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a b s t r a c t 

Near global 85 ◦ S–85 ◦ N atmospheric measurement of carbonyl sulfide (OCS), including the minor OC 34 S 

and O 

13 CS isotopologues, were made by the Atmospheric Chemistry Experiment Fourier transform spec- 

trometer (ACE-FTS) in low Earth orbit. ACE-FTS data provide volume mixing ratio (VMR) profiles of OCS, 

OC 34 S and O 

13 CS from 8 km in troposphere up to 31 km in the stratosphere. The global zonal and sea- 

sonal distributions of OCS isotopologues were studied. OCS observations made with the MkIV balloon- 

borne Fourier transform spectrometer (FTS) are also presented. The results indicate a slight enrichment 

of OC 34 S and a significant enrichment of O 

13 CS as the altitude increases. The contribution of OCS to the 

background Stratospheric Sulfate Aerosol Layer (SSA) is discussed and ACE-FTS data indicate that OCS is 

a major contributor. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Carbonyl sulfide (OCS) is the most abundant sulfur-containing

as in the atmosphere. The OCS distribution, sources and sinks

ave been studied in the troposphere [1–3] . The main source of

CS is biogenic activity either from direct emission or indirectly

y oxidation of CS 2 and dimethyl sulfide (DMS). Biomass burning

4] , soil and wetland emissions [2] are additional biogenic sources

f OCS. 

OCS is also emitted by anthropogenic activities, particularly by

xidation of CS 2 that is released by industry. Uptake by vegetation

nd soil are the major tropospheric sinks of OCS. The destruction

f OCS by plants can be used to study the carbon cycle in the tro-

osphere [3] . OCS assimilation by plants is assumed to be similar

o the photosynthetic uptake of CO 2 but is irreversible [3] . 

The total OCS atmospheric lifetime is estimated to be 2.5 years

5] . Due to its low reactivity and relatively long lifetime, OCS is the

nly sulfur containing gas that can reach the stratosphere except

ollowing major volcanic eruptions during which SO 2 is directly in-

ected into the stratosphere. In the stratosphere, OCS is destroyed
∗ Corresponding authors. 
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y reaction with OH or O radicals, 

CS + OH −→ CO 2 + SH (1) 

CS + O( 3 P) −→ CO + SO . (2) 

owever, the main sink of OCS in the stratosphere is via photolysis

6–8] , 

CS + h ν −→ CO + S ( λ ≤ 300 nm) . (3) 

Danielache et al. [9] calculate that reaction (1) with OH domi-

ates in the troposphere, reaction (2) with O is responsible for 20%

f OCS destruction in the stratosphere and photolysis (3) at 80%

ominates in the stratosphere. The stratospheric lifetime of OCS

ainly due to photolysis, is estimated to be 64 years [10] . 

The sulfur products produced from the above reactions (SH,

O and S) are rapidly oxidized in the stratosphere to SO 2 . SO 2 

s converted to sulfate aerosol by reaction with OH, so OCS is a

recursor to stratospheric sulfate aerosol (SSA) [7] . SSA is an op-

ically thin layer of sulfuric acid droplets that extends from the

ropopause upwards into the stratosphere, also called the Junge

ayer. SSA reportedly has an average negative radiative forcing of

0.40 ± 0.2 W m 

−2 and cools the climate by increasing the Earth’s

lbedo [11] . 

OCS is known to be one of the major long term contributors

o the SSA. Large volcanic eruptions are another contributor to the

https://doi.org/10.1016/j.jqsrt.2019.06.033
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SSA by direct injection of SO 2 into the stratosphere, but their ef-

fects are temporary [12] . It is difficult to assess the OCS contri-

bution to SSA because of the large uncertainty in its sources and

sinks [7,13,14] . For example, Watts estimates OCS global sources

and sinks of 1.31 ± 0.25 and 1.66 ± 0.79, respectively [13] . 

Trace gas isotopologues can give additional information about

the atmospheric chemistry and dynamics [15,16] . Isotopes have

been used to determine the contribution of OCS to SSA. Castleman

et al. [17] found a δsulfate ∼ 2.6 ‰ for 34 S for the background SSA

and concluded that tropical upwelling of OCS is a major contribu-

tor [17] . 

Chin and Davis [7] used a one dimensional photochemical

model and, based on an OCS stratospheric lifetime of 10 years, con-

cluded that the production rate of SSA from OCS oxidation is 2 to 5

times less than the amount of sulfur required to maintain the SSA.

In contrast, Barkley et al. [10] found a more realistic stratospheric

OCS lifetime of 64 ± 21 years using the measurements obtained

by Atmospheric Chemistry Experiment (ACE) satellite correspond-

ing to a stratospheric sink of 63–124 Gg yr −1 (34–66 GgS yr −1 )

which is in the range of sulfur mass estimated by Chin and Davis

[7] that is needed to sustain the SSA. Subsequently, Krysztofiak

et al. [18] found a stratospheric OCS sink of 54 ± 14 GgS yr −1 us-

ing SPIRALE and SWIR balloon borne measurements in agreement

with the conclusion of Barkley et al. [10] . 

Leung et al. [19] tried a different approach to estimate the

contribution of OCS to the SSA by measuring the OCS isotopic

fractionation. Leung et al. [19] found a fractionation factor of the

ε ∼ 73 ± 8.6 ‰ for OC 

34 S with the MkIV balloon-borne FTS, imply-

ing that the SSA should be enriched in 

34 S. Leung et al. [19] cited

the study of Miller and Yung [20] that suggested a faster photolysis

of OC 

34 S compared to OC 

32 S. Collusi et al. [21] also measured the

absorption cross sections of OC 

32 S and OC 

34 S and concluded that

the OC 

34 S absorption cross section is larger than that of OC 

32 S be-

tween 200 < λ(nm) < 260 at 298 K near the absorption maximum.

Later, Hattori et al. [22] reported on extensive measurements of

UV absorption cross sections of OCS isotopologues between 190 to

260 nm that are inconsistent with the results of Collusi et al. [21] .

They found similar absorption cross section for OC 

32 S and OC 

34 S

and estimated a small fractionation factor of 34 ε ∼ 1.1 ± 4.2 ‰ . Lin

et al. [23] reported on laboratory experiments on the photolysis of

OCS. They found the fractionation factor 34 ε to be between −10.5

to 5.3 ‰ . 

In another study, Hattori et al. [24] analyzed the sulfur isotopic

compositions of OCS using gas chromatography and mass spec-

trometry (GC-IRMS) of air collected at Kawasaki, Japan and re-

ported a tropospheric value of δ34 S 0 of 4.9 ± 0.3 ‰ . Hattori et al.

[24] used a similar analysis to Leung et al. [19] and estimated the

stratospheric 34 S enrichment value to be −3.4 to 2.7 ‰ which is in

agreement with the SSA enrichment value measured by Castleman

et al. [17] . Hattori et al. [24] concluded that OCS is an important

source of SSA. 

Despite widespread tropospheric OCS observations [3,4] , strato-

spheric OCS observations are more limited (e.g., [25–27] ). More

studies with wider geographical coverage will help determine the

contribution of OCS to the SSA. 

In this study we use ACE-FTS data to study OCS, O 

34 CS and

the OC 

13 S isotopologues in the stratosphere. Similar data from the

balloon-borne MkIV FTS are also used. The main objectives are

to investigate the global zonal and seasonal distributions of OCS,

O 

13 CS and OC 

34 S; and to study the isotopic composition of OCS in

the stratospheric to assess its contribution to background SSA. 

2. ACE satellite data 

SCISAT, also known as the Atmospheric Chemistry Experiment

(ACE), is a satellite developed by the Canadian Space Agency (CSA)
or infrared remote sensing of the Earth’s atmospheric composition

28,29] . It was launched by NASA into a circular orbit at 650 km al-

itude with a high 74 ◦ inclination to the equator in August 2003.

outine measurements began in late February 2004. The main

nstrument on board SCISAT is a high resolution Fourier trans-

orm spectrometer (ACE-FTS). ACE-FTS has a spectral resolution of

.02 cm 

−1 covering the spectral range of 750 to 4400 cm 

−1 (2.2

o 13.3 μm). ACE-FTS uses the solar occultation technique which

ecords atmospheric transmission spectra during sunrise and sun-

et in the limb geometry using the Sun as an infrared source. 

Profiles of 35 trace gases, as well as 20 isotopologues are re-

rieved from ACE-FTS spectra using version 3.5/3.6 of the ACE-

TS data processing [30] with a vertical resolution of about 3 km

28] . ACE-FTS retrieves 16 O 

12 C 

32 S, 16 O 

12 C 

34 S and 

16 O 

13 C 

32 S iso-

opologues of carbonyl sulfide, which have natural abundances of

bout 95%, 4% and 1% [31] . The pressure and temperature profiles

s a function of altitude are first determined using selected CO 2 

ines. Temperature profiles are determined by the relative inten-

ity of selected CO 2 lines and the pressure profiles from the optical

epth of the lines. Altitude registration is performed using infor-

ation from the Canadian weather service model and the error in

he final retrieved tangent height is about 50 m. 

The OCS VMRs are retrieved in a second step, holding the tem-

erature and pressure constant. To speed up processing, a set of

icrowindows (less than 0.5 cm 

−1 wide) is chosen for the retrieval.

or each molecule these microwindows are chosen to minimize the

nterference with other molecules. The microwindow sets for the

etrieval of OC 

32 S, OC 

34 S and O 

13 CS are presented in tables S1–

3, respectively. The VMRs are adjusted by comparing the observed

pectrum and the calculated spectrum from the forward model and

inimizing the residuals. The atmospheric model consists of 150

pherical layers, each 1 km thick. A ray tracing program is used to

etermine the path for each tangent height and the Beer-Lambert

aw is used to calculate the spectrum. In this study version 3.5/3.6

f the ACE-FTS processing is used with most of the spectroscopic

onstants taken from the HITRAN 2004 database. The constants for

CS however were taken from an update that appeared in the HI-

RAN 2008 database [31] 

. Data analysis 

More than 60,0 0 0 occultations are available for the 2004–2017

eriod in version 3.5/3.6 of ACE data. The ACE OCS data set con-

ains profiles with unphysical spikes or oscillations, which need to

e removed for optimal use of the results. These artifacts are due

o missing data and low signal-to-noise ratio particularly for the

inor isotopologues [30] . In the troposphere, clouds and aerosols

lso cause problems with the retrievals. The statistical retrieval er-

or for the main OCS isotopologue is less than 2% up to 19 km and

ncreases to ∼ 4% at higher altitudes. The statistical error for OC 

34 S

aries from 9 to 12% up to 17 km and increases to 15 to 50% at

igher altitudes. The statistical error for O 

13 CS is ∼ 20–33% from 7–

8 km and increases to 45–100% at higher altitudes. Several steps

ere taken to filter these bad data and improve the data quality.

n the first step, negative VMR values were removed; while nega-

ive concentrations are allowed in ACE retrievals, they are not valid

hen calculating delta values. Secondly, the OCS VMRs with an un-

ertainty greater than 73 ppt were discarded. Also the VMRs for

ll isotopologues that are not determined within their uncertainty

ere discarded. In addition, the median absolute deviation (MAD)

as calculated at each altitude to filter outliers. MAD is defined as

AD = median i ( | x i − median j (x j ) | ) and is less sensitive than the

tandard deviation to extreme outliers. Values with an absolute de-

iation greater than 3 × MAD were discarded. 

The ACE-FTS OCS retrieval also suffers from systematic errors

hat we estimate by comparison with an independent measure-
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Fig. 1. Global atmospheric distribution of OCS from the ACE mission average. The OCS VMR values have been grouped together in 10 ◦ latitude bins. 
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ent made with the MkIV instrument at Ft. Sumner, New Mexico

35 ◦ N) and Esrange, Sweden and Fairbanks, Alaska (65 ◦ N). We

ound a percentage difference of 0.3–1% for 35 ◦ N and 0.16–4% for

5 ◦ N between the two independent measurements. 

After filtering nonphysical data and outliers, the delta values

nd the corresponding fractionation uncertainties for each isotopo-

ogue were calculated, 

13 C = 

(
13 R sample 

13 R std 

− 1 

)
× 10 0 0 ‰ 13 R = 

[ O 

13 CS] 

OCS 
(4)

34 S = 

(
34 R sample 

34 R std 

− 1 

)
× 10 0 0 ‰ 34 R = 

[ OC 34 S] 

OCS 
(5)

n which the 13 R std = 0.041583 and 

34 R std = 0.010531 values are

rom HITRAN 2016 database [31] . Finally, the δ34 S values with frac-

ionation uncertainties larger than 800 ‰ and δ13 C values with un-

ertainties larger than 10 0 0 ‰ were discarded. 

. Results and discussion 

.1. OCS global distribution 

The global distribution of OCS using ACE-FTS data was studied

y Barkley et al. [10] . They found an enhanced OCS concentration

t 10–15 km between 0 ◦ and 30 ◦ N attributed to tropical biomass

urning [4] . Barkley et al.’s results did not support previous model

tudies that suggested a large oceanic source at high SH latitudes

2] . In this study, we used ACE-FTS data to obtain a global distribu-

ion of OCS from the mission average. The ACE-FTS mission average

MRs from 2004 to 2017 are binned in 10 ◦ latitude bins on a 1 km

ltitude grid. Fig. 1 shows the OCS mission average global distribu-

ion from 2004 to 2017. A high OCS abundance is seen in the up-

er troposphere (UT) and lower stratosphere characteristic of up-

elling in the tropics. This high OCS abundance over the tropics

xtends up to 20–25 km and decreases with increasing altitude and

atitude. An enhancement of OCS is also observed in the NH be-

ween 0 ◦–30 ◦ N up to 15 km, in agreement with Barkley et al. [10] .

.2. OCS vertical profile 

The ACE-FTS OCS observations were sorted into 6 latitude bins

overing the equator and mid-latitudes in the Northern Hemi-

phere (NH) and southern Hemisphere (SH). Fig. 2 shows the ver-

ical profiles of ACE mission average OCS VMRs binned for 6 differ-
nt latitude bins 85 ◦ S–60 ◦ S, 60 ◦ S–30 ◦ S, 30 ◦ S–0 ◦ S, 0 ◦–30 ◦ N, 30 ◦

–60 ◦ N and 60 ◦ N–85 ◦ N on a 1 km altitude grid. As the altitude

ncreases, OCS VMRs decrease as a result of photolysis and chemi-

al reactions. The OCS VMRs remain constant within error over the

ropics up to 15 km. 

The NH and SH OCS VMRs were compared by computing tro-

ospheric and stratospheric average values for the 6 latitude bins

or the corresponding latitude bins in the NH and SH. Overall OCS

ropospheric VMRs are about 10 ppt greater in the NH than SH

or all latitude bins. In the stratosphere, in the mid-latitude and in

he poles these differences are ∼ 10 ppt and ∼ 40 ppt. In addition,

he ACE OCS altitude profiles were compared to the MkIV OCS

easurements at 35 ◦ N and 65 ◦ N latitude. Data points from MkIV

CS measurements with the errors larger than 73 × 10 −12 (73

pt) were also discarded. This reduced the total number of data

oints from 756 to 572. Velazco et al. [32] performed a ACE-MkIV

CS comparison that used potential temperatures and equivalent

atitudes from analyzed meteorological fields to find comparable

CE and MkIV profiles, despite the lack of spatio-temporal coinci-

ence. This study found reasonable agreement, but with MkIV OCS

omewhat larger. 

.3. OC 34 S isotopologue global fractionation 

The global distributions of OCS isotopologues provide informa-

ion on the role of OCS in climate change [33] . As outlined in the

ntroduction, there are contradictory views on the contribution of

CS to the background SSA. ACE-FTS data are used to obtain sea-

onal and zonal distributions of OC 

34 S fractionation. The δ34 S val-

es were binned in 10 ◦ latitude bins and the global distribution

f δ34 S during winter (DJF), spring (MAM), summer (JJA) and fall

SON) are presented in Fig. 3 . Overall Fig. 3 shows an almost con-

tant enrichment of OC 

34 S in the troposphere. As OC 

34 S penetrates

nto the stratosphere, there is a small fractionation of OC 

34 S that

aries by season. 

.4. δ34 S altitude profile 

The altitude profile of OC 

34 S fractionation obtained from ACE-

TS mission average between 2004 to 2017 for the latitude bins of

5 ◦ S–60 ◦ S, 60 ◦ S–30 ◦ S, 30 ◦ S–0 ◦ S, 0 ◦–30 ◦ N, 30 ◦ N–60 ◦ N and 60 ◦

–85 ◦ N were investigated. Fig. 4 shows that despite some fluctua-

ions in the δ34 S values with altitude, these changes in 

34 S enrich-

ent are insignificant and lie within the error bars; therefore no
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Fig. 2. Mean latitudinal OCS profiles measured by ACE on a 1 km vertical grid and averaged from February 2004 to December 2017 for the 6 latitude bins for 85 ◦ S-60 ◦ S, 

60 ◦ S-30 ◦ S, 30 ◦ S-0 ◦ S, 0 ◦ -30 ◦ N, 30 ◦ N-60 ◦ N and 60 ◦ N-85 ◦ N, compared to the MkIV OCS measurements in the 35 ◦ N (red asterisks) and 65 ◦ N (blue asterisks). Because of 

similar error bars for all latitude bins, only error bars for one latitude bins are presented. 

Fig. 3. Seasonal zonal distributions of δ34 S observed by ACE from 2004 to 2017. The δ34 S values have been grouped together in 10 ◦ latitude bins. 
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major enrichment of 34 S is observed for all latitude bins. The sharp

increase in the OC 

34 S enrichment above 25 km, particularly in the

tropics, is an artifact, related to the larger measurement errors. 

4.5. O 

13 CS isotopologue global fractionation 

The δ13 C values were binned in 10 ◦ latitude bins on a 1 km al-

titude grid with the data sorted into DJF, MAM, JJA and SON. The

global distribution of δ13 C is presented in Fig. 5 . An increasing en-

richment in 

13 C with altitude is observed in the stratosphere. Again

a very sharp increase at the top of the altitude range may be an ar-

tifact. 

As the stratospheric air increases in altitude, it becomes older

and has been exposed to more UV light. The O 

13 CS enrichment

with altitude results from the different absorption cross sections

for O 

13 CS and OCS. O 

13 CS cross sections from 190 to 260 nm are

less than the main OCS cross sections [22,34] and therefore O 

13 CS

is photolyzed less. This causes the increase in δ13 C with increasing

altitude as O 

12 CS is more fractionated by photolysis. The seasonal
ariation of δ13 C ( Fig. 5 (a–d)) shows more enrichment of O 

13 CS

uring DJF in the SH ( Fig. 5 (a)) and during JJA in the NH ( Fig. 5

c)) at mid-latitudes due to the increased sunlight that leads to the

ore fractionation of OCS while the cold polar air in the NH (DJF)

nd in the SH (JJA) that is older and more enriched in O 

13 CS de-

cends to the lower stratosphere ( Fig. 5 (a & c)). We observe the

ormation of the Arctic and Antarctic polar vortices during DJF in

he NH ( Fig. 5 (a)) and during JJA in the SH ( Fig. 5 (c)) that contain

lder air enriched in O 

13 CS. During MAM the enrichment begins to

ncrease in the NH ( Fig. 5 (b)) and during the SON, the enrichment

egins to increase in the SH ( Fig. 5 (d)). 

.6. δ13 C altitude profile 

As for to OC 

34 S, the altitude profile of the average O 

13 CS enrich-

ent was sorted into 6 different latitude bins covering the poles,

id-latitudes and tropics. Fig. 6 shows the change of the average
13 C values as a function of altitude in the troposphere and strato-
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Fig. 4. Latitudinal δ34 S profiles measured by ACE on a 1 km vertical grid and averaged from February 2004 to December 2017. Latitudinal δ34 S profiles have been plotted for 

6 bins for 85 ◦ S-60 ◦ S, 60 ◦ S-30 ◦ S, 30 ◦ S-0 ◦ S, 0 ◦ -30 ◦ N, 30 ◦ N-60 ◦ N and 60 ◦ N-85 ◦ N. 

Fig. 5. Seasonal zonal distribution of δ13 C observed by ACE from 2004 to 2017. The enrichment values have been grouped together in 10 ◦ latitude bins. 

Fig. 6. Latitudinal δ13 C profiles measured by ACE on a 1 km vertical grid and averaged from February 2004 to December 2017. Latitudinal δ13 C profiles have been plotted for 

6 latitude bins for 85 ◦ S-60 ◦ S, 60 ◦ S-30 ◦ S, 30 ◦ S-0 ◦ S, 0 ◦ -30 ◦ N, 30 ◦ N-60 ◦ N and 60 ◦ N-85 ◦ N. 
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Fig. 7. 34 S abundance for stratospheric OCS as function of the unreacted fraction grouped in 3 latitude bins of 60 ◦ S-30 ◦ S, 30 ◦ S-30 ◦ N, 30 ◦ N-60 ◦ N. 

 

 

 

O  

O  

O  
sphere. The enrichment of O 

13 CS increases with increasing altitude

for all latitude bins. 

4.7. Rayleigh distillation and isotopologue fractionation 

The photolysis rate for different OCS isotopologues differs due

to different cross sections in the 190–260 nm region which leads

to the fractionation of OCS isotopologues, 
CS + h ν
k −→ CO + S ( λ ≤ 300 nm) (6)

C 

34 S + h ν
k 1 −→ CO + 

34 S ( λ ≤ 300 nm) (7)

 

13 CS + h ν
k 2 −→ 

13 CO + S ( λ ≤ 300 nm) . (8)



M. Yousefi, P.F. Bernath and C.D. Boone et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 238 (2019) 106554 7 

Fig. 8. 13 C abundance in stratospheric OCS as function of the unreacted fraction grouped in 3 latitude bins of 60 ◦ S-30 ◦ S, 30 ◦ S-30 ◦ N, 30 ◦ N-60 ◦ N. 
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If the rate constants for reactions (1), (2) and (3) are indepen-

ent of altitude, one can apply a Rayleigh distillation model in

hich the isotopic ratio at any given altitude z is related to the

ropospheric isotopic ratio by Leung et al. [19] , 

 z = R 0 f 
α−1 (9) 
here R z = [O 

x C 

y S/OCS] z ( x = 13, y = 34) is the isotopic ratio for

 given altitude, R trop is the tropospheric isotopic ratio, f = [OCS] z /

OCS] trop is the non-fractionated OCS for a given altitude z and

i = k i /k (i = 1,2) is the photolysis rate ratio for the two isotopo-

ogues. To a good approximation, Eq. (9) leads to the expression,

z = δ0 + εln(f) (10) 
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Fig. 9. OC 34 S fractionation versus ln(f) (top) and O 13 CS fractionation versus ln(f) (bottom) plotted using MkIV data, obtained in the 35 ◦ N (blue) and 65 ◦ N (red). 
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where δz is the enrichment of the isotopologue of interest at

a given altitude z, δ0 is the tropospheric enrichment at the

tropopause and ε = 10 0 0 × (α − 1) is the enrichment factor of the

isotopologue of interest in per mil. 

4.7.1. Rayleigh distillation of OC 

34 S 

We applied the Rayleigh distillation model to the ACE data for

OC 

34 S isotopologue fractionation in the stratosphere. The δ34 S val-

ues were calculated for each individual ACE measurement and are

plotted against ln(f). Non-physical data and outliers were discarded

using the method described in Section 2 . Tropospheric OCS VMRs

([OCS] trop ) required to calculate the f values are obtained by aver-

aging the ACE-FTS OCS abundances in the troposphere. These val-

ues for the 3 latitude bins 60 ◦ S–30 ◦ S, 30 ◦ S–30 ◦ N and 30 ◦ N–60 ◦

N are 435 ppt, 443 ppt and 448 ppt, respectively. Fig. 7 (a–c) shows

the Rayleigh plot of δ34 S for the 3 latitude bins. The linear trend

of δ34 S values shows that the Rayleigh model is applicable for the

OC 

34 S isotopologue [19] . The fractionation ( 34 ε) can be determined

from the slope of Rayleigh plots. A linear fit gives the 34 ε values

of 3.64 ± 0.57, 5.91 ± 0.63 and 8.91 ± 0.47 ‰ for the latitude bins of

60 ◦ S–30 ◦ S, 30 ◦ S–30 ◦ N and 30 ◦ N–60 ◦ N, respectively. These frac-
ionation factors generally agree with the previous values of −1.9

o 1.6 ‰ calculated by Schmidt et al. [34] based on the theoretical

alculation of OCS photolysis, the 1.1 ± 4.2 ‰ at 20 km from Hattori

t al. [22] obtained from cross section measurements of OCS pho-

olysis. The 34 ε value for reaction (1) with OH is calculated to be

2.6 ‰ [9] and −14.8 ‰ (or −21.6 ‰ using measured rate constants)

or reaction (2) with O atoms [35] . Including these values, Schmidt

t al. [36] estimate total 34 ε values of -5 to 0 ‰ in the stratosphere.

onsidering the systematic errors in our 34 ε values from assuming

 Rayleigh distillation model, it is not possible to separate the dif-

erent sink mechanisms in the stratosphere. 

The linear regression of ACE-FTS data for the fractionation of
4 S isotopologue for the 3 latitude bins in the tropics and mid-

atitudes, also gives the δ34 
0 

S values 33.60 ± 0.57, 44.92 ± 0.63 and

2.23 ± 0.47 ‰ respectively, at the tropopause, where OCS begins to

ractionate. 

The Rayleigh model of 34 S isotopologue shows a small fraction-

tion for the equatoral and mid-latitude bins ( Fig. 8 ). Considering

he error bars, the estimated stratospheric 34 S fractionation from

CE-FTS in the tropics and mid-latitudes agrees with the observa-

ion of Castleman et al. [17] for SSA and Hattori et al. [22,24] . Our
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tudy, as the first global observation of stratospheric OC 

34 S enrich-

ent, concludes that OCS is a major contributor to the background

SA. 

.7.2. Rayleigh distillation of O 

13 CS 

Similar to the analysis of OC 

34 S, we use the Rayleigh distillation

odel in order to obtain the fractionation factor ( 13 ε) for the same

atitude bins used in section 4.7.1. The δ13 C values for each individ-

al ACE measurement were calculated and plotted against ln(f), af-

er discarding the non-physical values and outliers. Fig. 8 (a,b and

) shows the Rayleigh distillation plots for δ13 C for the 60 ◦ S–30 ◦ S,

0 ◦ S–30 ◦ N and 30 ◦ N–60 ◦ N latitude bins. A linear regression

f 13 C Rayleigh fractionation plot gives the fractionation factors
3 ε of −90 ± 1.4, −88 ± 1.92 and −65 ± 1.16 ‰ for the aforemen-

ioned latitude bins, respectively. This also gives the δ13 
0 

C values of

27.13 ± 1.4, 126.82 ± 1.92 and 118.52 ± 1.16 ‰ at the tropopause, for

he 3 latitude bins, respectively. Note that the negative sign in the

lopes shows the increase of δ13 C with ln(f). Overall, the Rayleigh

istillation model for O 

13 CS shows an increasing enrichment with

ltitude. This increasing enrichment of O 

13 CS with altitude gener-

lly agrees with Hattori et al. [22] who estimate a 13 ε value of

26.8 ± 4.3 ‰ at 20 km for photolysis from the absorption spectra.

chmidt et al.’s stratospheric photolysis values based on ab initio

alculations are −3 to −14 ‰ and −5 to −15 ‰ for all three removal

eactions [36] . 

.8. MkIV measurements of OC 

34 S and O 

13 CS fractionation 

OCS fractionation has also been measured by the JPL MkIV

TIR spectrometer which covers the 650 to 5650 cm 

−1 range at

.01 cm 

−1 resolution (60 cm OPD). From 24 high-altitude balloon 

ights, the MkIV has observed solar occultations allowing the re-

rieval of profiles of many gases and isotopologues from the clouds

ops ( ∼ 7 km) up to the balloon-float altitude ( ∼ 40 km). Pre-2001

kIV measurements of 34 S fractionation profiles of OCS were re-

orted by Leung et al. [19] . For the present work, nine more bal-

oon flights were included. Additionally, all spectra, including the

re-2001 ones, were re-analyzed using the latest spectroscopic

inelists of OCS and interfering gases, and the latest spectral fit-

ing and retrieval software. Five OCS windows covering 860 to

120 cm 

−1 were fitted and averaged to determine OC 

32 S. One con-

iguous window covering 2039 to 2076 cm 

−1 , centered on the ν3 

symmetric OCS stretch band, was fitted for OC 

34 S. 

Fig. 9 shows data obtained from MkIV measurements of OCS,

C 

34 S and O 

13 CS isotopologues. The top panel shows the δ34 S plot-

ed versus ln(f) (f = [OCS] z /[475 ppt]). Data points with fractionation

ncertainty of 800 ‰ in δ34 S were discarded, reducing the num-

er of data points to 314. The MkIV data give fractionation fac-

ors of 34 ε = 4.9 ± 5.31 ‰ and 

34 S fractionation of 41.72 ± 5.31 ‰ at

he tropopause. Overall 34 S fractionation obtained from MkIV data

hows a good agreement with ACE-FTS data, within the error bars.

 Fig. 7 ). 

The bottom panel in Fig. 9 shows the O 

13 CS fractionation. Data

oints with fractionation uncertainty larger than 10 0 0 ‰ were dis-

arded, reducing the number of data points to 295. The MkIV

ata shows a O 

13 CS enrichment factor of 13 ε = −95.3 ± 12.7 ‰ and
13 
0 

C value of 87.6 ± 12.68 ‰ at the tropopause. The MkIV data also

how an increasing enrichment for O 

13 CS isotopologue, which is in

greement with ACE-FTS observation of O 

13 CS ( Fig. 8 ). 

. Summary and conclusions 

We used ACE-FTS measurements of OCS, OC 

34 S and O 

13 CS to

tudy the zonal and seasonal profiles of stratospheric OCS. The ACE

lobal distribution shows an uplift of OCS-rich air from the tropics

nto the stratosphere. In the stratosphere as OCS is destroyed it
oves poleward and then downward due to the Brewer–Dobson

irculation. 

The atmospheric fractionation of OCS isotopologues was stud-

ed. ACE and MkIV data show an almost constant relative abun-

ance of OC 

34 S with a small fractionation in the stratosphere. This

onfirms that OCS is a major contributor to the background SSA

ecause the observed OCS fractionation is simillar to that mea-

ured in SSA. ACE and MkIV data also show an increasing enrich-

ent of O 

13 CS with increasing altitude consistent with absorption

ross sections measured in the laboratory. MkIV measurements

how a reasonable agreement with ACE data within error bars. 
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