
Page 1/12

Tropospheric carbonyl sul�de mass-balance based on direct
measurements of sulfur isotopes
Chen Davidson 

The Hebrew University of Jerusalem
Alon Amrani  (  alon.amrani@mail.huji.ac.il )

The Hebrew University of Jerusalem
Alon Angert 

The Hebrew University of Jerusalem

Research Article

Keywords: carbonyl sul�de, sulfur isotope, gross primary production, ocean, atmosphere, biosphere

Posted Date: September 23rd, 2020

DOI: https://doi.org/10.21203/rs.3.rs-79591/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full License

Version of Record: A version of this preprint was published at Proceedings of the National Academy of Sciences on February
5th, 2021. See the published version at https://doi.org/10.1073/pnas.2020060118.

https://doi.org/10.21203/rs.3.rs-79591/v1
mailto:alon.amrani@mail.huji.ac.il
https://doi.org/10.21203/rs.3.rs-79591/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.2020060118


Page 2/12

Abstract
Carbonyl sul�de (COS) is the major long-lived sulfur bearing gas in the atmosphere and a promising proxy for terrestrial
gross primary production (GPP; CO2 uptake). However, large uncertainties in estimating the relative magnitude of the COS
sources and sinks limit this approach. Isotopic measurements have been suggested as a novel tool to constrain COS
sources, yet such measurements are currently scarce. Here we present, for the �rst time, a complete data-based tropospheric
COS isotopic mass balance, which allows improved partition of the sources. We found an isotopic (δ34S±SE) value of
13.9±0.1‰ (versus V-CDT standard) for the troposphere, with an isotopic seasonal cycle driven by plant uptake. This
seasonality agrees with a fractionation of -1.9±0.3‰ which we measured in plant-chamber experiments. Anthropogenic-
in�uenced air samples indicated an anthropogenic COS isotopic signal of 8±1‰. Samples of seawater-equilibrated-air
indicate that marine COS emissions have an isotopic signal of 13±0.4‰. Using our new data-based mass balance, we
constrained the relative contribution of the two main tropospheric COS sources resulting in 26±11% for the anthropogenic
source and 74±23% for the oceanic source. This constraint is important for a better understanding of the global COS budget
and its improved use for GPP determination. 

Main Text
Carbonyl sul�de (COS), the major long lived sulfur bearing gas in the atmosphere,  diffuses into leaf stomata and is
consumed by photosynthetic enzymes in a similar manner to CO2.1-3 Contrary to CO2, COS undergoes rapid and irreversible

hydrolysis mainly by the enzyme carbonic-anhydrase.4,5  Thus, COS can be used as a proxy for the one-way �ux of CO2

removal from the atmosphere by terrestrial photosynthesis (gross primary production - GPP).6-10 However, the large
uncertainties in estimating the COS sources weaken this approach.9-12 Tropospheric COS has two main sources - the oceans
and anthropogenic emissions, and one main sink - terrestrial plant uptake.6,9,10,13 Smaller sources include biomass burning,
soil emissions, wetlands, volcanoes, and smaller sinks include OH destruction, stratospheric destruction, and soil uptake.11

The largest source of COS to the atmosphere is the ocean, both as direct COS emission, and as indirect carbon disul�de
(CS2) and dimethylsul�de (DMS) emissions that are rapidly oxidized to COS.9,13-15 Recent studies suggested oceanic COS

emissions are in the range of 200 to 4000 GgS/Yr.16-19 The second major COS source is the anthropogenic source, which is
dominated by indirect emissions derived from CS2 oxidation - mainly from the use of CS2 as an industrial solvent.14,20,21

Direct emissions of COS are mainly derived from coal and fuel combustion.14,20,21 Recent studies suggest that
anthropogenic emissions are in the range of 150 to 585 GgS/Yr.20,21 The terrestrial plant uptake is estimated to be in the
range of 400 to 1360 GgS/Yr.10 Measurements of sulfur isotope ratios (δ34S) in COS may be used to track COS sources and
thus reduce the uncertainties in their �ux estimations.12,22,23,24 However, the isotopic mass balance approach works best if
the COS end-members are directly measured and have a signi�cantly different isotopic signature. Previous δ34S
measurements of atmospheric COS are scarce and there have been no direct measurements of two important components:
the δ34S of oceanic COS emissions and, the isotopic fractionation of COS during plant uptake.12,22,23,24 In contrast to
previous studies that used assessments for these isotopic values, we aimed here to directly measure the isotopic values of
these missing components, and to determine the tropospheric COS δ34S variability over space and time. 

We have collected 89 air samples during two years of measurements (Feb 2018 to Mar 2020) from multiple locations
around the world (see supplementary table 1). The vast majority of our samples (90%) showed a COS concentration of
(mean ± STD) 480±60 ppt which is in agreement with NOAA 20-year global COS monitoring program with a mean
concentration of 480±40ppt (Data provided by the National Oceanic and Atmospheric Administration (NOAA/Global
Monitoring Division (GMD) in Boulder, Colorado, USA, hereafter NOAA).6 Yet 10% of our samples showed signi�cantly higher
concentrations that may indicate in�uence by local anthropogenic sources. Therefore, we divided our samples into two
groups: (1) Ambient air samples (COS concentration lower than 600 ppt; n=81) with an average concentration of 480±60 ppt
and an average δ34S value of 13.9±0.8‰. This δ34S value agrees with our previous estimate of tropospheric COS.12 (2) Air
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samples which are suspected to be in�uenced by anthropogenic emissions (COS concentration higher than 600 ppt; n=8)
with an average COS concentration of 800±200 ppt and an average δ34S value of 11.6±0.9‰. The two groups signi�cantly
differ by a P-value of 10-15 for concentrations and 3*10-11 for δ34S values.

Tropospheric COS is known to show a pronounced seasonal cycle due to northern hemisphere terrestrial summer
photosynthesis.6,7,9  COS measurements at NOAA Mace Head station in Ireland (MHD, 53°32'60''N/9°89'90''W), which is the
closest such station to Israel, show COS maximum concentrations of 520±20ppt in spring and minimum concentrations of
440±20ppt in fall.6 In agreement, our measurements show a similar seasonal cycle, with a mean concentration of 530±30
ppt for spring, and 400±20 ppt for fall (P-value =4*10-12) (Fig. 1). Furthermore, our atmospheric samples from Israel show an
isotopic seasonal cycle for tropospheric COS, with seasonal mean of (δ34S±STD) 13.5±1‰ for spring and 14.7±0.6‰ for
fall (P-value =0.003) (Fig 1). Analysis of all of our atmospheric samples (not only Israel) show a similar cycle in
concentrations but a weaker apparent isotopic cycle with δ34S values of 13.6±1‰ for spring and 14.3±1 for fall (P-value =
0.02). A seasonal cycle in COS δ34S is expected if plant uptake indeed dominates the COS concentration seasonal cycle, and
if uptake of COS by plants is accompanied by an isotopic fractionation. We have previously estimated that this fractionation
will be dominated by the effect of diffusion into plant stomata.12 This estimation was based on the fact that COS quickly
reacts inside the leaf, and back-diffusion from the leaf to the atmosphere is minimal.4,5 We have calculated, based on the
theory of binary-diffusion, a value of ε≈-5‰ for this fractionation during plant uptake.12 Based on this theoretically
estimated ε and the observed decrease in COS concentrations (130 ppt from spring to fall), the isotopic enrichment from fall
to spring (Δseasonal) is expected to be 1.5‰ (using  a Rayleigh distillation equation, which describes isotopic fractionation
during continuous removal). However, our measurements show an isotopic enrichment of only 0.7‰ (all samples) to 1.2‰
(only samples from Israel), which may indicate a lower ε than the theoretically calculated value.

To directly measure the plant uptake fractionation, we conducted plant chamber experiments on a Scindapsus aureus
branch (see methods). Plant uptake fractionation (ε) was calculated using the concentrations and isotopic ratios of air
samples before and after plant uptake in the chamber, using Rayleigh distillation.25 This calculation indicated a plant uptake
fractionation of (ε±SE) - 1.9±0.3‰ (Fig 2). While more work is needed to establish this value with more plant species, and
under variable conditions, this value can be used as a �rst direct estimate for terrestrial plants COS uptake fractionation.
Taking this measured value of -1.9±0.3‰ and our measured seasonal change in atmospheric COS concentration results in
a calculated seasonal sulfur isotopic change of (Δseasonal±SE) 0.6±0.1‰, which agrees with the measured value for all
ambient air samples of 0.7‰. The Δseasonal for atmospheric samples from Israel alone is slightly higher (1.2‰), which may
indicate the in�uence of additional processes, (e.g. anthropogenic and marine emissions) on the seasonal cycle.

In addition to the seasonal variations, the ambient air samples showed variability within the same season. This variability
may be related to different sources and/or extent of anthropogenic COS contribution. To study this, we have analyzed the air
mass back-trajectories (produced by NOAA HYSPLIT MODEL26), and calculated anomalies versus the monthly mean, for all
the air samples taken in Israel (see methods). The back-trajectories were divided into land-in�uenced air samples and sea-
in�uenced air samples (supplementary �gure 3) (see methods). We assumed that the land-in�uenced air samples will have
positive COS concentration anomalies and negative δ34S values anomalies due to anthropogenic activity. This analysis
indicates a relationship between the back-trajectories and the COS concentration anomalies and supports our assumption of
a distinct difference in concentrations between the two groups. The land-in�uenced back-trajectories’ concentration
anomalies were higher on average by 25 ppt than the sea-dominated ones (p-value = 0.004) and the δ34S values were lower
by 0.4‰, on average (p-value = 0.06).

To calculate a tropospheric COS isotopic mass-balance, the isotopic value of COS emitted from the ocean and the value of
anthropogenic COS δ34S are both needed. Analysis of our anthropogenic-in�uenced air samples (above 600ppt) by an
isotopic mixing line (or Keeling plot27,28) present a good �t to a linear trend line (R2=0.61) (Fig. 3). This indicates an
anthropogenic COS source with an isotopic value of (δ34S±SE) 8±1‰. Taking this value and the observed 25 ppt difference
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between samples taken in Israel, with land-in�uenced and sea-in�uenced back trajectories, predicted a lighter isotopic value
(Δland-sea) by 0.4‰ for the land in�uenced air mass (Eq. 1):

where Δland-sea is the predicted isotopic difference between land-in�uenced and sea-in�uenced air masses; [COS]land-in�uenced

is the mean COS concentration of air samples for which their back trajectories indicate a land-in�uenced air mass; [COS]sea-

in�uenced is the mean COS concentration of air samples for which their back trajectories indicate a sea-in�uenced air mass;

δ34Santhropogenic is the estimated isotopic signal for anthropogenic COS.

This Δland-sea prediction aligns with our air samples measurements: land-in�uenced back-trajectories’ δ34S values were lower
by 0.4‰ on average (p-value = 0.06), reinforcing our 8±1% assessment for the anthropogenic COS isotopic signal. A recent
estimate of ~5‰ for the anthropogenic isotopic signal was suggested by Hattori et al (2020)24 based on air samples from
Japan. The relatively small ~3‰ difference between the two estimates may be related to different anthropogenic sources
(i.e. the petrochemical industry in the Middle East versus rayon production and coal combustion in China), or to the different
analytical methods used.12,24

To estimate the isotopic value of COS emitted from the ocean, we have measured the concentration and δ34S values of
dissolved COS in seawater by using an air-water equilibrator (see methods). We sampled seawater-equilibrated air at the Red
Sea (May 2019; n=6 and January 2020; n=6) and the Mediterranean Sea (December 2019; n=10) (sampling locations
detailed in supplementary table 1). Table 1 presents the results from all three sampling campaigns. The DMS isotopic
measurements from all sampling campaigns show a mean δ34S value of (mean±STD) 20±1‰ in agreement with previous
measurements.29 In contrast to DMS, the δ34S values of COS and CS2 show spatial and temporal variability (Table 1).

Averaging all sampling campaigns yields a mean δ34S value of (mean±STD) 13±3‰ for marine COS representing direct
COS emissions. While a calculated δ34S value for the indirect COS emitted from the sea (via CS2 and DMS oxidation), based

on the weighted arrhythmic mean of CS2 and DMS δ34S values multiplied by their reported conversion factors to COS (0.81

and 0.007 respectively14,30) resulted in a δ34S value of (weighted-mean±STD) 15±3‰. Furthermore, we calculated that in
our samples indirect COS emissions to be ~20% and the direct COS emissions to be ~80% of the marine COS emitted to the
atmosphere. Previous studies estimated the direct and indirect COS marine emissions to be roughly 50%-50%, these
differences may be related to natural variability.11,18,19 Together, the direct and indirect emissions for both seas result in an
isotopic value of (weighted-mean±STD) 13±2‰. Thus, we suggest this value as an initial assessment for the isotopic signal
of COS emitted from seawater, under the assumption (that should be validated in further studies) of no fractionation in the
oxidation processes. We present here the �rst direct measurements of marine COS and CS2 isotopes which allow us to
calculate an important constraint on the COS budget. However, both of our sampling locations are characterized as
oligotrophic seas, with similar chlorophyll A concentrations typically lower than 0.4µg/l.31,32 Thus our initial assessment for
seawater-emitted COS isotopic signal, may not be representative of the global oceans.

Table 1. Marine COS, CS2, and DMS concentration and δ34S values of air equilibrated with seawater, in 3 sampling
campaigns: (1) at the Red Sea (May 2019; n=6), (2) at the Mediterranean Sea (December 2019; n=10), and (3) at the Red sea
(January 2020; n=6). Values are given as mean±SE. Concentrations are given in the measured gas-phase - conc. (gas) and in
the calculated aqueous phase – conc. (aq).
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  COS CS2 DMS

Campaign

 

#

δ34S

 

(‰)

conc.

(gas)

(ppb)

conc.

(aq)

(pmol/L)

δ34S

 

(‰)

conc.

(gas)

(ppb)

conc.

(aq)

(pmol/L)

δ34S

 

(‰)

conc.

(gas)

(ppb)

conc.

(aq)

(pmol/L)

1 13.4±0.3 1.7±0.1 38±2 12±0.4 0.38±0.01 20.9±0.3 19.6±0.4 8.5±0.6 4100±300

2 16±0.6 0.8±0.2 17±4 16.2±0.9 0.18±0.02 10.1±0.8 20.5±0.5 1±0.1 520±70

3 11±0.5 1.2±0.2 27±3 18±1 0.3±0.06 17±3 21.0±0.4 2.9±0.2 1390±80

Based on all of the noted above, we created a measurement-based isotopic mass balance for tropospheric COS (Eq. 2 and
Fig. 4):

Where A is the anthropogenic source �ux; δ34Santhropogenic is the anthropogenic source isotopic signal; O is the oceanic

source �ux; δ34Socean is the oceanic source isotopic signal; P is the terrestrial plant uptake �ux; εplant uptake is the

fractionation by plant uptake; and δ34Sambient air is the isotopic mean value of tropospheric ambient air samples. 

This simpli�ed mass balance contains the two main sources (anthropogenic and oceanic) of the tropospheric COS and one
main sink (terrestrial plant uptake) and assumes steady state (Eq.3):

(Eq. 3) A + 0 = P

Smaller sources and sinks like stratospheric oxidation and soils (see supplementary information) were neglected. From Eq. 2
and Eq. 3 above, one can derive Eq. 4.

Using Eq. 4 and with our measured values, we calculated that the relative contribution of the anthropogenic source to the
atmosphere is 26±11% and that of the oceanic source is 74±23%. Previous studies demonstrated large uncertainties in the
global COS budget with up to fourfold on the anthropogenic source and up to 20-fold on the oceanic source.10,16-19,21

However, optimized values of 830±150 GgS/Yr for the oceanic source and 350±40 GgS/Yr for the industrial source, based
on Monte-Carlo simulations, was suggested by Campbell et al.10 These optimized values lead to a relative contribution of
30±5% and 70±16% for the anthropogenic and oceanic sources respectively, which agrees with our independent estimate.
Recent studies suggest two approaches for the oceanic source; (1) A small oceanic source (265±210 GgS/Yr) with an
additional missing source that is needed to balance the COS budget.18,19 (2) A large oceanic source (above 800 GgS/Yr) that
closes the COS budget.9,16,17 Taking the most recent anthropogenic COS inventory of 405±180 GgS/Yr21 together with our
constraint, invokes a large oceanic source of 1200±800 GgS/Yr supporting the second approach. The uncertainty in our
assessment is mostly affected by the uncertainty of the oceans and anthropogenic isotopic signatures. In future work, we
intend to conduct oceanic and anthropogenic sampling campaigns, COS hydrolysis experiments, and CS2/DMS oxidation
experiments in order to reduce uncertainties and better understand COS production processes.     
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To conclude, we showed that a measurement-based isotopic mass balance of COS end-members can be used as a powerful,
simple, and independent tool to constrain the tropospheric COS budget. We expect that in the future, such improved
constraints on the COS budget will lead to better estimates of global and regional GPP.

Methods
System: We used the same system, with pre-concentration system coupled to a GC-multi collector ICP-MS as detailed in
Angert et al.12 In July 2019 we replaced the six-port valve of the pre-concentration system with a ten-port valve for a faster
switch to calibration gas measurements (20.8 ppm COS, 20.5 ppm CS2, 20.9 ppm DMS, 20.9 ppm Ethyl Mercaptan, 20.7
ppm H2S, 20.8 ppm Methyl Mercaptan; purchased from Air Liquide America (PA, USA)).

Sampling: For air sampling, we used vacuumed electro-polished stainless steel 3-liter canisters (To-can, Restek) and 3-liter
Silitek treated canister (SilicoCan, Restek). The air was sampled through a 0.5-micron stainless steel �lter (SS-4F-05,
Swagelok), to prevent aerosol contamination. First, we cleaned the canisters (see canister cleaning procedure section) and
vacuumed them to ~0.005 ATM in the laboratory before sending the canisters to the sampling site. At the sampling site, we
used a 100 ml syringe to �ush the �lter with fresh air, then we connected the �lter to the canister and opened the canister
valve for 3 minutes to ensure pressure equilibrium.

For dissolved gas sampling we used a Perspex equilibrator; a 20-liter tank with a showerhead and an exit valve (diameter 1")
in its lower part for draining water and a 1/8" tube on the top for sampling the equilibrated gas (supplementary �gure 1).
Prior to the sampling campaigns, we cleaned the equilibrator with soap and water. After cleaning we ran deionized water
through the equilibrator system and sampled and analyzed the gas as blank, and did not �nd COS residues. At the �eld site,
we sampled the equilibrated gas, after one hour of equilibration, by closing the water exit valve, which forced the water level
to rise and the equilibrated gas to �ow through the sampling tube into a 5 liter Tedlar sampling bag. The gas was
immediately transferred into cleaned and pre-evacuated 3-liter Silitek treated canisters (SilicoCan, Restek) to preserve the gas
for analysis in the lab. In order to verify that the samples were well preserved until analysis, we conducted a two-month
preservation test (most samples were typically analyzed within one month) for air samples (COS) and equilibrated air-sea
samples (COS, CS2, and DMS). In all cases, the samples did not change signi�cantly with P-value ≥0.2. 

The analysis of the samples is performed in the gas phase. In order to convert the gas phase concentration to the initial
aqueous phase concentration, we used a temperature and salinity dependent function for the COS Henry's constant.33 For
DMS and CS2 we used Henry's constants of 4.8*10-1 and 5.5*10-2 Molar/atm respectively.34

Canister cleaning procedure: Canisters were cleaned as described in Angert et al.12. Beginning in August 2019, we repeated
the cleaning procedure twice before each sampling to ensure clean canisters. After performing the second cleaning
procedure, COS blanks were less than 1 pmol ( 3% of typical atmospheric COS samples) and in most cases were not
detected at all.

Plant fractionation experiments: We used a Scindapsus aureus branch dipped in water (to eliminate soil bacterial processes)
sealed in a plant chamber (supplementary �gure 2). The plant chamber is a Perspex cylinder with a magnetic fan on the top,
for mixing the air inside the chamber, and an in�ating Tedlar bag connected by a tube to the outside of the chamber so the
air pressure inside will remain equal to atmospheric pressure during sampling. Sampling was done by opening a vacuumed
canister connected to the �lter and the chamber. The Scindapsus aureus is a resilient tropical C3 plant, we chose it as a
model plant because it can easily survive without soil.35 A CO2 sensor on top of the chamber (Vaisala, GMP252) was used to
follow the CO2 drawdown during an experiment. In each experiment we measured two air samples:

(1) Ambient air - sampled right before we inserted the Scindapsus aureus branch into the plant chamber.
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(2) Fractionated air - sampled after 1-3 hours that the Scindapsus aureus plant consumed a fraction of the COS (and also
CO2) in the sealed chamber.  The CO2 concentration typically decreased during an experiment by 100-300 ppm (from the
~400 ppm ambient concertation) depending on the duration of the experiment.

After analysis, plant uptake fractionation (ε) was calculated using the concentrations and isotopic ratios of air samples
before and after plant uptake in the chamber, assuming Rayleigh distillation. Results were plotted on a -ln(f) vs
1000*ln(R/R0) plot.25 The �rst sample (taken before we inserted the plant) was de�ned as the initial state, and the second
sample (after 1-3 hours, during which the plant consumed a fraction of the COS) was de�ned as the fractionated state.
Before the experiment, we conducted the same procedure but without the plant as a blank. Both air samples were identical
(only 4 ppt and 0.2‰ difference – within analytical error) meaning the chamber itself did not affect the experiment.  

Back-trajectory analysis: The 5-day back-trajectories (produced by NOAA HYSPLIT MODEL26) were divided into two groups:
land -in�uenced air samples (supplementary �gure 3A), in which the air mass passed near the surface over land (mostly the
Middle East) before arriving at the sampling location, and sea-in�uenced air samples (supplementary �gure 3B), in which the
air mass passed near the Mediterranean Sea surface before arriving at the sampling location. We assumed that the land-
in�uence air samples would have a higher anthropogenic signal due to anthropogenic activity like the petrochemical
industry. The analysis indicates a relationship between the back-trajectories and the COS anomalies, where these anomalies
were de�ned as the deviation from a monthly mean concentration of “clean air” (based on 5 years' monthly mean
concentrations from the NOAA MHD monitoring station), and seasonal mean δ34S values (based on our seasonal mean
δ34S measurements). The summer measurements were not included in this analysis since all summer samples back-
trajectories were sea in�uenced.
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Figure 1

The seasonal cycle in mean COS air concentration (blue) and δ34S (red) for all ambient air samples taken in Israel by
season (error-bars represent standard errors). The black line shows the best-�t line for 5 years' monthly mean COS
measurements at NOAA Mace Head station in Ireland.6

Figure 2

Plant chamber experiments results on a Rayleigh distillation plot25 indicate a plant uptake fractionation of -1.9±0.3‰. The
error bars represent the analytical error.
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Figure 3

Isotopic mixing line (Keeling plot) for COS “clean” air samples and anthropogenic-in�uenced air samples. The red trend-line
for the anthropogenic-in�uenced samples (COS concentration above 600 ppt) indicates an anthropogenic COS source with
an isotopic signal of 8±1‰ while the blue line, which represents "clean" ambient air samples (COS concentrations below
600 ppt), does not show a pronounced trend. Samples were taken mostly in Israel (n=69), but also in the Canary Island of
Fuerteventura (n=4), Harvard Forest, Massachusetts U.S.A (n=8), Cabo da Roca, Portugal (n=4), Southern Ocean (n=1) and
New Delhi, India (n=3), markers colors indicate the location shown in the map (inset). Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.

Figure 4

A simpli�ed Tropospheric COS isotopic mass-balance containing only the two main sources (anthropogenic and oceanic)
and one main sink (terrestrial plant uptake).
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