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6
DISCUSSION AND OUTLOOK

This chapter gives an overview of the most important findings of this PhD research, dis-
cusses them and finally provides an outlook based on that. The relevance of the results is
discussed in light of using COS as a tracer for GPP, but the discussion also extends beyond
this concept, with COS as tracer for stomatal conductance. Finally, the role that COS can
have in obtaining GPP estimates is discussed, as well as a few key aspects that need further
investigation before COS can be widely applied as a tracer for GPP.

6.1. DISCUSSION

6.1.1. MEASUREMENTS OF COS

In chapter 2 of this thesis the quantum cascade laser instrumentation (QCLS; Aerodyne
Research Inc.) is tested for its accuracy and precision. A sampling system was built that
allows for continuous measurements of COS and CO2 in the field. Based on laboratory tests,
an optimal calibration routine was developed for accurate and precise measurements of
COS, while at the same time taking into account logistical considerations such as the use of
cylinder gases. Frequent measurements of calibration standards (air cylinders with known
mole fraction values to correct for instrument drift) was more important than frequent
background measurements (measuring a ‘zero’ air spectrum by flushing the sample cell
with high-purity nitrogen). Determining hourly response curves (using two cylinders) does
not have added value over a single bias correction (using one cylinder) together with a
fixed response curve (determined from laboratory calibrations). The response of COS mole
fractions was determined over a relatively small mole fraction range that was available
from calibration standards. A better approach would be to calibrate COS with mixtures
of ppm-level COS, such that a wide range of mole fractions can be calibrated (LaFranchi
et al., 2015; Bunk et al., 2017). Calibrating with mixtures of high-level COS would also solve
the problem of drifting mole fractions in cylinders. Aculife treated aluminum cylinders are
typically more stable than untreated cylinders, but do not guarantee drift-free conditions.
Furthermore, the temperature stability of the instrument was improved by extending
the cooling lines of the ThermoCube chiller and by adding an extra layer of temperature
isolation. However, improvement of the temperature stability of the instrument did not
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show a consistent relation with instrument precision. Instead, variations in the preci-
sion were largely driven by mirror alignment. Nevertheless, improving the temperature
stability is useful to reduce the needed time interval of reference gases, as it reduces the
temperature-related instrument drift.

A finding that is crucial for users of the QCLS for COS measurements is that it was found
that the presence of H2O affects COS mole fraction measurements more and differently
than the dilution effect does. This is due to the effects of a small H2O peak close to the COS
peak. As a result, COS mole fractions were found to increase with increasing H2O by 3 % per
1 % increase of H2O (which is on the order of 15 ppt for mole fractions around 500 ppt COS),
whereas the dilution effect alone would cause a decrease of COS by 1 %. This problem is
relevant for all QCLS users that measure COS at a wavelength of 2050.4 cm°1 and measure
COS in air with variable H2O concentrations. Measurement biases in COS exist if this
interference is not corrected for, which may lead to incorrect interpretation of the data.
This problem does not only involve studies measuring atmospheric concentrations, but
also studies measuring COS from for example chamber enclosures of leaves and soil that
involve transpiration and/or evaporation. The water vapor dependent error can be solved
with adjustment of the instrument software settings, correction curves (both presented in
chapter 2), or by drying the sample air. Recent results of Bunk et al. (2017) showed that
these H2O influences not only occur with the QCLS from Aerodyne Research Inc. (USA), as
they also found a water vapor dependent offset of COS mole fractions measured with a
QCLS from Los Gatos Research Inc. (USA). These results emphasize that this is a common
problem across different optical instruments rather than a problem of one single analyzer.

Based on all uncertainties involved in the retrieval and processing of the QCLS measure-
ments, the overall uncertainty was determined to be 7.5 ppt for COS, 0.23 ppm for CO2 and
3.3 ppb for CO. The relevance of different uncertainty contributions for different types of
analyses was discussed. For example, for comparison across sites it is important that data
from different sites are on consistent scales and therefore all uncertainty contributions
that were listed are relevant. However, when only precision is important, e.g. to detect
differences between heights at one site, then the QCLS provides sufficient precision to
detect differences larger than 6.0 ppt for COS, 0.13 ppm for CO2 and 1.1 ppb for CO in
wet air. In Table 5.1 of chapter 5 it was shown that the precision of the measurements was
not stable over time and that the precision decayed. It is not sure what the reason is for
the changing precision, but potential causes are imperfect alignment, dirty cell mirrors or
laser aging.

6.1.2. NIGHTTIME FLUXES OF COS

In chapter 3 of this thesis the nighttime ecosystem fluxes of COS are carefully quantified
for a boreal forest site in Hyytiälä, Finland. Two different methods were used to determine
the fluxes: eddy-covariance measurements, and the radon-tracer technique, which led
to consistent flux estimates, namely -7.9 ± 3.8 pmol m°2 s°1 and -6.8 ± 2.2 pmol m°2 s°1

(notations indicate the median ± standard deviation) for the two methods, respectively.
Nighttime fluxes of COS were also determined using the radon-tracer technique at the
Lutjewad site in the Netherlands (chapter 5), which showed an average nighttime flux of
-2.9 ± 1.8 pmol m°2 s°1 in the late growing season and -7.2 ± 2.6 pmol m°2 s°1 in April,
with occasional positive fluxes that were associated with ploughing of the agricultural
fields. In the late growing season in Hyytiälä the nighttime COS uptake was 21 % of the
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total daily ecosystem-scale COS uptake, which is a considerable amount of the total COS
plant sink. From the correlations of COS and CO2 mole fractions with 222Rn it was inferred
that a large part of the COS sink was not located at the ground but rather at the tree foliage.
This was supported by the soil fluxes of COS, which contributed 34–40 % of the nighttime
uptake. The correlation of COS mole fractions with 222Rn also suggests that the understory
vegetation is not the main contributor of COS uptake at the site. Moreover, a decreasing
COS uptake was accompanied by a decrease in stomatal conductance, which is a strong
indication that COS is taken up by the leaves. The correlations were rather low, due to
a low signal-to-noise ratio, and because leaf-level stomatal conductance was compared
with fluxes from the ecosystem-level. Nighttime COS uptake was also observed in chapter
4, but then at the leaf-level, which confirmed the hypothesis from chapter 3 that COS is
indeed taken up at the leaves. The leaf uptake of COS in the dark is possible because the
carbonic anhydrase (CA) enzyme that drives the COS uptake does not require light. Still,
the COS uptake was lower during the night than during the day. This lower COS flux was
caused by the partial stomatal closure in the dark as a response to ceased photosynthesis.
The strong influence that the stomatal conductance has on the COS uptake is confirmed
by the strong correlation of the leaf-level COS uptake with stomatal conductance that was
shown in chapter 4. These findings confirm the idea that, besides the use of COS as a tracer
for GPP, COS can also be useful to characterize stomatal conductance as was proposed
by Commane et al. (2015) and Wehr et al. (2017). Our results confirm that stomata do not
fully close during the night, in contrast with traditional views (Wang and Dickinson, 2012;
Resco de Dios et al., 2015). Therefore, the strong correlation of COS uptake with stomatal
conductance will be useful for modelling of nighttime stomatal conductance. Hence, the
use of our knowledge on nighttime COS fluxes extends beyond that of the COS budget: it is
also relevant to understand the regulation of plant water status (Buckley, 2017). Thereby it
links to both the carbon and water balance.

6.1.3. CONTROLS ON LEAF COS FLUXES

COS and CO2 fluxes were measured at the leaf level over a period of five months from early
spring to summer in Hyytiälä, which provided new insights into the environmental param-
eters that influence the leaf COS uptake in different phenological stages. 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, when air temperatures could
go below 0 °C, the COS uptake was limited by temperature, which gives an indication that
the enzyme activity could limit COS uptake at low temperatures. Later in the season, when
the temperature was not limiting COS uptake, a strong control of the stomatal conductance
on the diurnal dynamics of COS uptake was found (see also the previous section). However,
the response of COS uptake to stomatal conductance varied with light availability. Using
calculations of the internal conductance it was shown that the COS uptake was not only
limited by stomatal conductance during daytime, but also by the internal conductance,
where the internal conductance represents non-stomatal resistances in the uptake path-
way of COS, i.e. biochemical reactions and mesophyll conductance. These results imply
that if COS is to be used as tracer for stomatal conductance, the effect of the internal
conductance should be accounted for as well.
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6.1.4. THE RELATION BETWEEN COS AND CO2 FLUXES

The better understanding of COS fluxes also gave insight into variations in the relation
between COS and CO2 uptake, which is key to make accurate estimates of GPP. As the CO2
uptake ceases in the dark while COS is still taken up by the leaves, there is a strong increase
of the leaf relative uptake (LRU) ratio with decreasing light levels, which supports the
findings in Stimler et al. (2011) and Sun et al. (2018b). The light-dependence of LRU was
observed in all months and did not only affect the diurnal variation of LRU (with increasing
LRU in the early morning and late afternoon), but also the day-to-day variation of LRU.
LRU typically peaked during cloudy days; the low light levels during these days limited the
CO2 uptake, whereas COS uptake was not affected. The variability of LRU with light has
to be taken into account for accurate estimation of GPP. In previous studies LRU values
have not always been determined at high light levels, which would have led to higher LRU
values than those measured at high light levels. It is therefore important that future studies
report LRU together with the light level in which it is measured.

Even in conditions in which LRU is no longer dependent on light (when the CO2 uptake
is light-saturated), LRU did not become constant. In the peak growing season there is a
correlation between LRU and stomatal conductance at high light levels. This implies that
the uptake of COS and CO2 in leaves respond differently to stomatal conductance. The
hypothesis to explain this observation is that COS uptake is less limited by subsequent
biochemical reactions than CO2 uptake is, and therefore the humidity-induced stomatal
closure is a stronger limiting component for the COS uptake pathway than for CO2 (Sun
et al., 2018b). The pattern of a humidity dependence at high light levels was also found
by Sun et al. (2018b) for wetland plants. The fact that we now find a similar response to
humidity in a boreal forest indicates that this may be common in plants. These results
revealed that LRU is not constant, not even when the light dependence is considered. It is
therefore critical that LRU should not be held constant to derive COS-based GPP estimates.

6.1.5. NON-VEGETATIVE ECOSYSTEM SOURCES AND SINKS OF COS

COS fluxes by the soil can hinder the use of COS as tracer for GPP when the soil fluxes
comprise a substantial part of the total ecosystem flux. Soil fluxes were measured in
Hyytiälä in 2015 and 2016, of which the measurements in 2015 are reported by Sun et al.
(2018a). The soil was a small sink of COS with an average flux of -2.7 pmol m°2 s°1. The
magnitude of the soil fluxes was on average 13 % of the ecosystem COS flux during daytime
in the peak of the season (July). Ignoring the soil COS flux would therefore bias the GPP
estimate by 13 % as well. The variations of the soil flux over the season were small and
driven by soil moisture, probably because a high soil moisture content can limit diffusion
through the soil column (Sun et al., 2018a). The fact that the soil flux is rather constant
makes correcting for this flux straightforward when the ecosystem flux of COS is used to
calculate GPP.

The soil and ecosystem fluxes were not measured separately in Lutjewad, but if it is
assumed that estimated nighttime fluxes in winter are predominantly driven by the soil
and are constant over the day and year, like in Hyytiälä, then it is inferred that the soil
fluxes in Lutjewad are generally a small sink of COS as well. However, when the agricul-
tural land around the Lutjewad measurement site was ploughed, spikes were observed in
atmospheric COS mole fractions. This provided evidence that COS is also produced in the
soil, indicating that COS is consumed and produced in the soil at the same time. One spike
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of atmospheric COS mole fractions coincided with that of SF6, but the exact origin of these
signals could not be deduced.

Wetlands have been found to be a source of COS (Devai and Delaune, 1995; Delaune
et al., 2002; Whelan et al., 2013); however, from our atmospheric measurements of COS
mole fractions at the Lutjewad station, no indications were found that the tidal mud flats
and salt marshes of the Waddensea near the measurement station are a source (or sink) of
COS. The reason that no emissions were found from the Waddensea could be that COS
emissions are balanced by COS uptake by vegetation in the salt marshes, or that the fluxes
from the Waddensea are very small.

Apart from soil fluxes, emissions have also been observed in mosses and liverwort,
which are both bryophytes, non-vascular plants (Gimeno et al., 2017). The emissions
that Gimeno et al. (2017) observed were increasing with temperature and light intensity.
When COS consumption and production by the leaf happen concurrently, the separate
fluxes cannot be detected from leaf-gas exchange measurements in field conditions. The
existence of COS emissions can be detected in controlled lab conditions by determining
the COS compensation point, which is the concentration where the net COS flux is zero,
i.e, where COS production and emission are equal. No detectable compensation point was
found by Stimler et al. (2010a). Other studies do report compensation points above zero,
mainly below typical ambient COS mole fractions, between 37 and 393 ppt (Kesselmeier
and Merk, 1993; Kuhn and Kesselmeier, 2000; Geng and Mu, 2005; Gimeno et al., 2017),
which means that plants are a net sink of COS, but that this sink is the net effect of co-
occurring uptake and production. Geng and Mu (2005) also observed compensation points
above ambient COS mole fractions (ª800–900 ppt) in two tree species, which means that
these trees could emit COS under natural conditions.

The leaf-scale chamber measurements presented in chapter 4 revealed strong control of
stomatal conductance on COS uptake, e.g. a decrease of COS uptake at high PAR coincided
with a decrease of the stomatal conductance. The linear correlation between COS uptake
and stomatal conductance was found to vary with light, which can be explained by a
variable relative importance of the internal conductance at different moments of the day
(hence, different light levels). Still, the lower COS uptake at high light could at the same
time be an indication that emissions of COS exist and vary with light. If COS is indeed
emitted from the leaves, the internal conductance would be larger than those calculated
in chapter 4. With the current dataset, we are not able to confirm or rule out possible
emissions of COS from (the surface of) leaves and/or branches.

Since CA is also present in bryophytes (such as mosses) and lichen, also those organ-
isms can take up COS (Kuhn and Kesselmeier, 2000; Gimeno et al., 2017). It is currently
unclear what the role of these organisms is on the COS budget in ecosystems.

Another process that could produce COS in an ecosystem is outgassing of COS from
water droplets. Precipitation water was found to be supersaturated with COS (Belviso et al.,
1987; Mu et al., 2004), and when the COS in water droplets is outgassed this would create a
source of COS. However, Campbell et al. (2017b) estimated that even in very dense clouds
the COS in dry air would represent 99.99 % of the COS in air parcels and that only a very
small fraction is dissolved in water (Whelan et al., 2018). Therefore, the source of COS from
outgassing fog or rain droplets would be too small to be detectable.
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6.1.6. COS-BASED GPP ESTIMATES

With the availability of ecosystem COS fluxes from eddy covariance measurements in
Hyytiälä, it was possible to make COS-based GPP estimates using equation 1.1 (in chapter
1). Estimates of the COS soil flux based on the measurements presented in Sun et al.
(2018a) were subtracted from the ecosystem flux, so that the remaining flux represents
the vegetative COS flux in the ecosystem. Besides of the flux measurements, also the
mole fractions were assured to be accurate for the calculation of GPP with the calibration
routines developed in chapter 2. The better understanding of the variability of LRU that was
obtained in chapter 4 contributed to the accuracy of the COS-based GPP estimates. The
significance of including the light-dependency—which also incorporated the non-constant
LRU at high PAR—was illustrated; a constant LRU led to 24 % overestimation compared to
a light-dependent data-driven LRU. The COS-based GPP estimate was compared with the
traditional flux-partitioning method after Reichstein et al. (2005) for which the nighttime
relation between temperature and respiration is extrapolated to the daytime. The COS-
based and traditional GPP estimates were similar, with the COS-based GPP estimate
being 7 % larger. Still, the difference between the COS-based GPP and traditional GPP
estimates was larger than their uncertainties, indicating that the COS-based GPP can be
used to detect biases in other methods. However, the LRU that is used is based on PAR
levels at the top of the canopy and does not account for lower PAR within the canopy or
different humidity levels. These different conditions within the canopy need to be taken
into account in a canopy-integrated LRU to be able to use the COS-based GPP to validate
other flux-partitioning methods. The current COS-based GPP estimate does not allow for
drawing conclusions about over- or underestimations of GPP in other methods, but the
current state of knowledge is not far from application of COS for that purpose.

6.2. PERSPECTIVES AND RECOMMENDATIONS

6.2.1. THE ROLE OF COS IN OBTAINING GPP ESTIMATES

The potential of using COS as a GPP tracer on ecosystem scale was demonstrated in this
thesis. The development of the measurement routines and the characterization of both
the soil and ecosystem fluxes, and of the relation between leaf-level COS and CO2 uptake
was required to get to the final accuracy of COS-based GPP estimates that was achieved
in this work. Although the measurement routines and relations that were found in this
work may apply elsewhere, it still takes effort to make COS measurements at the ecosystem
level due to the costs of the instrumentation and the hands-on experience that is favored
for deployment in the field. Therefore, the number of stations measuring long-term
records of COS fluxes are currently limited, and limits the wide application of COS as a
standard approach to determine GPP on ecosystem scale, despite of its potential. Still, the
strength of using COS as a GPP-tracer is that it can be used complementary to other flux-
partitioning techniques and can cross-validate those. COS can be used to assess assumed
relations in other methods, such as the relation between respiration and temperature used
in the method after Reichstein et al. (2005). Respiration estimates obtained from NEE and
COS-based GPP will aid in assessing and improving such algorithms. Improvements and
development of flux-partitioning methods do not rely on COS alone. Other approaches that
can aid in assessing flux-partitioning methods are for example the use of O2, 13C, 18O and



6.2. PERSPECTIVES AND RECOMMENDATIONS

6

123

17O isotopes in CO2, where the latter is an additional constraint on GPP estimates from 18O
as it is not dependent on other factors such as precipitation, temperature and modelling of
18O isotopes in water pools (Hoag et al., 2005). Also chlorophyll-a fluorescence provides
a constraint on photosynthesis (Sun et al., 2017) as it contains information about the
amount of energy used for light reactions in the plant that is required for photosynthesis.
Combining these approaches can make advancements that are required for accurate
carbon cycle modelling.

The number of studies making COS-based GPP estimates is still limited, as many
studies are still focused on investigating the processes underlying COS sources and sinks.
Still, COS was already shown to be useful to estimate the growth of GPP in the 20th century
with the use of ice-core measurements of COS (Campbell et al., 2017a), and COS was used
to locate the GPP hotspot in the Midwest USA (Hilton et al., 2017). The latter was made
possible by the measurement network by NOAA/ESRL (Montzka et al., 2007). However,
this network is mainly focused on North America and does not cover the whole Earth. For
COS to be used as tracer for GPP on the global scale, world-wide coverage of accurate COS
mole fraction measurements at the surface is required. This would require an expansion of
the existing network, or accurate satellite-based measurements that are sensitive to the
lower atmosphere. The next section discusses further advancements that need to be made
for full utilization of the COS-tracer technique.

6.2.2. ADVANCEMENTS TO MAKE

The characterization of soil fluxes and the variability of LRU for branches of the main
tree species in the ecosystem was critical to make accurate COS-based GPP estimates
in this thesis. Such studies—measuring soil and ecosystem fluxes simultaneously and
characterizing branch fluxes—should be replicated for other biomes to test if the relations
that were found in this study apply to other biomes as well. Of particular interest would be
tropical forests, which are currently not represented in the COS literature (Whelan et al.,
2018). Additionally, tropical forests have a large share in global GPP, but at the same time
they have the largest uncertainty (Beer et al., 2010). Making use of COS in these ecosystems
would help to find more accurate GPP estimates in these regions and globally.

The variability of soil fluxes is investigated in several studies (see Fig. 7 of Whelan et al.,
2018; Kaisermann et al., 2018) and it is now well accepted that the magnitude of soil fluxes
needs to be considered for accurate GPP estimates. Soil models have been developed and
include the consumption, production and diffusion of COS in the soil (Ogée et al., 2016;
Sun et al., 2015). It is now key that these soil models get validated for different soil types
and biomes for the wide application in regional and global GPP estimates. Moreover, the
production of COS in soils is poorly understood, particularly in agricultural soils. It would
be highly valuable to study if and how soil fertilization triggers COS emissions in these
soils. In this study, the effect of ploughing is clearly visible as a large short-term signal,
indicating the importance of COS sources in agricultural land.

Several studies have found indications for emissions of COS or a non-zero compensa-
tion point from plants, which would hinder the use of COS as tracer for GPP. The response
of COS emissions to light and temperature was indicated for two types of bryophytes
by Gimeno et al. (2017). Future studies would have to investigate if and under which
conditions COS emissions can occur in higher plants. To investigate potential emissions,
controlled laboratory experiments such as by Gimeno et al. (2017) and Stimler et al. (2010a)
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are required, such that concurrent effects of light, temperature and humidity, that are
encountered in the field, can be investigated separately. For such studies, the effect of
chamber material emissions has to be carefully tested before conclusions can be drawn
on plant emissions. Also the water vapor-dependent error in QCLS measurements that
was pointed out in chapter 2 needs to considered, such that increased water levels by leaf
transpiration do not affect the COS mole fractions when measurement techniques are
based on absorption spectroscopy.

Modelling studies need to implement the variable relation between COS and CO2
uptake, either through mechanistic modelling of the different physiological processes, or
by taking into account the variability of LRU with light and humidity. In any case, this thesis
showed that a constant LRU assumption is not sufficient. In addition, an LRU estimation
from leaf or branch measurements should be used with caution when applied to ecosystem
and regional scales, due to the variability in light and humidity within the canopy and in a
region.

When working on regional and global scales, COS mole fractions also get influenced by
other sources and sinks than those in vegetated ecosystems. The current understanding of
the sources and sinks of COS leads to a gap in the total COS budget, with a large source
missing. Anthropogenic and oceanic emissions are estimated to be the largest sources
of COS (Whelan et al., 2018) and hold large uncertainties due to the limited number
of measurements. On top of that, anthropogenic emissions are typically point sources
and many local measurements are required for proper characterization of those sources.
Moreover, most data are collected over Europe and North America, whereas much of
the rayon industry (possibly the largest anthropogenic source of COS) is located in Asia.
Therefore, improving our understanding of anthropogenic and oceanic COS emissions
could help providing the needed information to close the gap in the COS budget, which is
key for the regional and global application of COS as a tracer for GPP.
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