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Abstract. Carbonyl sulfide (COS) was measured in surface seawater and in
marine air during two Atlantic cruises of the R/V Polarstern between Bremerhaven,
Germany, and Cape Town, South Africa. The cruises took place in the fall of
1997 and in the summer of 1998. The concentration of COS showed clear diurnal,
seasonal, and latitudinal variations, as did its saturation ratio. The concentration of
dissolved COS averaged 14.7 pmol L™ and 18.1 pmol L~! for the fall and summer
cruises, respectively. On most days, seawater was undersaturated in COS during
the late night and early morning but was supersaturated during the rest of the day,
implying that the ocean can act as both a source and a sink for COS on the same day.
The COS content in seawater was correlated significantly with the global radiation,
the CH3SH concentration, and the seawater temperature. The air-sea flux of COS
from the open Atlantic Ocean was estimated using exchange coefficients calculated
according to Erickson’s stability dependent model for air-sea gas exchange. The
largest COS flux into the atmosphere occurred in productive regions (the Bengucla
Current, the West African upwelling area, and the northeastern Atlantic) during
the warmer seasons. A small net oceanic uptake of COS was found in the Benguela
Current during the southern winter. The average open ocean fluxes were 13.5 nmol
COS m~2 d~! and 28.6 nmol COS m~2 d=' for the two cruises, respectively. A
global open ocean source of 0.10 Tg COS yr~! is extrapolated from the measured
data. The atmospheric mixing ratio of COS averaged 474433 and 502438 pptv for
the fall and summer cruises, respectively, and had no significant interhemispheric
gradient.

1. Introduction

sphere [Engel and Schmidt, 1994]. However, this view

Carbonyl sulfide (COS) is the most abundant sulfur-
containing gas in the atmosphere and is uniformly dis-
tributed in the troposphere with an average mixing ratio
of 500+£100 pptv. Owing to its long tropospheric life-
time of 2-7 years [Khalil and Rasmussen, 1984; Johnson
and Harrison, 1986; Chin and Davis, 1993, 1995; Griffith
et al., 1998], it can be transported from the troposphere
into the stratosphere. The photolysis and subsequent
oxidation of stratospheric COS has been proposed as
the main source of nonvolcanic stratospheric aerosol
[Crutzen, 1976]. This was supported by early model-
ing studies [Sze and Ko, 1979; Turco et al., 1980] and
has been confirmed by COS measurements in the strato-

has been challenged by more recent modeling results
[Chin and Davis, 1995; Weisenstein et al., 1997 Kjyell-
strom, 1998], which show that the modeled net COS
flux into the stratosphere is at least 2 times smaller than
the estimates of the amount of sulfur required to sus-
tain the background stratospheric aerosol level. Strato-
spheric aerosol plays an important role in the Earth’s
radiation budget as well as providing a surface for het-
erogeneous reactions causing ozone destruction [Toon
and Pollack, 1982; Lacis et al., 1992; Rodriguez et al.,
1991; Solomon et al., 1993].

Emissions from oceans and soils, the photooxidation
of CS;, and biomass burning are believed to be the ma-
jor sources of atmospheric COS, and uptake by terres-
trial vegetation is considered the major sink. Budget
estimates show that the total COS source could exceed
the total sink by a factor of 2 [Khalil and Resmussen,
1984; Chin and Davis, 1993]. This is inconsistent with
the absence of any significant secular trend for the at-
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mospheric COS content as indicated by measurements
of COS mixing ratios in the troposphere and lower
stratosphere [Bandy et al., 1992; Mihalopoulos et al.,
1991; Rinsland et al., 1996] and of total column COS
[Rinsland et ol., 1992; Griffith et al., 1998]. Therefore it
is likely that in the current budgets either the sources
are overestimated or the sinks are underestimated or
both.

Recent studies have revealed the necessity of revising
the estimates of the soil and ocean sources. It has been
shown that earlier chamber studies that used sulfur-free
synthetic air as sweep gas resulted in artificial fluxes
due to artificial gradients of sulfur gas imposed on the
soil/air system [Castro and Galloway, 1991). While
studies using sulfur-free air [Adams et al., 1981; Goldan
et al., 1987; Lamlb et al., 1987; MacTarggart et al., 1987,
Staubes et al., 1989] always showed emission of COS
from the soil, more recent measurements with a sweep
gas containing ambient levels of COS showed a depo-
sition of COS to the soil [Castro and Galloway, 1991;
De Mello and Hines, 1994; Kuhn et al., 1998]. It has
been suggested by Andreae and Crutzen [1997] that soils
should be considered a global sink of COS rather than
a source.

COS is produced in surface seawater by both pho-
tochemical and nonphotochemical reactions and is re-
moved from seawater by hydrolysis, downward mixing,
and exhalation. Experimental and model studies show
that the dominant source of dissolved COS is photopro-
duction while the main sink is hydrolysis [Uher, 1994;
Najjar et al., 1995; Ulshdfer et al., 1996]. The balance
between COS production from dissolved biological pre-
cursors and loss processes due to hydrolysis, downward
mixing, and air-sea exchange causes geographical, sea-
sonal, and diurnal variations in the concentration and
saturation ratio of COS in seawater and in the air-sea
flux. The global marine source of COS was initially
estimated at 0.4-0.9 Tg yr~! [Rasmussen et al., 1982;
Ferek and Andreae, 1983; Mihalopoulos et al., 1992] on
the basis of data showing that practically all ocean re-
gions studied were supersaturated with COS. However,
this database for global extrapolation was biased to-
ward conditions suiting high COS production, i.e., low
latitudes, warmer seasons, and biologically productive
areas. The discovery of large-scale uptake of COS by the
open ocean during winter [Weiss et al., 1995; Ulshifer
et al., 1995] and the improvement of models for the ma-
rine COS cycle have led to a substantial downward revi-
sion of global and regional estimates of the COS air-sea
flux. It has been suggested by Weiss et al. [1995] that
the open ocean is a weak sink for COS. Taking into con-
sideration this open ocean sink, the total marine emis-
sion of COS to the atmosphere is estimated by Ulshdfer
and Andreae [1998] to be 0.15 Tg COS yr~!. These re-
visions have lead to substantial changes in estimates of
the global COS budget as well as of the distribution of
the COS sources and sinks between the Northern and
Southern Hemispheres. They need to be confirmed by
further studies on air-sea and air-soil exchange.

Since the estimated lifetime of tropospheric COS ex-
ceeds the interhemispheric transport time of ~ 1 year,
a large interhemispheric gradient could only exist if the
COS sources and sinks showed a strong imbalance be-
tween both hemispheres. According to the most recent
COS budgets of Chin and Davis [1993] and Andreae
and Crutzen [1997], CS, oxidation appears to be the
largest source of atmospheric COS. Nearly 60% of at-
mospheric CS; is believed to be emitted by anthro-
pogenic sources [Chin and Davis, 1993]. Since these
sources are mainly located in the Northern Hemisphere,
a higher level of atmospheric COS is to be expected
there, assuming that the other sources and sinks are
approximately balanced between the hemispheres. Sig-
nificantly higher COS levels were observed in the North-
ern Hemisphere by Bingemer et al. [1990], Johnson et
al. [1993], and Griffith et al. [1998], suggesting a large
contribution from anthropogenic sources in the North-
ern Hemisphere. Other measurements [Torres et al.,
1980; Johnson, 1985; Staubes-Diederich, 1992], how-
ever, found either a small enhancement in the COS
mixing ratio of the Northern Hemisphere or none at
all. At present, there is no convincing explanation for
this discrepancy.

In this paper we present measurements of the spa-
tial and temporal variations in atmospheric and marine
COS during two Atlantic cruises of the German research
vessel Polarstern. The mechanisms of COS production
and decay are discussed based on their relationship to
some of the parameters involved. The air-sea flux of
COS along the cruise track is estimated and then ex-
trapolated to obtain the potential contribution of the
global open oceans to atmospheric COS.

2. Experimental

Marine air was collected in 4.5 L sample bags made
of Tedlar PVF film (50 mm, Du Pont). To prevent
contamination of the samples by sea spray and emission
from the ship, the air was drawn at a rate of ~ 2 L
min~*! from the crow’s nest (~25 m above see level (asl))
to the top of the ship’s bridge using a Teflon diaphragm
pump (N86 KTE, KNF Neuberger). A well defined 0.2
L min~! flow was used to fill the sample bag, while the
remainder of the air flow from the pump was vented.
The sampling interval was 15 min for a sample volume
of ~ 3 L. After sampling, the air samples were normally
analyzed within 30 min. Laboratory tests show that
samples can be stored in the bags for more than 10 hours
without any significant change in the COS content.

A Weiss-type seawater equilibrator (Figure 1) from
the Max Planck Institute for Chemistry [Bange et al.,
1996] was used to obtain the saturation ratio (SR=
Cequilibrated air/ Cambient air) and concentration of
dissolved COS. This instrument, made entirely of Teflon,
equilibrates the headspace air (~20 L) above a water
surface with a continuous flow of 20 L min~! of incom-
ing seawater. The incoming seawater is sprayed through
a nozzle into the headspace. The headspace air is cir-
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Figure 1. Gas chromatograph-based system for the

analysis of air samples from Tedlar bags and from the
headspace of a seawater equilibrator

culated at 5 L min™! using a Teflon pump. The equi-
librator is described in detail by Butler et al. [1988],
Bange et al. [1996], and Johnson [1999]. Seawater
was pumped from the intake in the “crossbeam-rudder-
space” 5 m below surface by the ship’s water pump.
The residence time of water in the pumping system is
~ 2 min. In order to avoid stress or rupture of alga cells,
seawater was not filtered. Comparison of the seawater
temperature measured at the intake to that measured
at the bow showed no significant difference, indicating
a rapid exchange of seawater between the sampling lo-
cation and the surroundings. The temperature of the
seawater inside the equilibrator was measured using a
calibrated digital thermometer. A slight warming of less
than 0.7°C as compared to the seawater temperature at
5 m depth was observed. This has been taken into ac-
count in calculating the seawater COS concentrations.

Sulfur-containing gases were measured in the air from
Tedlar bags and the headspace of the seawater equi-
librator using the analytical system depicted in Fig-
ure 1. Ambient air or headspace air, selected using a
three-port valve, was transferred at a rate of 60 mL
min~! through a silanized capillary glass loop (20 cm
length, filled with 2 cm glasswool) immersed in lig-
uid Argon (-186°C). To prevent the formation of ice
in the glass loop, water vapor was removed by pass-
ing the sample through a Nafion dryer. Samples were
enriched for 5-8 min. Typical sample volumes were 0.3-
0.6 L. Upon switching the eight-port valve and warm-
ing the glass loop to room temperature, the trapped
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gases were injected into a gas chromatograph (GC, HP
5710A, Hewlett Packard) equipped with a flame photo-
metric detector (FPD, Tracor). Sulfur-containing gases
were separated on a 1.52 m x 3.175 mm Teflon column
packed with Carbograph 1SC (Alltech). The chromato-
graph was programed to hold the sample at 40°C for 2
min followed by a heating phase in which the tempera-
ture was increased to 60°C at a rate of 16°C min~!. The
oven was then held at this temperature for 4 min. Ni-
trogen (99.999%, Messer Griesheim) was used as carrier
gas at a flow rate of ~ 20 mL min~!. Chromatograms
were acquired and processed by an E-Lab chromatog-
raphy system (OMS-Technology).

The analytical system was calibrated by the injection
of a standard gas mixture into one of the glass loops, us-
ing a gas tight Teflon/glass syringe (Precision Sampling
Corp.). The standard gas mixture was produced using
permeation tubes (Valco VICI) kept at 30.0+0.1°C in a
permeation dilution device. The permeation rates were
determined by weighing the tubes about once a month
with an electronic balance (Sartorius). The permeation
rate of COS was 79.4+7.3 ng min~! with no signifi-
cant temporal trend (>10) over a period of 18 months.
During the cruise in 1998 a CH3SH permeation tube
with a permeation rate of 71.3+2.5 ng min~! was used
for calibration. As no such tube was available during
the cruise in 1997, we calibrated the CH3SH peaks in-
directly using the COS calibration curves and taking
into consideration the different sensitivity of the sys-
tem to COS and to CH3SH. Calibration of the GC was
carried out on all observational days during the cruises
except October 20, 1997. However, owing to a leak in
the permeation system which was not discovered until
October 25, 1997, the calibrations on the first few days
of the cruise in 1997 yielded incorrect values. As a re-
sult, all samples analyzed prior to that date could only
be evaluated on the basis of the calibration curves from
October 25, 1997. This could have led to a larger un-
certainty for the data obtained during the first 8 days
of this cruise. Since the subsequent daily calibrations
agreed to better than 10%, we believe that the inherent
uncertainty should not be significantly larger than 10%,
assuming that our GC/FPD worked stably during the
entire cruise.

On the basis of the reproducibility of the standard
samples, we estimate the analytical precision for COS to
be 3%. The overall precision of this method was better
than 8%, based on the relative standard deviation of
the COS mixing ratios of the air samples. However, for
the reason mentioned above, the uncertainty of the data
between October 17 and 24, 1997, could be somewhat
larger.

Meteorological and oceanographical parameters were
monitored by the ship’s sensors. Wind speed and direc-
tion were measured at 37 m asl on both the port and
starboard sides of the ship. Air temperature and humid-
ity were measured at 27 m asl on the port and starboard
sides of the ship. Only signals from the windward sen-
sor were used. Seawater temperature and salinity were
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Figure 2. Cruise tracks and 108-hour backward air

trajectories for air parcels arriving at sea level for the
cruises (top) ANT-XV/1 and (bottom) ANT-XV/5.

measured at the bow. The ship’s position was deter-
mined by the Global Positioning System (GPS). The
ship’s data used in this paper are averaged over 30 min.

3. Results and Discussion
3.1. Cruises

Measurements of COS in marine air and surface sea-
water were made aboard the R/V Polarstern during the
cruises ANT-XV/1 (from Bremerhaven, Germany, to
Cape Town, South Africa; October 15 to November 7,
1997) and ANT-XV/5 (from Cape Town, South Africa,
to Bremerhaven, Germany; May 26 to June 21, 1998).
Figure 2 shows the cruise tracks for the two voyages
and 108-hour backward trajectories as provided by the

German Weather Service for air parcels arriving at 0000
UTC each day at sea level at the ship’s position. Dur-
ing both cruises the ship sailed on the open ocean most
of the time and passed through the North Atlantic Cur-
rent, the Canary Current, the Equatorial Counter Cur-
rent, the South Equatorial Current, and the Benguela
Current. The backward trajectories indicate that the
air masses had not been directly affected by the conti-
nents for at least 4-5 days prior to sampling, except on
October 18 and 19, 1997, when air was advected from
southern Europe (Spain and France). The Intertropi-
cal Convergence Zone (ITCZ) was located around 10°N
and 5°N for the two cruises, respectively.

3.2. Seawater COS

COS concentrations in surface seawater were derived
from the COS mixing ratios measured in the headspace
of the equilibrator. The Henry’s law constant and
its temperature dependence according to Johnson and
Harrison [1986] were used in the calculation. The di-
mensionless Henry’s law constant H is given by

349
In(H) = 12.722 + TG, (1)

where T' is the seawater temperature in K. Changes in H
due to the slight warming of seawater in the equilibrator
have been corrected for. The concentration and satura-
tion ratio (SR) of COS in seawater and the global radi-
ation (the solar radiation received from a solid angle of
27 steradian on a horizontal surface, World Meteorolog-
ical Organization (WMO) [1996]) are plotted in Figure
3 for both cruises. As can be seen in the plots, the con-
centration and SR of seawater COS showed strong lat-
itudinal and diurnal variation. The COS concentration
ranged from 3.7 to 57.1 pmol L™! during ANT-XV/1
and from 3.0 to 182.5 pmol L™ during ANT-XV/5.
Enhanced marine levels of COS was observed in areas
of high biological productivity, particularly during the
warmer seasons, for example, in the Benguela Current
in November, in the Northeast Atlantic in June and in
the West African upwelling area. PPronounced diurnal
cycles of dissolved COS and its saturation ratio were
observed each day, with afternoon maxima and early
morning minima. The diurnal cycle was especially pro-
nounced on sunny days. An important feature of the
saturation ratio profile is that the saturation ratio de-
creased to a level of undersaturation (SR<1.0) during
the late night and early morning on most observational
days, i.c., surface seawater takes up COS from the atmo-
sphere during this period of the day. Although under-
saturation of seawater COS has been observed during
winter by Weiss et al. [1995] in the subtropical gyres
and in temperate regions of the Pacific and by Ulshéifer
et al. [1995] in the temperate North Atlantic, there have
been no previous reports of such undersaturation as an
almost regular diurnal feature of temperate and equa-
torial ocean waters during summer. Our data indicate
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Figure 3. Concentration and saturation ratio of COS
in seawater and the global radiation during the cruises
ANT-XV/1 (October 15 to November 7, 1997) and
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horizontal lines represent equilibrium (SR=1). The ap-
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gion are marked by a, b, and ¢, respectively.
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that nocturnal COS undersaturation may occur regu-
larly in Atlantic Ocean waters, even during the warmer
seasons and in productive regions, enabling seawater to
act as a sink for atmospheric COS during the late night
and early morning. These measurements indicate that
a further downward revision of the estimated net COS
emission from the oceans may be necessary.

Figure 4 shows the normalized diurnal variations in
the concentration of COS in seawater and in global radi-
ation averaged along the cruise tracks. The diurnal cy-
cle of dissolved COS is consistent with previous field ob-
servations [Andreae and Ferek, 1992; Weiss et al., 1995].
Dissolved COS has a minimum in the early morning,
increases rapidly after sunrise, and peaks around 1500
local time. The intensity of global radiation reaches its
maximum at 1200 local time. There is a time lag of ~
3 hours between the peak of the normalized COS con-
centration and that of the intensity of global radiation.
During the daytime, dissolved COS is mainly produced
by photochemical reactions and is removed by hydrol-
ysis, downward mixing, and exhalation from seawater.
After sunrise, the concentration of seawater COS in-
creases because COS is produced more rapidly than it
is removed. The photoproduction rate of seawater COS
approaches its maximum around noon, but the concen-
tration of dissolved COS does not, as the production
rate still exceeds the removal rate. The concentration
of dissolved COS peaks ~ 3 hours later (i.e., at around
1500), when the rate of production is balanced by the
loss rate. Therefore the time lag observed is caused by
the overall balance between the production and removal
of dissolved COS.

The diurnal peak-to-peak amplitude of dissolved COS
is correlated with the daily mean global radiation, which
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Figure 4. Diurnal variations in the concentration of dissolved COS and of CH3SH and in global
radiation during ANT-XV/1 and ANT-XV/5. The individual data points are normalized to the
daily mean values and then averaged over all observational days. The error bars indicate one

standard error of the mean.
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may be used as a proxy for incident solar radiation and
UV flux (Figure 5a). This result is in accordance with
other laboratory and field results which support the the-
ory of COS photoproduction [Ferek and Andreae, 1984;
Uher, 1994; Zepp and Andrese, 1994; Ulshifer et al.,
1996; Flock and Andreae, 1996].

CH3SH has been proposed as a potential precursor to
COS in seawater by Ulshdfer et al. [1996] and Fléck and

Andreae [1996]. During incubation experiments with
natural seawater, they observed an inverse relationship
between the concentrations of COS and CHzSH. Pos
et al. [1998] proposed a sulfur-centered radical (thiyl
or sulfthydryl) as the key sulfur intermediary in COS
production based on mechanistic studies in seawater.
Our measurements provide the first field evidence to
support this view.

In almost all chromatograms of headspace samples,
a CH3SH peak was clearly identified. We are confident
that the CH3SH signal is not an artifact from the sam-
pling system for the following reasons: (a) no substan-
tial changes in the concentrations of COS and CH3SH
were observed after cleaning the system, which was usu-
ally done every 2 or 3 days during the cruises; (b) the
diurnal cycle of the CH3SH signal (see Figure 4) cannot
be explained by production in the saimpling system since
the major physical parameters in the laboratory system
(temperature, radiation) underwent no diurnal cycle.
A direct calibration of CH3SH was not possible during
ANT-XV/1, as no CH3SH permeation tube was avail-
able. The CH4SH peaks from this cruise were therefore
calibrated indirectly, using the COS calibration curves
from the same day. Because the FPD is more sensi-
tive to COS than to CH3SH, this nonspecific calibration
was then corrected for the sensitivity difference between
COS and CH;SH. The correction factor was derived
from the COS and CH3SH calibration curves obtained
during the ANT-XV/5 cruise, when direct simultane-
ous calibrations werce conducted for both compounds.
We used the Henry’s law constant for CH3SH given by
De Bruym et al. [1995] for the calculation of the sea-
water CH3SH concentration. The concentration of dis-
solved CH3SH was found to be 3-16 times higher than
COS in the same water samples. The CH3SH concen-
tration varied inversely to COS during daylight (Fig-
ure 4), implying that COS was produced during the
samc photochemical process in which CH3SH was de-
stroyed. The relative diurnal amplitude of CH3SH was
smaller than that of COS, suggesting longer time con-
stants for the sources and sinks of seawater CH3SH.
After eliminating the diurnal signal in the data by av-
eraging over 24 hours, the resulting daily means of COS
and CH3SH are correlated at a highly significant level
(R = 0.815,n = 40, Figurc 5b) along the cruise tracks.
The correlation between the two compounds suggests
that CH3SH is a key factor in the formation of COS in
surface seawater.

Although other organosulfur compounds, such as glu-
tathione (GSH), 3-mercaptopropionic acid (3-MPA),
cysteine (CYS), may also act as COS precursors, as in-
dicated by incubation experiments with synthetic sea-
water [Flock et al., 1997], there have as yet been no re-
ports on the relationship between these compounds and
COS in natural seawater. Future attempts to clarify
this relationship would be worthwhile and would help
improve our understanding of the formation mechanism
of COS in seawater.



In addition to being produced photochemically, COS
can also be produced in the dark. However, dark
production normally only contributes a small amount
(<30%) to COS formation and does not influence the
COS diurnal cycle [Ulshdfer et al., 1996; Flick and
Andreae, 1996]. Hydrolvsis is the dominant sink for
COS in seawater, causing the concentration of dissolved
COS to decay to its nocturnal minimum. The hydrol-
ysis rate constant can be calculated using theoretical
equations or from cxperiment data. We obtained an
average hydrolysis lifetime of 9.8 hours with a range
between 4.8 and 15.5 hours by neglecting the dark pro-
duction and applying an exponential fit of the nighttime
decay of COS to our data from the nights of October 23
to 26, 1997. This hydrolysis lifetime compares well to
theoretic values of 4.0-13.4 hours calculated using the
models of FElliot et al. [1989] and Radford-Knoery and
Cutter [1994] and implies a major role of hydrolysis in
the removal of scawater COS. Furthermore, hydrolysis
also seems to be one of the key factors controlling the
large-scale geographical distribution of seawater COS.
Figure 5c shows the significant correlation between the
daily means of the COS concentration and of the hy-
drolysis lifetime of COS in seawater. Since cach data
point represents both a temporal and a spatial aver-
age, the observed correlation suggests that hydrolysis
exerts a major influence on the concentration of dis-
solved COS. Further factors are the UV light intensity
and concentrations of precursors.

3.3. COS Air-Sea Flux

As previously shown in Figure 3, the COS saturation
ratio in surface seawater showed large latitudinal, sea-
sonal, and diurnal variations. The calculated COS SR
varied from 0.5 to 6.3 with an average of 1.8 during the
cruise ANT-XV/1 and from 0.4 to 17.9 with an average
of 2.0 during the cruise ANT-XV/5.

In order to estimate the net contribution of the At-
lantic waters to the atmospheric COS cycle, we calcu-
lated the COS air-sca flux F using the model of Liss
and Slater [1974]):

C( 1

F = kw <Cm - 7t

Co
)=k ER-1. @)
where C,, and C,, are the concentrations of COS in the
atmosphere and in seawater, respectively, k,, is the air-
sea exchange coefficient or piston velocity, H is Henry’s
law constant for COS in atm L mol™!, and SR is the
saturation ratio of COS. The dependence of H on wa-
ter temperature has been well established by Johnson
and Harrison [1986) (equation (1)). H varies by less
than a factor of 2 over the normal range of seawater
temperatures. The air-sea exchange coefficient k,, can
be highly variable, and its dependence on atmospheric
and oceanic conditions, such as wind speed, boundary
layer stability, surfactants, bubbles, etc., has not yet
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been satisfactorily quantified. Nevertheless, several em-
pirical models are available for calculating k,,. Three
models developed by Liss and Merlivat [1986] (LM86),
Wanninkhof [1992] (W92), and Erickson [1993] (E93)
have been employed by various authors to estimate the
COS air-sea flux [Mihalopoulos et al., 1992; Weiss et
al., 1995; Ulshéfer et al., 1995; Ulshifer and Andreae,
1998]. The LM86 and W92 models only consider the
influence of wind speed on k,,, whereas the E93 model
takes into account both wind speed and thermal sta-
bility, which is a function of the temperature difference
(AB) between sea surface and air. Although there is
no current consensus as to which model provides the
best flux estimate, Erickson [1989] suggested that LM86
underestimates the k, values. This was confirmed by
Putoud and Nguyen [1996] in a study on dimethyl sul-
fide (DMS) air-sea exchange using micrometcorological
techniques. Since the marine boundary layer was ther-
mally unstable most of the time during the two cruises,
we have only used the E93 stability dependent model
for calculating k., in this work.

The E93 model was developed on the basis of the
“whitecap” model of Monahan and Spillane [1984], who
assume a close relationship between the exchange coef-
ficient and the whitecap coverage. The air-sea exchange
coefficient k,, is expressed as

kyw =k (1= W)Y+ kW, (3)
where k,, and k; are coefficients representing the condi-
tions for a nonwhitecap area and for a turbulent white-
cap area, respectively, and W is the fraction of the
sea surface covered by whitecaps. W is proportional
to the rate of energy input to a specified ocean arca
and depends on surface wind speed (V') and the local
drag coefficient (C'p), which is itself a function of V
and Af. Details about the stability dependent model
are described by Erickson [1993 and references therein].
In the current paper, wind speed and air and seawater
temperatures for the calculation of W are taken from
the measurements by the ship’s sensors during the two
cruises. Air temperature was measured at 27 m asl, sea-
water temperature at 5 m depth. Wind speed measured
at 37 m asl was converted to that at 10 m asl using a
logarithmic wind profile and the neutral drag coefficient
of Trenberth et al. [1989].

Two sets of k,,, and k; values are available for (3).
One set was derived by Monahan and Spillane [1984]
based on radon data from projects Geochemical Ocean
Scctions Study (GEOSECS) and Transient Tracers in
the Ocean (TTO). Another set of coefficients (k,,, = 5.0
em bt and k = 1300 cm h™!) was derived in E93
and attempts to bring the low wind speed results into
better agreement with observations while maintaining a
global area weighted k,, value of 20.9 cm h=! for COs.
In this work the latter set of k,, and k; values is used
to calculate k,, for radon. The k,, values for radon were
converted to k,, for COS using the relation:



Table 1. Statistics of the COS Measurements and Flux Estimates for the
Open Atlantic Ocean During the Cruises in October-November 1997 and
May-June 19982

Parameter October-November 1997 May-June 1998
n° 301 392
C.Spmol L! 14.84+11.4 18.1416.1
SR 1.8+1.2 2.04+1.6

H, atm L mol™! 61.3+9.7 59.8+10.4
Sed 543495 5624107
W, ms™! 5.442.4 7.542.9
AGE K 0.940.8 1.34+1.9
ko' 'md™! 2.1+0.7 3.7+2.8
Fopg, nmol m™2 d™* 13.4£19.5 28.6+47.8

*Statistics are given in meantlo.

PData obtained near the English Channel (north of 48°N) are excluded to
remove the effect of shelf water.

°C. was derived from the COS mixing ratio measured in the headspace air
of the equilibrator. The Henry's law constant calculated using the empirical
function of Johnson and Harrison [1986] was used for the derivation.

dEmpirical equations, as given by Siedler and Peters [1986] were used for
calculating the kinematic viscosity of seawater. The molecular diffusivity COS
at 25°C is 1.94x107" cm? 57! (Sharma, 1965]. The temperature dependence of
the gas diffusivity reported by Himmelblau [1964] was used to calculate the COS
diffusivity at other temperatures. .

*Here A6 is derived from the air temperature measured at 27 m asl and the
seawater temperature measured at 5 m depth.

fThe exchange coefficient was estimated using the stability dependent model

[Erickson, 1993].

~

SC n
kCcos = kRn [—COS] (4)

SC¢Rn

with the power dependence of the Schmidt number Sec
(the ratio of the kinematic viscosity to the molecular
diffusivity of a gas) as proposed by Liss and Merlivat
(1986] and Jdhne et al. [1987]:

n = —% forV>36ms™ "t n= —Z for V<3.6ms

Scry Wwas calculated using the temperature function
given by Erickson [1993]. A set of empirical equations
given by Siedler and Peters [1986] was used for calcu-
lating the kinematic viscosity of seawater. The molec-
ular diffusivity of COS at 25°C is 1.94x107° em? s~!
[Sharma, 1965]. The temperature dependence of the
gas diffusivity as reported by Himmelblau [1964] was
used for calculating the COS diffusivity at the other
temperatures.

The estimated k,, values, as well as the COS fluxes
and other related parameters for the two cruises, are
listed in Table 1. The large deviations of these flux es-
timates are mainly due to the strong diurnal and latitu-
dinal variation in the concentration of COS in seawater.
Figure 6 shows the regional and seasonal variations in
the COS air-sea flux. The largest COS emissions were
observed in the productive regions of the summer hemi-
sphere, i.e., in the Benguela Current in November and
in both the Northeast Atlantic and the West African up-

welling area in June. A small deposition flux (5.1 nmol
COS m~2 d7!) existed even in the productive Benguela
Current during the southern winter. As shown in Table
1, the mean flux values for both cruises are positive, in-
dicating a net COS emission from the ocean; however,
there is a large variability associated with these values.
By extrapolating our flux estimates for low and middle
latitudes and the fluxes for the high latitudes (subpolar
and polar) given by Weiss et al. [1995] to the global
open oceans, we obtain a global open ocean source of
0.10 Tg COS yr~!. This value should be considered as
an upper limit since our measurements did not cover the
high winter, when stronger deposition could occur, as
shown by Ulshdfer et al. [1995]. Nevertheless, our flux
estimate suggests that the global open ocean is prob-
ably a small source of atmospheric COS, rather than
the minor sink suggested by Weiss et al. [1995]. On a
global scale, the major COS emission of the ocean most
likely occurs from coastal and shelf regions [Weiss et
al., 1995; Ulshofer and Andreae, 1998].

3.4. Atmospheric COS

The latitudinal distribution of COS in the marine at-
mosphere is plotted in Figure 7. The COS mixing ratio
averaged 474+33 and 502438 pptv for the two cruises,
respectively. During both cruises, the latitudinal distri-
bution of atmospheric COS was more uniform than that
obtained on other cruises with similar instrumentation
[Bingemer et al., 1990; Staubes-Diederich, 1992]. Nev-
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Figure 6. Regional and seasonal variation in the estimated COS air-sea flux during the two
cruises. The dashed line represents zero flux. The error bars indicate one standard deviation

from the mean values.

ertheless, it does have some characteristic features. The
COS level in the subtropical and temperate regions was
significantly lower than that observed in the equatorial
and tropical regions. A similar distribution, i.c., a steep
rise of the COS mixing ratio from the northern subtrop-
ical Atlantic toward the equator, was also observed by
Staubes-Diederich [1992] in the fall of 1988. This au-
thor attributed the observed maximum near the equa-
tor to the transport of continental air from Africa. The
backward trajectories in Figure 2 do not indicate any
direct transport of air from the African continent to the

ship during our measurements. However, it is possible
that the tropospheric level of COS in the equatorial and
the tropical bands were enhanced during the cruises by
continental COS sources. such as biomass burning. Ac-
cording to remote observations of the European Space
Agency (ESA), the seasonal distribution of the global
number of fires peaked around September-October of
1997 and had a secondary maximum in May of 1998,
with the latitudinal distribution peaking between 20°S
and 20°N (see http://sharkl.esrin.esa.it/ionia/FIRE/).
As the tropical land surface may act both as a source

700
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Figure 7. Latitudinal distribution of the COS mixing ratio in the marine boundary layer during
the cruises ANT-XV/1 and ANT-XV/5. The ITCZ was used to define the boundary of the air
masses from the two hemispheres in the calculation of the interhemispheric ratio.
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(biomass burning) and as a sink (assimilatory uptake)
of atmospheric COS, this interpretation remains highly
speculative. Enhanced levels of COS in the boundary
layer have been observed during aircraft sampling of
regional biomass burning plumes over tropical Africa
[Bingemer et al., 1992] and over the western Pacific
Ocean after long range transport from southeast Asian
fires [ Thornton et al., 1996]. Thornton et al [1996] also
reported depletion of COS in air of continental origin
owing to loss of COS to vegetation.

Interhemispheric ratios (IHR = Myp/Mgp) of at-
mospheric COS in the range of 0.92-1.25 have been re-
ported by other authors [Torres et al., 1980; Johnson,
1985; Bingemer et al., 1990; Staubes-Diederich, 1992;
Johnson et al., 1993; Griffith et al, 1998]. It has
been suggested that higher IHRs are caused by larger
anthropogenic emissions in the Northern Hemisphere
[Bingemer et al., 1990; Johnson et al., 1993]. Taking
the ITCZ as the tropospheric boundary between the air
masses of both hemispheres we obtain an IHR of 0.99
for the cruise ANT-XV /1 and 0.97 for the cruise ANT-
XV/5. Taking into consideration the standard errors of
the mean for both hemispheres, these IHR values are
not significantly different from unity, at the confidence
level of 95%.

The IHR values in this work and those of 0.92 re-
ported by Johnson [1985] and 0.96 and 0.99 by Staubes-
Diederich [1992] do not support the idea of a signifi-
cant contribution of industrial sources in the Northern
Hemisphere to atmospheric COS levels. Nevertheless,
it does not necessarily mean that such a contribution
does not exist. As Griffith et al. [1998] point out, in
situ measurements of THR. from cruises involve a change
of season between hemispheres. On the basis of sta-
tionary long-term measurements of total column COS,
averaging over several years and all seasons, Griffith et
al. [1998] derive a mean IHR in the range 1.1-1.2. This
robust estimate of THR allows for significant anthro-
pogenic emission in the Northern Hemisphere.

The variability in the THR values derived from in situ
measurements may be caused mainly by seasonal and
geographical variations in the major sources and sinks
of atmospheric COS. Ocean emission is highly depen-
dent on the season, as shown by the data from this work
and from Weiss et al. [1995]. Owing to the seasonal-
ity in plant physiology, the uptake of atmospheric COS
by vegetation may have a seasonal variation, as does
the CO, assimilation, especially in the middle and high
latitudes. In addition, both the ocean source and the
vegetation sink of COS may not be equally distributed
between the hemispheres because of the asymmetric dis-
tribution of the ocean and vegetated areas between the
two hemispheres [see Bates et al., 1992]. Recent mea-
surements suggest that soil represents a sink for atmo-
spheric COS [Kuhn et al., 1999]. Watts [2000] recently
estimated a soil sink of 0.92 Tg COS yr~! with an un-
certainty of 85%. It is not known whether this sink also
undergoes a seasonal variability or not. There is very
little information about the temporal and geographical

distributions of chemical COS sources (i.e., the oxida-
tion of CS,; and DMS). More studies on COS sources
and sinks with emphasis in their temporal and spatial
variations are needed. In view of the highly complex
variability in time and space of all the major param-
eters involved, tests of the compatibility between the
observed distributions of atmospheric COS and budget
estimates are probably only possible in modeling stud-
ies.

4. Conclusions

Measurements during two Atlantic cruises showed
strong spatial and temporal variations in the concentra-
tion of dissolved COS and its saturation ratio. Our data
indicate that COS undersaturation exists in the low and
midlatitudinal Atlantic waters, but it occurs regularly
only during periods with no or little sunlight. Field ev-
idences for a relationship between the concentrations of
COS and CH3SH in natural ocean water were presented
for the first time. The significant correlation between
the daily means of the COS concentration and of the
hydrolysis lifetime of COS in seawater indicates the im-
portant role of hydrolysis in controlling the geographical
distribution of COS in seawater. COS air-sea fluxes, es-
timated using the flux model of Liss and Slater [1974]
and the stability dependent model of Erickson [1993]
for the exchange coefficient, show strong regional and
seasonal variations. The largest COS emissions were
observed in productive regions in the warmer seasons.
A small net deposition was found in the Benguela Cur-
rent during the southern winter. On the basis of our
fluxes for low and middle latitudes and the fluxes for
high latitudes from Weiss et al. [1995], we estimate
the upper limit for the global open ocean source for
COS to be 0.10 Tg COS yr~!, suggesting that the open
ocean makes only a minor contribution to the budget
of atmospheric COS. The COS measurements showed a
relatively uniform latitudinal distribution in the marine
atmosphere, with mixing ratios of 474433 and 502438
pptv for the 1997 and 1998 cruises, respectively. The
mixing ratio of atmospheric COS showed several char-
acteristic features in its latitudinal distribution, i.e., an
enhanced level in the equatorial and tropical regions and
lower levels in the subtropical and temperate regions.
However, no significant interhemispheric gradient was
observed, arguing against any significant contribution
of industrial sources in the Northern Hemisphere.
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