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1.1. CLIMATE CHANGE

Since the start of the Industrial Revolution (ª1750) the global average temperature has
increased by 0.85 ±C (IPCC, 2013). Sea ice coverage in the Arctic has shrunk by 40 % since
1979 (Windnagel et al., 2017) and the global average sea level rose by 19 cm between
1901 and 2010 (IPCC, 2013). Temperature changes have been observed to be larger over
land than over the ocean because land surfaces heat up faster than the ocean. In the
Netherlands, for example, the temperature rose by 1.8 ±C between 1901 and 2013 (KNMI,
2015). Also, precipitation amounts are increasing in the Netherlands, e.g. by 26 % in the
20th century (KNMI, 2015).

The climate has always changed in the past by natural forces, i.e. due to changes in the
Earth’s orbit, changes in solar radiation or volcanic eruptions. However, the changes are
currently accompanied by greenhouse gas concentrations that exceed the natural variabil-
ity observed in historic measurement records, see for example the CO2 mole fractions in
Fig 1.1. These greenhouse gases have the capacity to absorb radiative energy (heat) that
otherwise would have been lost to space. Thereby the energy remains in the Earth’s system
and warms our atmosphere. The CO2 mole fractions and temperature have therefore
co-varied during the last 800.000 years (Fig. 1.1).
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Figure 1.1 | Atmospheric CO2 mole fractions (blue color tones) and temperature deviation from a reference
period (orange color tones) over the past 850.000 years. Different data sources are combined to construct the
figure. Northern Hemispheric temperature anomalies from in situ measurements since 1980 are relative to
1951–1980 average temperatures (NASA/GISS); global average temperature anomalies in the last 1000 years are
retrieved from ice core records and are relative to the 1961–1990 average temperature (Jones and Mann, 2004);
older temperature anomalies are taken from Snyder (2016) and are against the average temperature over the last
5000 years. CO2 mole fractions since 1959 are from in situ measurements done by the Scripps research institute
and later by NOAA/ESRL, older CO2 mole fractions are retrieved from ice core records as presented in Ahn et al.
(2012) for the last 1000 years and in Snyder (2016) for the last 800.000 years.
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Scientists have reached consensus that the modern climate change is very likely due
to anthropogenic greenhouse gas emissions, i.e. with a probability of 90–100 % (Bindoff
et al., 2013; Cook et al., 2013). Researchers and policymakers face the challenge to come
up with measures against the copious amount of greenhouse gas emissions. At the UN
Climate Change Conference in December 2015, country leaders agreed to further reduce
greenhouse gas emissions, with the aim to keep the global warming in the 21st century
below 2.0 ±C, or even 1.5 ±C. However, Rogelj et al. (2016) stressed less then a year later that
the intended contributions from individual countries to the Paris Agreement would still
lead to a warming of 2.6–3.1 ±C by the end of the 21st century and that more actions are
required to stay well below the 2 ±C target.

The future climate depends on the amount of carbon in the atmosphere, which is influ-
enced by the removal of carbon by sinks and the emissions from sources. Anthropogenic
emissions are a large source of carbon (e.g. in the form of CO2 and CH4), and terrestrial
vegetation and the ocean are a net sink (Le Quéré et al., 2018). The exchange of carbon that
occurs mainly between the atmosphere, biosphere, land and ocean is called the carbon
cycle. Future climate predictions depend on the accuracy of global carbon models and
depends on our knowledge of the global carbon cycle. An accurate representation of the
amount of carbon present in the atmosphere and ocean is needed, which can be measured
at present; however, scientists also need to accurately simulate the sources and sinks of
carbon and how they change over time as a response to climate change. Although many of
the sources and sinks can be roughly estimated, not all underlying mechanisms are fully
understood. For example, it is believed that tree growth will increase—and thereby also
the uptake of CO2 in plants through photosynthesis—when CO2 mole fractions in the at-
mosphere are higher. Still, results of long-term monitoring at ecosystem level over the last
decades do not provide consistent evidence for this (Lewis et al., 2009; Van der Sleen et al.,
2014). This example highlights that the underlying mechanisms of photosynthesis are not
fully understood. Models are therefore not able to accurately simulate photosynthesis
(Friedlingstein et al., 2014). Moreover, besides uptake of CO2 through photosynthesis, CO2
is respired by ecosystems at the same time. To fully understand the mechanisms behind
photosynthesis and respiration and their response to a changing climate, researchers need
measurements of each flux individually. However, the current measurement networks
are only able to resolve the net difference between photosynthesis and respiration and
they cannot accurately partition the photosynthesis and respiratory flux. Therefore, these
processes cannot be studied separately and our understanding of each of these fluxes is
limited. This PhD research deals with this problem. The next section further introduces
vegetative CO2 uptake and describes why CO2 uptake through photosynthesis cannot be
measured directly.

1.2. VEGETATIVE CO2 UPTAKE THROUGH PHOTOSYNTHESIS

Small pores on the surface of plant leaves, so called stomata, allow air to enter the leaf.
When CO2 has entered a plant cell it diffuses into mesophyll cells in the middle layer of a
leaf (Fig. 1.2). In these cells, photosynthesis occurs in two stages. In the first stage, energy
of photons (light) is converted to chemical energy in the form of molecules. Hydrolysis
takes place in this process, which means that H2O is used and as a bi-product O2 is being
produced, which is the O2 in the atmosphere that we breath. In the reaction that follows
(called the Calvin Cycle), the enzymes are used to fix carbon (from CO2) in the form of
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sugars (glucose). This reaction is catalyzed by the enzyme RuBisCo and when the reaction
takes place, plants release water vapor through transpiration. Overall, these processes that
occur during photosynthesis can be written in chemical form as:

6CO2 + 12H2O
light°°°! C6H12O6 + 6O2 + 6H2O.

The rate of CO2 assimilation in plants is largely dependent on the catalytic capacity
of the Rubisco enzyme which depends on temperature (Cen and Sage, 2005). Besides of
the activity of the RuBisCo enzyme, the availability of light, carbon and water is another
requirement for photosynthesis to happen. For that reason the stomatal aperture largely
controls photosynthesis: plants adjust the opening and closing of stomata to optimize their
internal water balance and the influx of CO2 to achieve optimal growth (Fig. 1.2). Therefore,
plants typically open their stomata during daytime when there is light for photosynthesis,
such that CO2 from the ambient air becomes available for the internal cells. At the same
time, plants respond to ambient humidity by closing their stomata when the air gets too
dry and they lose too much water to the ambient air due to a large humidity gradient
between internal and ambient air. This means that when stomata close due to drought,
the availability of CO2 in the plant will go down and reduces photosynthesis. The stomatal
aperture therefore tightly controls the extent to which photosynthesis can happen.

Figure 1.2 | Schematic cross section of a leaf with the pathways of COS and CO2 uptake and transpiration (figure
adapted from Moene and van Dam (2014)).

Besides taking up CO2 during photosynthesis, plants also respire CO2. During respira-
tion (Re) plants use the glucose to gain energy, after which CO2 is released back into the



1.2. VEGETATIVE CO2 UPTAKE THROUGH PHOTOSYNTHESIS

1

15

atmosphere:

C6H12O6 + 6O2 °°! 6CO2 + 6H2O + energy.

This process does not require light and happens both during the day and night. Respiration
does not only occur in plants, but also in the soil, for example by roots or by organisms that
consume plant material (heterotrophs) such as microbes (e.g. bacteria) and macrofauna.

On ecosystem scale, the total amount of carbon that is fixed by plants during photosyn-
thesis is referred to as Gross Primary Production (GPP). The Net Ecosystem Exchange (NEE)
of carbon between the terrestrial biosphere and atmosphere follows from the difference
between GPP and Re, where Re is a combination of soil and plant respiration (Fig. 1.3):

NEE = GPP – Re.

A common technique to determine NEE is the eddy covariance (EC) method (Aubinet
et al., 2012). Using this methods, fluxes are determined from fast fluctuations (at 10
Hz) of vertical wind speed and gas mole fractions above an ecosystem. The EC fluxes
represent the net exchange of a gas above an ecosystem, which is the NEE in the case of
CO2. A large network of EC measurements exists and these data are useful to evaluate and
calibrate ecosystem models. The evaluation of ecosystem models would further profit
from a partitioning of NEE into GPP and Re. When GPP and Re are separated, these
processes can be studied separately and model errors can be better detected (Reichstein
et al., 2005). Unfortunately, there are no methods to directly partition NEE into GPP
and Re. In the last few decades, finding and testing methods to separate NEE into GPP
and Re has been a field of research on its own. Flux-partitioning algorithms have been
developed, but each of these methods has their flaws (Reichstein et al., 2005). One of the
most widely used methods extrapolates nighttime temperature–Re relations to daytime
(Reichstein et al., 2005). However, the disadvantage of this method is that nighttime data
are prone to measurement errors (Papale et al., 2006; Aubinet et al., 2012) and this method
assumes that the temperature response of Re is similar between daytime and nighttime,
without interference of other environmental parameters. Also isotopic signatures can
provide a means to separate GPP and Re because those processes have a different effect
on the isotopic composition of CO2 that leaves the plant (Fassbinder et al., 2012). For
example, 13C and 18O isotopes in CO2 have been used to separate GPP and Re (e.g. Yakir
and Wang, 1996; Ogée et al., 2003; Bowling et al., 2001; Fassbinder et al., 2012), but the
applications are limited by the precision of measurements and by theoretical assumptions
(Wehr and Saleska, 2015). Recently, it was shown with improved measurement precision
of 13C and 18O isotopes that the standard approach to separate NEE into GPP and Re
(after Reichstein et al., 2005) overestimated daytime Re by 100 % in a temperate forest, and
thereby overestimated GPP by 25 % (Wehr et al., 2016). This overestimation is caused by
daytime inhibition of Re by light, which is known as the Kok-effect (Heskel et al., 2013). This
effect is not accounted for in the standard flux-partitioning method (e.g. after Reichstein
et al. (2005)), whereas these findings have large consequences for the global carbon budget.

Since the late ’80s, several studies noticed the link between the plant uptake of carbonyl
sulfide (COS or OCS) and CO2 (Goldan et al., 1988; Chin and Davis, 1995; Kesselmeier and
Merk, 1993; Sandoval-Soto et al., 2005). These studies used the CO2 to COS uptake ratio
to improve the global sulfur budget with the best estimates of GPP available at that time.
This was particularly of interest for stratospheric chemistry, where COS contributes to the
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formation of the sulfate aerosol layer (Chin and Davis, 1995). Later, Montzka et al. (2007)
found that the seasonal variation of atmospheric COS shows close resemblance to that of
CO2. They concluded that if the atmospheric drawdown of COS is dominated by vegetative
uptake, COS could provide unique insights into carbon uptake by photosynthesis. After
that, Campbell et al. (2008) used COS fluxes to constrain GPP, and with that the idea of
using COS to partition NEE into GPP and Re was born.

Figure 1.3 | Schematic representation of fluxes in a forest canopy. CO2 is taken up by vegetation (GPP) and
respired by both soil and vegetation (Re), whereas—in an ideal situation—COS is only taken up by vegetation.

1.3. A TRACER FOR PHOTOSYNTHESIS: CARBONYL SULFIDE

Just like CO2, COS enters the leaf through stomata and diffuses into the mesophyll cells
(Fig. 1.2). In the chloroplast, which is also the place where photosynthesis takes place, the
enzyme carbonic anhydrase (CA) catalyzes the hydrolysis of COS to produce CO2 and H2S
(Protoschill-Krebs et al., 1992, 1996; Stimler et al., 2010a):

COS + H2O
CA°°! HCOOS – + H+ °°! H2S + CO2.

H2S fulfills several physiological functions in plants (Li, 2013). The reverse reaction is
strongly unfavorable and COS is therefore fully taken up by the plant, unlike CO2 that
is re-emitted during respiration (Fig. 1.3). Provided that other sources and sinks in an
ecosystem are negligible, the atmospheric drawdown of COS above an ecosystem reflects
the uptake of COS by plants. Besides that, COS and CO2 share the same pathway from the
ambient air to the mesophyll cells (Fig. 1.2) and the uptake of COS and CO2 are closely
related (Whelan et al., 2018). By using the COS to CO2 uptake relationship at the leaf level,
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COS ecosystem fluxes can therefore be used to estimate GPP following (Campbell et al.,
2008; Asaf et al., 2013):

GPP = FCOS
[CO2]
[COS]

1
LRU

, (1.1)

where FCOS is the ecosystem flux of COS, [COS] and [CO2] are atmospheric mole fractions of
COS and CO2 respectively and LRU is the leaf-scale relative uptake ratio. LRU is calculated
as the ratio of the deposition velocities of COS over that of CO2 and deposition velocities
are calculated as the ratio of the leaf flux divided by the mole fraction of the gases.

Following the explanation above, requirements for using COS as a tracer for GPP are
that the flux of COS is only a one-way flux, that COS and CO2 follow the same pathway into
the plant, and that other sources and sinks of COS in an ecosystem are negligible or known,
so that they can be corrected for. Besides that, there should be no interaction between COS
and CO2 (Blonquist et al., 2011). Proper characterization of all sources and sinks of COS is
key in using COS as a tracer for GPP. Therefore, in the last couple of years many studies
have focussed on identifying and understanding the sources and sinks of COS. Whelan
et al. (2018) provided an extensive overview of all the knowledge gained on COS in the last
few decades, including some of the work presented in this thesis. The next section will give
a brief overview of what is known about the sources and sinks of COS and which questions
led to the work in this thesis.

1.4. THE COS BUDGET

1.4.1. GLOBAL SCALE

Annual mean mole fractions of COS mostly range between 350 and 550 pmol/mol (ppt)
around the globe, which makes COS the most abundunt sulfur-containing gas in the
atmosphere (Montzka et al., 2007; Brühl et al., 2012). Mole fractions of COS are about
1 million times lower than that of CO2, which has mole fractions around 400 µmol/mol
(ppm). Due to its relatively long lifetime of 1.5–3 years (Montzka et al., 2007), COS can be
transported from the troposphere into the stratosphere. COS plays an important role in the
global sulfur budget and the formation of stratospheric background sulphur aerosol (Chin
and Davis, 1995; Brühl et al., 2012), which have a cooling effect on the Earth’s climate.

On the global scale, vegetative uptake is the largest sink of COS and is estimated to
account for 55–64 % of the total COS sink (Launois et al., 2015b). Another sink is the soil,
which will be further discussed in the next section. Besides those, small sinks are chemical
loss by photolysis in the stratosphere and reaction with the hydroxyl radical (OH) in the
atmosphere (Kettle et al., 2002; Berry et al., 2013; Lennartz et al., 2017).

One of the main sources of COS is anthropogenic, which can be either direct or indirect.
Indirectly, COS is formed when CS2, which is a gas that is emitted by the rayon industry
(Campbell et al., 2015), is oxidized. Direct emissions of COS are smaller and consist of
biomass burning, coal combustion, aluminum smelting, pigment production, shipping,
tire wear, vehicle emissions and coke production (Whelan et al., 2018, and references
therein).

Besides anthropogenic emissions, COS is being emitted by the ocean also both di-
rectly and indirecly. Direct emissions are through photochemical production and light-
independent (dark) processes, which are both poorly understood (Whelan et al., 2018;
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Lennartz et al., 2017). Indirect emissions are through the oxidation of CS2 and dimethyl
sulfide (DMS) by OH (Chin and Davis, 1995). Until recently, ocean emissions were believed
to be the largest source of COS (Kettle et al., 2002; Watts, 2000; Launois et al., 2015a). How-
ever, a study by Lennartz et al. (2017) used COS measurements in ocean water to show that
the direct oceanic emissions were much lower (130 ± 80 Gg S yr°1) than estimates from
top-down studies (e.g. 813 Gg S yr°1 by Launois et al. (2015a)). Other smaller COS sources
are volcanoes and wetlands.

Large uncertainties remain in the quantification of the sources and sinks of COS and
with the current knowledge there is a gap in the COS budget with a source missing. When
the sink is larger than the source (which is the current state of the COS budget), this would
mean that atmospheric mole fractions of COS are decreasing; however, this is not observed
in long-term records of COS mole fractions. Ice core records from the south pole show a
trend of increasing COS mole fractions from the mid-1800s to the late 1900s, followed by
a decrease of COS since the 1980s (Montzka et al., 2004; Aydin et al., 2008). The extent of
the decreasing trend of COS does not match with the size of the gap between the sources
and sinks of COS. In fact, the changes that have been observed more recently show strong
resemblance with the global rayon production (Campbell et al., 2015). That is, a general
decrease in COS mole fractions until the ’90s, followed by an increase since the beginning
of the 2000s (Kremser et al., 2015; Lejeune et al., 2017).

1.4.2. ECOSYSTEM SCALE

At the ecosystem scale, the emissions of COS from ocean and anthropogenic sources
are typically well separated from the vegetative uptake in natural areas such as forests,
grasslands or wetlands. Still, the vegetative uptake of COS must be the dominant COS
flux within an ecosystem when COS is to be used as a tracer for GPP; other COS fluxes
must be small or well characterized. Besides the presence of the CA enzyme in plants (that
catalyzes the hydrolysis of COS), it is also present in soils (Ogée et al., 2016), which makes
(oxic) soils typically a sink of COS. The magnitude of soil fluxes were most often found to
be linked with temperature (White et al., 2010; Maseyk et al., 2014) and soil water content
(Steinbacher et al., 2004). On the other hand, anoxic soils (like wetlands) are typically
sources of COS (Whelan et al., 2018, and references therein), but COS emissions have
also been found in oxic soils, with larger emissions under high temperature and radiation
(Whelan and Rhew, 2015; Whelan et al., 2016; Kitz et al., 2017). So far, only few studies
have determined the contribution of soil fluxes relative to the ecosystem fluxes of COS
(Maseyk et al., 2014; Wehr et al., 2017). Maseyk et al. (2014), found that soils were typically
small sinks in an agricultural wheat field, contributing only to 1–6 % of the total ecosystem
flux. However, the soils turned into a significant source at the end of the growing season,
complicating the use of COS as tracer for GPP. For the application of COS as GPP-tracer it
is therefore key that the soil COS fluxes are quantified and well understood.

1.4.3. LEAF SCALE

The accuracy of the COS to CO2 leaf relative uptake ratio (LRU) is key in translating COS
fluxes to GPP. Several studies have derived LRU for different plant species from cham-
ber enclosures (Kesselmeier and Merk, 1993; Kesselmeier et al., 1993; Kuhn et al., 1999;
Sandoval-Soto et al., 2005; Seibt et al., 2010; Stimler et al., 2010a, 2011, 2012; Berkelhammer
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et al., 2014). Those LRU values ranged from 0.4 to 9.5 with a median of 1.75 and with 50 %
of the values between 1.48 and 2.46 around the median (see Fig. 3 in Whelan et al. (2018)
for the frequency distribution of all published LRU values). LRU used to be reported as con-
stant values, which can be valid if COS and CO2 fluxes would respond similarly to changing
environmental conditions. However, several studies have shown that LRU depends on
light (Stimler et al., 2011; Maseyk et al., 2014; Commane et al., 2015), because the COS and
CO2 fluxes respond differently to light: the COS flux can continue in the dark because the
hydrolysis of COS in plants does not require light (Gries et al., 1994; Protoschill-Krebs et al.,
1995; Stimler et al., 2011), whereas the CO2 uptake can only occur under light conditions.
Therefore, the variation of LRU with light needs to be well characterized. Besides the
variation with light, changes of LRU with other environmental parameters are not well
studied. Stimler et al. (2010a) found from laboratory experiments that LRU changes with
temperature. However, no long-term field measurements that monitor the change of LRU
under natural conditions over a period of multiple seasons were done.

If the COS uptake is indeed light-independent, this means that vegetative uptake of
COS can continue during the night if stomata are not completely closed (Maseyk et al.,
2014). It was long assumed that stomata close during the night. However, Caird et al. (2007)
showed that nighttime stomatal conductance exists in a wide variety of plant species.
Depending on the extent of nighttime stomatal opening, the nighttime flux of COS can
have a substantial contribution to the total COS budget. Therefore, the nighttime COS
flux needs to be well quantified, even though COS is not used as a tracer for GPP under
dark conditions (because then GPP is zero). Moreover, the fact that COS and CO2 do
not share the same biochemical reactions in the leaf but rather the diffusive pathway
between air and the chloroplast was recently put as a motivation to use COS as tracer for
diffusive conductance, of which stomatal conductance is the most dominant component
(Commane et al., 2015; Wehr et al., 2017). This would link COS not only to the carbon
cycle, but also to the water cycle, as the loss of water by the plant through transpiration is
controlled by the stomatal aperture.

Recently, Gimeno et al. (2017) found emissions of COS by mosses and liverwort that
increased with increasing temperature and light. Emissions of COS were also observed
from ecosystem fluxes in one summer month in a mixed temperate forest (Commane et al.,
2015). If COS is emitted by plants, it would question the assumption that the COS flux
is unidirectional, and challenges the use of COS as a tracer for GPP (Gimeno et al., 2017;
Wohlfahrt, 2017).

1.5. COS MEASUREMENT TECHNIQUES

Measurements of COS are required to further investigate the potential of using COS as
tracer for GPP and to be able to benefit from this method. Preferably, measurements
should be available at the surface (within the atmospheric boundary layer), with global
coverage and with a fine spatial resolution. Satellite measurements of COS could provide
these data, but the satellites that are currently able to measure COS are not sensitive to
concentrations near the surface and have limited precision (Kuai et al., 2014). Still, satellite
measurements of an Infrared Atmospheric Sounding Interferometer were able to detect
large sources of COS over Asia, indicating the benefit of spatial coverage from these tech-
niques (Vincent and Dudhia, 2017). Total column measurements of COS are made at a few
sites using Fourier-transform infrared (FTIR) spectroscopy. Recent developments made it
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possible to distinguish between COS in the troposphere and the stratosphere from these
measurements (Lejeune et al., 2017). Still, these measurements are only available at a
few sites worldwide. Currently, studies on COS largely rely on sampling networks at the
surface or in situ measurements. The monitoring network as described by Montzka et al.
(2007) worked with discrete flask samples that were measured with gas chromatographic
mass spectrometry (GC-MS). These measurements have high accuracy (95% of these mea-
surements reach an accuracy of < 6.3 ppt), but these samples are taken typically 1 to 5
times per month and can therefore not provide insight into the daily variation of COS,
let alone that processes happening within a few hours or minutes can be investigated.
Moreover, this instrumentation is typically not suitable for deployment in the field. Devel-
opments of Quantum Cascade Laser Spectrometers (QCLS) have pushed the field forward
in the ability to do continuous and high-accuracy trace gas measurements, including
COS (Stimler et al., 2010b). These instruments have proven to be a valuable tool to do
online measurements of COS and CO2 (e.g. Stimler et al., 2010b; Commane et al., 2013;
Berkelhammer et al., 2014; Maseyk et al., 2014; Commane et al., 2015; Yang et al., 2018)
and also allows to do high-frequency (10 Hz) measurements of COS (Gerdel et al., 2017).
Therefore, these instruments are an improvement to the GC-MS methods that were used
before (Stimler et al., 2010b). Nowadays, the QCLS instruments are commercially available
from either Los Gatos Research Inc. (Berkelhammer et al., 2014) or Aerodyne Research
Inc. (McManus et al., 2010; Nelson et al., 2004). Being able to deploy a QCLS in the field
allows field measurements that can help to further enhance our knowledge on the sources
and sinks of COS. To take further advantage of this relatively new instrumentation requires
elaborate testing of the instrumentation to achieve optimal accuracy and precision. Also,
to be able to compare measurements from different sites and with different instruments
requires a consistent scale. Therefore, it is key that measurements are accurately calibrated
against known calibration standards. Besides that, a high precision is important when the
aim is to detect small changes in COS mole fractions.

1.6. OBJECTIVE AND APPROACH OF THIS THESIS

Overall, COS has been presented as a promising new tracer, but the overview in the previous
sections showed the challenges that emerge from detailed investigation of COS fluxes and
its relation with fluxes of CO2. Several aspects of COS, related to both the understanding
and quantification of the sources and sinks, are unresolved, but are essential for the use of
COS as tracer for GPP. The goal of this PhD research is to determine accurate COS-based
GPP estimates. This thesis focusses on a few aspects to improve the understanding of the
sources and sinks of COS that are key to reach that goal. It would not be possible to cover
all aspects of the COS budget in a four-year PhD research; therefore, the scope of this study
is refined to do the following:

First, a QCLS was tested for its ability to do continuous and high-accuracy measure-
ments of COS and CO2. Laboratory tests are performed to find optimal routines for
calibration of the measurements and to carefully quantify all uncertainties associated
with processing of those measurements. The aim was also to build a robust system to
continuously measure ambient mole fractions of COS and CO2. This system should be able
to operate autonomously with little operator attention in the field. This work is presented
in chapter 2 of this thesis. All of the aspects related to instrumentation are key for further
studies on COS in this thesis, as well as studies done by other research groups.
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The following chapters focus on characterizing the fluxes of COS in a boreal forest
and a coastal agricultural site. Using the setup for instrumentation that was developed in
chapter 2, the ongoing COS research in Hyytiälä, Finland (led by the University of Helsinki)
was extended with a number of extensive field campaigns in three consecutive years
(2015–2017). This work was done in collaboration with researchers from the University of
Helsinki, the University of California, Los Angeles, and the Open University, Milton Keynes.

As a result of the field campaign in Hyytiälä in 2015 the nighttime fluxes of COS could be
characterized, which is presented in chapter 3. With the COS uptake being independent
of light, the nighttime fluxes of COS have the potential to have a substantial effect on
the COS budget. Two measurement techniques (eddy-covariance and the radon-tracer
method) were used to quantify nighttime fluxes of COS in the summer and autumn of 2015.
Besides that, measurements of mole fractions, soil fluxes (Sun et al., 2018a) and stomatal
conductance were used to determine what drives the nighttime COS fluxes.

To be able to accurately translate the measured COS ecosystem fluxes in Hyytiälä
to GPP estimates it was aimed to investigate the size and variability of LRU at the site.
The COS and CO2 fluxes were measured at the leaf-level using branch chambers in 2017.
In chapter 4, the light-dependence of LRU is characterized and the variation of LRU
with other environmental parameters was studied. The knowledge of LRU and COS soil
fluxes was used to get COS-based GPP estimates and to show the sensitivity of those GPP
estimates to variations in LRU. Also the application of leaf-level LRU to regional scale
modelling is discussed in this chapter.

In chapter 5 the variability of atmospheric mole fraction measurements of COS and
CO2 is investigated from an agricultural site at the coast of the Netherlands. Collocated
measurements of other trace gases such as CO and 222Rn helped to understand the sources
and sinks of COS. Furthermore, the coastal location of the Lutjewad station allows for
separation of air masses from the sea and from inland, where more biogenic, agricultural
and anthropogenic signals can be expected from inland activities.

Finally, the findings are synthesized in chapter 6. This chapter discusses the role that
COS can have in obtaining GPP estimates and the advancements that need to be made for
the wide application of COS for that purpose.




	Chapter 1



