenhouse gases in the
atmosphere such as carbon dioxide (CO2), methane (CH4) and nitrogen dioxide (NO2) has
been lately disturbed by anthropogenic influences. Since the industrial revolution, atmo-
spheric CO2 levels have been rising due to anthropogenic activities such as deforestation,
artificial fires, land use changes and the burning of fossil fuels (Schönwiese, 2013). Using ice
cores from the polar regions and direct atmospheric measurements (since 1958 on Mauna
Loa, Hawaii) it is possible to quantify the changes in greenhouse gas concentrations in the
atmosphere over the last centuries (Etheridge et al., 1996; Keeling, 1991). Atmospheric CO2

concentration exceeded 400 ppm in 2015, reaching 144% of pre-industrial levels and today’s
atmospheric CO2 concentration is 418 ppm (as of January 27th 2022) (Keeling et al., 2001;
WMO, 2017). This global annual increase of about 2 ppm is primarily due to emissions
from fossil fuel combustion and cement production with 95% of these emissions released in
the northern hemisphere (WMO, 2017; Levin and Hesshaimer, 2000). The annual increase
would also be much greater if natural sinks such as the oceans and the terrestrial biosphere
would not remove around 50% of human emissions from the atmosphere again and thus
buffer the measured actual signal (WMO, 2017; Levin and Hesshaimer, 2000).

FIGURE 1.2: Greenhouse gas emissions in Switzerland in 2019 (national avi-
ation included). Total emissions (left), emissions from transport sector (right)

(data: BAFU, 2021b).
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Burning fossil fuels releases large amounts of CO2, which increases the greenhouse effect
and warms the earth’s surface. Indirectly, anthropogenic CO2 emissions influence the envi-
ronment and - through various interactions - thus also human health. However, the combus-
tion of fossil fuels such as kerosene also releases air pollutants like: nitrogen oxides (NOx),
sulfur dioxide (SO2), carbon monoxide (CO), hydrocarbons and diverse particulate matter
(BAZL, 2020). In Switzerland, 39% of greenhouse gas emissions in 2019 are attributable to
transport, with the remainder coming from industry, agriculture and households for gen-
eration of heat, light and electricity (BAFU, 2021b, see Figure 1.2). Including international
aviation this amount to a total of 19.92 million tons of CO2 that were emitted by transport
throughout Switzerland in 2019, 55.2% of which was emitted by private cars, 28.8% by in-
ternational air traffic, 15.2% by good traffic and 0.6% by national aviation (BAFU, 2021b).
Overall, this means that a share of 11.49% of CO2 emissions comes from aviation. Whereas,
worldwide air traffic contributes about 2-2.5% to global anthropogenic fossil CO2 emissions
(BAZL, 2020).

1.2.3 Particulate matter - "plastic is in the air!"

Besides gaseous pollutants, very fine solid and liquid particles, so-called particulate matter
(PM) or aerosols, are produced during the combustion of fossil fuels and during mechanical
processes. PM is a complex mixture of liquid and solid particles of organic and inorganic
substances that are small enough to be transported by the air (WHO, 2016). Their compo-
sition can be very diverse from heavy metals to secondary inorganic components such as
nitrate, sulphate and ammonium (Hueglin et al., 2012). The pollutant sources that make up
PM can also be of natural origin, for example wind-blown desert dust, sea spray aerosols or
tissues from plants like pollen (Zhongming et al., 2012). Furthermore, a distinction is made
between primary and secondary particles, the latter being formed by chemical and physical
reactions in the atmosphere with other pollutants such as ammonia, volatile organic com-
pounds (VOCs), NOx and SO2 (BAFU, 2021c). They are categorized into three sizes: PM10

(diameter <10 µm), PM2.5 (diameter <2.5 µm) and ultrafine particles (UFP diameter <0.1 µm)
(Zhongming et al., 2012; OSTLUFT, 2021). Whereas, traffic but especially air traffic is one of
the major sources for UFP (Fleuti, 2020; OSTLUFT, 2021). The dispersion of PM and UFP
of different sizes, composition and origins are strongly dependent on local meteorological
weather conditions (e.g. precipitation, wind direction/speed, etc.) as well as time of day
(Allen et al., 2019; Fleuti, 2020; OSTLUFT, 2021; Materić et al., 2021). A good example is the
widely transported Saharan dust in the atmosphere, which turns the snow in the Swiss Alps
distinctly yellow at the same time every year.

While Saharan dust is clearly visible as a layer in the snow cover, it looks somewhat
different when referring to nanoplastic particles. "In the Alps it’s snowing plastic" is a very
recent article by EMPA of January 25th 2022 (Waldmann, 2022), which makes it clear that
plastic pollution is by far no longer just a problem in the oceans, but also in the air. In
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FIGURE 1.3: Landing aircraft at Zurich Airport with tire abrasion dust plume

various studies, airborne micro- and nanoparticles have been detected at distant locations
far from anthropogenic influences (Allen et al., 2019; Bergmann et al., 2019; Materić et al.,
2021). A large source of air pollution from plastics are tire and road wear particles (TRWPs)
generated by abrasion during acceleration but especially during braking on the road (Kole
et al., 2017; Baensch-Baltruschat et al., 2020). This becomes particularly apparent on the
example of a landing aircraft: when landing, strong forces act on the wheels as they are first
strongly accelerated, heated and then braked, whereupon an exhaust plume is created (see
Figure 1.3). The estimated rubber loss per landing using the example of a Boeing 747 can be
up to 1kg (Bennett et al., 2011).

1.2.4 Human health

Zurich Airport emits several pollutants that affect human health. Noise is also a pollutant in
form of a frequency that has various health, economic and spatial/social impacts on society.
Aircraft noise affects a rather small catchment area compared to road traffic noise, but the
affected inhabitants are exposed to significantly higher sound levels (BAFU, 2018). Emission
values are exceeded especially in the approach and departure corridors of Zurich Airport.
Continuous noise increases the risk of health problems, especially at night as our organism
is particularly sensitive to noise. Noise levels of 40-50 dB already considerably reduce the
quality of sleep which can lead to reduction in cognitive performance (BAFU, 2018). Physi-
ologically, the body is on alert under noise and releases stress hormones, which in the long
term can promote cardio-metabolic disorder such as diabetes type 2 and hypertension, in-
creasing risks of heart attacks and strokes (BAFU, 2018; Franssen et al., 2004; Münzel et al.,



6

2017). According to Ecoplan, 2019, a total of 69,300 DALYs ("disability adjusted life years"
(WHO, 2018); 1 DALY = one year of life lost in perfect health) are lost in Switzerland due to
traffic noise-related health effects, 10% of which are attributable to aircraft noise.

Gaseous and solid air pollution have even more far-reaching consequences both spatially
and in terms of the number of people affected. Since the 1952 smog episode in London, it has
been clear that air pollution has a negative impact on human health. The World Health Or-
ganization (WHO) estimated the number of premature deaths worldwide from air pollution
at 4.2 million per year in 2016. In Switzerland, around 2300 to 3000 people die prematurely
every year as a result of air pollution (BAFU, 2014). Inhalation of the pollutants can irri-
tate the respiratory tract and cause acute and chronic respiratory, cardiovascular diseases
and strokes (BAFU, 2014). The smaller the particles are, the deeper they can penetrate the
lungs, enter the bloodstream, and reach other organs (Ohlwein et al., 2019; WHO, 2016;
BAFU, 2014; BAFU, 2020). One of the main contributors to air pollution is traffic. However,
whether traffic-related air pollution (TRAPs) can also affect the brain and lead to cognitive
dysfunction and later dementia development is still controversial (Cipriani et al., 2018). The
good news is that people’s health recovers quickly with improved air quality, according
to a cohort study SAPALDIA (Swiss Cohort Study on Air Pollution and Lung and Heart
Diseases in Adults) (BAFU, 2020).

For this reason, measures were already taken in the 1980s and greater efforts have been
made in recent years to improve air quality in Switzerland. Since 1985, air quality has im-
proved significantly due to technical advances in the filtering of exhaust gases and particu-
late matter (BAFU, 2014; BAFU, 2021c; BFS, 2021). Nevertheless, the emission thresholds are
still exceeded at heavily polluted sites and at certain times of the year (BAFU, 2021c; BFS,
2021). Unlike for gaseous pollutants and PM, no threshold values for UFP are defined in the
Ordinance on Air Pollution Control (OAPC; for further information: fedlex.admin.ch - The
publication platform for federal law). In the future, it will be necessary to study the sources
of air pollution, as well as its consequences for humans and the environment, in order to
take urgently needed action.

1.3 Covid-19 pandemic - effects on transportation and air quality

"Mysterious outbreak of lung disease in central China - some voices fear a new outbreak of
Sars lung disease" (NZZ, 2019). The headline in the NZZ at the end of 2019 sounded alarm-
ing but still so far away. At that time, no one could even imagine the scope of this newly
discovered disease Sars-CoV-2. Following the news, the first case of the new Sars variant
was confirmed in Switzerland in February 2020 (BAG, 2020b). The assessment of the risk
posed by the virus to the Swiss population was initially considered moderate. Three weeks
later, the Federal Council announced the exceptional situation and a nationwide lockdown
(BAG, 2020a). The viral disease was soon no longer an epidemic, but a pandemic.
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1.3.1 "Stay at home!"- how the world pauses

As of March 17th, 2020, economic and public life came to a standstill. The measures and
restrictions taken to reduce contagion were most noticeable in traffic. At the beginning of
the lockdown, the greatest decrease was recorded in public transport at 65% and in private
transport at 42%, while business traffic hardly decreased at 13% (Moser, 2020). Overall, the
volume of road traffic has been reduced by 20% and in some places up to 50% depending
also on the day of the week, thus on average 35% (Sintermann, 2020; Moser, 2020). Looking
specifically at the Zurich Airport area, road traffic decreased by an average of about 39.3%,
while air traffic came to an almost complete halt with a 91% decrease in aircraft movements
(Fleuti, 2020) (see Figure 1.4). Compared to public transport and air traffic, road traffic recov-
ered quickly after the end of the closure on May 11 th, 2020, which could be due to the fear
of contagion in public transport and thus increased use of individual road transport (Moser,
2020; Buck and Weinstein, 2020). Similar or even more strict pandemic-related movement
restrictions were applied in all countries around the world.

FIGURE 1.4: Air traffic at Zurich Airport (data: BFS and BAZL, 2021). In blue
number of passengers [106] and in orange number of flight movements [104].

The reduced mobility worldwide due to the restrictions caused by the Sars-CoV-2 virus
had a temporary but very significant impact on air quality. One study estimated that daily
global CO2 emissions decreased by 17% in April 2020 compared to mean daily emissions
of 2019 (Le Quéré et al., 2020), while another study found a global overall decrease of 8.8%
during the first half of 2020 compared to 2019 (Liu et al., 2020). The change can be seen espe-
cially in decline of daily global emissions in the month of April, as the emissions recovered
quickly due to the relaxation of the measures (Liu et al., 2020).

Furthermore, European satellite imagery (Copernicus Sentinel-5P) observed a 45-50%
drop in nitrogen dioxide (NO2), a harmful indirect greenhouse gas, over metropolitan areas
such as Paris and Milan (ESA, 2020). Bayesian spatio-temporal models (BST) determined a
29.5% decrease in the average surface concentration of NO2 over Europe due to pandemic
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related restrictions, considering also other factors (e.g. weather conditions) that could influ-
ence the measured concentration (Beloconi et al., 2021).

The decrease in NO2 but also CO2 was particularly significant in countries with strict
lockdown conditions and travel restrictions (Cooper et al., 2022; Liu et al., 2020). Reduc-
tion in air pollutants due to travel restrictions as part of the Covid-19 pandemic measures
have temporarily partly improved air quality. This was especially evident in metropolitan
areas and densely populated countries such as China, India, and Nigeria, where advanced
technologies for air pollution control are often lacking (Karkour and Itsubo, 2020; Han and
Hong, 2020; Berman and Ebisu, 2020).

Air quality also changed in Switzerland, although to a smaller extent than in other parts
of Europe. This could be related to the fact that the Swiss population had to follow less
strict measures to combat the Covid-19 pandemic and because of the fact that major efforts
have already been made by policymakers to reduce air pollution in recent years (Stuart K.
et al., 2020; BAFU, 2021c). Nevertheless, air monitoring networks (NABEL and OSTLUFT)
on busy roads show a significant decrease of NO2 concentrations in Switzerland during
the pandemic lockdown (BAFU, 2021c; Sintermann, 2020; Stuart K. et al., 2020). At Zurich
Airport, this NO2 reduction is reflected very impressively due to the strong decrease in air
and surrounding road traffic (see Figure 1.5 and 2.4; FZAG, 2020a; Fleuti, 2020).

FIGURE 1.5: NO2 [µg/m3] concentration at Zurich Airport, 2019 (left) and
2020 (right). Source: FZAG, 2019; FZAG, 2020a: Influence of the airport on

local air quality.
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It is reasonable to assume that the reduction in traffic-related noise and pollutants has
also led to a reduction in associated health problems. Recently published studies also show
a possible association between long-term exposure to air pollution especially fine <PM2.5

and severe Sars-CoV-2 courses with a higher probability of mortality (Pozzer et al., 2020;
Münzel et al., 2021; Wu et al., 2020; Travaglio et al., 2021). This interaction is not surprising
and shows how people’s activities change the environment in which they live, which in
turn can affect their health. Therefore, future efforts to monitor air quality on a continuous,
long-term, and detailed basis are all the more essential in order to be able to take concrete
measures to improve air quality.

1.4 Trees as bio-indicators for air pollution and climate

It is known that trees can have a positive impact on air quality and climate, especially in
urban areas (Leung et al., 2011; Nowak et al., 2018). For instance, tree canopies and transpi-
ration can influence local temperatures, radiation/energy balance, and thus the local micro-
climate (Nowak et al., 2018). However, they can also have negative impacts on air quality
and climate by releasing natural particulate matter in form of pollen and biogenic VOCs,
whereby the latter play an important role in the formation of ozone and secondary partic-
ulate matter (Ballikaya et al., 2022; Eisenman et al., 2019; Grote et al., 2016; Samson et al.,
2017). Their canopy can even reduce ventilation and thus dilution of air pollutants in the at-
mosphere; this aerodynamic effect can lead to lower air quality locally, especially in poorly
ventilated streets (Vos et al., 2013; Samson et al., 2017). Plants can therefore clean the air of
pollutants, be amplifiers and polluters themselves, but also be so-called pollutant carriers.

Trees are capable of trapping and absorbing gaseous air pollutants and particulate matter
(Ballikaya et al., 2022; Samson et al., 2017; Nowak et al., 2018). Generally, air pollutants are
deposited wet or dry on the bark, branches, and leaves of the tree, but gaseous pollutants
can also be taken up directly through the stomata of the leaves (Samson et al., 2017; Schwab
et al., 2016; Eichert et al., 2008). Stomatal regulation aims to maximize photosynthesis and
minimize damage from water deficiency, but it also opens the way for air pollutants that
could be harmful to the tree at high concentrations and with prolonged exposure (Samson
et al., 2017). In this way, some particles can be absorbed by the tree through foliar uptake,
while other intercepted particles in turn remain on surfaces and are later resuspended by
precipitation, wind or leaf fall into the atmosphere or pedosphere, where they can be taken
up by roots (Nowak et al., 2018).
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1.4.1 Tree-ring archive - the logbook of the trees

The air pollutants absorbed via leaves, roots and bark can be deposited in the wood (Lepp,
1975; Cocozza et al., 2021; Ballikaya et al., 2022). With the help of dendrochemistry, it has
been possible since the 1970s to analyze the chemical composition of the annual rings (Co-
cozza et al., 2021; Binda et al., 2021). Together with dendrochronology, the age of the tree
can be determined and conclusions can be drawn about the influencing environmental fac-
tors under which the tree grew in a certain year, such as climatic conditions, and air quality
(Battipaglia et al., 2010; Ballikaya et al., 2022). In this way, historical pollution events and
climate trends can be captured both spatially and temporally in the form of records in tree
rings (Binda et al., 2021; Ballikaya et al., 2022).

Many studies have used a variety of different biomarkers such as trace elements (Mg,
Mn, S, Zn, etc.), stable isotope ratios (δ15 N, δ13 C, δ18 O, δ2 H) and radiocarbon (14 C) to
quantify air pollution in tree rings coming from fossil fuel combustion and other anthro-
pogenic activities (Cocozza et al., 2021; Leonelli et al., 2012; Battipaglia et al., 2010; Savard
et al., 2009; Rakowski et al., 2008; Saurer et al., 2004). There are several analytical methods
commonly used for the analysis of trace elements and stable isotopes in tree rings: Laser ab-
lation - inductively coupled plasma mass spectrometry (LA-ICPMS), X-rays, fluorescence,
and isotope ratio mass spectrometry (IRMS) (Binda et al., 2021). In this way, dendrochronol-
ogy and -chemistry opens a wide range of analytical possibilities in environmental moni-
toring, especially since perennial plants are abundant and widespread compared to other
environmental archives (Binda et al., 2021).

FIGURE 1.6: Trees as bio-indicators: tree-rings and leaves archives.
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1.4.2 Foliage records - the whisper of the trees

Compared to root uptake, particle uptake via leaves has been less explored. Recent studies
showed that deposition and uptake of particle concentrations via leaves is not negligible
compared to the root pathway (Cocozza et al., 2019; Luo et al., 2019; Sun et al., 2021). In
an experiment with different tree species and treatment with silver (Ag) nanoparticles (NP),
Cocozza et al., 2019 it was shown that the treatment of leaves (spraying of leaves) resulted
in higher Ag concentrations in the trunk than treatment of roots (watering), and that this
was highly species-specific. Another study demonstrated that maize seedlings foliage ex-
posed to polysterene nanoplastics with different surface charges can take up plastic particles
through the stomata and transport them within the plant to the roots (Sun et al., 2021). In this
regard, particle absorption depends not only on the external characteristics and metabolism
of the plant species, but also on particle properties such as size, chemical composition, wa-
ter solubility, surface coating, and electrical charge, etc. (Schwab et al., 2016). Therefore,
nanoparticle-size uptake of pollutants via stomata is possible and so far, the only proven
pathway of leaf uptake (Ballikaya et al., 2022; Eichert et al., 2008; Lv et al., 2019). Other
pathways of particle uptake via leaves through cuticle, trichomes, hydathodes, lenticels,
and wounds are known but have been insufficiently investigated (Schwab et al., 2016).

Various studies have therefore also examined leaves as an archive for air pollutants with
the same biomarkers commonly used in dendrochemical analyses (Ammann et al., 1999;
Siegwolf et al., 2001; Alessio et al., 2002; Saurer et al., 2004; Kalugina et al., 2017; Sensuła et
al., 2017). Compared to the tree rings, the leaves are directly exposed to the emission sources
and may show a clear pollution signal if an uptake occurs. This could be advantageous
since the possible loss or blurring of the biomarker signal due to internal translocation of
compounds between tree rings is one of the main challenges in dendrochemistry. However,
a disadvantage is that the leaves are shed annually for deciduous trees and are also replaced
after a few years for conifers. This makes the archive time-limited and less suitable for long-
term air pollution or climate records. Although leaves have been used as bio-indicators of air
pollution and climate in many environmental monitoring studies, no one has yet attempted
to reconstruct air quality using different generations of leaves at annual resolution.
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1.5 Research question and hypothesis

The exceptional situation in spring 2020 due to the Covid-19 pandemic and the resulting
decrease in road and air traffic has drastically changed air quality locally as well as glob-
ally. This unprecedented situation provides a unique opportunity to study air quality in
places with highly modified traffic flows and thereby gain new insights into anthropogenic
air pollution. Long-lived plants such as trees with clearly visible annual ring structures can
be used as bio-indicators to reconstruct both past environmental conditions under which
the tree was growing and air pollution events (Ballikaya et al., 2022). Therefore, trees are
particularly suitable for environmental monitoring. Thereby trees take up nutrients and
potential pollutants not only through their roots but also through their leaves. Evergreen
conifers retain their foliage for several years compared to deciduous trees and are therefore
of special interest for the study of leaves as a potential archive for air quality. For this reason,
and due to their aerodynamic properties, conifers tend to remove more air pollutants and
they are able to capture large amounts of PM with their small needles (high leaf area index)
and complex shoot structures (Freer-Smith et al., 2005; Samson et al., 2017). The ability of
other tree components to adequately capture both spatial and temporal changes in past air
pollution events and trends is assessed in this research. Spruces are frequently studied in
dendro-scientific analyses due to their distinct tree rings, high adaptability and wide distri-
bution. In addition, the branches and thus the needles can be clearly assigned to a specific
year based on the morphology of the tree, which makes the tree species a good leaf-archive
for past environmental conditions. The following research question arises:

Research Question Can changes in air quality related to the reduction of air traffic
during the Covid-19 pandemic be detected in the needles and tree-ring width of
Norway spruce trees (Picea abies (L.) H.Karst) near the Airport Zurich/Kloten?

Answering this specific question, some sub-questions need to be answered first:

• How did air quality change during the pandemic?

• How much of this change can be attributed to the reduction in road or air traffic?

• To what extent does the biosphere reflect changes in the air quality and climate?

• Can the underlying cause of the detected signal be attributed to climate or air pollu-
tion?

Hypothesis Spruce needles and tree-ring width reliably reflect local changes in air
pollution; the pandemic lockdown in spring 2020 with reduced air traffic and
the associated improvement in air quality is clearly detectable.
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The objective of this study is to quantify atmospheric pollutants over the last four to six
years through chemical analyses of Norway spruce needles, with a focus on the Covid-19
pandemic exceptional situation in spring 2020. In addition, the growth of Norway spruces
under changing environmental conditions, such as air quality and climate, is studied using
tree rings. The difficulty lies in assigning the measured mixed signal in the atmosphere as
well as in the biosphere to the individual emission sources. Hence, several sites with emis-
sion sources in different proximity are investigated. The focus of many studies is on the
dendrochemical analysis of tree rings; less studies use leaves as an archive for air pollution.
The extent to which leaves can absorb and transport pollutants from the air and how this can
have an effect on tree growth is poorly understood and part of ongoing research. Therefore,
two chemical analyses are carried out on the basis of Norway spruce needles: 1) nitrogen iso-
tope analysis (WSL, Isotope Laboratory, Dr. Matthias Saurer) measuring stable nitrogen and
carbon isotopes, and 2) the radiocarbon method (ETH, Laboratory for Ion Beam Physics, Dr.
Lukas Wacker). In addition, increment cores will be taken from the same trees, evaluated us-
ing dendrochronology, and compared with air pollutant and meteorological measurements
from local monitoring stations. The goal is to quantify changes in Norway spruce needles of
direct (CO2) and indirect (NOx) greenhouse gases produced by the combustion of fossil fu-
els (pre-pandemic, lockdown, and post-pandemic conditions), emitted by aircrafts of Zurich
Airport and to assess the effect on tree-ring growth.
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2 Material and Methods

2.1 Study site

The study site covers an area of 9.53 km2 and is located in the Swiss midlands in the canton
of Zurich between Kloten, Rümlang, Oberglatt, Niederglatt and Bülach at 426 meters above
sea level. The moraine landscape was once formed by the Linth glacier, which left behind a
shallow lake after the last cold period 180’000 years ago (FZAG, 2020b). This shallow lake
slowly developed into a marsh which was partly drained for the construction of Zurich In-
ternational Airport in 1946 (FZAG, 2020b; Güttler et al., 2018). Some areas of Zurich Airport
and its surroundings are still characterized by these marshes, including 43 hectares of ob-
jects of national importance that are under strict protection (FZAG, 2020b). Together with
swamp and mixed forests the wetland maintains its exceptionally high biodiversity. The
airport area is advantageously flat and mainly characterized by westerly winds and breezes
(north-east winds) (see Figure 2.2, MeteoSwiss, 2022). The local climate is humid with an
average annual temperature of 9.8°C and an average annual rainfall of 995mm (see Figure
2.1, MeteoSwiss, 2022).

FIGURE 2.1: Climate diagram Zurich/Kloten, calculated with annual precip-
itation and temperature data from the period 1991-2020 (data: MeteoSwiss,
2022). In blue the average precipitation sums per month [mm] and in red the
average monthly temperature [°C]. T̄ = 9.83°C average annual temperature. P̄

= 994.52mm average annual precipitation sum.
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FIGURE 2.2: Wind diagram Zurich/ Kloten, calculated with daily wind speed
and direction data from the period 1981-2021 (data: MeteoSwiss, 2022). Wind
direction in angular measure [0°-360], 0° = north. Wind speed [m/s] from
blue to orange at intervals of 0.5m/s, wind speed max. = 10.5m/s. The radial
compartments correspond to the number of occurrences [days] of a particular

wind speed and direction, main wind direction: W, SW and NE.

In order to assess the air pollutants coming from aircraft movements at Zurich Airport
suitable locations were chosen close to the emission source. Since attempts to obtain permis-
sion for sampling on the airport area itself failed, sites were chosen in the immediate vicinity.
When choosing the location, it was important to be as close as possible to the airport’s docks,
runways or flight paths and thus to the source of emissions. The wind direction was also
considered in the further planning. Based on the approach concept of the different run-
ways (rule of thumb: aircraft land against the prevailing wind direction) and the frequent
westerly winds, locations in the east of the airport were preferred. Moreover, the choice of
location in the east of the airport was limited due to the A51 motorway. To avoid a strong
mixed emission signal from road and air traffic, the distance to the motorway was kept as
large as possible. Given this challenge, another site to the west of the airport was selected
for comparison.
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Norway spruces (Picea abies (L.) H.Karst) were chosen as the tree species for the study.
The evergreen conifers are very suitable for tree-ring analysis and form new twigs with
needles every year, which are the main object of investigation in this thesis. This limited
the choice of sites a little more, especially in the east of the airport, where mainly deciduous
trees predominated. Furthermore, the forests under consideration had different ownership
structures. They belonged to private individuals, corporations, municipalities, the canton of
Zurich or the federal government. Therefore, permission first had to be obtained from the
responsible authorities for sampling at the respective site.

Site 1 - Carparking (430 m a.s.l.): The first site was located north-east of Zurich Airport at
the end of Runway 14/32 (see Figure 2.5). The A51 motorway was located about 550
m away and the flight path was about 400 m away. In the immediate vicinity there
was a road with low traffic and a car park with a viewpoint. The forest "Äglenriet"
belongs to the federal government and is used by the military. The area itself lies
within the municipality of Winkel (forester: Michel Kern). Norway spruces (Picea abies
(L.) H.Karst) were sampled within a radius of 10 m from the chosen location, where
the selected canopies were especially exposed to the flight path and Runway 14/32
(SW orientation).

Site 2 - Runway (420 m a.s.l): Another site was chosen in the western part of the airport at
the middle of Runway 16/34 (see Figure 2.5) in the forest "Gstöck" of the municipality
of Rümlang (forester: Thomas Hubli). The trees of interest were located in a marsh,
called "Langensegen", which still is under nature conservation. Therefore, permission
to enter and take samples had to be obtained from the Canton of Zurich (Supervision:
Dipl. Forsting. ETH, Adrienne Frei). The nature conservation area "Langensegen"
was difficult to access due to the wet and unpredictable terrain. The area impressively
showed what it must have looked like here before Zurich Airport was built (see Figure
2.3a and 2.3b). The nearest busy road was approximately 1 km west from the site and
the average distance to the runways was about 300 m. Norway spruces were sampled
within a radius of 150 m, that were again exposed to the flight path and runway (NE
orientation).

Site 3 - Touchdown oaks (423 m a.s.l.): In the eastern part of the airport along the Himmel-
bach (see Figure 2.5) only deciduous trees were found such as willows, oaks, maples,
birches and beeches. Given the proximity to the touch down point of Runway 14/32,
some European oaks (Quercus robur L.) were also sampled. However, these were not
compared with the tree species of the other sites. The oaks were sampled within a
radius of 550 m with a distance of 350-200 m to the runway and flight path (SW orien-
tation). The A51 motorway was again located about 500 m from the site.

Site 4 - Control (440 m a.s.l.): The control site was chosen approximately 1.7 km further
north from the carparking site and 4.4 km from the runway site (see Figure 2.5). Efforts
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were made to ensure that the site was as far away from the motorway as the carpark-
ing site. This site was the last to be sampled and was used for comparison with the
other sites closer to Zurich Airport. The "Höragen" forest belongs to the municipality
of Bülach (forester: Thomas Kuhn). The selected Norway spruces were located on a
slight hill and were sampled within a radius of 15 m. Smaller clearings existed since
2019 due to bark beetle infestation.

(A) marsh in summer 2021 (B) dragonfly in summer 2021

FIGURE 2.3: Nature conservation area Langensegen - runway site, Zurich Air-
port
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2.2 Monitoring stations

In order to be able to compare the measurement results with atmospheric air pollutants and
climatic factors, data were requested from the operators of measuring stations in the imme-
diate vicinity of the airport. Thus, a Meteo-Swiss station at Zurich Airport area provided
the necessary meteorological parameters to describe the climatic conditions at the various
locations and to perform further climate analyses (approx. station’s distance to runway and
control site: 2 km-2.7 km) (see Figure 2.5). For this purpose, the meteorological parameters:
temperature and precipitation of the Meteo-Swiss station were processed (data source: Me-
teoSwiss, 2022). In each case, an average value was calculated for the growing season of one
year. The growing season was defined as the time span from the beginning of earlywood
(April) to the end of latewood formation (October). In addition, two measuring stations
were selected to measure air pollutants in the vicinity of Zurich Airport. The stations se-
lected were Zurich Airport, Terminal A, operated by FZAG (approx. station’s distance to
runway and control site: 1.7 km-5.8 km; data source: FZAG, 2022), and the Balsberg station,
Opfikon, operated by OSTLUFT, the air quality monitoring service of the cantons of east-
ern Switzerland and the Principality of Liechtenstein (approx. station’s distance to runway
and control site: 3.6 km-7.8 km; data source: OSTLUFT, 2022) (see Figure 2.5 and 2.4). Al-
though other monitoring stations were available that were closer to the study sites, these
two stations were selected because they were less affected by measurement interruptions
and provide complete data sets at least up to 2008.

FIGURE 2.4: Atmospheric annual mean NO2 [µg/m3] concentration at Zurich
Airport from 2001 to 2020 at different measuring stations. Dark blue: Zurich
Airport Terminal A (data: FZAG, 2022) and light blue: Opfikon, Balsberg

(data: OSTLUFT, 2022)
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FIGURE 2.5: Map Airport Zurich/Kloten (Switzerland) - Sites Carparking
(blue), Runway (orange), Oaks Touchdown (pink), Control (green), meteoro-
logical measuring station (yellow) and NO2 measuring stations: Zurich Air-

port Terminal A (FZAG) and Balsberg, Opfikon (OSTLUFT) (violet).
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2.3 Sampling

The sampling of the different sites was carried out in several stages due to the pending
permits, the size of the area and the mobility at the sites. Therefore, sampling took place
from May through September 2021. Specifically, six exposed Norway spruce or European
oak trees were selected and sampled. Since the selection of trees with the above-mentioned
constraints (distance from the emission source, orientation, species, and accessibility) was
relatively small, healthy trees were selected whose crowns were free-standing and well ex-
posed to the runway.

Two tree cores were extracted from two sides of each chosen tree on breast height (1.3 m
above ground) using an increment corer (5 mm diameter) (see Figure 2.6a). All parts of the
corer were disinfected after each tree sampling to prevent contamination of the samples and
the transfer of fungal infections between the trees. The remaining holes were marked with
a number for the respective tree and a letter for the extracted core. The same designation
was given to the increment cores after they were wrapped into paper straws. In addition,
the coordinates of the trees were noted. The coordinates and the marking of the trees were
extremely important in order to be able to find the sampled trees again at a later date for the
second sampling, when the branches were cut off.

(A) Extracting tree cores with increment corer (B) Cutting branches at dizzying height (Claudio
Cattaneo and Peter Suter from WSL)

FIGURE 2.6: Sampling at the carparking site, Zurich Airport
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With the help of the employees of the experimental garden at Birmensdorf, WSL (Gabor
Reiss, Claudia Cattaneo, and Peter Suter), the Norway spruces at the carparking, runway
and control sites were sampled a second time. Using a ladder construction and climbing
equipment, three main branches per spruce were cut off at dizzying heights (see Figure
2.6b). The branches were selected based on their height above ground and their orientation
to the emission source. Afterwards, the branches were packed in plastic bags, labelled and
frozen at -5°C in the freezer of the WSL for further analysis. The bags were kept slightly
open to avoid condensation, to keep the spruce needles fresh and to prevent the formation
of fungi.

2.4 Preparation

FIGURE 2.7: Cutting tree cores with Core-
Microtome at Anatomy and Isotope Laboratory,

WSL

The increment cores were taken out of
the paper straw and air-dried on supports.
They were covered with paper to avoid pos-
sible contamination. In order to prepare
the increment cores for tree-ring width anal-
ysis, the cores were cut perpendicular to
the longitudinal axis of the wood cells us-
ing a Core-Microtome from the WSL wood
anatomy laboratory (see Figure 2.7). The
clean cut with the Core-Microtome keeps
the cell walls smooth and free of swarf so
that the annual rings and thus the difference
between late and early wood is better visi-
ble (Gärtner and Nievergelt, 2010). Another
advantage of this technique is that the cells
are not filled with swarf as in the case of sanding, which is an important aspect for isotope
and chemical analysis of individual tree rings (Gärtner and Nievergelt, 2010). However, es-
pecially the increment cores of European oak, but also Norway spruce were very difficult to
cut when dried, so the cores had to be treated with water to be able to cut the wood properly
and avoid breakage. For some chemical analyses, the preparation of the increment cores is
essential to avoid potential contamination of the samples. In this case, the treatment of the
cores with water was not an issue.

The branches of the Norway spruces were first separated by the age of the twigs (see
Figure 2.9a). The counting was done from the leader twig of the current year along the
main branch. In this case the branches were cut in 2021 and the new needles are clearly
recognizable by their light green color (see Figure 2.9b). Using the junctions and nodes it
was possible to count back to the year of 2016. This technique required a lot of experience
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because nature does not follow a perfect symmetry. The older the twigs, the higher the error
rate. So-called sleeping buds can persist for years and sprout somewhere at a later date, this
disrupts the order and the counting gets difficult (Aas et al., 2017). In case of doubt, the tree
rings of the twig could be counted under the microscope (see Figure 2.9c). However, as this
was very time-consuming, counting along the main branch was the fastest and safest option
(see Figure 2.8). After dividing the twigs by year, the needles were carefully separated from
the twig and placed in labelled envelopes. The bare twig was also placed with the respective
needles to keep the option for further analyses open. Finally, there were 18 samples per tree
(3 branches x spruce needles 2016-2021) which were dried in the oven by 60°C for 48h in
open envelopes.

FIGURE 2.8: Norway spruce main branch - how to count
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(A) Complete Norway spruce twig (top) and separated by years (bottom)

(B) New needles in light green from 2021 (C) Counting tree rings in twigs under the microscope

FIGURE 2.9: Separating Norway spruce needles by years
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2.5 Tree-ring analysis

In a further procedure, one of the two cores of a tree was sanded and, if necessary, treated
with chalk to facilitate visual measurement of tree-ring width under the microscope. Sanded
cores are not appropriate for chemical analyses of annual rings, since the fine dust produced
in the process is distributed over the entire cross-section and thus contaminates other rings.
To preserve the possibility of a dendrochemical analysis, the second core was only cut. Fi-
nally, the cores were then clamped in a holder and examined under the microscope.

2.5.1 Ring width measurement

FIGURE 2.10: Anatomy of a tree core view under
microscope - consisting of phloem, cambium and
xylem (an annual tree ring: early and late wood)

Trees can respond to changes in environ-
mental conditions (e.g., temperature in-
crease/ decrease and water availability),
which can be reflected in the annual rings
by the variation in ring width and growth
anomalies (Schweingruber, 1988; Schwein-
gruber, 1993). Therefore, the tree rings
were measured under the stereomicroscope
with the LINTAB measuring device and
the Time Series Analysis and Presentation
software for dendrochronology (TSAP-Win
from RINNTECH, Heidelberg, Germany) in
the WSL (Birmensdorf) tree-ring laboratory
to an accuracy of 0.01 mm. The result was
a curve showing the tree-ring width change
over time. An annual ring always consists
of early and late wood, whereas the devel-
opment of annual rings is related to the sec-
ondary thickening caused by the cambium
(living cells) between the xylem (wood) and
the phloem (inner bark) (see Figure 2.10;
Schweingruber, 2007). In spring, the tree begins to form early wood with large cells and
thin walls, which are optimal for the necessary water transport. In late summer, the tree
starts to form late wood, the cells are rather small and have thick walls, this gives the tree
the necessary stability for the winter (Schweingruber, 1983; Schweingruber, 2007). Count-
ing was done from the ring boundary, the sharp transition from early to late wood, which
was clearly visible in color, from bark to pith. There were several difficulties in measuring
the width of the tree rings: some cores were broken due to natural weaknesses or due to
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preparation with the Core-Microtome, so that rings may have been lost. In addition, so-
called missing and false rings can interfere with the counting process and thus later with
cross-dating (Schweingruber, 1980; Schweingruber, 1988; De Micco et al., 2016; Novak et al.,
2016). In the midlands, false rings caused by intra-annual density fluctuations (IADF) are
a particular problem. These IADF can occur in latewood, but also in earlywood due to the
tree’s response to changing environmental conditions (Schweingruber, 1980; Schweingru-
ber, 1988; De Micco et al., 2016). In most cases, it was helpful to look at the second core and
compare the cores from each site to identify missing or false rings through cross-dating.

2.5.2 Cross-dating

Multiple trees at a particular site can be cross-dated or, if available, compared with an ex-
isting chronology to reliably determine the age of the trees and to detect growth anomalies.
This method has been used for over 80 years to compare tree-ring patterns and synchronize
ring series (Douglass, 1941). These ring series from living, but also from fossil trees can
be put together like puzzle pieces to form a main chronology, which in return can provide
information about past environmental conditions or serve as a reference (Schweingruber,
1988). Therefore, the tree-ring growth series of this study were visually and statistically
cross-dated. The accuracy and reliability of the cross-dated tree-ring series can be checked
by calculating the so-called Gleichläufigkeit (GLK). The GLK measures the similarity of the
curve segments of two tree-ring series and is expressed as a percentage (Schweingruber,
1988). Together with the GLK, the used program TSAP-Win (RINNTECH, Heidelberg, Ger-
many) indicates the statistical significance (Student’s t-test determining the degree of corre-
lation between the curves). The mean values per location were subsequently computed by
only considering significant samples with high correlation. Thus, from a GLK of 63%, the
tree-ring series of the same tree were first averaged, and then the mean chronology curve
between the trees of a site was formed. The chronology was finally detrended using a cu-
bic smoothing spline (command: detrend(rwl = df, method ="Spline") and default options
in the R package DPLR to remove the growth trend coming from the increasing age of the
tree (Bunn, 2008). In this way, chronologies can be compared with external factors, such as
temperature and air pollution data, which can influence the growth of the tree.
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2.6 Radiocarbon method

2.6.1 Approach

During its life, an organism is in constant exchange with the carbon cycle. Natural car-
bon consists of three isotopes - the two stable isotopes 12 C and 13 C and the radioactive
14 C (abundance: 12 C > 13 C > 14 C). The isotope 14 C is formed from a nitrogen atom un-
der cosmic radiation in the stratosphere (Bronk Ramsey, 2008). The radiocarbon enters the
biosphere through atmospheric mixing and photosynthesis in form of CO2 (Bronk Ramsey,
2008). Since plants prefer to take up light carbon isotopes, a mass-fractionation effect oc-
curs (Stenström et al., 2011). If the organism dies, it no longer participates in the exchange
process with the carbon cycle and the 14 C atoms decay according to Godwin (1962) with a
half-life of t1/2= 5730 years (± 30) (Bronk Ramsey, 2008). To correct for the isotope fraction-
ation effect, the 14 C is measured with respect to the stable carbon isotopes, compared with
a standard material (δ13 C) and normalized (Stenström et al., 2011; Reimer et al., 2004). To-
gether with these findings and conventional radiocarbon dating, it is possible to determine
the age of organic material (Libby et al., 1949).

The production rate of radiocarbon and thus the ratio of stable and unstable carbon
isotopes in the atmosphere is subject to fluctuations, caused in part by natural but also an-
thropogenic factors. Natural fluctuations of the Earth’s magnetic field or cyclical changes
in solar activity and occurring sunspots (de-Vries effect) influence the production of radio-
carbon (Bronk Ramsey, 2008; Vries, 1958 cited in Grootes and Plicht, 2021; Stuiver, 1961).
Exchange processes between large carbon reservoirs such as the ocean (upwelling) and per-
mafrost (thawing) can also influence the carbon isotope ratio of the atmosphere (Levin and
Hesshaimer, 2000). Moreover, since the industrial revolution, greenhouse gases in the atmo-
sphere have increased due to anthropogenic influences like land use changes, deforestation
or burning of fossil fuels (Levin and Hesshaimer, 2000). The release of carbon dioxide 14 C-
free (also called "dead" carbon) through the burning of fossil fuels (coal and oil) decrease the
14 C/12 C ratio of atmospheric CO2; this phenomenon is called Suess effect (Levin and Hes-
shaimer, 2000; Suess, 1955). Testing nuclear weapons in the 1950s and 1960s almost doubled
the radiocarbon content of the atmosphere (nuclear weapon effect) and thus increased the
14 C/12 C ratio (Levin and Hesshaimer, 2000; Bronk Ramsey, 2008; Grootes and Plicht, 2021).
This effect was so strong that it overshadowed the 14 C Suess effect (Levin and Hesshaimer,
2000). For this reason, the 14 C concentration in the atmosphere is still falling today and will
do until the pre-bomb concentration is reached (Bronk Ramsey, 2008).

Atmospheric 14 CO2 has been measured quasi-continously since 1959 at three European
mountain sites: Vermunt, Austria (1800 m.a.s.l.), Jungfraujoch, Switzerland (3450 m.a.s.l.)
and Schauinsland in the Black Forest, Germany (1205 m.a.s.l.) (Levin and Kromer, 2004).
The measurements from the Jungfraujoch station represent atmospheric conditions as they
would be in the mid-latitudes of northern hemisphere without a dilution effect by 14 C free
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CO2 coming from fossil fuels (Levin and Kromer, 2004). Nevertheless, seasonal fluctuations
in 14 C can be explained by the stable atmospheric stratification in winter and a stronger
vertical mixing in summer, with which emissions also reach higher altitudes (Levin and
Kromer, 2004). This measured background 14 C free CO2 level over Europe can be used as a
reference for estimating the local influence of fossil fuel CO2.

The first discovery of the Suess effect was made by measuring radiocarbon concentration
of annual tree rings (Suess, 1955). Trees incorporate carbon isotopes from the atmosphere
into their cell structure in the form of cellulose (polysaccharides) through photosynthesis.
(Bronk Ramsey, 2008). With the construction of the cells, they thus archive the carbon iso-
tope composition of the atmosphere at a specific place and time. With the completion of
a tree ring, the cells no longer actively participate in carbon exchange and the 14 C atoms
decay (Bronk Ramsey, 2008; Hajdas et al., 2021). The leaves (needles) of Norway spruce
also contain cellulose in their cell walls. Compared to the annual rings, the time span of
the carbon archive of the needles is much shorter. In the midland, up to seven generations
of needles can coexist before the needles become too old and are shed. To investigate the
research question of this study, the carbon isotope ratio of four needle generations was mea-
sured.

Sample preparation

The radiocarbon dating was carried out at the Laboratory of Ion Beam Physics, ETH-Zurich,
under the direction of Dr. Lukas Wacker. As the 14 C analysis is very time-consuming and
costly, three to four trees were selected at each site, from which the Norway spruce needles
of 2018-2021 were analyzed. It was assumed that 2020 needles, exposed to lower emis-
sions coming from air traffic and thus dilution effect during the lockdown, would differ
significantly in their isotope ratio from those of previous years 2018 and 2019 (pre-Covid
19 pandemic and "business as usual"). The year 2021 post-lockdown (special situation) was
measured to examine the after-effects. In addition, different blanks (kauri, brown coal and
phthalic anhydride (chemical blank)) were prepared to determine background signal and
cross-contamination from the measurement process and pre’s (pre-conditions, sample ma-
terial) to "clean" the system after every measurement (Wacker et al., 2010b; Sookdeo et al.,
2020-08). References (wood) and standards (oxalic acid: (OxI and OxII) with known 14 C
concentration were used for calibration and control (Sookdeo et al., 2020-08).
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FIGURE 2.11: Acid-base-acid bleaching of Nor-
way spruce (Picea abies (L.) H.Karst) needles at the

Laboratory of Ion Beam Physics, ETH-Zurich

The samples as well as the references
and blanks were then cleaned with an acid-
base bleach (see Figure 2.11). The so-
called ABA (acid-base-acid) procedure is
used to remove hydrolysable carbons and
other mobile components on the outermost
layer of the needles that could influence the
isotopic ratio measure (Němec et al., 2010;
Gaudinski et al., 2005). For this purpose, the
vials with the samples were carefully cov-
ered with a hydrochloric acid solution (0.5
mol/L HCl). Then the samples were heated
in the oven at 60°C for one hour. After-
wards, the acid was carefully poured away
and the needles were cleaned in 3-4 wash cycles with ultrapure water. Next, the needles
had to be treated with a sodium hydroxide solution (0.1 mol/L NaOH) and heated again
for one hour at 60°C in the oven. Again, the alkaline solution was removed and 3-4 washes
with ultrapure water followed. After that the same procedure was carried out again with
hydrochloric acid (0.5 mol/L HCl). The remaining liquid was removed from the vials after
the last washing and the samples were then frozen and dried overnight using a freeze-dryer.

In the next step the samples were prepared for graphitization. The spruce needles were
chopped/milled, weighed into aluminum capsules and round folded (3-4mg). The same
was done with the blanks, references and standards (oxalic acid: OxI and OxII). The cap-
sules were placed in an Automated Graphitization Equipment (AGE-3, Ionplus), burnt and
graphitized (see Figure 2.12a). By burning the samples with the help of oxygen (O2) and
helium (He) in the elemental analyzer, CO2 is produced and absorbed in a column filled
with zeolite material (Sookdeo et al., 2020-08; Wacker et al., 2010b). The zeolite column is
heated and the CO2 enters the reactors by gas expansion, where hydrogen (H2) is added and
graphitization takes place (Wacker et al., 2010b). The combustion process went wrong a few
times and some samples had to be prepared a second or even third time. Not like other or-
ganic material, the spruce needles burn poorly and the temperature as well as the duration
of the combustion had to be adjusted. The graphite resulting from the combustion (ca. 1mg)
was pressed into aluminum cathodes which were placed into a magazine (see Figure 2.12b).
Finally, the sample were measured on a MICADAS (MIni CArbon DAting System), a small
radiocarbon AMS (accelerator mass spectrometry) system, also found in the Laboratory of
Ion Beam Physics, ETH-Zurich (see Figure 2.12c) (Synal et al., 2007; Wacker et al., 2010a).
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(A) Automated Graphitization Equipment (B) Pressing graphite into aluminum cathodes

(C) Mini carbon dating system (MICADAS)

FIGURE 2.12: Sample preparation for radiocarbon dating at the Laboratory of
Ion Beam Physics, ETH-Zurich
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2.7 Stable isotopes

Stable nitrogen and carbon isotope analyses were performed on spruce needles to determine
changes in air traffic emissions during the Covid-19 pandemic and their contribution to air
pollution over the past six years.

2.7.1 Nitrogen isotopes

Approach

The main component of the Earth’s atmosphere is elemental nitrogen (N2) with a share of
around 78%, making it the largest nitrogen pool in the global nitrogen cycle. In addition to
elemental nitrogen, reactive nitrogen (Nr) occurs in a wide variety of forms such as nitrogen
oxides, ammonia, ammonium, nitric acid and nitrates. As the name suggests, some of these
Nr especially NOx play an important role for many biogeochemical processes, for instance
in the Earth’s radiation balance, in the chemistry of the ozone layer in the stratosphere and
in the formation of secondary PM (Fowler et al., 2013). Natural sources of Nr are biological
nitrogen fixation (BNF) and NOx produced by lightning (Fowler et al., 2013). Human activi-
ties such as the burning of fossil fuels in transportation and industry, electricity production,
biomass combustion, and the synthetic production of ammonia (Haber-Bosch process) for
agriculture to increase yields lead to elevated Nr concentrations in the atmosphere, soil, and
water. This additional anthropogenic Nr source amplifies air pollution and climate change
and leads to acidification and eutrophication of aquatic and terrestrial ecosystems, which
can result in biodiversity losses (Savard et al., 2021; Fowler et al., 2013). This anthropogenic
Nr source has doubled globally since the beginning of industrialization and significantly
changed and accelerated the biogeochemical nitrogen cycle (Geng et al., 2014; Fowler et al.,
2013).

The additional nitrogen input from anthropogenic activities in forests often leads to a
nutrient imbalance which can have ambiguous effects on trees: toxic and beneficial (Sieg-
wolf et al., 2001). At N-limited ecosystems the nitrogen input can have a fertilizing effect
and even promote carbon sequestration and biomass production (Norby, 1998; Brunner
and Brodbeck, 2001; Galloway et al., 2008). However, it can also disturb the relationship
root/shoot ratio, since when nitrogen availability is high, a lot of carbon is invested in the
foliage, which in turn can have negative consequences in the long term (Siegwolf et al.,
2001). The soil-plant system is very sensitive when the soil is fertilized with one nutrient
(e.g. nitrogen); suddenly another nutrient (e.g. phosphorus) can become the limiting factor
for plant growth (Vitousek et al., 2010). Therefore, how trees respond to nitrogen fertil-
ization depends strongly on the prevailing conditions of their ecosystem such as nutrient
availability, soil properties (e.g. pH, soil temperature), symbioses with mycorrhizas, change
in soil microbe communities etc., but also on the type and duration of nitrogen emission
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input (Brunner and Brodbeck, 2001; Bukata and Kyser, 2007; Guerrieri et al., 2009; Vitousek
et al., 2010; Savard et al., 2021).

Changes in the nitrogen cycle can be studied using nitrogen isotope analysis. The vary-
ing nitrogen isotope concentration of the less abundant stable isotope 15 N is expressed as
a ratio 15 N/14 N, using an international reference standard atmospheric N2 (Mariotti, 1983;
Saurer et al., 2004). Various studies have shown that the ratio of stable nitrogen isotopes
(δ15 N) of polluted urban and industrial areas, and roads differed significantly from remote
unpolluted places and that this variation was reflected in the vegetation involved in the ni-
trogen cycle (Freyer, 1991; Ammann et al., 1999; Siegwolf et al., 2001; Saurer et al., 2004;
Bukata and Kyser, 2007; Savard et al., 2009). Trees are suitable for the analysis of nitrogen
isotopes in tree rings and thus record changes in the nitrogen cycle due to their longevity
and geographical distribution (Bukata and Kyser, 2007). As examined in several studies,
tree rings and foliage δ15 N can provide information on past releases of anthropogenic Nr

(Ammann et al., 1999; Siegwolf et al., 2001; Saurer et al., 2004; Bukata and Kyser, 2007;
Savard et al., 2009; Leonelli et al., 2012).

However, there are some limitations to the use of nitrogen isotope analysis for distin-
guishing different emission sources. The isotopic ratio depends not only on changes in Nr

emissions, but also on regional climatic conditions (changes in precipitation and tempera-
ture) and local soil conditions, and is thus subject to seasonal and geographic fluctuations
(Bukata and Kyser, 2007). Furthermore, the two pathways of nitrogen uptake via the leaves
and the roots make it difficult to assign the measured signal to a specific uptake pathway and
to differentiate between nitrogen background (soil) and emission (exhausts) sources (Bukata
and Kyser, 2007; Saurer et al., 2004; Siegwolf et al., 2001; Savard, 2010). Moreover, lateral
transport (mobility) of nitrogen in the stem from heartwood to sapwood, during cell death,
can also blur the time-related signal (Saurer et al., 2004; Bukata and Kyser, 2007; Savard,
2010). These plant-internal nitrogen transports could also be an issue for the needles and
should not be neglected.

2.7.2 Carbon isotopes

Approach

The carbon in the organic matter of plants comes from atmospheric CO2 taken up during
photosynthesis. The stable carbon isotope ratio of plant material such as tree rings or leaves
is influenced by the isotopic composition of the source and further by fractionation effects
during the uptake of CO2, which mainly occur during the diffusion of CO2 through stomatal
openings and biochemical reactions (Siegwolf et al., 2001). These processes are in turn influ-
enced by climate (water availability and irradiance), so that drier conditions lead to stomatal
closure of (C3) plants, which results in increased 13 C levels (Leonelli et al., 2012). Therefore,
stable carbon isotope analysis is often used in studies about carbon uptake limitations and
water use efficiency in trees (Panek and Waring, 1997; Leffler and Evans, 1999).
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In contrast, CO2 emissions from combustion processes result in a relatively low 13 C val-
ues (δ13 C CO2 of atmospheric origin is about -8 ‰ CO2; δ13 C CO2 of fossil fuels is about -25
‰), at high exposure to such emission sources one could expect also a more negative 13 C
signal of the plant material (Alessio et al., 2002). However, several studies demonstrated
increased δ13 C in tree rings by affecting carbon discrimination upon exposure to elevated
atmospheric pollutants such as NO2 (Niemelä et al., 1997; Rennenberg and Gessler, 1999;
Siegwolf et al., 2001; Guerrieri et al., 2009Battipaglia et al., 2010). This shows that the phys-
iological response of the tree leaves to exposure to air pollutants can vary, with stomatal
conductance either decreasing or increasing depending on whether the substance is toxic or
beneficial (Siegwolf et al., 2001). These findings show that the stable carbon isotope signal
in tree rings and leaves is a good proxy for studying the physiological responses of trees to
external factors.

Sample preparation

The nitrogen isotope analysis was carried out at WSL under the direction of Dr. Matthias
Saurer and laboratory support from Loic Schneider. For the carparking and runway sites,
dried needles from three different branches per tree from the years 2016 to 2021 were ana-
lyzed. Thus, there were 18 samples per tree, 54 from one site and 108 for both sites. Due
to the limited number of analysis possible, the needles from the branches of one tree were
pooled into one sample per year for the control site. Hence, 18 additional samples were ana-
lyzed for the control site (total: 126 samples). The dried Norway spruce needles were milled
with a centrifugal mill (ZM 200, Retsch, Germany) to a fine powder (<0.05 mm), which was
filled into plastic centrifuge tubes (see Figure 2.13a). This milling process was very time-
consuming, as the mill had to be dismantled into individual parts after each run, properly
cleaned with water and dried, to avoid contamination. The spruce needle powder was also
very sticky (see Figure 2.13b), which made the cleaning process even more challenging.

A total of 180 samples were milled. In the next step, 1 mg (± 0.1 mg) of spruce needle
powder from the milling was weighed in tin capsules using a highly precise analytical bal-
ance (see Figure 2.13c). The round folded capsules were sorted into a labeled magazine and
the weight recorded in a log. The prepared samples were then measured in the WSL Isotope
Laboratory using a high-performance elemental analyzer (IsoEarth from Secron, Crewe UK)
and an isotope ratio mass spectrometer (IRMS, IsoEarth from Secron, Crewe, UK). For this
purpose, the tin capsule with the sample was burnt in the elemental analyzer under oxy-
gen, producing gases such as CO2, N2, NOx, and H2O. The nitrogen oxides (NOx) were
reduced to N2 with the help of copper and the water vapor was removed. The remaining
CO2 and N2 were separated by gas-chromatography and fed into the IRMS, where δ15 N and
δ13 C [‰] was measured as well as the total N- and C-concentration [%]. The isotope values
were expressed in the δ-notation (in per mill) as a relative deviation from the international
standard.
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(A) Sample preparation for milling process (B) Sticky spruce needle powder in mill

(C) Weighing spruce needle powder in tin capsules

FIGURE 2.13: Sample preparation for nitrogen isotope analysis at the
Anatomy and Isotope Laboratory, WSL
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3 Results

The effects of traffic-related emissions from Zurich Airport and its surroundings were in-
vestigated using three different analyses. Stable and radioactive isotope analyses of the
elements carbon and nitrogen were performed on Norway spruce needles to determine the
effects of fossil fuels combustion pre-pandemic (business as usual) and during the lockdown
(traffic reduction). In the last section, tree-ring analysis was performed on the sampled trees
to provide information on influencing factors on tree-ring growth such as climate conditions
and air pollution in the study area.

3.1 F14 C - Radiocarbon results

The results of the measured samples of radiocarbon analysis by MICADAS at ETH Zürich
were reported as Fraction Modern F14 C (Reimer et al., 2004; Stenström et al., 2011). The frac-
tionation effect has already been corrected with the ratio of stable carbon isotopes δ13 C and
normalized to a standard value (see Section 2.5.2). The results were first compared with the
F14 C dataset of Levin and Kromer (2004) (see Figure 3.1). Data came from measurements
at stations in remote mountain regions in Germany (Schauinsland), Austria (Vermunt) and
Switzerland (Jungfraujoch), which were subsequently processed at the Heidelberg Radio-
carbon Laboratory in Germany (Levin and Kromer, 2004). This dataset is available to the
public and shows atmospheric conditions with negligible dilution effect coming from fossil
fuel combustion (14 C free CO2). It should be noted here that minimal anthropogenic influ-
ence through vertical exchange processes in the atmosphere cannot be completely excluded
even at these remote sites (Levin and Kromer, 2004). Nevertheless, the atmospheric F14 C
background dataset is a good reference for the analysis of anthropogenic air pollution in the
study area.

Since the dataset only extends to 2019, the data were extrapolated to obtain comparative
values for the 2020 and 2021 samples (r2 = 0.996). For this purpose, the atmospheric mea-
surements of the summer months (growing season) were extrapolated using a nonlinear fit
of a function that behaves like 1/x (see orange curve in 3.1). It should be noted that the
extrapolation is an estimate and may differ from the actual measurements. The F14 C values
and thus the 14 C/12 C ratio of all measured spruce needles were lower than the extrapo-
lated data from the atmospheric background measurements (see Table 3.1). The depletion
of 14 C in the spruce needles with respect to the 14 C background of the "undisturbed" at-
mosphere, gives an indication about the influence of a fossil source 14 C dilution effect. The
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FIGURE 3.1: 14 C activity in atmospheric CO2 for the northern hemisphere,
expressed in units of Fraction Modern F14 C post-bomb levels. In orange ex-

trapolated reference curve 1/x (data: Levin and Kromer, 2004).

diluted signal in spruce needles can be attributed to the uptake of 14 C free CO2 from the
atmosphere, which may come from burning of fossil fuels. It could also be observed that
the sites are affected differently by this local 14 C dilution effect. With the exception of one
tree, the measured F14 C signal in the spruce needles from the control site appeared to be
closest to the atmospheric background dataset. The control site was less depleted in 14 C
compared to the other sites studied (carparking and runway site), possibly because it was
farther from local emission sources of 14 C free CO2. Therefore, to determine local air and
road traffic pollution, the sites were analyzed in comparison to the control site. For this pur-
pose, a weighted meanj[F

14 C] for site j using the variance vari[F14 C] and the meani[F14 C]

of the measurements of the trees i = 1, . . . , N per year was calculated using

weighted meanj[F
14 C] =

N

∑
i=1

wi meani[F14 C] , where wi =
vari[F14 C]−1

N
∑

i=1
vari[F14 C]−1

. (3.1)

Tree no. 24 was considered an outlier in the analysis due to its location (clearing with pos-
sible change in air circulation) and range of values, and was excluded from further statisti-
cal analysis. In order to measure the variation between the exposed sites to traffic-related
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TABLE 3.1: Table showing mean F14 C values for measured spruce needles for
2018, 2019, 2020, and 2021 for the different sites (control, runway, and carpark-
ing) and extrapolated background atmospheric F14 C, using data from Levin

and Kromer, 2004

Year Background Control Runway Carparking

2018 1.0127 1.0073 1.0018 1.0016
2019 1.0096 1.0051 0.9980 0.9980
2020 1.0065 1.0026 0.9999 0.9973
2021 1.0036 1.0030 0.9995 0.9983

emissions and the control site, the differences ∆F14 Cj for j = {carparking, runway} of the
carparking and runway sites to the calculated mean value of the control site (weighted meancontrol [F

14 C])
were calculated

∆F14 C[j] =
weighted meanj[F

14 C]−weighted meancontrol [F
14 C]

weighted meancontrol [F
14 C]

. (3.2)

Error propagation with an assumed systematic uncertainty of 0.1% was used to compute the
variance of the differences. From the differences of the sites to the control site, the differences
of the differences of the years were additionally calculated (see Figure 3.2).

In the calculated differences between the sites and years, three important things became
clear: 1) there was a distinct difference between the two sites, carparking and runway, with
the carparking site being more depleted in 14 C than the runway site and thus possibly being
more affected by the dilution effect. However, the difference between the two sites was
not significant, except for the youngest needle generation in 2021, 2) both sites showed a
sudden drop in 14 C depletion from 2019 to 2020 and the dilution effect appeared to be
less pronounced in 2020 than in the previous year 2019, and 3) this sudden decrease from
2019 to 2020 was more evident at the runway site than at the carparking site. The standard
deviations were relatively large given the young age of the samples studied. Nevertheless,
the difference between 2019 and 2020 at the carparking site and runway site were significant
with p<0.02 and p<0.001, respectively. Expressed as a percentage and in terms of standard
deviation, a significant reduction of -F14 C of about 30%, was found at the carparking site
and of 52% at the runway site. A slight, non-significant increase in the dilution effect (-F14 C)
was observed in 2018 to 2019 and 2020 to 2021 at both sites.
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FIGURE 3.2: Relative difference of mean F14 C from measured spruce needles
of the sites (carparking and runway) from the weighted mean F14 C of the
control site with standard deviations (± SD, inc. systematic error 0.1%) given
as −∆F14 C. In blue before pandemic (2018 and 2019) and in red during and

after pandemic-related lockdown (2020 and 2021).

3.2 Stable nitrogen and carbon isotope ratio results

The results of the nitrogen isotope analysis of the measured samples include four different
attributes: carbon δ13 C [‰], C concentration [%], nitrogen δ15 N [‰], and N concentration
[%] (detailed graphics see appendix A). Three different trees were measured at each site and
three different branches of each were additionally measured for the carparking and runway
sites (replicates: A, B, and C). The differences ∆X[j] for the sites j = {carparking, runway}
and quantities X = {δ15 N, δ13 C} was examined by computing the relative difference

∆X[j] =
meanj[X]−meancontrol [X]

meancontrol [X]
. (3.3)

Error propagation was used to compute the variance of the differences.
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3.2.1 Stable Nitrogen

In the results of the nitrogen concentration, great variability between the trees and, in some
cases, the branches of the same needle generation were observed at the runway site with a
mean of 0.85± 0.12% (see Figure 3.3). At the carparking site, however, this dispersion of the
data was less pronounced. While at the carparking site the youngest needles from 2021 had
the highest nitrogen content, this pattern was less evident at the other two sites. However,
N concentrations appeared to decrease with increasing needle age at all three sites, with the
exception of the needle generation 2019 at the control site.

Similar to the N concentrations, the δ15 N results for all three sites showed high vari-
ability between trees as well as within a tree (between branches). This could indicate the
importance of plant-internal translocation and fractionation processes as well as micro-site
environmental conditions for determining the needle δ15 N. While at the control site aver-
age δ15 N values increased annually, for the carparking and runway sites this trend was not
as evident (see Figure 3.3). Nevertheless, at all three sites, the youngest spruce needles had
the highest nitrogen isotope ratio compared to the older generations of needles, which may
be a plant physiological characteristic along with the high N concentrations. Compared to
the evaluation of N concentrations, the difference in δ15 N between sites was much more
evident. The control site was most depleted in δ15 N with a mean of -5.15 ± 0.19‰ and thus
significantly different from the other two sites with higher nitrogen ratios. It seemed like
the carparking site still had slightly higher δ15 N values than the runway site, but this was
not significant except for the most recent 2021 needle generation (see Figure 3.3 and 3.4).

FIGURE 3.3: Mean N concentration [%] and δ15 N [‰] with standard devia-
tion (± SD) for the spruce needle generations 2016-2021 of the sites carparking

(blue), runway (orange) and control (green).
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The Figure 3.4 shows the differences in the δ15 N values of both the carparking and run-
way sites compared to the control site. However, in contrast to the F14 C results, there was
no significant difference in the δ15 N values between the pre-pandemic year (2019) and the
lockdown year (2020), neither for the carparking nor the runway site (p>0.2). The difference
between the most recent needle generation (2021) and the previous year (2020) was only
significant at the carparking site with p<0.001. In addition to the plant physiological aspects
mentioned above, the time of sample collection might also be a relevant factor.

FIGURE 3.4: Relative difference of mean δ15 N and δ13 C from measured
spruce needles (2016-2021) of the sites carparking and runway to mean δ15 N

and δ13 C of the control site with standard deviation (± SD).

Based on the similar pattern in the N concentration and δ15 N results, a correlation anal-
ysis was performed. Assuming a mixing of two sources, mainly background N (soil) and
emission N (traffic exhausts), a negative relationship between measured 15 N and 1/N can be
expected (Saurer et al., 2004). Following this approach, the nitrogen ratio δ15 N was plotted
against the reciprocal of N concentration (see Figure 3.5). A linear trend could be observed
for the carparking and control sites, while the samples from the runway site appeared to
be uncorrelated. Linear regression of the data yielded R2 coefficients of 0.35, 0.01, and 0.43
for the carparking, runway, and control site, respectively. This indicates that the two-source
model is mainly applicable for the carparking and control sites, while more sources may be
involved for the runway site.

The y-axis intercept of the linear regression can be interpreted as an approximation for
the average δ15N from local NOx emissions (Saurer et al., 2004). Due to the fact that NO is
poorly water soluble and toxic, the minor uptake of NO by tree needles can be neglected
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and the reconstructed signal can be attributed to local NO2 emissions (Saurer et al., 2004).
The axis intercepts were −0.16 for the carparking site, −2.67 for the runway site, and −3.23
for the control site, i.e., more negative for the control site, as would have been expected if
15 N of pollutant emissions were relatively enriched, as some studies have found (Ammann
et al., 1999; Saurer et al., 2004; Savard et al., 2009).

FIGURE 3.5: Relationship between reciprocal N concentration [%] and δ15N
[‰] of spruce needles. A linear fit on the data is shown as a line for each site
(blue: carparking, orange: runway and green: control site). The markers are
used to distinguish samples from different trees at the site. R2 values of 0.35
(carparking), 0.01 (runway), and 0.43 (control) and y-intercept values of−0.16

(carparking), −2.67 (runway), and −3.23 (control).

In further correlation analyses, the relationship of the measured δ15 N values of spruce
needles from all three sites with the atmospheric NO2 data of the respective years of Zurich
Airport was investigated using Pearson product moment correlation (Pearson’s r) and cross-
correlation. The annual mean atmospheric NO2 values at the two stations (Zurich Airport
Terminal A and Opfikon, Balsberg) per se showed a decrease in NO2 in the lockdown year
2020 compared to previous years (see Figure 2.4; data source: FZAG and OSTLUFT). This
decrease was obviously not reflected in the δ15 N values of the measured spruce needles as
expected. The Pearson’s r correlation analysis showed no significant correlation between the
measured spruce needles from the carparking and runway sites to the measured NO2 levels
at Zurich Airport Terminal A (see Figure 3.6). Unexpectedly, the control site showed a sig-
nificant negative correlation of -0.88 with a p-value of 0.02 to the annual mean NO2 values.
However, given the amount of data used for the statistics, this negative linear dependence
could also have occurred by chance and the emerging trend could have other unknown
causes. The cross-correlation as a measure of similarity showed an agreement of the time
series of the two variables and no major shifts. This additionally showed that the samples
were assigned to the correct year during processing.
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FIGURE 3.6: Correlation of mean δ15 N [‰] with standard deviation (± SD)
for the spruce needle generations 2016-2021 (green) of the sites carparking,
runway, and control and annual mean atmospheric NO2 [µg/m3] concentra-

tion (blue) from the station Zurich Airport Terminal A (data: FZAG, 2022).

3.2.2 Stable Carbon

Carbon concentration and the stable ratio δ13 C were measured simultaneously with the ni-
trogen parameters. The C concentration of the needles varied between 43% and 46% at all
three sites (see Figure 3.7). However, only at the carparking site did the C concentration
decrease with decreasing age of the needles. The other sites showed no clear age trend. The
δ13 C values presented a similar picture (see Figure 3.7). The carparking site differed signif-
icantly from the other two sites with a higher ratio of δ13 C of -27.24 ± 0.55‰. In contrast,
the runway site and the control site were well below -28‰ and were barely distinguishable
from each other, except for the recent 2021 needle generation. This may be due to several
reasons. Here, the radiocarbon method was more sensitive because the relative difference
between background and burning 14 C-CO2 was much larger than for 13 C.

The significant difference in δ13 C values between the control site and the carparking site
is even more evident in Figure 3.4. This is not the case for the runway site expect for the
needle generation 2021 with clearly more negative δ13 C values compared to the control site.
Furthermore, no significant difference could be seen between the needle generations for ei-
ther the carparking site nor the runway site. To investigate a possible interaction between
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NO2 and δ13 C as found in the study of Siegwolf et al., (2001), a correlation analysis was per-
formed between NO2 measurements from Zurich Airport Terminal A and δ13 C values from
the needles (see Figure 3.6). There was no dependence found between the two measured
variables at any of the three sites.

FIGURE 3.7: Mean C concentration [%] and δ13 C [‰] with standard deviation
(± SD) for the spruce needle generations 2016-2021 of the sites carparking

(blue), runway (orange) and control (green).
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3.3 Tree-ring analysis

As described in section 2.5.2, tree-ring widths were measured and averaged on the basis of
GLK and GSL (see Table 3.2). The mean chronologies of the carparking, runway and control
sites were detrended using a cubic spline fit implemented in the R framework DPLR. The
trees used for this purpose were on average 67 years old, with the trees at the control site
being the oldest at 74 years old (see Table 3.3). The oldest trees were located at the control
site, which was not affected by the road and runway constructions compared to the other
sites. The carparking site showed a general decline in tree-ring width up to 1986 (see Figure
3.8). This trend was less observed at the other two sites. In contrast, synchronous growth
declines in tree-ring widths were evident at all three sites over the past two decades in 1998,
2003, 2015, and 2018. However, the variability in tree-ring width between the sites increased
with increasing age of the trees.

FIGURE 3.8: Detrended mean chronology of Norway spruce tree-ring width
series (RWI = ring width index) per site in blue: carparking, orange: runway
and green: control, performed with R software package "dplR" using "Spline"
(Bunn, 2008). Excluded tree-ring width series: S103 and S210 with a non-

significant GLK (see Table 3.2).
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TABLE 3.2: Table showing statistics of cross-dating comparing sample (mean
time series of two cores per tree (tree numbers: 01-28)) to the mean chronol-
ogy of the sites (carparking (S1), runway (S2), and control (S4)). GLK, percent
agreement of sample to mean site chronology (Gleichläufigkeit); GSL, statis-
tical significance of the GLK: *** p<0.001, ** = p<0.01, * = p<0.05. Excluded

tree-ring width series: S103 and S210 with a non-significant GLK.

Sample GLK GSL

S101 65 *
S102 66 *
S103 60
S104 71 ***
S105 97 ***
S106 63 *

S207 70 ***
S208 62 *
S209 80 ***
S210 60
S211 81 ***
S212 63 *
S213 64 *

S423 80 ***
S424 83 ***
S425 75 ***
S426 72 ***
S427 69 **
S428 65 **

TABLE 3.3: Table showing statistics of detrending in R with software package
"dplR" (Bunn, 2008).

Number of dated series 3
Number of measurements 222
Average series length 67
Series length 74
Span 1947-2020
Years with absent rings listed by series:

Series Mean S2 1947-1956
Series Mean S1 1947-1958

Total absent rings 22 (9.91%)
Mean (Std dev) series intercorrelation 0.297 (0.048)
Mean (Std dev) AR1 0.775 (0.076)
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When plotting the air pollution and tree-ring growth (see Figure 3.9), no correlation
could be observed. The performed cross-correlation and Pearson’s r correlation analysis
confirmed this picture (see Appendix C). Similar to the δ15 N values of spruce needles, there
was no correlation found between tree-ring widths and the mean NO2 concentration for the
respective year. Furthermore, there was no significant correlation for either the raw data nor
the detrended tree-ring widths. Given the short time series of NO2 measurements at Zurich
Airport, the observed trend change in 1986 at the carparking site could not be explained
conclusively. Therefore, tree-ring widths of spruces had not been shown to be a sensitive
measure of changes in atmospheric NO2 concentrations on an annual resolution. However,
a relationship between tree-ring growth and air pollutants could not be excluded due to the
lack of available data.

FIGURE 3.9: Correlation of mean tree-ring width [10−5 m] raw data (top),
mean tree-ring width index (RWI) (bottom), of the sites carparking, runway,
and control and annual mean atmospheric NO2 [µg/m3] concentration (blue)

from the station Zurich Airport Terminal A (data: FZAG, 2022).
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Instead, when considering the striking decline in tree-ring growth at all three sites in
1998, 2003, 2015, 2018, and 2020 (see Figure 3.8), it became apparent that the reduction in
tree-ring width is rather related to a large-scale climatic factor. A look at the data from a
local weather station shows that these years were particularly warm and/or dry. Therefore,
the tree-ring width measurements were additionally examined in correlation analyses with
local meteorological data.

Pearson’s r correlation analysis between tree-ring width (raw data) and mean temper-
ature during the growing season revealed a significant negative correlation of -0.66 with a
p-value well below 0.05 for the control site (see Figure 3.10). A significant negative corre-
lation of -0.58 was also found for the carparking site. In contrast, there was no significant
correlation with temperature for the runway site. The same analysis was performed with the
detrended data (RWI), leading to similar or slightly different results (control: -0.47, carpark-
ing: -0.58, and runway: no significance).

Furthermore, the correlation analysis between tree-ring widths (raw data and detrended
RWI) and mean growing season precipitation showed a significant positive correlation of
0.58 with a p-value of 0.003 only at the carparking site (see Figure 3.11). No linear depen-
dence was found at the other two sites. This showed that the trees at the control site but
especially the ones from the carparking site reacted strongly to climatic factors such as high
temperatures and water deficit. At the runway site, however, other factors seemed to have
an influence on the tree-ring width. Nevertheless, the droughts of the pointer years (1998,
2003, 2015, 2018, and, 2020) could also be seen at this site.
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FIGURE 3.10: Mean tree-ring width [10−5 m] raw data (top), mean tree-ring
width index (RWI) (bottom) of the sites carparking, runway, and control and
the mean temperature [°C] (red) during the growing season [April-October]

at Zurich Airport (data: MeteoSwiss, 2022).

FIGURE 3.11: Mean tree-ring width [10−5 m] raw data (top), mean tree-
ring width index (RWI) (bottom) of the sites carparking, runway, and control
and the mean precipitation [mm] (blue) during the growing season [April-

October] at Zurich Airport (data: MeteoSwiss, 2022).
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4 Discussion

The combustion of fossil fuels such as kerosene releases various direct and indirect green-
house gases (BAZL, 2020). In Switzerland, about 39% of these greenhouse gases come from
the transport sector (as of 2019), in total 19.92 million tons of CO2 per year (including in-
ternational air traffic). More than 2/3 of the traffic-related emissions come from road traffic
(55.4% individual traffic and 15.2% from goods traffic) and 1/3 from air traffic (international
28.8% and national 0.6%). Furthermore, road traffic is responsible for 40% of the total NOx

emissions, whereas air traffic contributes with a share of 11.5% and 15% of Switzerland’s
total CO2 respective NOx emissions (BAFU, 2021a; Sintermann, 2020). Due to the Covid-19
pandemic lockdown in March 2020, there was a drastic decrease in traffic flows in the trans-
port sector all over the world and also in Switzerland. Air traffic was the most affected, with
a 91% decrease in aircraft movements at Zurich Airport (Fleuti, 2020; FZAG, 2020a). Road
traffic decreased by 35% in the canton of Zurich and by an average of 39.3% in the area of
Zurich/Kloten Airport, with public and private transport being most affected (Fleuti, 2020;
Sintermann, 2020; Moser, 2020).

This short-term reduction in anthropogenic activities in the transportation sector in spring
of 2020 resulted in lower environmental impacts, which was particularly reflected in air
quality. Numerous studies evaluating atmospheric measurements from monitoring sys-
tems and modeling had shown that this decrease in emissions had led to a reduction in
atmospheric concentrations of pollutants worldwide by restricting mobility (Le Quéré et al.,
2020; Karkour and Itsubo, 2020; Han and Hong, 2020; Berman and Ebisu, 2020; ESA, 2020;
Beloconi et al., 2021; Cooper et al., 2022). This extraordinary situation provided a unique op-
portunity to study and better understand the relationship between traffic-related emissions
and air pollutant concentrations using trees as bio-indicators in a "lockdown experiment"
outside the laboratory.

In this thesis, the influence of traffic-related emissions and their changes over time before
(pre-pandemic) and during the outbreak of the Covid-19 pandemic (lockdown) were stud-
ied in Norway spruces from the immediate vicinity of Zurich Airport. Due to the pandemic-
related reduced road and air traffic flows, air quality changed significantly globally as well
as in the area under investigation. Using radiocarbon method and stable isotope analysis, it
was examined whether this short-term strong change in the amount of anthropogenic influ-
ence was reflected in carbon and nitrogen isotopic composition of Norway spruce needles
and whether this had an effect on tree-ring growth.
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4.1 Radiocarbon method

The relationship between traffic-related "dead carbon" (14 C free CO2 ) from fossil fuel com-
bustion and radiocarbon concentrations in tree rings and leaves of different tree species has
already been studied: e.g. in tree rings of pine trees (Pinus sylvestris, Pinus densiflora, and Pi-
nus radiata) in urban areas: Kraków (Poland), Nagoya (Japan), and Arequipa (southern Peru)
(Rakowski et al., 2008), in leaves of Quercus ilex (L.) and Pinus pinea (L.) along a pollution
gradient in Rome (Villa Ada) compared to rural areas (Alessio et al., 2002), and combined in
tree rings and leaves of Pinus pinea (L.) in the urban area of Caserta (southern Italy) (Batti-
paglia et al., 2010). In all three studies, the dilution effect of radiocarbon in the atmosphere
was examined using organic material from trees. However, none of these studies attempted
to establish a chronology of the average state of the atmosphere based on different leaf gen-
erations (annual resolution) from the investigated evergreen trees.

In this study, a clear signal of increased uptake of "dead" carbon was found at all three
sites under investigation. F14 C measurements from the "polluted" sites carparking and run-
way were significantly lower than the measurements from background 14 C of the "clean"
atmosphere and the F14 C values from the chosen local control site. This shows that the Nor-
way spruce needles had absorbed 14 C free CO2 from fossil fuel combustion. Consistent with
the findings of previous studies(Rakowski et al., 2008; Alessio et al., 2002; Battipaglia et al.,
2010), the 14 C concentration increased and thus the dilution effect decreased with increasing
distance to the emission source. As expected, the highest F14 C values were measured at the
control site, which come close to the F14 C background values of "clean" air, indicating a low
anthropogenic influence. In contrast, the carparking and runway sites, which were closer to
traffic-related emissions, showed a significant additional impact of 14 C free CO2 (depletion)
compared to the weighted mean F14 C values of the control site.

At the time of the lockdown in 2020, the needles from the carparking and runway sites
showed a significant increase in F14 C (lower depletion) compared to the control site, reflect-
ing a less pronounced dilution effect, which could come from the reduction of surrounding
air and road traffic (see Figure 3.2). At the carparking site, the mean -F14 C difference for
the 2020 needle generation decreased significantly by 30% and at the runway site by 52%
compared to the previous year. Considering the data evaluation from the traffic monitoring
stations (difference in traffic counts between 1.-7. April 2019 and 1.-7. April 2020) around
Zurich Airport as well as the reduction of aircraft movements, there was a total traffic re-
duction of 39.3% during the lockdown on the entire airport area (Fleuti, 2020). In Figure 4.1
it can be seen that the traffic reduction varies spatially with the highest decrease in air traffic
(91%) and road traffic towards the airport (61%).

Near the carparking site, a road traffic reduction of 29% was recorded at that time, which
is exceptionally close to the measured reduction of -F14 C at 30%. Assuming a linear depen-
dency between traffic volume and the measured F14 C signal in Norway spruce needles, this
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could indicate that the carparking site was mainly influenced by the surrounding road traf-
fic. However, the influence of reduced air traffic at this site could not be excluded. There
were no roads in the immediate vicinity of the runway site and thus no traffic counts. Here,
one would expect the reduced air traffic to have a greater impact on the F14 C signal due to
its proximity to the airport runway. In fact, the higher measured decrease in mean -F14 C
from 2020 compared to the previous year suggests that the signal cannot be attributed to
the decrease in road traffic alone. Rather, it could be a mixed signal of mainly air but also
road traffic. The mean -F14 C of the 2021 needle generation at the runway site still showed,
a significant difference from 2019, quite in contrast to the carparking site. Since road traffic
increased faster than air traffic after the lockdown, this result also fits well with the assump-
tion that the found reduction in mean -F14 C was due to the change in emissions from air
and road traffic respectively.

FIGURE 4.1: Traffic decreases at and around Zurich Airport (source: Fleuti,
2020). Own supplements: runway site (orange) and carparking site (blue).
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4.1.1 Limitations

Using the background 14 C measurements of the "clean" atmosphere in remote mountain re-
gions, natural variations in 14 C production and the seasonal mixing effect can be separated
from anthropogenic induced variations in 14 C concentration. These background measure-
ments were needed to estimate the local anthropogenic influences at the control site. Since
the continuous atmospheric background measurements were published only until 2019, the
growing season measurements of previous year were extrapolated with the function 1/x.
Therefore, it is uncertain whether the real measured values correspond to the extrapolated
values. It would be interesting to see if the change in emissions due to the lockdown in 2020
had an impact on the atmospheric background 14 C measurements. This could clarify the
uncertainty regarding a minimal anthropogenic influence even at these remote sites.

However, the control site showed a slight but distinct anthropogenic influence with
lower F14 C values compared to the atmospheric background measurements. By forming
the difference to the "polluted" sites, part of the anthropogenic signal was lost; nevertheless
the difference between the pre-pandemic needle generations and the lockdown at the two
"polluted" sites was clearly visible. Another difficulty was to assign the change in anthro-
pogenic influence measured by 14 C in spruce needles to a single emission source. For ex-
ample, 14 C free CO2 is also produced by domestic heating, and this influence is stronger or
weaker depending on the season (Levin and Hesshaimer, 2000; Alessio et al., 2002). A linear
relationship between traffic reduction and the measured radiocarbon signal was therefore
only possible under the assumption that other emission sources remained constant during
the lockdown. However, it was highly unlikely that during the lockdown with the federal
government’s "stay at home" message and the average monthly temperatures of 2020 at this
location, all households in the vicinity of Zurich Airport turned off their heaters.

The measured cellulose in spruce needles is mainly formed in spring (April), when the
buds start to grow and the new shoots are formed. Thus, for cellulose, mainly the 14 C in
the air at this time was used, which was depleted of 14 C free CO2 due to the lockdown
that occured at the same time. Nevertheless, buds are already prepared for the next year
in the previous year and have very likely also assimilated CO2 from the previous year (Aas
et al., 2017). This carbon from the previous year must have been relatively low because the
majority of cellulose was produced in the spring when the tree invested in the new needles.
Based on the values, this also seemed to be the case. As an additional control, radiocarbon
could be measured in the annual rings of the trees.

Consistent with the results of previous environmental monitoring studies, the radiocar-
bon method is a sensitive tool for reconstructing past atmospheric radiocarbon concentra-
tions and quantifying the influence of CO2 of anthropogenic origin using bio-indicators such
as tree rings and leaves (Rakowski et al., 2008; Alessio et al., 2002; Battipaglia et al., 2010).
In this thesis, the 14 C isotope records in spruce needles reflected the average local atmo-
spheric concentrations of the respective years, and thus it was possible to draw conclusions
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about changes in traffic-related emissions based on these records. The measured samples
were very young, the deviations were in the per mill range and yet a significant difference
between the lockdown year 2020 and the previous years could be measured, which demon-
strated the precision and sensitivity of the radiocarbon method.

4.2 Stable Isotopes

Previous studies have already made use of stable isotope ratios (δ2 H, δ13 C, δ18 O, and δ15 N)
measured in tree rings and leaves of various tree species not only for climate reconstruc-
tions, but also to study changes in air quality and soil chemistry due to anthropogenic pol-
lutant emissions (Ammann et al., 1999; Siegwolf et al., 2001; Saurer et al., 2004; Bukata and
Kyser, 2007; Guerrieri et al., 2009; Savard et al., 2009; Battipaglia et al., 2010; Leonelli et al.,
2012). Some of these studies focused on measuring δ15 N (often in combination with other
stable isotopes: multi-approach studies) to investigate environmental changes due to an-
thropogenic traffic-related N emissions in form of NOx (NO + NO2) in diffusely polluted
urban/industrial and highway areas.

4.2.1 δ15 N an indicator of pollution

Spatial changes of δ15 N ratio

In this study, although measurements were not made along a pollution gradient, the control
site was located farther away from traffic emission sources and thus should have been less
exposed to traffic-related pollution compared to the carparking and runway sites. In fact,
a significant difference was found between the measured spruce needles of the control site
(overall mean -5.15‰ ± 0.19‰) and the carparking and runway sites, which were less de-
pleted in δ15 N (see Figure 3.3 and 3.4). Furthermore, the two-member mixing model (see
also Saurer et al., 2004), which was mainly applicable for the control site and the carparking
site, showed that the reconstructed local NO2 emission signal coming from car exhausts for
the control site (-3.23) was considerably lower than for the carparking site (-0.16) (see Figure
3.5). While Ammann et al. (1999) and Saurer et al. (2004) found positive δ15 N values for
sites close to the pollution source, Guerriere et al. (2009) determined only negative values
even for the site very close to the emission source (5 m). However, looking at the relative
values and thus the spatial trend, the results of these previous studies agreed with the mea-
surements of this study, where a significant increase of δ15 N was found at sites closer to
emission sources compared to more distant and less exposed sites. Together with the find-
ings of Ammann et al. (1999), Saurer et al. (2004), and Guerrieri et al. (2009) one could
conclude that the more distant control site was less influenced by traffic-related emissions
compared to the other sites and this could be shown in more depleted mean δ15 N ratios
measured in Norway spruce needles.
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Ammann et al. (1999) collected NOx samples at a Swiss highway in Solothurn (built in
1965) and obtained a δ15 N mean of +5.7‰± 2.8‰ for NO2 and +3.1‰± 5.4‰ for NO. The
δ15 N ratios of Norway spruce (needles and roots) and soil were measured at 5, 130, and 980
m from the highway. The measured δ15 N values of the needles decreased with increasing
distance from the highway. Further studies confirmed such a decrease in the δ15 N ratio with
increasing distance from the emission source. Saurer et al. (2004) continued the study of
Ammann et al. (1999) and also performed nitrogen isotope analyses on tree rings of Norway
spruce along a pollution gradient (distances: 20, 150, 1000 m) from the same highway in
Switzerland. In the tree rings, the δ15 N ratio also decreased with increasing distance from
the highway with δ15 N values increasing up to +7.9‰ after 1965 at the closest site (20 m)
to the highway. Compared to the needles (+1.3‰ ± 0.4‰ to -4.4‰ ± 0.4‰), this spatially
dependent trend was two times more pronounced than in the tree rings at two of the three
sites.

Guerriere et al. (2009), who measured several stable isotopes in tree rings and leaves of
deciduous trees (Quercus cerris) and conifers (Picea abies) as well as in soil samples in two ar-
eas (Southern Italy and Gotthard, Switzerland) at different distances from emission sources
(oil refinery and highway) also found decreasing δ15 N values in leaves with increasing dis-
tance from the emission source (-2.63‰± 0.81‰ to -5.34‰± 0.32‰) at the highway site in
Switzerland.

Temporal changes of δ15 N ratio

Similar to the studies by Battipaglia et al. (2010) and Leonelli et al. (2012), no significant
temporal difference in measured δ15 N ratio was found in trees under changing air pollutant
concentrations in this study. The 2020 needle generation (pandemic lockdown) showed no
significant change in δ15 N values compared to the previous needle year generations (2016-
2019 pre-pandemic: business as usual) (see Figure 3.4). The only temporal pattern detected
was a slight decreasing δ15 N trend with increasing needle age, which was also found by
Ammann et al. (1999) and Gebauer et al. (1993). This trend might be from younger needles
having a more active metabolism than older needles and thus assimilate a lot of nitrogen
(Gebauer and Dietrich, 1993).

Battipaglia et al., (2010) studied tree rings (needles and soil) of Pinus pinea (L.) in front of a
railroad crossing on a polluted road in the city of Caserta (southern Italy) using stable (δ13 C
and δ15 N) and radioactive isotopes (see Section 4.1). The road was opened in 1980 and traffic
volumes increased since that time, as well as atmospheric NOx concentrations (measured
by monitoring stations in the area during 1995-2004). Tree-ring δ15 N values varied widely
among trees and over time, with some increase in this variability after 1980, but overall no
clear pattern (increase or decrease after 1980) in tree-ring δ15 N values was observed.

In a later study, Leonelli et al. (2012) analyzed the change of different isotopic ratios
(δ13 C, δ18 O, and δ15 N) in tree rings of Larix decidua (Mill.) at three sites with different



Chapter 4. Discussion 55

distances to the highway and the tunnel of Mt. Blanc in the western Alps (Italy). The tunnel
was opened in 1965 and closed for three years in the period 1999-2002 for reconstruction
work. No change in nitrogen isotope signal in tree rings were found at any of the three sites,
neither for the time of the opening of the tunnel in 1965 nor for the closure of the tunnel
between 1999 and 2022. They concluded that trees are more likely to respond to long-term
pollution events and trends than to short-term lack of pollution.

4.2.2 δ13 C ratio an indicator of environmental stress

In the results of this study, significantly higher mean δ13 C of -27.24 ± 0.55‰ was measured
for the carparking site than for the other two sites (see Figure 3.7). Using the findings from
previous studies and comparing the sites, it could be concluded that the carparking site
was exposed to greater environmental stress than the control site and runway site, if it is
assumed that the climate at all three sites was the same because of their proximity to each
other, the difference between the sites could be explained as followed: 1) the carparking site
was more affected by drought due to its soil or geomorphological characteristics, e.g. less
soil water capacity or faster runoff of precipitation, leading to more frequent stomatal closers
and higher δ13 C ratios (Panek and Waring, 1997; Leffler and Evans, 1999; Battipaglia et al.,
2010; Leonelli et al., 2012), or 2) in view of the results from other studies which mostly found
increased δ13 C values at exposed sites to pollution sources (Siegwolf et al., 2001;Alessio et
al., 2002; Guerrieri et al., 2009) and including the findings from the radiocarbon method,
the carparking site was exposed to higher air pollutants reacting with stomatal closer and
increased δ13 C values. However, it cannot be conclusively determined whether reason 1)
or 2) was responsible for increased δ13 C ratios. Furthermore, similar to the δ15 N results,
no significant difference was found in the mean δ13 C values between pre-pandemic needle
generations and the 2020 lockdown needles from the carparking and runway sites compared
to the control site.

Moreover, the data analysis of different monitoring stations in the area of Zurich Airport
showed an exemplary decrease in NOx as well as NO2 concentrations in 2020 compared to
previous years. However, no correlation was found between the annual mean atmospheric
NO2 and the measured mean δ15 N or δ13 C values of the three sites in the respective needle
generation. This result supports the statement of Leonelli et al. (2012) that a short-term
decrease or absence of pollution at a given site is less likely to be recorded by trees and
consequently a change in isotopic composition cannot be detected.

Some of the presented studies measured in addition to the δ15 N ratio or radiocarbon,
also δ13 C in leaves (Siegwolf et al., 2001; Guerrieri et al., 2009; Alessio et al., 2002) and tree
rings (Guerrieri et al., 2009; Battipaglia et al., 2010; Leonelli et al., 2012):

Siegwolf et al. (2001) was one of the first to demonstrate increased δ13 C ratios in leaves
of hybrid poplars (populous x euramenicana) which were exposed to elevated NO2 concen-
trations in an experiment. According to Siegwolf, increased δ13 C levels are a response to
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anthropogenic N input and are strongly linked to stomatal conductance and photosynthetic
rate. Also, in the studies of Alessio et al. (2002) and Guerrieri et al. (2009) higher mean δ13 C
values were found in oaks (quercus ilex (L.) respective quercus cerris) the closer they grew to
the emission source. However, neither study found this effect in conifer needles, suggesting
that the response to increased anthropogenic N input of a tree depends on species-specific
differences.

The situation was different in tree rings of conifers. Guerrieri et al. (2009) found in-
creased δ13 C values in tree rings of Norway spruces (Pinus pinea) growing closest to the
highway. After the tunnel opening (1980), δ13 C values at all three sites close to the high-
way became more negative even though traffic volume increased. Similar, Leonelli et al.
(2012) detected an increase in δ13 C in tree rings of larches (Larix decidua (Mill.)) growing
at the closest site to the highway in 1999, when the tunnel at Mt. Blanc closed for three
years. In contrast, Battipaglia et al. (2010) detected again an increase in δ13 C and simulta-
neous decrease in tree-ring width of Pinus pinea (L.) starting in 1980, when the investigated
road in the urban area of Caserta (southern Italy) was completed and traffic gradually in-
creased. However, it is important to note here that after 1980, a significant correlation was
also found between measured δ13 C in tree rings and precipitation in the study of Battipaglia
et al. (2010) at the area of Caserta. This climatic correlation between precipitation (and tem-
perature) and δ13 C was also found by Leonelli et al. (2012) in tree rings of larches in the
western Alps, especially in the summer months. Increased δ13 C values can therefore also
be an indication of drought events in a certain area and provide information about water
availability.

Scientists agree that for these reasons it is difficult to interpret the δ13 C signal and at-
tribute the observed change to either a pollution event or a climate trend (Alessio et al.,
2002; Guerrieri et al., 2009; Leonelli et al., 2012; Battipaglia et al., 2010). Nevertheless, Batti-
paglia et al. (2010) described increased δ13 C values measured in trees as good indicators of
environmental stress, regardless of whether the stress was caused by pollution, climate, or
both.
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4.2.3 Tree-ring growth

The mean tree-ring chronology of the carparking site showed a possible relationship with
traffic-related air pollution. Tree-ring growth of Norway spruces at this site decreased until
1986, after which a trend inversion occurred, which was in agreement with the measures
taken to improve air quality in Switzerland. In the late 1980s, different measures were taken
to reduce air pollution, such as the introduction of stricter emission standards in the en-
ergy sector, but especially in road transport through the use of three-way catalysts, which
significantly reduced air pollutants (BAFU, 2014). Due to the proximity to the highway, it
was likely that trees at the carparking site were impacted by road traffic and could have
responded to the higher standards in the energy sector and the associated improvement in
air quality. Nevertheless, no correlation between annual tree-ring growth and mean atmo-
spheric NO2 concentrations was found at any of the three sites (see Figure 3.9). As previ-
ously recognized by Saurer et al. (2004), the absence of a growth response in the tree to
increased anthropogenic N input from traffic-related NO2 emissions does not mean that no
N fertilization effect occurred, but only that other factors may influence and mask the signal.

A number of studies investigated whether traffic-related pollution and associated an-
thropogen N input also had an effect on tree-ring growth. Most studies found no change in
secondary growth of trees due to higher pollution rates (Saurer et al., 2004; Guerrieri et al.,
2009; Leonelli et al., 2012). However, the study of Battipaglia et al. (2010) found a slight
decrease in tree-ring width of Pinus pinea (L.) after the opening of a main road in Caserta in
1980 (r=0.32, p<0.05). Similarly, Guerrieri et al. (2009) detected a striking but short-lasting
decrease in tree-ring width of Norway spruces (Pinus pinea) at the closest site to the highway
after the opening of the St.Gotthard tunnel in Ticino in 1980.

In this study, a significant negative correlation was found between tree-ring growth and
mean temperature, and a positive correlation with mean precipitation for the carparking site
(see Figure 3.11 and 3.10). This supports the assumption, based on the increased δ13 C ratios,
that Norway spruces at the carparking site responded strongly to water deficiency and were
influenced by climatic conditions for their secondary growth. A significant negative corre-
lation between temperature and tree-ring growth was also found for spruces at the control
site. Instead, no correlation was found between climate data and growth of annual rings at
the runway site. Since this site was located in a wetland, it most likely did not suffer from
drought. Nevertheless, at this site as well, the heat years were clearly evident in the decline
of tree-ring growth.
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4.2.4 Limitations

One of the main challenges of stable isotope analysis is that climatic conditions indirectly
influence the measured stable isotope ratio in the trees. In particular, the δ13 C ratio changes
under dry conditions when leaf stomata close to minimize transpiration and associated wa-
ter loss from the tree. Furthermore, meteorological parameters could change the nitrogen
cycle in the soil and thus the measured δ15 N signal in the tree (Bukata and Kyser, 2007;
Battipaglia et al., 2010). This implies not only temporal changes in the isotope ratio due to
climatic influences, but also spatial changes depending on the different water regimes at
the sites that most likely influence the response of trees to external stress such as droughts.
The geology and soil characteristics of the sites, therefore, also play an important role in
water availability. Since it was beyond the scope of this thesis, neither hydrological nor soil
examinations were conducted at the different sites of Zurich Airport, therefore no further
conclusions can be drawn.

On the basis of the two-member mixing model conducted in this study, it became clear
that the measured nitrogen signal from spruce needles, at least at the carparking site and
control site, were composed of two sources: nitrogen uptake by roots from the soil and
foliar uptake of NO2 emissions from the air. One possible explanation why the two-source
principle was not applicable to the runway site is that there was actually a third source. For
example, NO2 from aircraft exhaust could have a different δ15 N than NO2 from car exhaust,
so the mixing of the two sources would result in a blurred signal. Moreover, Saurer et al.
(2004) and Ammann et al. (2001) estimated the contribution of NO2 uptake to the nitrogen
content in needles to be 10-25%, a similar result was reached by Siegwolf et al. (1999). In
this context, most of the nitrogen in leaves would originally come from the soil, which has
a slow N turnover compared to the atmosphere, considering the different subprocesses of
the nitrogen cycle in the soil (mineralization, nitrification, and denitrification). This could
explain why the reduction in transport-related N emissions due to the Covid-19 pandemic
lockdown in 2020 was not evident in spruce needles based on the change in the δ15 N ratio.
Thus, returning to the statement of Leonelli et al. (2012), it makes sense that a short-term
absence or reduction in pollution cannot be detected in the δ15 N ratio of tree rings or, as in
this case, in needles of conifers.

Another attempt to explain why the δ15 N signal of the needles did not change for 2020
compared to previous years is an internal N cycling. Similar to tree rings relocating nitrogen
between heartwood and sapwood, different needle generations might do the same. This
recycling and translocation of nitrogen from older generations of needles directly to younger
needles or indirectly through mineralization of needle litter in the soil was already detected
by Ammann et al. (2001). Thus, the trend of decreasing nitrogen concentration and ratio
δ15 N with increasing age of needles observed in this study might not only be a physiological
effect, as determined by Gebauer et al. (1993), but also indicative of internal N cycling.
Following Ammann et al. (2001), it can be summarized that the measured δ15 N values in
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needles could be influenced by the following mechanisms: 1) uptake and assimilation of
ammonium and nitrate and mineralized needle litter (old needles) by the roots from the soil
2) redistribution of nitrogen from the older needles or the stem, and 3) uptake of atmospheric
N emissions via needles gas exchange. Therefore, the interpretation of a temporal change in
the isotope signal was difficult because it could be blurred by these various mechanisms.

Another explanation why no change in stable isotope ratios could be detected in 2020
is simply the distance to the emission source and the strong dilution of the plumes (Vogel
et al., 2000). For aviation, there is also the fact that 1) for safety reasons, there are no trees in
close proximity and the trees studied are relatively far away with 300 m, (Saurer et al. (2004)
claimed that already after 150 m the pollutant signal fades) and 2) the aircraft gain altitude
rapidly within a very short time; Fleuti (2020) argued that only the emissions below 300 m
above ground actually contribute to the measured ground level pollutant concentration. A
look at the NO2 concentration map (extrapolation between monitoring stations) of Zurich
Airport from the years 2019 and 2020 shows that the largest changes were indeed mainly in
the terminal area where aircraft are idling. Nevertheless, the runway site was clearly within
the area of influence of air traffic, especially of runway 16/34, and could well have recorded
a change in the reduction of pollutants in 2020.

Considering the numerous limitations discussed, stable isotope analysis appears to be
a less sensitive tool for short-term temporal changes in anthropogenic emissions from fos-
sil fuel combustion than the radiocarbon method. Nevertheless, the analysis can provide
important insights into long-term temporal changes in anthropogenic emissions, the influ-
ence of climatic conditions, and spatial changes related to distance from specific emission
sources.
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4.3 Emission or weather?

As discussed for the radiocarbon results, a linear dependence can be assumed between re-
ductions in traffic volumes and changes in measured atmospheric pollutant concentrations,
assuming that other emission sources have remained stable. However, the changes in emis-
sions are not always reflected 1:1 in the actual measured concentration in the atmosphere
(Sintermann, 2020). In fact, the monitoring station Zurich Airport, Terminal A showed a
mean annual reduction in NO2 concentration of 30.5% and a decrease of 44% in mean day
levels during the lockdown compared to the previous year 2019 (Fleuti, 2020). Thus, the
measured atmospheric signal at Zurich Airport cannot be explained by air traffic reduc-
tion (91%) alone and, according to Fleuti (2020), is not linearly dependent on flight op-
erations. Despite the fact that also the reduction in local road traffic might influence the
measured NO2 concentration at Terminal A, meteorological conditions such as wind di-
rection/velocity and precipitation influence the transport and dilution of pollutants in the
atmosphere. Various studies found a relationship between air pollutant concentrations and
weather conditions (FZAG, 2020a; Sintermann, 2020; BAFU, 2021c; ESA, 2020; Fleuti, 2020;
Stuart K. et al., 2020; Beloconi et al., 2021). This means that air quality can fluctuate due to
weather conditions even though emission rates remain constant, which in turn makes it dif-
ficult to determine the impact of the emission change coming from the Covid-19 lockdown
on air quality using just air pollutant data. Indeed, shortly after the lockdown, the weather
changed to a strong and stable breeze with higher temperatures (Sintermann, 2020).

In general, higher NO2 concentrations were measured at Zurich Airport when there was
no wind than, for example, when there were westerly winds, which indicates that there
was a dilution effect of pollutants in the atmosphere (Fleuti, 2020). Apart from this, certain
wind directions also bring air pollutants from more distant locations, which is particularly
evident in the PM10 measurements at Zurich Airport. Depending on the wind direction,
concentrations during the lockdown even reached unexpectedly higher daily mean PM10

concentrations than the previous year, even though air traffic had almost come to a stand-
still. Fleuti (2020) argued that Saharan dust events occurred at the time of the lockdown,
making it difficult to interpret the impact of the lockdown effect on PM concentrations.
Therefore, for a comprehensive picture, a before-and-after comparison of changed air pol-
lutant concentrations is not sufficient to quantify the impact of the lockdown on air quality.
Statistical evaluations, modeling approaches and weather corrections are advisable to better
capture relationships between emissions, dispersion and dilution effects, and air pollutant
concentrations (Sintermann, 2020; Stuart K. et al., 2020; Beloconi et al., 2021).

In addressing the questions posed in this thesis, it can be summarized that air quality
at Zurich Airport improved during the pandemic lockdown in 2020 with respect to NOx,
VOCs, and UFP, but not to PM10 concentrations. How much of this change was actually
due to the pandemic lockdown and the associated reduction in air and road traffic could
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not be clearly quantified due to the influence of meteorological conditions. However, sev-
eral studies have demonstrated that, when weather factors were considered, reduced traffic
was a major contributor to lower measured atmospheric NOx and CO2 concentrations in
the lockdown year 2020 (Sintermann, 2020; Stuart K. et al., 2020; Beloconi et al., 2021). At
Zurich Airport, the decrease in UFPs and VOCs during the lockdown was mainly associ-
ated with reduced air traffic (Fleuti, 2020). Nevertheless, the decrease in NO2 concentration
cannot be explained only by the reduction in air traffic - other emission sources such as road
traffic and meteorological conditions play an important role. Although CO2 concentrations
were not measured at Zurich Airport, radiocarbon measurements in Norway spruce needles
showed that during the lockdown, traffic-related 14 C free CO2 emissions and associated at-
mospheric concentrations decreased. Spruce needles are thereby a good bio-indicator of
changes in 14 C concentration in the atmosphere, reflecting changes in air quality by up to
seven years. Whereby the analysis of tree rings could cover even a larger time range. In
contrast, the results of nitrogen isotope analysis showed no short-term changes in δ15 N and
δ13 C ratios in spruce needles of the 2020 lockdown year compared to pre-pandemic years.
The analysis appeared to be less suitable for capturing short-term pollutant reductions as an
annual record. In addition, it was difficult to interpret the isotopic ratios and attribute an in-
fluence of climate or pollutant factors to the measured signals. Similarly, tree-ring growth in
spruce was found to be related to site-specific and climatic conditions (temperature and pre-
cipitation) rather than changes in air quality (NO2). Nevertheless, nitrogen isotope analysis,
together with other stable isotopes (multi isotopic approach), can provide many important
insights into spatial questions as well as long-term trends related to air pollution and cli-
mate impacts. In summary, the hypothesis: "Spruce needles and tree-ring width reliably
reflect local changes in air pollution; the pandemic lockdown in spring 2020 with reduced
air traffic and the associated improvement in air quality is clearly detectable" can only be
confirmed on the basis of the radiocarbon results. However, the measured signal at the run-
way site, which most likely represents air traffic, should be interpreted with caution, as it
could not be clearly attributed to air or road traffic and is rather a mixed signal.
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4.4 Outlook

The results of the nitrogen isotope analysis showed partly high variability within and be-
tween the trees of the different sites. The statistical power could have been increased by a
higher number of samples and by removing outliers. However, the latter is always difficult
to justify and would have gone beyond the scope of the thesis. In addition, it would have
been useful to extend the nitrogen isotope analysis to soil samples to better understand the
N source in the soil background and thus the signal in the spruce needles. In this way, it
would also have been possible to exclude site-related influences on the measured isotope
ratio. Furthermore, it would be interesting to measure the δ15 N ratio of NOx samples from
the exhaust plume of aircraft. Various studies have already determined positive as well
as negative values from NOx samples of car exhaust (Ammann et al., 1999; Heaton, 1990).
It would be plausible that significantly different δ15 N-NOx values are measured for aircraft
due to the combustion of kerosene at much higher temperatures. This result would also lead
to a better understanding and interpretation of the measured δ15 N signal in the needles.

In this thesis, no suitable method was found to examine the collected spruce needles in
the vicinity of Zurich Airport for emissions caused by tire abrasion during aircraft landing.
Current methods are only partially able to measure nanoscale plastic particles that could
potentially be taken up by the plant through their leaf stomata. Another challenge is to
differentiate the foreign particles from the rest of the plant, which also consists of carbon
compounds. A recent method developed by Materic et al. (2020) may offer the possibility to
chemically analyze spruce needles for microplastics, but more importantly for nanoplastics:
thermal desorption–proton transfer reaction–mass spectrometry (TD-PTR-MS). The advan-
tages of the method are a sensitivity 100 times better than conventional measuring instru-
ments and the applicability also to organic samples (Materić et al., 2020). The question re-
mains whether the method can also be applied to plant components. Together with aircraft
tire samples, it would then be possible to search for a very specific "plastic fingerprint" in
the biosphere that comes from the abrasive emissions of aircraft tires.

Finally, for a better understanding of the dispersion and dilution behavior of certain
pollutants in the air and the relationship to meteorological conditions, statistical models or
so-called back-trajectory analyses could be carried out. For this purpose, it would be neces-
sary to improve measurement capabilities over a larger area, especially for the measurement
of air pollutants. A great potential lies in the cooperation with OSTLUFT, which also mo-
tivates communities to monitor local air quality with low-cost technologies. In this way,
the measurement network becomes more closely meshed and the dispersion and dilution
of pollutants can be better understood in a spatial context. The disadvantage is that such
stations are not always permanent, are more frequently affected by measurement interrup-
tions and the temporal resolution would be lower. Long-term measuring stations with high
temporal resolution are therefore particularly recommended, especially at such a busy and
congested location as Zurich Airport.
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5 Conclusion

The objective of this work was to quantify changes in atmospheric pollutants before and
during Covid-19 pandemic lockdown in 2020 using trees as bio-indicators at Zurich Airport.
The measures taken to combat the Covid-19 pandemic led to a massive traffic reduction
throughout Switzerland. This unprecedented traffic-related emission reduction provided a
unique opportunity to study air quality and its impact on the biosphere.

Radiocarbon results have shown a significant decrease in 14 C depletion in spruce nee-
dles in the year of the pandemic lockdown in 2020 of the sites closer to traffic-related emis-
sion sources compared to previous years. The 2020 spruce needle generation at the carpark-
ing site showed a mean decrease in -F14 C of 30%, which was very close to the reduction in
local road traffic at that time. At the runway site, however, a higher mean decline of -F14 C
of 52% was found, indicating that not only road traffic is responsible for the measured signal
but also air traffic at this location.

Because no nitrogen isotope analysis was performed on soil samples from the sites, it was
not possible to determine whether differences in site δ15 N ratio were due to distance from
atmospheric N emission sources or to site-specific variations in soil properties. At all of the
three sites, there was no significant change in the δ15 N of the 2020 spruce needle generation
compared to previous years. Overall, a short-term reduction in NOx was not reflected in
the measured δ15 N ratio of spruce needles. Instead, the measured δ15 N signal in spruce
needles could be influenced by several factors such as soil N availability and processes,
internal circulations and redistribution of N, and dilution/distribution effects of airborne
pollutants and distance of sites to such emission sources.

Furthermore, the ratio of stable isotopes could also be influenced by climatic conditions
this is true for δ15 N, but especially for delta δ13 C. Increased δ13 C values at the carparking
site, thus indicated either higher exposure to air pollutants or lower water availability. It
was difficult to distinguish between pollution and climatic causes in both nitrogen isotope
and tree-ring analyses, as one seems to always mask the other. Nevertheless, the analyses
are useful for examining spatial patterns or trends related to air quality and climate change.

Weather conditions also play an important role in monitoring and interpreting air qual-
ity. For instance, the reduction in traffic in Zurich Airport area and the associated decrease in
emissions due to the measures taken to combat the Covid-19 pandemic did not necessarily
lead to an improvement in air quality. It is therefore important to always interpret changes
in air quality in consideration of local and global meteorological conditions that influence
the concentration and distribution of air pollutants.
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In summary, spruce needles are useful bio-indicators that record past atmospheric pollu-
tants, showing a reduction of 14 C free CO2 from traffic-related emission sources at the time
of pandemic lockdown in 2020. Moreover, the radiocarbon method is a sensitive tool in en-
vironmental monitoring research for quantifying anthropogenic CO2 emissions with annual
resolution in tree rings as well as in leaves. This thesis demonstrated that Norway spruce
needles, based on radiocarbon measurements, can record anthropogenic emission changes
during past times when humanity paused, and the Earth breathed through as "all things
share the same breath" (Chief Seattle).
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A Stable Isotopes

FIGURE A.1: Nitrogen concentration [%] with mean N-concentration and
standard deviation (± SD) of Norway spruce needles from 2016-2021 at
carparking site. Tree no. 3 (blue), tree no. 5 (orange), and tree no. 6 (green)

with different branches (replication) A (circle), B (triangle), and C (star).



78 Bibliography

FIGURE A.2: Nitrogen concentration [%] with mean N-concentration and
standard deviation (± SD) of Norway spruce needles from 2016-2021 at run-
way site. Tree no. 9 (blue), tree no. 10 (orange), and tree no. 11 (green) with

different branches (replication) A (circle), B (triangle), and C (star).

FIGURE A.3: Nitrogen concentration [%] with mean N-concentration and
standard deviation (± SD) of Norway spruce needles from 2016-2021 at con-

trol site. Tree no. 24 (blue), tree no. 25 (orange), and tree no. 26 (green).
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FIGURE A.4: δ15 N [‰] with mean δ15 N and standard deviation (± SD) of
Norway spruce needles from 2016-2021 at carparking site. Tree no. 3 (blue),
tree no. 5 (orange), and tree no. 6 (green) with different branches (replication)

A (circle), B (triangle), and C (star).

FIGURE A.5: δ15 N [‰] with mean δ15 N and standard deviation (± SD) of
Norway spruce needles from 2016-2021 at runway site. Tree no. 9 (blue), tree
no. 10 (orange), and tree no. 11 (green) with different branches (repication) A

(circle), B (triangle), and C (star).
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FIGURE A.6: δ15 N [‰] with mean δ15 N and standard deviation (± SD) of
Norway spruce needles from 2016-2021 at control site. Tree no. 24 (blue), tree

no. 25 (orange), and tree no. 26 (green).

FIGURE A.7: Carbon concentration [%] with mean C-concentration and stan-
dard deviation (± SD) of Norway spruce needles from 2016-2021 at carpark-
ing site. Tree no. 3 (blue), tree no. 5 (orange), and tree no. 6 (green) with

different branches (replication) A (circle), B (triangle), and C (star).



Appendix A. Stable Isotopes 81

FIGURE A.8: Carbon concentration [%] with mean C-concentration and stan-
dard deviation (± SD) of Norway spruce needles from 2016-2021 at runway
site. Tree no. 9 (blue), tree no. 10 (orange), and tree no. 11 (green) with differ-

ent branches (replication) A (circle), B (triangle), and C (star).

FIGURE A.9: Carbon concentration [%] with mean C-concentration and stan-
dard deviation (± SD) of Norway spruce needles from 2016-2021 at control

site. Tree no. 24 (blue), tree no. 25 (orange), and tree no. 26 (green).
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FIGURE A.10: δ13 C [‰] with mean δ13 C and standard deviation (± SD) of
Norway spruce needles from 2016-2021 at carparking site. Tree no. 3 (blue),
tree no. 5 (orange), and tree no. 6 (green) with different branches (replication)

A (circle), B (triangle), and C (star).

FIGURE A.11: δ13 C [‰] with mean δ13 C and standard deviation (± SD) of
Norway spruce needles from 2016-2021 at runway site. Tree no. 9 (blue), tree
no. 10 (orange), and tree no. 11 (green) with different branches (replication) A

(circle), B (triangle), and C (star).
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FIGURE A.12: δ13 C [‰] with mean δ13 C and standard deviation (± SD) of
Norway spruce needles from 2016-2021 at control site. Tree no. 24 (blue), tree

no. 25 (orange), and tree no. 26 (green).
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B Crossdating

FIGURE B.1: Mean tree-ring widths [1/100 mm] by years of the sites: carpark-
ing (blue), runway (orange), and control (green).
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FIGURE B.2: Tree-ring width [1/100 mm] by years of mean tree-ring series of
the different trees (light gray) and mean chronology (black) of the carparking

site.

FIGURE B.3: Tree-ring width [1/100 mm] by years of mean tree-ring series
of the different trees (light gray) and mean chronology (black) of the runway

site.
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FIGURE B.4: Tree-ring width [1/100 mm] by years of mean tree-ring series of
the different trees (light gray) and mean chronology (black) of the control site.

FIGURE B.5: Tree-ring width [1/100 mm] by years of mean tree-ring series
of the different trees (light gray) and mean chronology (black) of the oaks

touchdown site.
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FIGURE B.6: Tree-ring width index (detrended) by years of mean tree-ring
series of the different trees (light gray) and mean chronology (black) of the

carparking site.

FIGURE B.7: Tree-ring width index (detrended) by years of mean tree-ring
series of the different trees (light gray) and mean chronology (black) of the

runway site.
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FIGURE B.8: Tree-ring width index (detrended) by years of mean tree-ring
series of the different trees (light gray) and mean chronology (black) of the

control site.

FIGURE B.9: Tree-ring width index (detrended) by years of mean tree-ring
series of the different trees (light gray) and mean chronology (black) of the

oaks touchdown site.
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C Statistics

C.1 Pearson Correlation

Site Correlation coefficient Two-tailed p-value

NO2

Tree-ring width
Carparking 0.25 0.29
Runway -0.28 0.23
Control 0.05 0.83

Detrended tree-ring width
Carparking 0.25 0.29
Runway 0.12 0.61
Control -0.33 0.16

Temperature

Tree-ring width
Carparking -0.58 0.00076
Runway 0.25 0.19
Control -0.66 7.5e-05

Detrended tree-ring width
Carparking -0.58 0.00076
Runway -0.048 0.8
Control -0.47 0.0093

Precipitation

Tree-ring width
Carparking 0.53 0.0029
Runway 0.21 0.26
Control 0.28 0.13

Detrended tree-ring width
Carparking 0.53 0.0029
Runway 0.34 0.067
Control 0.28 0.13
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C.2 Crosscorrelation
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