
 

 

 University of Groningen

Carbonyl sulfide, a way to quantify photosynthesis
Kooijmans, Linda Maria Johanna

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kooijmans, L. M. J. (2018). Carbonyl sulfide, a way to quantify photosynthesis. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/e0de2bac-4d6c-4ddd-9ccf-5461bff47cf4


SUMMARY

There is ample evidence that the Earth’s climate is changing due to human activity. To be
able to accurately predict the future climate, we need an accurate representation of the
amount of greenhouse gases — in particular CO2 — present in the atmosphere, now and
in the future. We can measure the amount of CO2 in the atmosphere. Besides, we need
to know how much of CO2 is, and will be, brought into the atmosphere (by sources), for
example through anthropogenic emissions or land use change (for the latter, think of for
example forests that are turned into agricultural land). In the same way we need to know
how much of CO2 is removed from the air (by sinks), such as by land plants (also called
photosynthesis) and exchange with the ocean. It is important that we understand these
processes, as they could change with variable temperatures and CO2 levels that result from
future climate change.

Photosynthesis is the process by which plants take up CO2 from the air to produce
sugar for their growth. These amounts can be roughly estimated, but the uncertainties are
large. It is also unsure how photosynthesis (and thus the amount of CO2 removed from
the atmosphere) will change when the environment becomes warmer or CO2 levels rise.
We can measure photosynthesis at the leaf-scale, but not on larger scales such as over an
ecosystem. An ecosystem is for example a forest or a grassland. The reason that we can not
measure photosynthesis on those scales is that CO2 is not only taken up by the ecosystem,
but also released. The latter we call respiration. Hence, what we measure in the air is the
net effect of simultaneous photosynthetic uptake and respiration. The photosynthetic
uptake and respiration can therefore not be measured and studied separately, which limits
our understanding of these individual processes.

This thesis deals with this problem by examining the possibility to use a trace gas,
carbonyl sulfide (COS), to determine photosynthetic CO2 uptake. COS is a gas, like CO2,
that is also present in the atmosphere, but its abundance is ª1.000.000 times smaller than
that of CO2. COS is taken up by plants and follows the same pathway into the plant as CO2.
COS and CO2 uptake by plants is therefore strongly related. However, COS is consumed
by the plant in a different way than CO2 is and is therefore not respired by the plant. This
means that we can measure the COS uptake by plants, which we can then relate to the
photosynthetic CO2 uptake, also called the gross primary production (GPP).

The aim of this thesis is to determine accurate COS-based GPP estimates. To accom-
plish this, we need to fully understand processes that influence COS in the atmosphere,
because processes other than plant uptake can influence atmospheric COS as well. For
example, if we find a decrease of COS concentrations above a forest, we can associate
this with COS uptake by the plants and trees, which is linked to photosynthesis. However,
it is known that the soil typically takes up COS as well. This means that the decrease in
COS concentration in the air is not only related to plants and photosynthesis. Previous
observations have also shown that COS is taken up in the night, which is not related to
photosynthesis that ceases in the dark. To summarize, when estimates of COS-based GPP
are made we also need to understand and correct for the processes that influence COS in
the atmosphere (the so-called sources and sinks) that are not linked to photosynthesis.
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Furthermore, we need to quantify the proportionality by which COS and CO2 are taken
up during photosynthesis. That means, how many molecules of CO2 are taken up per
molecule of COS that is taken up by plants. Using an extensive set of measurements col-
lected at a boreal measurement location, this thesis focuses on a few of these aspects to
improve the understanding of the sources and sinks of COS and the relation between COS
and CO2 uptake in plants. The ultimate objective is to determine accurate GPP estimates
by using COS.

To be able to further explore the application of COS as a tracer for GPP requires accurate
and precise measurements of COS and preferably of CO2 at the same time. In chapter 2,
a laser-based absorption spectrometer was tested (specifically: quantum cascade laser
spectrometer) for its ability to make continuous high-accuracy measurements of COS and
CO2 in the field. To be able to compare COS measurements across sites requires accurate
calibration of the measurements against known reference gases (from cylinders) that are
on the same scale in every laboratory. Making use of these cylinders requires extra logistics
such as filling, calibration and transportation of the cylinders. Laboratory tests were
performed to develop an optimal routine for accurate and precise measurements, while
not using large amounts of cylinder gas. The instrumentation could measure COS with an
overall uncertainty of 7.5 parts per trillion (ppt) with these routines. This means that COS
variations that are larger than 7.5 ppt can be detected from measurements. The precision
of the measurements, which is relevant if measurements from the same instrumentation
are compared (e.g. from different heights at one site, which does not require calibration),
is 6.0 ppt for COS.

A finding that is crucial for users of the same type of instrumentation to measure
COS, is that spectral features of the water absorption spectrum interfere with that of COS.
Without correcting for this interference, this would lead to spurious elevations in COS mole
fractions, which would lead to incorrect interpretation of the data. Methods to correct for
this water vapor-dependent error are presented in this chapter.

The accuracy and precision that can be obtained with the instrumentation is well suited
to detect atmospheric changes of COS in the atmosphere, such as a seasonal variation
of ª100 ppt that was measured at the coastal site in Groningen, The Netherlands. The
subsequent chapters in this thesis demonstrate that the quality of the instrumentation for
measurements of COS is sufficient to understand the processes that drive COS fluxes. These
chapters focus on characterizing the fluxes of COS in a boreal forest in Hyytiälä, Finland and
an agricultural site Lutjewad in the Netherlands. Three extensive field campaigns were held
in 2015–2017, during which different components of COS and CO2 exchange at the Hyytiälä
site were measured, including eddy-covariance measurements (which measure the net
exchange of COS over the ecosystem), soil gas exchange measurements using enclosed
chambers on the soil, branch measurements (also using enclosed chambers around the
branches), and concentration profiles within and above the canopy. Concentration profiles
were also measured at the Lutjewad site.

Chapter 3 focuses on the nighttime fluxes of COS observed in Hyytiälä. As soon as
there is light, plants open small pores on the leaf surface, so-called stomata, to let CO2 enter
the leaf for photosynthesis. It is also through these stomata, that water vapor and COS are
exchanged between the air and the leaf cells. Traditionally it was assumed that stomata
close in the night because photosynthesis ceases in the dark. Uptake of COS by ecosystems
has been reported in several studies and, if this is due to uptake in the plant leaves, this
means that the stomata do actually not fully close in the night. COS can be taken up in the
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dark because the hydrolysis of COS in plants, a chemical reaction catalysed by the enzyme
carbonic anhydrase (CA), does not require light. This is in contrast to the uptake of CO2
through photosynthesis that does depend on light. As COS uptake in leaves is not limited by
light but mainly by the stomatal opening (or stomatal conductance), the nighttime uptake
of COS may not be negligible. In chapter 3, the nighttime ecosystem flux of COS is carefully
quantified based on two different methods. It is shown that in the late growing season
(July–November) the nighttime COS uptake was 21 % of the total daily COS uptake, which
is a considerable amount of the total COS plant sink. From correlations of COS and CO2
with 222Rn (radon), which is produced in the soil and accumulates in the stably-stratified
nighttime atmosphere, it was inferred that a large part of the COS sink is not located at the
ground, but rather at the tree foliage. This was supported by the measurements of the soil
exchange of COS, which contributed 34–40 % of the nighttime uptake. This shows that the
uptake of COS by the soil does not explain all the COS that is taken up in the ecosystem.
Moreover, a correlation between nighttime COS uptake and stomatal conductance at
the leaf scale was found, which supports the notion that the nighttime COS exchange is
through stomata in the ecosystem. This underlines the role that COS can have in other
fields of research that rely on the exchange of gases through leaf stomata. For example,
stomata control the transpiration of water vapor by leaves and therefore links to the plant’s
water status, which is a crucial component in the response of plants to a changing climate.
The relations that are presented in chapter 3 will help implementing nighttime COS uptake
in models. This will be necessary given the contribution that nighttime COS uptake has on
the total daily uptake of COS by plants.

Chapter 4 deals with the relationship between COS and CO2 uptake at the branch level.
The relationship is described with the leaf relative uptake (LRU), which is the ratio of the
COS and CO2 uptake, normalized to their atmospheric COS and CO2 mole fractions. In
previous studies, LRU has mainly been presented and used as a single-value parameter,
meaning that COS uptake can simply be translated into CO2 uptake (and thus GPP) by
multiplication with a single value. However, if COS and CO2 uptake respond differently
to variations of environmental conditions, the translation of COS uptake to GPP should
account for this. For example, the different response of photosynthesis and COS uptake
to light makes that the relationship between COS and CO2 uptake is not constant over
different light levels, which means that the LRU parameter is expected to depend on
light as well. Previous studies that investigated the variability of LRU were confined to
laboratory conditions or field measurements being done over a short period of time,
which limits the understanding of the natural variability of LRU over the season. In this
study, branch exchange of COS and CO2 was measured in Scots Pine trees in Hyytiälä,
Finland, over different phenological stages in the growing season. In this way it was
possible to determine LRU for this tree species and to characterize the variability of LRU
under natural environmental conditions. An important finding of our study is that different
environmental parameters affect the COS uptake in different periods of the growing season.
Early in the season, COS uptake is strongly dependent on temperature, which indicates
that the COS uptake is determined by the activity of the enzymes in the leaf that respond
to temperature. In the peak growing season, the diurnal variation of COS uptake is mainly
controlled by stomatal conductance, which underlines the close link of COS with the
exchange of other gases through the stomata, as was outlined in chapter 3. The stomatal
opening is largest in the morning and is consistent with a peak in COS uptake. In the
afternoon, the air gets dry and as a response the stomata close to prevent excessive water
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loss. This stomatal closure leads to a decrease in COS uptake. However, it is found that not
only the stomatal conductance controls COS uptake during daytime. It is likely that also
the biochemical reactions in the plant, or the diffusion of the gases into the plant cells limit
COS uptake during daytime. More importantly, COS uptake is found to respond stronger
to stomatal closure than CO2 uptake. The reason is that stomatal conductance is a more
dominant component for the COS uptake pathway than that of CO2. Besides the variation
of LRU with light, this also means that LRU varies with stomatal conductance, which
needs to be accounted for when COS is used to determine photosynthetic CO2 uptake. A
light-response curve of LRU is determined that also accounts for the non-constant LRU at
high light due to variable stomatal conductance.

As the total ecosystem exchange of COS is measured, and also that of individual com-
ponents within in the forest (soil and branches), it is possible to determine COS-based
estimates of GPP. COS ecosystem exchange is corrected for the contribution of the soil (13
% of the daytime ecosystem exchange of COS) and an accurate representation of LRU is
used based on the branch measurements. The results demonstrate that it is essential to
incorporate the variable relation between COS and CO2 uptake with light and humidity for
accurate estimations of GPP. Modelling studies can implement this through mechanistic
modelling of the different physiological processes of COS and CO2 uptake, or by taking into
account the variability of LRU with light and humidity. The relations found in this study
will also help to scale up COS-based GPP from the leaf scale to the ecosystem, regional and
global scales.

In chapter 5, the local to regional sources and sinks of COS are inferred from mole
fraction measurements at the Lutjewad tower at the northern coast of the Netherlands.
The site consists of tidal mud flats of the Waddensea in the north, and agricultural land in
the south. The diurnal cycle of COS mole fractions is strongly influenced by the nighttime
uptake of COS coupled with a shallow nocturnal boundary layer. The boundary layer is
the lower part of the atmosphere that is directly influenced by processes at the Earth’s
surface. This layer is thin during the night, only 50-200 meters high, and is thicker during
the day, about 1500-2000 meters high. In a shallow boundary layer, the gases accumulate
more (or get diluted in the case of uptake at the surface) than in a thick boundary layer.
Therefore, the diurnal change of the boundary layer height has large influence on the gases
that we measure. The nighttime exchange is determined to be -2.9 ± 1.8 pmol m°2 s°1

from August to November and -7.2 ± 2.6 pmol m°2 s°1 in April. The negative sign indicates
that COS is taken up by the ecosystem. When it is assumed that the soil exchange of COS is
constant over the season, like it is at the Hyytiälä site, the larger nighttime uptake in spring
than in autumn indicates the role of vegetation at this site. With southern wind, COS is
influenced by COS uptake from inland. We found no indications that the mud flats and
salt marshes at the coast are a net sink or a net source. We observed enhancements of
COS mole fractions in the order of 1000 ppt (during a few hours) to 100 ppt (during a few
days) at three occasions. These moments coincided with ploughing of nearby agricultural
fields, indicating that COS is produced within the agricultural soil. This study improved
our understanding of the variability of atmospheric COS mole fractions and of the local to
regional sources and sinks of COS using atmospheric mole fraction measurements at the
northern coast station in the Netherlands.

This thesis showed that with accurate treatment of the measured data and by measuring
all components of COS exchange in a single ecosystem, it possible to use COS to determine
GPP at the ecosystem level. In general, our findings support the use of COS as a tracer for
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photosynthetic CO2 uptake. Chapter 6 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. The close relation between COS and stomatal conductance makes COS
not only relevant for the carbon cycle, but also for other fields of research that rely on the
exchange of gases through plant stomata, such as the water cycle. COS therefore provides
several avenues to aid in climate feedback studies and to help better understanding the
climate system.
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