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Abstract understanding the processes that control the terrestrial exchange of carbon is critical for
assessing atmospheric CO, budgets. Carbonyl sulfide (COS) is taken up by vegetation during
photosynthesis following a pathway that mirrors CO, but has a small or nonexistent emission component,
providing a possible tracer for gross primary production. Field measurements of COS and CO, mixing ratios
were made in forest, senescent grassland, and riparian ecosystems using a laser absorption spectrometer
installed in a mobile trailer. Measurements of leaf fluxes with a branch-bag gas-exchange system were made
across species from 10 genera of trees, and soil fluxes were measured with a flow-through chamber. These
data show (1) the existence of a narrow normalized daytime uptake ratio of COS to CO, across vascular
plant species of 1.7, providing critical information for the application of COS to estimate photosynthetic
CO, fluxes and (2) a temperature-dependent normalized uptake ratio of COS to CO, from soils. Significant
nighttime uptake of COS was observed in broad-leafed species and revealed active stomatal opening prior
to sunrise. Continuous high-resolution joint measurements of COS and CO, concentrations in the boundary
layer are used here alongside the flux measurements to partition the influence that leaf and soil fluxes

and entrainment of air from above have on the surface carbon budget. The results provide a number of
critical constraints on the processes that control surface COS exchange, which can be used to diagnose the
robustness of global models that are beginning to use COS to constrain terrestrial carbon exchange.

1. Introduction

Better constraints on the processes that control the magnitude of the terrestrial carbon sink are needed

in order to improve understanding of climate-carbon feedbacks [Schimel et al., 2001] and guide climate
change mitigation strategies aimed at using forests for carbon sequestration [Barford et al., 2001]. Studies
that have reconstructed temporal variations in the terrestrial carbon cycle using, for example, flux [Urbanski
et al., 2007] or flask [Ballantyne et al., 2012] data have revealed long-term trends and interannual variability
in carbon uptake that are not reproduced by the current carbon cycle models [Friedlingstein et al., 2006]. This
discrepancy highlights the presence of missing processes in the models which, in part, reflects the obser-
vational challenge of separating net ecosystem exchange into its constituent source and sink terms (i.e.,
terrestrial ecosystem respiration and gross primary production, respectively). Observations that can clearly
delineate respiration and photosynthetic fluxes on subseasonal time scales are thus needed to develop
empirical relationships between climate and carbon cycling, which can be utilized to diagnose model skill
and improve their predictive capabilities [Beer et al., 2010].

CO, and H,O0 fluxes derived from the global network of eddy covariance sites are amongst the few obser-
vationally based data with high temporal resolution available on terrestrial carbon cycle fluxes [Baldocchi
et al., 2001]. However, because of the requirement for a highly turbulent atmosphere to accurately retrieve
fluxes from this method, data gaps emerge during stable periods such as the night and early mornings
[Fisher et al., 2007; Wilson et al., 2002; Gu et al., 2005; Berkelhammer et al., 2013]. The inability to accurately
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retrieve nocturnal carbon fluxes leads to difficulties in constraining the respiration fluxes from soil. Attempts
to overcome this issue have been pursued through the use of soil chambers, analysis of respiration during
turbulent nights, utilization of the covariance of water and carbon fluxes, advection experiments, and mea-
surements of isotope ratios in atmospheric CO, [Lasslop et al., 2009; Lavigne et al., 1997; Scanlon and Kustas,
2010; Yakir and Wang, 1996; Loescher et al., 2006; Aubinet et al., 2010]. Although there is qualitative agree-
ment between many of these approaches, discrepancies are significant enough to warrant the investment
associated with the development of independent methods to characterize the magnitude of CO, fluxes.

Measurements of the concentration or fluxes of carbonyl sulfide (COS) may provide a direct constraint on
gross primary production (GPP) [Blonquist et al., 2011; Wohlfahrt et al., 2012; Asaf et al., 2013]. The idea of
this proxy originated from observational studies suggesting COS is directly consumed by vegetation [e.g.,
Mihalopoulos et al., 1989]. An inventory of the covariation of COS and CO, over terrestrial sites from the
National Oceanic and Atmospheric Administration (NOAA) flask network by Montzka et al. [2007] suggests
the timing and amplitude of the COS seasonal cycle is consistent with plants being the dominant terrestrial
sink and that the ratio of CO, to COS uptake is generally consistent between sites. A growing body of COS
data support the idea that this could be used as a GPP proxy by showing (1) the uptake ratio between COS
and CO, is common across species [Stimler et al., 2010a; Sandoval-Soto et al., 2005], (2) there is a lack of
COS emissions by actively photosynthesizing plants (i.e., a retroflux) [Wohlfahrt et al., 2012; Simmons et al.,
1999; Stimler et al., 2010a], and (3) an emerging theoretical understanding of the physical (i.e., stomata) and
enzymatic (i.e., carbonic anhydrase) pathway for COS consumption that agrees with the observed uptake
ratio between COS and CO, [Protoschill-Krebs et al., 1996; Seibt et al., 2010]. These works based on both
greenhouse and field observations find a covariance between COS fluxes and photosynthetic active radia-
tion and humidity, implying a stomatal control for COS uptake. The stability of the ratio of COS to CO, uptake
across species is understood to arise because the two species diffuse into leaves along a similar pathway to
the mesophyll where carbonic anhydrase reacts with the molecules [Protoschill-Krebs et al., 1996].

Recent field measurements by Asaf et al. [2013] show promising indications that COS can be used as a GPP
proxy across a variety of ecosystems. The results from this seminal study find general agreement between
GPP estimates derived from traditional CO, flux methods and COS data. However, at most of the ecosys-
tems studied, COS-derived GPP was larger than the estimates derived from CO, fluxes. These differences
may highlight a systematic bias in one or both of the approaches. For example, this discrepancy could
arise if the soil CO, source is being overestimated or the soil COS sink is being underestimated. In order

to properly assess where the differences arise between these methods and provide tighter constraints for
global modeling of COS [Berry et al., 2013; Campbell et al., 2008], a number of existing issues regarding con-
trols on the surface COS budget must still be addressed. These issues include (1) better constraints on COS
fluxes from soils, senescent vegetation, and other nonvegetative sources [Van Diest and Kesselmeier, 2008;
Simmons et al., 1999; Liu et al., 2010; Kuhn et al., 1999; Kesselmeier et al., 1999; Maseyk et al., 2012], (2)
field-based measurements of plant fluxes across ecosystems, and (3) boundary layer ambient surface mea-
surements to address whether our understanding of the COS cycle is sufficient to close the gap between
continental/seasonal variations [Montzka et al., 2007; Campbell et al., 2008] and the process scale [Stimler et
al., 2010a; Seibt et al., 2010; Sandoval-Soto et al., 2005].

A significant technical breakthrough toward addressing these issues is the ability to now make online COS
measurements using infrared laser absorption spectrometry [Stimler et al., 2010b]. This technique provides
in situ measurement capabilities that historically were not possible using discrete flask and laboratory-based
gas chromatography-mass spectrometry (GC-MS) analysis [Montzka et al., 2007]. The results from Stimler

et al. [2010b], Asaf et al. [2013], and [Commane et al., 2013] all show measurements using this technique
can be made at a temporal resolution greater than 1 Hz with an analytical uncertainty comparable to flask
measurements. Here we take advantage of this new technology and (1) validate the critical assumption that
the uptake ratio of COS to CO, is stable across a diversity of species and ecological settings and (2) evaluate
the role that soils and entrainment play in controlling the boundary layer COS budget.

2. Methods

2.1. Analytical Instrument

The commercially available Los Gatos Research Inc. COS, CO,, H,0, and CO off-axis integrated cavity out-
put spectroscopy analyzer (Model: 907-0028) was installed in a mobile trailer (Figure 1) [Provencal et al.,
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Example Sample Sequence for fluxes:
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Figure 1. Schematic of the complete analytical setup for the campaign. See section 2 for details on instrument model specifications. The soil chamber is a custom
welded stainless steel chamber [Miller et al., 1999] and branch bag is a custom-made Teflon bag suspended with a stainless steel inner cage [Harley et al., 2003].
All external plumbing was done using one-fourth inch Synflex, except for the inlet line suspended above the trailer, which was one-fourth inch stainless steel. The
method used for flux analysis is described in the top right of the figure.

2012]. The system uses a 4.5 pm quantum cascade laser coupled into a high-finesse 400 cm? optical cavity
and light transmitted through the cavity is focused onto an amplified HgCdTe detector. COS is detected at
~2050.40 cm~', CO, at 2050.56 cm~', CO at ~2050.86 cm™', and H,0 at ~2050.66 cm~". The pressure broad-
ening associated with changes in the concentration of water vapor in the samples are corrected for in the
spectral analysis routine. Concentrations for each species are reported throughout the paper as a dry mole
fraction following correction for the dilution effect of the water vapor concentration. The cavity is main-
tained at a pressure of 6.0 +0.03 torr with a flow rate of 1 L/min. Laboratory experiments show the system
has a precision for COS, CO,, and CO of 10 pmol mol~', 0.2 pmol mol~', and 0.6 nmol mol~" for 10 s averaged
measurements, respectively (Figure S1 in the supporting information). We did not assess the uncertainty in
the H, O retrievals, and therefore, these values are only discussed in relative terms.

There is negligible interference between COS and CO, across a wide range of concentrations (Figure S2 in
the supporting information) and the humidity dependence of the COS measurement after correction for
pressure broadening across the range of humidities observed during this campaign is within the analytical
uncertainty of the instrument (Figure S3 in the supporting information). Although humidity measure-
ments were not pinned to an absolute scale, the relative variations in H,O concentrations are sufficiently
constrained to correct for the pressure-broadening effects. Over the range of humidities experienced in
the field, the bias associated with the humidity-dependence of the retrieval was smaller than the atmo-
spheric signal of interest, and we thus chose to not apply any humidity-bias correction. Reference and
sample gases were introduced into the analyzer through the Los Gatos Research Inc. Multiport Inlet Unit,
a computer-controlled bank of solenoids (Figure 1). Four ultralow humidity reference gases with COS con-
centrations ranging from 340 to 433 pmol mol~! and CO, concentrations ranging from 392.5 to 395.9
pmol mol~! were used throughout the experiment to assess instrument drift. Values for the COS concen-
trations in the reference tanks were established through comparison against a reference gas that was
generated by controlled dilution of a COS stream produced by a permeation tube in a controlled oven
(Vici Model 150 Dynacalibrator). The values established for the tanks through the permeation tube process
were verified by measuring the tanks against an additional reference tank in the field, which was tied to
the NOAA Global Monitoring Division (GMD) lab [Montzka et al., 2007]. The values reported hereafter can
therefore be directly compared against other published results through analysis of this known standard
reference. Reference gases were introduced every hour for 5 min intervals during periods when continuous
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ambient measurements were being made and introduced for 3 min before and after each soil chamber and
branch bag analysis. In addition, a series of flask samples were collected in pairs from the same plumbing as
the air being introduced into the analyzer and analyzed by GC-MS following the methods of Montzka et al.
[2007] for comparison against the in situ measurements (Figure 1).

2.2, Gas Exchange

Air sample inlet lines were plumbed into the trailer through a one-fourth inch diameter bulkhead fitting
with a 2pm stainless steel filter to remove dust. Plumbing was done with a combination of stainless steel
and Synflex®. The flow-through soil chamber used in this study was an acid-washed stainless steel cylindri-
cal chamber, which encompassed a soil surface area of 177 cm? (Figure 1). All parts of the chamber were
made with stainless steel to avoid the possibility of COS emissions from plastics or other synthetic materi-
als. A one-half diameter stainless steel tube extending ~1 inch from the chamber was used to allow ambient
air into the chamber and a one-fourth inch diameter outlet was plumbed into the analyzer. Flow through
the chamber was maintained precisely at 2 L/min to ensure rapid turnover of air in the chamber and min-
imize the likelihood of condensation. In addition, the outlet tube was split into a tee within the chamber

to encourage turbulent flow (Figure 1). The design of the chamber follows that of Miller et al. [1999], which
specifies the need for a wide diameter inlet and narrow outlet to minimize the development of a pressure
gradient between the chamber and ambient atmosphere [Xu et al., 2006]. Throughout the campaign, a
series of experiments were conducted to assess emissions and/or uptake from the soil chamber by sealing
the bottom with a Teflon bag. These experiments consistently showed no measurable COS or CO, emissions
(or uptake) from the chamber.

During sampling of the soil fluxes, litter was generally removed from the sample area and the chamber was
inserted ~2 cm into the soil with a mallet to provide a good seal. A small number of analyses on leaf litter
fluxes were also conducted by placing litter in the chamber and sealing the bottom with a Teflon bag. Air
temperature inside the chamber was monitored during the soil flux analysis using a thermocouple. Gas con-
centrations in the soil chamber were measured for 15 min periods and data from the last 5-10 min of the
analysis (after steady state values had been reached) were averaged. Measurements of ambient air were
done for 3 min before and after each chamber analysis directly adjacent to the chamber inlet (C,pient IN
equation (1)). The ambient air was averaged over the 6 min window (3 min before and 3 min after) yielding
an average uncertainty of less then 9 pmol mol~'. Each soil chamber analysis was done in duplicate or tripli-
cate, to minimize the influence that high-frequency variability in the concentrations of the gas species near
the ground surface have on equation (1). Following analysis of a soil site, the chamber was removed from
the ground, cleaned, and reset in a new location following the method described above.

Leaf fluxes were measured using a custom-made Teflon branch bag gas exchange system with an inner
stainless steel wire that maintained air space between the Teflon bag and the leaves. The design of the sys-
tem closely follows that described by Harley et al. [2003]. Flow through the branch bag was maintained at
3.8 L/min using a mass flow controller (Porter MPC Series), which was plumbed downstream of the sample
pathway to avoid emission from the mass flow controller (MFC). The MFC was used to ensure rapid turnover
of the air in the branch bag, which otherwise would quickly become depleted in COS and CO, from leaf
uptake and saturated with water vapor. Repeat blank measurements done throughout the campaign
revealed that air passing through the branch bag was elevated in COS by 40 pmol mol~" + 8 pmol mol~!
relative to the ambient air (though no change in CO, was observed) (Figure S4 in the supporting informa-
tion). We believe this emission came from a small amount of putty that was used to seal the space between
the branch bag and the branch. The magnitude of the blank did not significantly vary during the campaign
and therefore a fixed blank correction of 40 pmol mol~! with an assumed constant error in this term of

8 pmol mol~" based on the average of repeat measurements of blanks. Air temperatures inside the branch
bag were monitored with a thermocouple; however, no formal analysis of the temperature dependence

of the blank magnitude was done. The total uptake of COS was generally in a range between 180 and

240 pmol mol~" and therefore was significantly larger than the magnitude of the blank.

Leaf and soil COS and CO, fluxes, F., were calculated using the following equation (negating pressure and
temperature effects on other gas fluxes) where “flow” is the flow rate through the enclosure in mol s=', COS

and CO, concentrations for “ambient,” “chamber,” and “blank” are measured in pmol mol~" and pmol mol~’,
respectively, and converted to mol mol™’, “area” is in m? (a constant for the soil chamber and calculation of

BERKELHAMMER ET AL.

©2014. American Geophysical Union. All Rights Reserved. 164


http://dx.doi.org/10.1002/2013GB004644

@AG U Global Biogeochemical Cycles 10.1002/2013GB004644

leaf area is discussed below) and the resulting fluxes are reported hereafter in pmol m=2 s~ and pmol m?
s~! for the respective species:

FC = flow = [Cambient - (Cbranch/chamber - Cblank)] /area m

Leaf area was measured by removing all the leaves in the branch bag following analysis, scanning the leaves,
and calculating the leaf area using Adobe Photoshop® software. We did not explicitly measure the sunlit leaf
area, which changed dynamically across sampling periods due to self shading by leaves within the chamber.
As a consequence, an upper limit on area was calculated by using maximum CO, assimilation rates, based
on gas exchange measurements [Monson et al., 2002; Baldocchi et al., 20011, and solving for the effective
sunlit area. This resulted in effective sunlit leaf areas between 40% and 70% of the measured leaf area. We
acknowledge this approach may overestimate the leaf fluxes and therefore may contribute to uncertainty
in scaling up of leaf fluxes. However, this approach does not negate comparisons between COS and CO,
fluxes from individual chamber experiments (as area is canceled out in COS/CO, flux ratio) and therefore our
estimates of Leaf Relative Uptake (described below) are not influenced by the assumptions going into the
effective leaf area estimates.

Following Stimler et al. [2010a] and Campbell et al. [2008], the uptake ratio of COS to CO,, referred to here-
after as leaf relative uptake (LRU), is defined by the following equation where F is the flux for the different
species (pmol m=2 s~! and pmol m=2 s=! for COS and CO,, respectively) calculated following equation (1)
and [C] is the ambient concentration (pmol mol~! and pmol mol~" for COS and CO,, respectively) of the gas
in the chamber:

Fcoz\eaf

 Feos, /

LRU =
[COS]/ TCO,]

)
We introduce a new term, soil relative uptake (SRU), which is the normalized ratio of COS uptake and CO,
release from the soil. SRU is defined as follows:

_ Fcossoil Fcozsoil

~ [COS] / [CO,]

3)

2.3. Sites

Between 27 July and 6 August 2012 the system operated in a riparian zone along Boulder Creek in Boulder,
CO (40.01°N,—105.25°W, 1624.0 m above sea level (asl)). The site (hereafter referred to as GH) is densely pop-
ulated by typical riparian trees for the region including populus, alnus, and quercus as well as some exotic
trees such as malus and catalpa. Along the creek, the soils tend to be fine grained and saturated with signifi-
cant moss. Away from the creek, the soils were rocky, dry, and covered with a thin litter of leaves, which was
removed prior to soil flux analysis. Leaf flux measurements were made on all species at the site at a height of
between 1 and 2 m above the ground. Ambient air measurements at this site were made within the canopy
at a height of ~3.5 m through a stainless steel inlet at the top of the trailer (Figure 1). While wind data nec-
essary to quantitatively estimate the footprint size that influenced the intake air composition were not
available, given the inlet height and the density of the canopy, we estimate the footprint is less than 50 m
[Baldocchi, 1997]. A road is located nearby the inlet and the influence of morning traffic is clearly observable
as a rapid rise in CO concentrations each morning near to 7:00 local time (Figure 2). The CO concentrations
remain high throughout the day showing evidence of a consistent influence of anthropogenic emissions.
Radiation data for this site were taken from a Kipp and Zonen CMP 3 Pyranometer made available as part of
University of Colorado’s Skywatch Program (Figure S5 in the supporting information).

Between 7 and 13 August 2012, the system operated at the NOAA Boulder Atmospheric Observatory (BAO)
(40.05°N, 105.01°W, 1584 m asl), which is a dry grassland site dominated by Agropyron cristatum and Bromus
tectorum that are largely senescent in August. The site is surrounded by a large region (many kilometers) of
grasslands and agricultural fields, which were largely fallow during the campaign period. Sequential mea-
surements of ambient air at 1, 3, and 5 m were made from a 10 m tower on the site for the first 3 days and
measurements were made continuously for the remaining 4 days at 100 m above the surface using NOAA
Global Monitoring Division’s (GMD) Synflex® tubing installed on the 300 m tower at the site. Simultane-
ous flask measurements at 300 m were taken during three of these days and measured by GC-MS as part
of GMD’s regular sampling and are used to provide further validation of the in situ measurements. Soil flux
measurements in undisturbed grass-free regions of the soil were made during the first 2 days of the cam-
paign here. Radiation, wind, and sodar data for the site were made available through GMD’s BAO public ftp
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Figure 2. Nighttime to morning transition in the CO concentration of ambient air measured at the three sites. (a) The gray shows all the 30 s data for
multiple days, while the red is the composite 30 s data for all the days. (b) The red and yellow dots are 30 s data from two separate days, the gaps arise
from period when the branch bag and soil chamber were being measured. (c) The blue line is 30 s data from the surface at a single day at BAO. (d-e)
The bivariate probability distribution between CO and CO, and CO and COS during 1 day at the GH site. Periodically, spikes in CO and CO, track one
another. Because these events are rare and not well represented in the distribution, these values were highlighted by placing white squares around their
location on the map. The presence of these features implies a common source of the two gases while COS is largely unresponsive to these temporary

CO deviations.

site. No clear evidence of a morning CO spike was apparent at this site (Figure 2) reflecting its more rural
setting relative to GH.

Between 13 and 18 August 2012 the system was moved to an alpine forest at the University of Colorado’s
Mountain Research Station, adjacent to the Niwot Ridge Long-Term Ecological Research site (40.03°N,
—105.54°W, 2897 m asl). The site (hereafter NWR) was populated by Pinus flexilis and Populus tremuloides
with a sandy dry soil that was covered by a thin (2—-4 cm) litter. Ambient measurements were made within
the canopy from a stainless steel inlet installed at a height of ~3.5 m, identical to the installation setup used
at GH (Figure 1). This is an open canopy setting (LAl = ~4) with a primarily homogenous land surface in the
sampling footprint. Leaf fluxes at this site were measured at heights of between 1 and 2 m in the canopy on
trees of a similar age class. Soil fluxes were measured both with and without leaf litter present. The nearby
area does not include any significant roads, and consequently, we do not observe a regular spike in morning
CO as observed at GH (Figure 2). However, because we drove right up to the site, a small perturbation was
present on one of the days from our own vehicle (Figure 2). Despite the lack of a regular morning transition
in CO, the concentrations at this were consistently high and suggest a possible influence of biomass burning
on the air at this site. Radiation and wind data from this site were taken from the AmeriFlux archives (site:
NWT) operated nearby to the sampling trailer (Figure S5 in the supporting information).

3. Results and Discussion

3.1. Instrument Performance

Field measurements of COS using laser absorption spectrometry is still a fledgling technique [Asaf et al.,
2013; Commane et al., 2013], and therefore, an objective of this study was to quantitatively assess the
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Figure 3. (a) COS reference gas anomalies from throughout the campaign binned in 2°C windows. (b) CO, reference
gas anomalies from throughout the campaign binned in 2°C windows. (c) Distribution of the standard deviation of 3
min windows of 1 Hz COS data when reference gas was being introduced throughout the campaign. (d) Distribution of
the standard deviation of 3 min windows of 1 Hz CO, data when reference gas was being introduced throughout the
campaign. All box and whisker plots show the 5, 25, median, 75, and 95% quartiles.

performance of a commercially available instrument in a difficult field environment. By continually intro-
ducing a reference gas under normal field conditions, we determined an operational uncertainty of

<10 pmol mol~" and 2 pmol mol~" for COS and CO,, respectively, when an averaging window of >30 s was
applied to the 1 Hz measurements (Figure S6 in the supporting information). The uncertainty from the field
measurements is larger than that obtained in the lab (Figure S1 in the supporting information), which is
likely a consequence of the lack of instrument temperature control in the field. We assume the uncertainty
arising from the field experiments to be the appropriate values for the data presented here. Unless other-
wise stated, a 30 s averaging window was applied to the data. There was a strong temperature dependence
in the CO, concentrations, measured as the temperature of the gas entering the optical cavity. The inlet lines
were not insulated and there was no temperature control in the trailer, which yielded large fluctuations in
the gas and instrument temperatures, respectively. The effect was characterized and all CO, measurements
were corrected accordingly yielding an operational uncertainty of <1 pmol mol~" for 30 s averages (Figure
S6 in the supporting information). A similar temperature dependence was not observed for the COS mea-
surements, though both species show an increase in uncertainty at high instrument temperatures (Figure 3
and Figure S7 in the supporting information). The upper temperature limit for reliable measurements with
this instrument is ~45°C and the field conditions did not permit an assessment of a lower temperature limit.

The COS concentrations were tied to an absolute concentration scale by frequent measurements of the four
reference gases. The concentrations of these gases were established through calibration against a diluted
COS stream produced by a controlled process using a permeation oven in the laboratory and validated by
measurement against a reference gas tied to the NOAA GMD lab. Using these four known points, a linear
equation of the form, COS, .1 = M*(COS,easureq)+b Was applied to the raw data (b = —43.0 pmol mol~" and
m = 1.1). Following application of this correction to all data, the influence of instrument drift was corrected
using the individual calibration points measured throughout the experiment. It was noted that when the
calibration gas in the reference tanks dropped below pressures of 6895 Pa, significant outgassing of COS
began to influence the stability of the reference gas and consequently these tanks were removed from the
calibration rotation.

After correcting the COS measurements to absolute concentrations, tied to a NOAA-GMD standard using
the span of reference gases, a mean offset between the flasks (collected simultaneously with the analyzer
and measured at NOAA GMD using GC-MS) and the laser analyzer of 4 pmol mol~" was observed. This was
based on three pairs of flasks and coincident 30 min averaged windows from the analyzer. The difference
is within the precision of the spectrometric measurements, providing comparison of spectrometric and
chromatographic-independent calibrations. Using both the four span reference gases and the comparison
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Figure 4. (a) Distribution (left) and diel time series (right) of the COS flux from the soils at the three sites. The litter flux
was only measured at the NWR sites, and there were insufficient measurements to produce a meaningful distribution.
(b) Distribution (left) and diel time series (right) of the CO, flux from the soils at the three sites. Note that negative val-
ues capture removal/uptake of COS from the air. (c) COS flux from the branch bag experiments. These data were only
collected at the GH and NWR sites, and nighttime data were only measured at NWR; thus, the diel cycle is based on data
gathered from that site only. The data at NWR were split into broad leaf Populus tremuloides and coniferous Pinus pon-
derosa, and all the species (listed in Table 1) were averaged together at the GH site. (d) CO, flux from the branch bag
experiments. Nighttime measurements were only done at NWR. Error bars on all diel plots show 1 standard deviation of
error based on all the data that fell into the 2 h bin.

against the flask measurements, we find a linear response of the instrument from 340 to 500 pmol mol~’,
and we assume this response applies to the entire range of measurements (240-590 pmol mol~"). This
assumption is further validated by comparison between the 100 m in situ and 300 m NOAA GMD GC-MS
flask measurements at the BAO site (discussed in section 3.4.2 and shown in Figure 8), which were taken
when COS concentrations were close to 550 pmol mol~" (and 390 pmol mol~' for CO,).

3.2. Leaf Fluxes
3.2.1. Greenhouse Site

At the GH site, measurements from 10 genera of trees within the canopy yielded an average uptake flux
across species of —45 pmol m=2 s! (+15 pmol m~2 s7') (Figures 4 and 5). Because only coarse estimates of
sunlit area were made and sampling was done for different species at different times of day, we do not make
any quantitative comparisons of assimilation rates across genera though, in general, find the largest uptake
fluxes from broad-leafed trees. The magnitude of the COS fluxes correlate with a high degree of significance
against H,O fluxes (Figure 5), implying a strong stomatal control of COS uptake [Stimler et al., 2010a]. Dur-
ing the night when conductance is very low and the air approaches saturation, the relationship between
H, 0O and COS fluxes weaken (Figure 5, bottom left points). The COS and CO, fluxes also strongly covary, with
an average LRU (equation (2)) across species of 2.1 (+ 1.1) (Table 1). The average LRU drops to 1.8 (+ 0.7) if
the outlying value of 4.9 derived from the Populus fremontii samples, which was measured when ambient
temperatures in the branch bag were >40°C, is excluded. The joint COS and H,O fluxes from the Populus
fremontii samples fall significantly off the curve defined by the other species, while the joint CO, and H,0O
fluxes fall on the curve set by the other species (Figure 5). This suggests an oddity to these measurements
and warrants their exclusion from being averaged with the other LRU values. One possible explanation is
that these data could be the result of condensation within the branch bag or sample line that adversely
affected the COS flux estimates or, alternatively, that a nonleaf component of the plant (i.e., a bud) was
taking up COS, while neither transpiring H,O nor taking up CO,.

3.2.2. Niwot Ridge

The branch bag experiments at NWR yielded COS fluxes with a daytime (9-17:00 local time) average of
—36 pmol m~2 5" (8 pmol m~2 s7") (Figure 4). A higher average COS flux was observed for the
broad-leafed Populus tremuloides (—45 pmol m~2 s~') than the coniferous Pinus flexilis (—32 pmol m=2 s71).
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Figure 5. (a) COS versus H,0 fluxes for the branch bag experiments at the GH (open circles) and NWR sites. Y axis is
reversed to emphasize the relationship between transpiration and COS uptake. (b) Same as Figure 5a except for CO,
instead of COS. The gray bar denotes the approximate transition between daytime and nighttime measurements. As can
be seen, the COS uptake remains linearly related to H,O across this transition, whereas CO, asymptotes near 0 across
this boundary. (c) COS versus H,0 fluxes for all soil chambers at the three sites. To minimize the impact of temperature,
only soil chamber instances in a narrow-temperature window (33-36°C for NWR, 36-39° for BAO, and 42-45° for GH)
were used. The dotted line is the linear regression through all the data. (d) Same as Figure 5c except for CO,. The upper
dotted line is the best fit through GH and the lower dotted line is the best fit through NWR. There is no significant linear
response between the two variables at BAO.

The joint COS and H,O fluxes fall approximately along the same curve as fit to the GH data, though the
campaign at this site included nocturnal measurements (discussed below) and therefore capture a wider
spectrum of the curve (Figure 5). The average of all branch bag measurements between 9 and 17:00 yielded
an LRU value at NWR of 1.6 (Table 1) with no statistically significant difference between the coniferous and
broad-leafed trees. While LRU is stable during daytime hours, its value becomes unstable at night when
the denominator of equation (2) (CO, flux) approaches 0 and reverses sign (Figure S8 in the supporting
information). Therefore, we include no further discussion of the nighttime LRU values.

Unlike CO,, where light is required for assimilation, COS consumption by carbonic anhydrase continues
at night as long as there are open stomata [Protoschill-Krebs et al., 1996; Simmons et al., 1999]. Nighttime

Table 1. Normalized Leaf Relative Uptake Values Across the Campaign

Genus (Species) Mean  Median n Hour of Day  Temperature (C) Site
Malus sp. 2.1 2.1 2 12.2 37.9 GH
Fraxinus sp. 1.6 1.5 4 14.7 38.0 GH
Acer sp. 23 23 2 10.6 33.0 GH
Catalpa sp. 1.7 1.7 5 13.5 394 GH
Betula sp. 1.6 1.5 3 15.2 38.8 GH
Populus fremontii 4.9 49 3 15.8 40.9 GH
Ulmus sp. 19 1.8 3 1.2 343 GH
Gleditsia sp. 14 1.4 2 11.8 35.1 GH
Pinus ponderosa 1.3 14 3 12.7 NaN GH
Quercus sp. 1.5 1.6 4 10.8 NaN GH
Populus tremuloides 1.6 1.6 19 13.5 325 NWR
Pinus flexillis 1.5 14 15 121 29.9 NWR
All Samples® 1.7 1.6 65 - - -

3Daytime (9:00-17:00 local time) LRU (unitless) for all measured tree genera. Excluding
Populus fremontii. Bold numbers denote the outlying value of Populus fremontii and the
average (mean and median) LRU that emerges from all measurements.
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measurements of the joint COS and H,O fluxes reveal the stomatal control of COS uptake by showing that
the nocturnal and diurnal fluxes fall along the same curve except in the cases of extremely low conductance
(Figure 5). The diel structure of COS and CO, fluxes therefore differ significantly as CO, assimilation sharply
begins each day near to 6:00 and ends near to 18:00, in correspondence with the daily cycle in downward
shortwave radiation (Figure S5 in the supporting information). The nocturnal conductance and uptake of
COS is significantly larger for the broad-leafed species (10-30 pmol m~2 s~') than the coniferous species
(6-9 pmol m=2 s77) (Figures 4 and 5). An intriguing feature of the uptake of COS by Populus tremuloides is
that it reaches a minimum near to midnight and then begins to increase as dawn approaches. The opening
of stomata after prolonged darkness has been noted in other species [Caird et al., 2007] and may represent
an adaptation by plants to “anticipate” sunlight [Heath, 1984]. The incomplete stomatal closure and higher
stomatal density in the broad-leafed aspen species results in instantaneous nocturnal uptake of COS that
can be as much as 25-30% of average daytime fluxes.

3.3. Soil Fluxes

3.3.1. Greenhouse Site

At the GH site, the soils had a daily average COS uptake flux of —7.0 pmol m=2 s~! +2.6 pmol m=2 s~, based
on 107 chamber measurements (Figure 4). The largest fluxes of ~ —11.0 pmol m~2 s~! were observed in the
damp soils dense with roots nearer the creek during the warmest period of the day (Figure S9 in the sup-
porting information). Three of the 107 instances showed COS emissions, two of which also occurred when
ambient and soil chamber temperatures were >35°C (Figure 4 and Figure S9 in the supporting information).
The magnitude of the COS flux exhibited a statistically significant negative correlation with background COS
values suggesting that the rate of uptake is driven in part by the ambient to soil-air concentration gradi-
ent (Figure S9). However, a number of points deviate significantly from this curve indicating the presence of
multiple competing processes impacting the magnitude of the soil flux.

While no explicit measurements of soil moisture were made, H,O fluxes from the soil chamber measure-
ments were used to elucidate some information on soil moisture controls on COS flux. By comparing COS
and H, 0 fluxes taken within a narrow temperature range (3°C window at each site), the influence of temper-
ature on soil water flux is minimized and the residual variability is assumed to relate to changes in the soil
moisture. We find a significant negative correlation between H,0 and COS fluxes from the soil and a pos-
itive relationship between H,0 and CO, fluxes (Figure 5). The response of the COS flux to soil moisture is
generally consistent with the findings of Kesselmeier et al. [1999], though the lack of an obvious temperature
control on COS flux deviates from previous work (Figure 4 and Figure S9 in the supporting information). This
may be the result of the fact that temperatures were measured in the air space above the soil as opposed to
within the soil itself. Nonetheless, the magnitudes of the COS and CO, fluxes were significantly negatively
correlated with one another such that soils with the highest respiration rates were also those with the great-
est COS uptake. This largely reflects that respiration is associated with carbonic anhydrase activity and both
processes are influenced by moisture, temperature, and porosity [Berry et al., 2013]. The average soil relative
uptake (SRU) (equation (3)) for this site is —0.76+0.11, which varied minimally between the different soils
measured and was stable across the temperatures observed at this site (26-45°C) (Figure 6).

3.3.2. Niwot Ridge

At NWR, the soils exhibited an average COS flux of —4.9 pmol m=2 s~ +1.8 pmol m~2 s™' based on 135 mea-
surements (Figure 4). The fluxes at this site were typically smaller than at GH and exhibited less variability,
which reflects a more homogenous environment (dry alpine site with two dominant tree species). Of the
135 measurements, four chamber measurements showed emissions which were clustered at times when the
chamber air temperature was ~35°C, similar to that observed at GH. As with GH, the largest uptake occurred
during the warmest period of the day though otherwise no systematic correlation with temperature was
observed (Figure S9 in the supporting information). COS uptake at this site was significantly correlated with
background ambient COS concentrations as at GH (Figure S9 in the supporting information). The similarity
in the slope between the uptake flux and the ambient COS concentrations suggests, despite a lack of char-
acterization of the physical properties of the soils (e.g., porosity), that diffusion rates of COS into the soils
were fairly constant. Soil flux measurements made with litter in place produced soil fluxes that were smaller
(=2.1 + 0.2 pmol m~2 s7") than adjacent soil plots without litter (—4.4 + 0.6 pmol m~2 s~). The flux of litter
isolated from the soil yielded a flux nearly identical to that of the soil with litter in place

(—2.04 + 0.4 pmol m=2 s71) (Figure 4). Some initial hypotheses to explain the influence that litter had on soil
COS uptake are that it acts to reduce the concentration of COS at the soil surface below and thus reduces
the gradient and/or that litter limits the efficiency for air to penetrate into soil pore spaces.
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SRU

>26°C. Treating SRU as a function of soil
chamber air temperature, an exponential
regression provides a sufficient empirical
model to account for most of the influence of temperature on SRU (Figure 6). Although not explicitly shown,
the temperature dependence of SRU results in a diel cycle in this property.

To a first order, the physical significance of the temperature dependence of SRU arises as a consequence of
the fact that the physiological controls on both CO, and COS fluxes are sensitive to temperature [Berry et al.,
2013]. For both gases, this response is nonlinear [Kesselmeier et al., 1999; Qi et al., 2002], with CO, respiration
rates from soils rising exponentially with temperature (when sufficient substrate is accessible) and the rate
of COS consumption by soil carbonic anhydrase having a parabolic shape with a maximum uptake occur-
ring at ~20°C [Kesselmeier et al., 1999]. Ambient COS concentrations also vary significantly throughout the
day following air temperature (as discussed in section 3.4.1 and Figure 7), indicating a second mechanism to
influence the rate of consumption/emission that would follow (though not causally) ambient temperature.
A theoretical explanation of the drop in SRU below 26°C arises from the fact that COS uptake is approaching
its maxima, while CO, flux is less responsive to temperature changes in this range. There are, however, some
rather surprising elements of the shape of this function at higher temperatures. It would be predicted from
previous work that COS uptake would ultimately diminish at high temperatures, while CO, fluxes would
continue to rise. This behavior would not give rise to an SRU asymptote but rather values that would con-
tinue to rise to positive numbers if net emissions began to occur. The absence of this relationship coupled to
the fact that CO, fluxes exhibited a muted diel cycle (Figure 4) implies that the measured surface tempera-
tures are not likely representative of the temperatures where CO, respiration and CA reactions with COS are
actually taking place. Rather, we assume these reactions are occurring at depths below the surface that are
cooler and have a lower amplitude diel cycle that lags air temperature.

3.3.3. Relationship Between Leaf and Soil Fluxes

In considering the soil fluxes relative to the leaf fluxes, SRU is opposite in sign and a factor of two smaller
than LRU. Therefore, soil enhances an ecosystem’s COS uptake, while reducing net CO, uptake. In order to
directly compare the fluxes of soil and leaves on the ecosystem scale (~7 pmol m=2 s~' and 40 pmol m=2 577,
respectively) the two values must be scaled taking into account the leaf area index (LAI). Using LAl values
of 4.2 and 8 for NWR and GH [Monson et al., 2002; Nagler et al., 2004] and making no assumption about the
distribution of broad to coniferous species (i.e., using a simple average leaf flux from all measurements), we
report that at the ecosystem scale, the daytime (9-17:00) COS flux from soil is between 2 and 6% of that from
plants. At night, the uptake of COS by soil and plants are similar to one another though the ratio of soil to
leaf flux at night would be very sensitive to the distribution of broad leafed to coniferous species (the former
having significantly higher nocturnal conductances).
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Figure 7. The diel time series in the ambient (a-c) COS anomalies and (d-f) CO, at the three sites. The mean value sub-
tracted from each time series to generate the anomalies is specified in parenthesis next to the label. At GH, each of the
lines shows the results from the different days, while the black lines show the composite average. At the other sites, the
diel cycle was composited from sections of different days (i.e., there are not continuous diel cycles from different days),
and therefore, we represent the composited time series with a 1 standard deviation error bar. The red line in the BAO
plot shows the surface/3 m data, while the gray line is air sampled from the NOAA GMD 100 m intake line on the tower.
Figures 7d-7f are the same as left column except for CO, concentrations.

3.3.4. Boulder Atmospheric Observatory

At the BAO site, the COS flux from soils (measured in bare areas between grassy patches) was +0.05 pmol
m=2 57" +1.8 pmol m~2 s~! based on 44 soil chamber measurements taken over the course of 2 days
(Figure 4). During chamber measurements where COS uptake was recorded, the magnitude of the COS flux
was negatively correlated with ambient COS concentrations along a slope similar (though steeper) to what
was observed at GH and NWR (Figure S9 in the supporting information). During chamber measurements
when COS emissions were observed, this relationship is reversed such that the COS flux tracks ambient COS
concentrations. The direction (emission versus uptake) and magnitude of the COS flux loosely follows sur-
face temperature where measurements taken above 40°C primarily resulted in COS emissions (Figure S9 in
the supporting information). The soils at BAO were generally more desiccated than at the other sites based
both on the magnitude of the H,O fluxes from these soils (Figure 5) and observations of a dusty surface.
There is not a significant linear response of COS to H,O fluxes at this site though the data cluster roughly
along the line formed by the other two sites. The data from the three sites collectively suggest the possible
presence of a moisture threshold at which point the soil begins to behave as an emitter though in this data
set the emission fluxes remain close to zero in all instances (Figure 5).

The mean SRU at BAO is 0.08 and displays a relationship with temperature that is opposite in sign (positive)
and form (linear) relative to the relationship observed at the other two sites (Figure 6). The difference in the
response of SRU to temperature at this site may, in part, reflect the fact that soil and ambient temperatures
at an open site (i.e, BAO) follow one another, while in a shaded canopy (as at GH and NWR) there are longer
lags as a consequence of more diffuse radiation. However, the fact that CO, and COS emissions correlate
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Figure 8. (a) Lines representing the trajectory of an air mass in COS-CO, space assuming the only process acting on air is
vegetation (green) and soil (red/brown). Because SRU is temperature sensitive, the trajectory of soil uptake varies under
different temperature regimes. Examples are shown for a soil “cooling” from 40 to 20° and “warming” from 20 to 40°. A
mixture of soil and leaf processes is shown as a green wedge. The units are A reflecting an anomaly from an arbitrary
starting concentration. (b-d) Scatterplots showing the covariation of COS and CO, at the three sites. The markers are
color coded by the hour of the day. The lines highlight the three periods of the days dominated by plant uptake (green),
entrainment (red), and soil/plant (brown). The white circles in Figure 8d are from flasks filled at 300 m and measured at
NOAA GMD by GC-MS.

positively with each other implies the presence of an alternative mechanism to link these fluxes. As sug-
gested by Maseyk et al. [2012], senescent vegetation acts as a COS emitter, and therefore, the presence of a
positive relationship between COS and CO, fluxes, that is not observed at the other sites, may be the result
of emissions of both gases from dead and decaying vegetation in the soil. However, as noted above, aspen
and pine litter measured at NWR did not produce measurable COS emissions.

3.4. Ambient Measurements
3.4.1. Greenhouse and Niwot Ridge

The diel cycle in the ambient air sampled at ~3.5 m above the surface at GH is characterized by a drop in
COS concentrations of ~10 pmol mol~! between 4 and 6:00 MST followed by a steep decline of

~30 pmol mol~' between 6 and 8:00 MST (Figure 7) that begins coincident with sunrise (Figure S5 in the
supporting information). The concentration rises from the morning minima at 8-9:00 of 400 pmol mol~’

to a midday maxima of 470 pmol mol~" by 16:00 MST (Figures 7 and 8). By contrast, CO, concentrations
are characterized by a steady rise though the night of ~40 pmol mol~" to ~440 pmol mol~" followed by a
sharp decline in the morning to values of 395 pmol mol~', where the concentrations remain relatively stable
through the day (Figure 7). At NWR, the ambient air, also measured at ~3.5m, follows the same general diel
pattern with COS concentrations dropping 30 pmol mol~! between 5 and 9:00 MST followed by a steep rise
to concentrations of 450-460 pmol mol~" (Figures 7 and 8). CO, concentrations at this site rise by

~30 pmol mol~" during the night and rapidly drop to values of 393 umol mol~! by midday.

The time-dependent covariation between COS and CO, at the surface arises as the sum of competing and
interacting processes including (1) fluxes from the soil (uptake of COS and respiration of CO,), (2) uptake of
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COS and CO, by plants, (3) changes in the boundary layer height and entrainment of air from above, which
generally drives COS concentrations up and CO, concentrations down, and (4) changes in wind speed and
direction, which influence the sources and sinks of the gas species in the footprint. At both GH and NWR,
variations in the relative influences of these processes results in the approximately triangular trajectory in
Figure 8. Beginning at sunrise, there is a brief period in the morning (~6-9:00 MST), when the two species
fall along a positive line with a slope of 1.2-1.8. This transitional period occurs prior to significant growth of
the boundary layer as evidenced by sodar data from the BAO site (Figure S10 in the supporting information).
The fact that the slope between the gases is positive and close to the ratio of the fluxes associated with plant
uptake (i.e., LRU) suggests that during this brief period in the morning, plant uptake exerts the dominant
influence on the rate of change of the boundary layer concentrations of COS and CO,.

There are other possible mechanisms to explain the covariation of these gases during this period including
entrainment of residual air that had previously experienced photosynthesis or a change in wind direction or
speed that influenced the footprint of the measurement. As discussed, this transitional period in the morn-
ing occurs prior to rapid boundary layer growth as seen in the sodar data and therefore seems unlikely that
significant entrainment of an air mass is driving the strong variations in surface concentrations of COS and
CO,. This feature emerges at both NWR and GH, which have distinct impacts from anthropogenic emissions
(i.e., car exhaust) (Figure 2) and was observed on multiple days experiencing different wind regimes (Figure
S11 in the supporting information). These observations strongly support the interpretation that this feature
is driven by a local boundary layer process associated with uptake by plants. In another study from a nearby
open canopy forest in Colorado, Berkelhammer et al. [2013] used a set of isotopic tracers (6D and 5'80) to
evaluate water fluxes from plants and noted a similar transitional period in the morning when transpiration
from plants left a strong isotopic anomaly on the vapor in the canopy air. This signature was quickly erased
by 9:00 following the onset of entrainment, bearing a close resemblance to the observations presented
here. The fact that the slope during this period is slightly shallower than what would be predicted from veg-
etation uptake alone may arise both from the impact of soils on the COS and CO, surface budgets and from
small amounts of mixing with air above the boundary layer (Figure 8).

As the day progresses (9-15:00 MST), the slope between the two species is reversed, which could arise from
either entrainment of residual boundary layer air which contains high concentrations of COS and low con-
centrations of CO,, a shift between westerly (downslope) and easterly (upslope) flows or soil fluxes [Kuhn

et al., 1999] (Figure 8). The presence of a negative slope between these species negates the possibility that
plant uptake is solely responsible for the observed variations in surface COS and CO, concentrations during
this time (Figure 7). Entrainment is likely the dominant process influencing the surface concentration based
on the observations that (1) the initial change in slope is coincident with rapid growth of the boundary layer
(Figure S10 in the supporting information), (2) the same pattern emerges on days with both strong and neg-
ligible downslope-upslope flow transitions (Figure S11 in the supporting information), and (3) that the soil
fluxes are too small to account for the observed changes in surface concentrations (Figure 4).

The concentration of COS in the air mixed down into the canopy from above will vary on synoptic time
scales associated with shifts in the predominant wind direction and changes in the magnitude of the
sources or sinks along the trajectory of the air parcel [Campbell et al., 2008]. The consistency in the struc-
ture (amplitude and timing) of the diel cycle between days implies variability in the concentrations of these
gases in the above canopy air is small relative to the boundary layer processes impacting the surface con-
centrations. In coastal regions where shifts between easterly and westerly flow will change whether an air
parcel is passing over a COS sink or source [Commane et al., 2013], such wind shifts would produce large
variations in the influence that entrainment has on the surface concentrations. However, because of both
the small footprint of the measurements and that the region is vegetated in all directions, transitions in the
easterly and westerly flow appear to produce only a relatively subtle shift in gas concentrations.

After the sun sets (Figure S5 in the supporting information) and the land surface begins to cool (~19:00), the
slope between COS and CO, remains negative but with a shallower slope (~ —0.6) than observed during the
day. During the evening, plants and soil continue to uptake COS while emitting CO,. These processes alone
could account for covariation between COS and CO, at night. Some mixing of air into the canopy during
the night could also be playing a role in the observed trends, though better characterization of nighttime
stability would be needed to constrain the relative influence of these processes.
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Figure 9. (a) Vertical gradients in COS from 1 to 5 m at BAO dur- those observed at the other sites is that
ing three windows of the day. Boxes show the 25-75% quartiles. during the evenings, the 100 m inlet
The increase ins surface values as the day proceeds is interpreted to is generally above the boundary layer,
reflect the presence of a surface source, which is controlled by tem- while inlets at the other sites were sam-
perature or radiation. (b) Same as Figure 9a except showing CO,.
Near-surface nighttime CO, values are greatest due to soil respi- . . N
ration but rigorous mixing of low CO, air during the day relieves (Figure S10 in the supporting informa-
this gradient. tion). However, the similarity in the COS

concentrations at the surface and 100 m
at BAO (i.e., within and above the boundary layer) indicate the enriched nighttime concentrations relative to
the other sites does not simply arise from differences in the sampling height. The absence of a vertical gradi-
ent during the evenings implies that there is minimal surface COS exchange (Figure 7). We hypothesize that
significant uptake of COS by soils and plants during the night with the addition of a lack of turbulent mixing
would generate strong vertical concentration gradients, which are not observed here.

pling air from within the boundary layer

COS concentrations begin to rise at ~9:00, which marks the time when the boundary layer begins to
rapidly grow and the 100 m inlet transitions from being above to within the boundary layer (Figure

$10 in the supporting information). Surface measurements taken exclusively within the bound-

ary layer (1-5 m), track the same general feature though appear to begin to rise slightly earlier

than air samples from the upper inlet (Figure 7). Midday concentrations at 100 m reach values of up to
550 pmol mol~" (Figure 8), exceeding ambient concentrations observed at the other sites. The rise in COS
concentrations during the day toward the midday maxima occurs over a sustained period of many hours,
which is in contrast to the rapid (1-2 h) transition observed at the other sites. The concentrations begin to
steadily decrease at 16:00 and reach a nighttime minima near 3:00.

The COS and CO, concentrations at BAO fall along a single trajectory with an exponential shape (Figure 8).
At this site, we assume the leaf flux is negligible—as there was insignificant green vegetation—and, as
noted from the soil chamber experiments, the soil flux is generally driving the two gas species along a
positive trajectory. It is therefore unlikely that soils alone could account for the covariation in these gases.
While entrainment could drive the two gases along a negative trajectory as at the other sites (Figure 8),
the impact of entrainment is a consequence of the recovery of COS and CO, concentrations following sur-
face uptake, which cannot be called upon at a site without a surface sink. Based on this, we suggest that
the statistically strong correlation between COS and CO, concentrations at this site are not causal, with CO,
showing evidence of a similar, though more subdued, trend as the other sites, while COS is being controlled
by another set of processes.

A number of lines of evidence suggest that there is a surface or regional source of COS influencing the con-
centrations at this site. Firstly, midday COS concentrations are generally higher than both GH and NWR
(>550 pmol mol~, Figure 8) and other sites in the Northern Hemisphere [Montzka et al., 2007]. Secondly,
measurements taken sequentially at 1, 3, and 5 m heights suggest there is a near-surface COS gradient,
which would point toward a surface source (Figure 9). During the early morning (4-6:00 A.M.), there is very
little COS gradient across the 10 m gradient, whereas CO, is elevated by about 10 pmol mol~" at the sur-
face. By midmorning (9-11:00 A.M.), the CO, gradient is no longer apparent, whereas COS at the surface is
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now elevated by 30 pmol mol~" relative to 10 m. Because the magnitude of the gradient is relaxed during
the evening and grows during the early part of the day, it indicates the source of COS is likely dependent on
temperature or radiation, as opposed to boundary layer dynamics. Measurements at the surface and 100 m
were not made during the same days, so it is not feasible to calculate a surface to 100 m gradient, but there
is some indication that the surface COS concentrations begin to rise earlier than at 100 m (Figure 7).

If we assume the observed positive slope between ambient COS concentrations and the COS flux from the
soil is causal (Figure S9 in the supporting information), than, in theory, part of the observed diel cycle can
be explained by fluxes from the soil [Kesselmeier et al., 1999; Kettle et al., 2002]. However, the sign of the soil
flux across plots measured was heterogeneous and, on average, was close to zero, providing evidence that
soil alone was not producing the flux that lead to the high ambient concentrations. Recent work by Maseyk
et al. [2012] shows that senescent wheat stalks are a source of COS; it is thus plausible that the observed
surface COS source is emission from inactive vegetation. We did not explicitly measure fluxes from the
senescent grasses at BAQ, though a cursory analysis of pine and aspen litter isolated from the soils at NWR
did not reveal any COS emissions (Figure 4). Therefore, assuming all senescent vegetation emits COS is not
warranted and additional efforts are needed to isolate the conditions and plant types that produce COS.

It should also be noted that comprehensive chemical analyses on the air at the BAO by Pétron et al. [2012]
reveal a number of sulfur species from various anthropogenic sources including gas/oil wells and landfills
within the tower’s large footprint [LaFranchi et al., 2013]. However, both Commane et al. [2013] and Belviso
et al. [2013] note that unlike CO, and CO, COS concentrations are not necessarily influenced by common
industrial sources. Some evidence of this is shown in Figure 2 where transient rises in CO and CO, occasion-
ally track one another, whereas COS is unresponsive to these short-lived phenomena.

4, Conclusions and Outlook

Carbonyl sulfide has been emerging recently as a possible tracer to constrain surface carbon exchange
[Blonquist et al., 2011] or other compounds such as biogenic VOCs. The results presented here combine a
commercially available laser absorption spectrometer (LAS) with a branch bag gas exchange system and
soil chamber, to rapidly characterize the COS flux across a wide range of species and soil conditions. The LAS
approach has previously been validated [Commane et al., 2013; Asaf et al., 2013] and here a new instrument
is tested and techniques are established to rapidly measure soil and leaf fluxes with simple gas exchange
systems. A challenge in measuring COS fluxes and in inventorying natural sources and sinks is that its pro-
duction from many common synthetic materials and industrial processes is unknown. This issue is mitigated
here by using a completely stainless steel soil chamber and a branch bag whose surfaces are almost exclu-
sively Teflon. However, COS emissions were detected both from the putty used to seal the branch bag and
from the walls of the tanks used for storage of the references gases. These findings highlight that while
COS has been measured for decades, critical inventorying of sources of COS remains vague and warrant
careful decisions on materials used for field measurements. Furthermore, while the sensitivity of different
LAS instruments to dynamic field conditions will vary, the temperature sensitivity of this instrument was
significant and future studies would benefit from attempts to provide tighter controls of the instrument’s
operating environment.

The results across a variety of ecosystems agree with previous studies suggesting surface COS concen-
trations at photosynthetically active terrestrial sites are predominantly controlled by vegetation uptake
[Montzka et al., 2007; Mihalopoulos et al., 1989] and that this process is stomatal controlled [Sandoval-Soto
et al., 2005; Simmons et al., 1999; Stimler et al., 2010a]. We are able to utilize this new field-based technology
to significantly expand the existing database of discrete flask-GC-MS and laboratory experiments provid-
ing evidence that the normalized uptake ratio of COS to CO, (i.e,, the LRU) is stable at 1.7 + 0.3 across C3
genera [Stimler et al., 2010a] (Table 1). This study provides strong evidence that the convergent LRU values
observed in greenhouse and lab experiments holds across the diverse conditions tested in this study. As has
been shown in some previous studies (e.g., Protoschill-Krebs et al. [1996]), we find there is significant night-
time uptake of COS from broad-leafed species (Figures 3 and 4). This arises because of incomplete stomatal
closure (as well as active stomata opening during the night) coupled to the fact that the consumption of
COS by carbonic anhydrase is not light dependent. The active opening of stomata prior to dawn is a known
adaptation for plants to increase carbon fixation early in the day. While the use of COS as a proxy for GPP
does not require tight constraints on nighttime COS uptake (i.e., GPP is zero), global model simulations of
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COS that couple ecosystem and atmospheric transport models [e.g., Berry et al., 2013] will be influenced by
the representation of nocturnal COS cycling.

In agreement with some previous studies, we find that soils principally act as a COS sink [Liu et al., 2010]. On
the ecosystem scale, the magnitude of soil uptake in the forest and riparian sites studied here were signif-
icantly smaller than that from leaves. Although we are limited in our ability to quantitatively scale up the
leaf measurements, our best estimates place this number between 2 and 6% of the leaf flux. If unaccounted
for, soil fluxes would therefore generate only a small positive bias in GPP estimates derived from COS fluxes
[Asaf et al., 2013]. At night, soils generally play an important role in surface COS variability, though in regions
dominated by broad-leafed species, the nighttime plant uptake could be comparable in magnitude to the
soil flux. As with leaves, the relative uptake and emission of COS and CO, by soils can be normalized to back-
ground concentrations and modeled as a function of temperature, denoted as SRU here (Figure 6). Evidence
of a fairly simple uptake ratio of COS to CO, in soils emerges despite the fact that the response of both COS
and CO, fluxes to temperature, moisture, and background ambient concentrations interact in nonlinear
ways. For example, during the highest temperatures, we observed both instances of the highest uptake and
emission fluxes of COS. We acknowledge that some of the complexity of the response of COS to tempera-
tures observed here may be a product of the fact that temperatures were measured in the air space above
the soil, while carbonic anhydrase activity may be maximized at depth [Wingate et al., 2009]. The results from
the soil fluxes at BAO, a senescent grassland site, challenge the notion that a simple empirical relationship
between COS and CO, fluxes (i.e., SRU) could be adopted in models. The fluxes from these soils were small
and not well constrained by any obvious empirical relationships and may reflect emissions from senescent
plant stalks that are incorporated into the soil.

Understanding the diel evolution of the covariation between COS and CO, in the ambient surface air
(Figure 8) could be used to partition the relative importance that soil, leaf, and atmospheric dynamics have
on surface carbon exchange. An example of the utility of synchronous ambient COS and CO, measurements
is observed during the early morning at the NWR and GH sites when CO, concentrations experience a rapid
decline, which we identify using COS measurements to be almost exclusively the result of plant uptake.
The significant carbon uptake by plants early in the morning is common in many plant species (particularly
when stressed by high midday vapor pressure deficits) and is poorly constrained by eddy covariance as tur-
bulence is weak during this period of the day. The slope between COS and CO, is soon reversed, during the
midday growth of the boundary layer, at which point entrainment of COS-rich and CO,-depleted air occurs.
Partitioning the role of surface processes on the COS budget is not trivial in instances where changes in the
geometry of the footprint delivers air of variable COS concentrations. However, changes in air mass origin
likely played only a minimal role on the diel cycles in the sites studied here and unlike CO,, which was influ-
enced by emissions from cars (Figure 2), COS seemed largely immune to common anthropogenic activity
[Commane et al., 2013; Belviso et al., 2013].

The data from a senescent grassland (BAO) provide an important contrast to the results obtained from the
active forest and riparian settings (NWR and GH, respectively). COS concentrations at BAO are inherently
distinct from the other sites and confirm that the absence of active vegetation and soils significantly alter
the surface COS budget. The results from BAO strongly suggest the presence of a terrestrial COS source
(Figure 9), though its origin remains unknown. While additional measurements of COS using field-based
laser absorption techniques will likely shed light on these sources, their presence does not negate the
potential power continuous COS measurements provide in understanding first-order properties of surface
carbon exchange in active ecosystems [Asaf et al., 2013] and in constraining new efforts to model this gas
on the global scale [Berry et al., 2013].
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