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Abstract. In this study, we present carbonyl sulfide (COS)
measurements from an ice core drilled near South Pole,
East Antarctica (SPRESSO). The samples are from 135–
291 m, with estimated mean COS ages ranging from 278
to 2155 years before present (defined as 2000 C.E.). When
combined with the previous records of COS from Antarctic
ice cores and firn air, the current data provide a continuous
record of COS extending beyond the last two millennia. The
general agreement between ice cores, firn air, and modern
air measurements supports the idea that polar ice is a valid
archive for paleoatmospheric COS. The average COS mixing ratio of the SPRESSO data set is (331±18) ppt (parts
per trillion in mol/mol, ±1σ , n=100), excluding 6 outliers.
These data confirm earlier firn air and ice core measurements
indicating that the late 20th century COS levels of 500 ppt
are greatly increased over preindustrial levels and represent
the highest atmospheric levels over the past 2000 years. The
data also provide evidence of climate-related variability on
centennial time-scales, with relative maxima at the peaks of
Medieval Climate Anomaly and Little Ice Age. There is evidence for a long-term increasing trend in COS of 1.8 ppt per
100 years. Further ice core studies will be needed to determine whether this trend reflects secular variability in atmospheric COS, or a slow post-depositional chemical loss of
COS in the ice core.

1

Introduction

Carbonyl sulfide (COS) is a long-lived sulfur gas with an
average mixing ratio of 450–500 ppt (parts per trillion as
mol/mol) in the troposphere (Bandy, 1992; Griffith et al.,
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1998; Mahieu et al., 2003; Mihalopoulos et al., 1991;
Montzka et al., 2007; Rinsland, 2002; Schneider, 2002; Xu,
2000). The atmospheric chemistry of COS has drawn attention because of its role as a precursor for stratospheric
sulfate, particularly during periods of volcanic quiescence
(Crutzen, 1976; Turco et al., 1980). There is some debate
regarding the importance of COS compared to other stratospheric sulfate precursors such as SO2 and DMS (Golombek
and Prinn, 1993; Hofmann, 1990; Sedlecek et al., 1983;
Thomason et al., 1997). Most models and budgetary mass
balance calculations indicate that COS emissions cannot
solely account for background levels of stratospheric sulfate
aerosol (Chin and Davis, 1995; Kjellström, 1998; Myhre et
al., 2004; Pitari et al., 2002; Weisenstein et al., 1997) as supported by sulfur isotope measurements of stratospheric sulfate aerosol (Leung et al., 2002). It has also been shown
that COS at the tropical tropopause can reach levels comparable to the tropospheric mixing ratios, most likely as a result
of convective uplift of biomass burning plumes (Barkley et
al., 2008; Notholt et al., 2003). Most recent assessments of
stratospheric aerosols properties suggest that COS and SO2
contribute equally to the stratospheric sulfate budget during
volcanically quiescent periods, with the COS contribution
possibly being the dominant source above 25 km (Weisenstein and Bekki et al., 2006).
There have been several reviews of the COS budget (Chin
and Davis, 1993; Kettle et al., 2002; Khalil and Rasmussen,
1984; Watts, 2000). The sources of tropospheric COS include direct terrestrial and oceanic emissions of COS and
production in the atmosphere from the oxidation of carbon
disulfide (CS2 ) and dimethyl sulfide (DMS) (Barnes et al.,
1994; Chin, 1991; Patroescu et al., 1999). The oceans are
both a source and sink of atmospheric COS, with strong latitudinal and seasonal dependence, and a net air/sea flux that
is a strong source to the atmosphere (Kettle et al., 2001;
Ulshöfer et al., 1995; Weiss et al., 1995; Yvon-Lewis and
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Butler, 2001). Terrestrial sources include anthropogenic
emissions of COS and CS2 , and to a lesser extent biomass
burning, emissions from wetlands and volcanism, and oxidation of CS2 released from anoxic soils (Belviso et al.,
1986; Bingemer et al., 1990; Nguyen et al., 1995). The
primary sinks of COS are uptake by vegetation, soils, and
reaction with OH (Castro and Galloway, 1991; Kuhn et al.,
1999; Simmons et al., 1999). The tropospheric lifetime has
recently been revised downward from 4.3 years (Chin and
Davis, 1995) to about 2.5 y (Montzka et al., 2007), based on
an increase in the estimate of the land biosphere sink.
There is an interhemispheric gradient in atmospheric COS
of about 3%, with higher levels in the Southern Hemisphere
(SH) (Montzka et al., 2007). This is a consequence of the
fact that most of the land sink is located in the Northern
Hemisphere (NH), while the oceanic source is largely in the
SH. COS levels in the extratropical regions of both hemispheres exhibit large seasonal variations. In the NH, seasonal
variability is primarily attributed to seasonal changes in the
strength of the vegetative uptake while in the SH it reflects
the variability in the oceanic fluxes of COS, CS2 , and DMS
(Kettle et al., 2002; Montzka et al., 2007).
COS measurements in ice cores and firn air have so far
suggested that an atmospheric signal is preserved in the polar ice matrix without major post-depositional artifacts. First
measurements of COS in firn air from the Canadian Arctic
and Antarctica indicated that COS levels peaked during the
1980’s at 500 ppt (Sturges et al., 2001). Antarctic ice core
and firn air measurements were used to construct a 350-year
COS atmospheric history (Aydin et al., 2002; Montzka et al.,
2004). Those data suggest that atmospheric COS increased
from a baseline of 300–350 ppt in the early 19th century to
the current levels of 450–500 ppt, coincident with the onset
of heavy industrialization. The magnitude of this change implies that roughly 30% of the COS loading in the troposphere
in the industrial era is due to anthropogenic emissions, assuming that other terms in the COS budget remained constant. Measurements on Greenland ice cores are also consistent with COS levels in the 300–350 ppt range during 1650–
1850 (Aydin et al., 2007).
This study presents COS measurements from the
SPRESSO ice core drilled near South Pole, Antarctica
(89.93◦ S, 144.39◦ W) in 2002 as part of the International Trans-Antarctic Scientific Expedition (ITASE) program (http://www2.umaine.edu/itase/). The SPRESSO core
was dry-drilled down to 300 m. The results extend the ice
core record of COS to 2200 years before present, providing
a first look at COS variability during the late Holocene.
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Methods

Details of the ice core extraction methods and analytical procedures used in this study are given by Aydin et al. (2007).
The ice core samples are mechanically shredded in a vacuum
chamber for 15 min at −50◦ C to liberate the air trapped in
the ice. The sample is cryogenically pumped into a 1/4 inch
stainless-steel tube dipped in liquid helium (∼4 K) and analyzed immediately after recovery. Trace gas quantification
was carried out using gas chromatography with mass spectrometric detection. The method entails pre-concentration
of the trace gases over glass beads at liquid N2 temperatures (77 K), chromatographic separation on a non-polar capillary column over a temperature range of −50◦ C–120◦ C,
and analysis with high-resolution mass spectrometry using
isotope dilution.
One hundred and twenty four ice core samples were analyzed as part of this project. The data from 10 ice core samples are not presented because the measured CFC-12 levels
were higher than 5 ppt (more than twice the detection limit),
indicating the presence of modern air in the sample. Eight
additional samples were eliminated from the data set because
of COS contamination in the shredders or analytical problems with pre- and post-shred blanks that either prevented us
from making the measurement or quantifying the analytical
blanks.
High purity N2 was passed over the ice core sample before
and after the shredding to determine the background COS
levels associated with the ice core extraction chambers and
vacuum lines. The correction was (1.3±1.2) % of the signal on average. COS has a larger molecular mass than N2
and O2 , which causes enrichment in the firn air due to gravitational effects (Schwander et al., 1993). Gravitational enrichment at the base of the firn is calculated to be 2% for the
SPRESSO site and this correction was applied to all samples.
The age model used for dating the SPRESSO samples
is the same as that used previously for CH3 Cl and CH3 Br
(Saltzman et al., 2008; Williams et al., 2007). The ice accumulation rate for the SPRESSO core is fairly constant at
8.3 cm/y based on visual counting of annual layers down to
207 m (A. Gow, personal communication, 2007). The accumulation rate is assumed to be constant at this value for
the length of the core down to 291 m. No firn sampling was
conducted at the SPRESSO site that could be used for determining a precise gas age at firn-ice transition. In a previous
South Pole firn study, mean CO2 age at 121 m depth was reported to be 92 y (Battle et al., 1996), and we assume that this
value applies to the SPRESSO core. A CO2 /COS molecular
diffusivity ratio of 1.234 was calculated using the empirical
formula of Wilke et al. (1955). Multiplying the CO2 age of
92 y with this ratio gives a COS gas age of 114 y at a depth
of 121 m and a 1age (ice age – gas age) of 1028 y. We subtracted this 1age from the visual stratigraphy-based ice ages
to calculate mean COS gas ages for the samples.
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Fig. 2. COS mixing ratios in SPRESSO ice cores (black squares)
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1996). As a result, there is significant age overlap in adjacent
samples. It is therefore unlikely that the six outliers represent
real variations in the atmospheric composition. Similar outliers were observed in earlier work (Montzka et al., 2004).
They may be a result of post-collection contamination or in
situ production due to unusual characteristics of the ice from
these particular depths. The major ion chemistry of these
samples has not yet been measured.
The exclusion of outliers does not significantly change the
trend but does improve the statistics. A regression analysis excluding these 6 data points yields a mean of (331±18)
ppt (±1σ , n=100) and a slope of (1.8±0.6) ppt (±2σ ) per
100 y. Despite the strong statistical significance of the trend,
www.atmos-chem-phys.net/8/7533/2008/

it does not appear to be a monotonic increase. The mean
COS level before 500 C.E. is (321±6) ppt (±2 s.e.) and the
mean level after 1100 C.E. is (342±6) ppt (±2 s.e.). This difference is significant at the 99% confidence level and there
is no statistically significant trend before 500 C.E. or after
1100 C.E. Thus the overall trend in the SPRESSO data set is
due primarily to the rise in COS levels between 500 C.E. and
1100 C.E.
The COS record from the SPRESSO ice core and previously published data from Siple Dome ice and South Pole
firn air provide a continuous record of atmospheric COS covering the last two millennia (Fig. 2). The period leading up
Atmos. Chem. Phys., 8, 7533–7542, 2008
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to the industrial era is dominated by a peak between 1600–
climate is warming, entering the era generally recognized
1700 C.E. COS is relatively low in the first half of the 18th
as the Medieval Climate Anomaly (MCA) (Broecker, 2001;
century and the steep rise that follows during the 19th and
Dahl-Jensen et al., 1998; Grove and Switsur, 1994; Stine,
20th centuries is unprecedented. The COS rise during this
1994). 1trend COS also displays a change from negative to
period is more than 200 ppt in less than 200 years (>1 ppt per
positive values because the linear trend used to de-trend the
year), far exceeding the long term trend of 1.8 ppt COS per
data is too small for this period as discussed previously. The
100 y, and clearly demonstrating the impact of anthropogenic
apparent 40 ppt change over 600 years implies a COS inactivities on the atmospheric levels of this gas (Fig. 2).
crease of 6–7 ppt per 100 y, or about 2% per century.
The intensity, timing, and duration of the COS variabilStarting around 1100 C.E., the temperature trend reverses
ity during preindustrial times is more clearly displayed when
data are plotted as a deviation from the mean (1mean COS)
and the NH starts to shift towards the cooler climate of the
and deviation from the trend (1trend COS) (Fig. 3, top and
Little Ice Age (LIA), which peaks during 17th and 18th centuries (Bradley and Jones, 1992; Grove, 1988). COS levels
bottom panels). Included in Fig. 3 with the COS data are
two separate records of NH temperature changes (middleremain steady through 1200 C.E., then appear to go through a
-80
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modest drop and reach a 1mean COS of 0 ppt and 1trend COS
of about −15 ppt around 1400 C.E. This minimum is coincident with a short-lived warm period superimposed on the
general trend of cooling. The cooling continues for two
more centuries between 1400 and 1600 C.E. There is about a
100 year gap in the COS data between 1400 and 1500 C.E.,
after which COS levels start to increase rapidly. Peak levels
of the preindustrial era are reached at 1mean COS of 60 ppt
and 1trend COS of 40 ppt towards the end of the 1600’s despite the persistent cool climate that lasts through 1700 C.E.
and into the 18th century. Between 1700 C.E. and 1800 C.E.,
COS drops rapidly to the lowest levels since 1000 C.E.,
reaching a negative peak in 1trend COS of −30 ppt. The rise
in COS levels after 1800 C.E. is unparalleled in magnitude
during the two thousand years before industrialization. This
change is synchronous with the warming trend in climate and
the rise in the atmospheric levels of other trace gases like
CO2 and CH4 (Etheridge et al., 1998 and 1996).

4
4.1

Possible causes of preindustrial COS variability
Sources

The biogeochemical cycle of COS is sufficiently complex
that there may be numerous causes for preindustrial variability, and perhaps no single factor that controls the relationship between climate and atmospheric COS levels. Oceanic
emissions are the largest natural source of COS to the atmosphere. The oceanic flux is a function of: 1) photochemical
production of COS and CS2 from dissolved organic matter,
2) emissions of biogenic CS2 and DMS, and 3) temperaturedependent hydrolysis of COS that irreversibly reduces pCOS
levels in the surface ocean. The net result is a positive annual
mean flux that peaks in high and mid latitude oceans (Kettle et al., 2002; Kjellström, 1998). Response of the oceanic
net flux to changing climate would involve a combination of
physical factors affecting photochemical production, hydrolysis and air/sea gas exchange, such as solar irradiance, sea
surface temperature, wind speed, and mixed layer depth, and
also biological changes that influence the production and cycling of dissolved organic matter and biogenic gases (Kettle
et al., 2001). It is unlikely that the processes contributing to
the oceanic flux of COS will all respond to a changing climate in the same direction.
There is some evidence that the surface ocean temperatures were warmer during MCA and cooler during LIA (deMenocal et al., 2000; Keigwin, 1996; Lund and Curry, 2006;
Newton et al., 2006; Winter et al., 2000), suggesting that in
at least parts of the global surface ocean, temperature trends
were similar to 1T NH records shown in Fig. 3. The variability of solar irradiance, which may better correlate with
just the photochemical production term, appears to diverge
from the 1T NH trends over some parts of the 1000 years of
overlap (Fig. 3). The drop in solar irradiance following the
www.atmos-chem-phys.net/8/7533/2008/
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MCA is somewhat delayed compared to the cooling in temperatures, and the lowest levels of radiation are experienced
in the early 15th century, long before the minimum temperatures are reached. This is the part of the record when the
correlation between the temperature and COS appears to collapse after the period between 500 C.E. and 1100 C.E. during
which they rise simultaneously. Based on the complex nature
of the relationship between climate and oceanic fluxes, we
cannot rule out the possibility that the response of the oceanic
fluxes to changes in climate forcing contributed heavily to the
COS variability through the entirety of the preindustrial era.
Volcanic emissions are one of the natural sources of COS
and constitute roughly 10% of the natural sources of COS
cited in the current budgets (based on maximum emission
estimates of 90 Gg of S from volcanoes and 873 Gg of S total
from non-industrial sources) (Belviso et al., 1986; Chin and
Davis, 1993; Kettle et al., 2002). The magnitude of the total
COS flux due to volcanic activity is highly uncertain (Belviso
et al., 1986; Cadle, 1980; Khalil and Rasmussen, 1984). It
is estimated that about 50% of COS emissions occurs during eruptions and most of the remaining 50% is attributed to
post-eruptive emissions, with emissions during quiescent periods constituting less than 1% (Belviso et al., 1986). In addition to direct volcanic emissions of COS, volcanism can also
affect the atmospheric COS levels through indirect mechanisms that involve changes in oceanic and terrestrial ecosystem fluxes as a response to climate cooling induced by eruptions. It is not clear whether such indirect effects would lead
to an increase or decrease in COS emissions.
Variability in eruptive volcanic activity over the past millennium can be qualitatively inferred from a reconstruction
of stratospheric aerosol radiative forcing (Crowley, 2000),
which in turn is based primarily on the Crete (Crowley et
al., 1993; Hammer et al., 1980) and GISP2 (Zielinski, 1995)
Greenland ice core sulfate records (Fig. 3). This composite record is more heavily weighted towards northern hemispheric eruptions although it accounts for major eruptions in
the Southern Hemisphere that occurred in or near the tropics.
The first intense period of volcanism in the record occurs
around 1200–1300 C.E., possibly contributing to start of the
northern hemispheric cooling trend at the end of the MCA
(Fig. 3). During this period, COS levels remain steady despite the cooling trend in temperatures. There is a brief period of intensified volcanic activity in the 1400’s, overlapping
with the gap in the COS data. A longer period of high volcanic activity occurs around 1600–1700 C.E. This coincides
with the height of the LIA and elevated COS levels. The 18th
century minimum in COS coincides with a quiescent period
in volcanic activity and the start of the COS rise during the
19th century is again marked by intensified volcanic activity. The apparent qualitative agreement in the timing of the
patterns of variability in COS and volcanism suggests that
volcanic COS emissions may have had a measurable impact
on the preindustrial atmosphere. Further studies are needed
to better quantify the present day volcanic emissions of COS.
Atmos. Chem. Phys., 8, 7533–7542, 2008
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Relatively little is known about the paleo-variability of
the other COS sources. It is possible that the changes in
emissions from biomass burning, wetlands, and anoxic soils
also contributed to the pre-industrial variability of COS. It
has been suggested that biomass burning emissions were reduced during the period between the MCA and LIA (Ferretti
et al., 2005; Savarino and Legrand, 1998; Swetnam, 1993;
Verschuren et al., 2000). Modern budget estimates suggest
that the biomass burning comprises less than 10% of the total non-industrial COS emissions (Kettle et al., 2002; Watts,
2000). Emissions from biomass burning would have to undergo changes on the order of 100% or larger to have a measurable impact on the ice core COS records.
4.2

Sinks

Preindustrial COS variability can also be driven by changes
in uptake by terrestrial vegetation. This sink currently
accounts for up to 80% of the total atmospheric losses
(Montzka et al., 2007; Sandoval-Soto et al., 2005) so even
modest changes in this term can cause variability of the order observed in the ice core record. The photosynthetic activity of terrestrial plants should vary with changing climate
(Braswell, et al., 1997; Cao and Woodward, 1998; McMillan et al., 2008; Melillo et al., 1993), and possibly also as a
response to dramatic changes in global land cover during the
last few centuries (Houghton, 2003; Ramankutty and Foley,
1999).
COS is taken up by plants during photosynthesis and converted to H2 S via hydrolysis catalyzed by the carbonic anhydrase enzyme (Notni et al., 2007; Protoschill-Krebs et al.,
1996; Protoschill-Krebs and Kesselmeier, 1992). Carbonic
anhydrase also catalyzes the conversions between CO2 and
HCO−
3 in plants and it has been shown that most of the CO2
taken up by leaf stomata undergoes hydrolysis (Gillon and
Yakir, 2001). However, in C3 plants that make up most of
the terrestrial vegetation, the catalytic activity of carbonic
anhydrase contributes little to the overall carbon fixation by
photosynthesis (Badger and Price, 1994; Cowan, 1986).
Based on the commonalities in the metabolism of COS and
CO2 in plants, it has been suggested that the uptake of COS
from the atmosphere can provide insight into carbon assimilation by terrestrial vegetation (Kesselmeier et al., 1997; Kettle et al., 2002; Montzka et al., 2007). While both COS and
CO2 are removed from the atmosphere during photosynthesis, only CO2 is returned to the atmosphere via respiration.
The amplitude of the seasonal drop in COS mixing ratios during the spring-summer growing season over Northern Hemisphere continental land masses can be 5–8 times that of CO2
relative to mean levels of each gas (Montzka et al., 2007; Xu
et al., 2002). While this empirical modern ratio cannot be
assumed to hold for all ecosystems and differing climates,
it does suggest that changes in global photosynthetic activity
could cause synchronous changes in the paleorecords of both
COS and CO2 .
Atmos. Chem. Phys., 8, 7533–7542, 2008

Figure 4 is a comparison of the COS and CO2 ice core
records from Antarctic sites. CO2 data are from Law Dome
(Etheridge et al., 1996), Taylor Dome (Indermühle et al.,
1999), Dronning Maud Land (Siegenthaler et al., 2005), and
South Pole (Siegenthaler et al., 2005). The temporal resolution of CO2 data from the earlier 1000 years of the comparison period is poor relative to that of the COS record but there
is not a clear trend in CO2 between 500 C.E. and 1700 C.E.
when COS anomalies change from negative to positive values. There appears to be a drop from ∼285 ppm (Taylor
Dome, parts per million as mol/mol) around 700 C.E. to a
minimum of ∼277 ppm (Law Dome, Dronning Maud Land,
and South Pole) at the height of the LIA. It is difficult to assess the significance of this negative trend, however, because
the Taylor Dome record deviates from the others by more
than 5 ppm around 900 C.E. There is also no sharp rise in
CO2 levels in the beginning of the LIA. There may instead
be a divergence between the trends of COS and CO2 mean
levels during the last 1000 years. It is not likely that the COS
spike during 1600–1700 C.E. is linked to drastic changes in
the vegetative sink. Overall, there is no evidence of correlation between the atmospheric levels of these trace gases
over the length of these records except during 19th and 20th
centuries when emissions from fossil fuel burning started to
dominate the variability of CO2 in the atmosphere (Etheridge
et al., 1996; Francey et al., 1999).
The other significant sinks of COS are oxidation by atmospheric OH and uptake by oxic soils. Little is known
about the preindustrial variability of these terms. Assuming
that vegetative uptake comprises 80% of the COS total sinks,
changes in these minor sink terms would have to be larger
than 50% to cause COS fluctuations on the order of 5–10%.

5

Conclusions

The ice core record obtained from the SPRESSO core is in
general agreement with the prior atmospheric history of COS
developed from Siple Dome ice cores. The physical environmental parameters at South Pole and Siple Dome are quite
different, the latter location being ∼25◦ C warmer and receiving about 20–40% more snow accumulation on a yearly
average basis. The consistency between the results strongly
suggest that in situ production or loss mechanisms do not
dominate the COS mixing ratios measured in air extracted
from these Antarctic ice cores. Given the large difference
in mean annual temperatures of these two sites, the potential exists that a genuine paleo-archive of atmospheric COS
is preserved in most Antarctic glaciers. Sites that experience
warmer temperatures may still present problems associated
with post-depositional artifacts related to temperature dependent hydrolysis of COS in liquid-like layers on the ice surface (Assonov et al., 2005). Similarly, the stability of COS
in ice cores over longer time-scales and under climatic conditions different than those during the late Holocene is yet
www.atmos-chem-phys.net/8/7533/2008/
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to be tested. Long records from multiple sites are needed
to explore whether ice cores can be used for obtaining consistent atmospheric records of COS over glacial-interglacial
time-scales.
The SPRESSO results display natural COS variability of
10–15% around a mean of 330 ppt over the last two millennia. Over the entire length of the ice core COS record, the
mixing ratios do not exceed 400 ppt. The rate at which mean
COS levels changed during the 20th century and the magnitude of this change are strong indicators that most of this rise
resulted from anthropogenic activities. Thus the current results do not challenge prior assessments of the anthropogenic
impact on the COS burden in the atmosphere. There is evidence of variability in the natural COS fluxes, however, and
it is unlikely that they were in a steady-state during the 19th
and 20th centuries when climate warming was already underway coming out of the LIA.
The most persistent long term change evident in the data
is a ∼40 ppt increase that happened between 500 C.E. and
1100 C.E. This event coincides in time with the overall
warming trend in the NH climate heading into the MCA. It
is also evident that COS levels during the preindustrial era
peaked around the height of the LIA when the NH climate
was at its coldest during the late Holocene. Clearly, the current COS record does not co-vary uniformly with the proxy
temperature records of the last 2000 years. It has been suggested that the LIA cold anomaly was at least in part due to
the effects of intense volcanic activity on the global radiative
budget. It is possible that the COS peak during LIA is also
linked to intense volcanism during that era, although there
is considerable uncertainty about both the COS emissions
from volcanism and the extent to which the ice core sulfate
record can be used as a proxy for gaseous volcanic emissions.
Understanding the causes of the variations requires reliable
proxies for individual source and sink terms of the COS budget rather than a generalized indicator of hemispheric climate
shifts. Given the importance of vegetative uptake during photosynthesis as a sink term in the COS budget, it is somewhat
surprising that there is no apparent correlation between COS
and CO2 ice core records over the study period.
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