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ABSTRACT

The problem of estimating emissions into the atmosphere of reduced sulphur com-
pounds such as hydrogen sulphide (H2 S) and dimethyl sulphide (DMS) is briefly
discussed. Several recent measurements confirm the existence of such emissions but
quantifications remain quite uncertain. Measurements of sulphur dioxide (S02) in
the upper troposphere indicate the existence of a significant source of S02 at those
levels (other than H2 S or DMS).

The most obvious and most well documented result of man's impact on the sul-
phur cycle is the existence of large areas around industrialized regions with increased
concentrations of S02 and sulphate in air, and of acid in precipitation. These acid
'blotches' today occur at least in Europe and in the eastern parts of North America.
If man-made emissions of S02 are permitted to increase further the future will
hold larger and more such acid blotches with their detrimental effects on the environ-
ment.

3.1 INTRODUCTION

This paper contains a brief discussion about a few aspects of the atmospheric part
of the sulphur cycle which I consider to be of particular importance, and where
more information is needed for a proper evaluation of this cycle and, in particular,
of man's impact on it. It is not intended as a review of the state of the art con-
cerning sulphur in the atmosphere. For such reviewsthe reader is referred to the
Proceedings of the International Symposium on Sulfur in the Atmosphere (ISSA,
1978). Chapter 4 in this volume, Ivanov (1981), contains a summary of the work
carried out by a group of Soviet scientists as part of the SCOPEproject 1.3, 'Global
biochemical sulphur cycle', which was initiated after the publication of SCOPE7
(1976).

Asin thepreviouslymentioned publications the emphasiswill be on regional and
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global scales. The special problems associated with urban areas with high concen-
trations of SOz due to human activitieswIDnot be discussed.

3.2 EMISSIONS OF REDUCED SULPHUR COMPOUNDS

One of the most important uncertainties in quantitative estimates of the sulphur
cycle has been and still is the emission of HzS and other volatile reduced sulphur
compounds from soils, vegetation, and waters into the atmosphere. Such emissions
may be the result of decomposition of organic sulphur compunds originating
from 'assimilatory sulphate reduction', of sulphate reduction in connection with
decomposition of organic matter under anaerobic conditions ('dissimilatory sul-
phate reduction') or of volcanicemissions.

Whereas earlier estimates of such fluxes were obtained essentially by indirect
means (cf. Eriksson, 1963, as an example) a few more direct estimates have been
made in recent years. Such estimates have been based on flux chamber measure-
ments of HzS emissions from the surface (Hansen et aT., 1978), measurements
of prof11esof dimethyl sulphide (DMS) in ocean surface waters (Nguyen et aT.,
1978), and measurements of HzS in the atmosphere (Jaeschke et al., 1978, Slatt
et aL, 1978). These measurements unambiguously show that emissions of reduced
sulphur compounds do take place. However, the problem of making quantitative
estimates of these fluxes, particularly as aggregates over extended areas and over
longer time periods, is not an easy one.

For example, Hansen et aT.(1978) reported emissions of HzS from two tide
pools in Denmark of 0.06 to 1.6 mmol m-z h-1 (daily averagesfor summer con-
ditions). The sites were specificallyselected for expected highvaluesof the emission.
The question immediately arises of the areal extent of such conditions. Can such
measurements at a few sitesbe used to estimate fluxes overlarger regionsand maybe
even over the whole globe? Evidently the uncertainties in such estimates are bound
to be very large. How do the total amounts from such high emissionareasof limited
extent compare with emissions of lower density but covering much larger areas? I
think that this type of question needs to be more thoroughly discussed before
regional and global emission rates can be reliably estimated from flux chamber
measurements.

Estimates of emissions from the ocean surface may, of course, be more readily
extrapolated to large areas because of the larger horizontal homogeneity of the
ocean. It should be possible to take differences due to changesin temperature and
biologicalproductivity into account.

Measurements of HzS in the atmosphere may be used to make estimates of
emission rates either by the gradient method (Jaeschke et aT.,1978) or by treating
the atmosphere (or part of it) as a box and using the relation F =M/7 where Mis
the total mass of HzS inside the box and 7 the averageresidence of time of HzS
(Slatt et aT., 1978). The former technique requires horizontal homogeneity and
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steady-state conditions. In view of areal variability of emissions the fIrst condition
may be difficult to fulfil, particularly over land. The latter requires an integration
over a large horizontal area and over the whole depth of the atmosphere, plus an
estimate of the residencetime.

Because of these diffIculties, more measurements of H2S (and other gaseous
reduced sulphur compounds) in the atmosphere are a necessary requirement for a
better understanding of the role of biogenicsulphur emissions.In particular, vertical
prof11esup to a height of several kilometres and over different types of surface
should be givenhigh priority.

In this connection, a plea for better estimates of man-made emissions of H2S
should be made. Such emissionsmost likely represent a negligiblecontribution to
regional or global sulphur budgets but they may giverise to locally signifIcantcon-
centrations. An identillcation of these sourcesisnecessaryfor a proper interpretation
of the relation between measured concentrations of H2S and natural sources (cf.
Jaeschke et aZ.,1978).

Graedel (1979) recently made an attempt to put together data on sulphur com-
pounds in the marine atmosphere. Using information about H2S concentrations in
the air (Slatt et aZ., 1978) and DMS concentrations in air (Maroulis and Bandy,
1978) and in surface waters (Nguyen et aZ.,1978) in a photochemical model of the
marine atmosphere he showed that fluxes of H2S and DMS from the surface of
about Tg-Syr-l of each of these two compounds are consistent with present know-
ledge about their oxidation rates in the air and with estimated concentrations of the
oxidants (mainly OH). However, the estimate by Ostlund and Alexander (1963) of
a life time of H2S in surface water of the ocean of less than one hour is diffIcult to
reconcile with the idea of a substantial emission of H2S from the ocean surface.
Also, the S02 concentrations predicted by Graedel's model were much lower than
those measured by, for example,Marouliset aZ.(in press). It isevident that our know-
ledge about sulphur in the marine atmosphere is far from satisfactory.

Excess sulphate (i.e. sulphate that does not originate from seasalt) in air and in
precipitation in locations very remote from industrial regions may also be used to
estimate the importance of natural sulphur emissionsinto the atmosphere. Figure
3.1, taken from Delmas (1979), shows a compilation of sulphate data from Green-
land ice samples. Since local sources may be excluded, the existence of signifIcant
concentrations a few hundred years ago provides a strong indication that natural
sulphur sources (other than sea spray) do not make up a substantial part of global
budgets. On the other hand, the increase during recent years is consistent with the
growing importance of man-made emissions.Variations in the frequency of occur-
rence of volcanicemissionsshould, however, alsobe taken into account in the inter-
pretation of such data. It is possible that the levels after 1963 could have been
influenced by the great volcanic eruption of Mount Agung(Delmas, 1979). More
historical data of the kind shown in Figure 3.1 may provide very valuable infor-
mation in relation to the atmospheric part of the sulphur cycle.
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Figure 3.1 Data on sulphate from Greenland snow and ice samples compiled by
Delmas (1979)

3.3 SULPHUR FLUX INTO THE UPPER TROPOSPHERE

The flux of sulphur compounds into the upper troposphere and the stratosphere is
of particular interest in connection with the possible impact of sulphate particles on
climate. At these heights the scavengingof sulphate particles by atmospheric pre-
cipitation is probably slow enough for the sulphate to become reasonably well
mixed zonally around the globe. To the extent that the distribution is not too
variable in the latitudinal direction, it here becomes meaningful to talk about
global, or at least hemispheric, fluxes and concentrations. This is one good reason-
maybe the only one?-for establishingglobal sulphur budgets.

Unfortunately, very few measurements of sulphur compounds have been made
at heights between 5 and 10 kIn. The most comprehensive set of measurements of
S02 was reported recently by Marouliset al. (in press).

The circled numbers in Figure 3.2 show some results of their measurements
obtained during flights in the boundary layer and at a height of 5-6 km mainly
over the Pacific Ocean in connection with the GAMETAG experiment. Highvalues
in mid-latitudes of the northern hemisphere most likely reflect man-madeemissions
in the industrialized regionsof North America,Europe, and Japan.

The relatively high concentrations of S02 (50-100 pptv) occurring at 5-6 kIn in
tropical latitudes and in the southern hemisphere raise a difficult problem of inter-
pretation. It is hardly possible that S02 at those latitudes could originate from the
industrialized regions in mid-latitudes. Sincethe characteristic time for mixingacross
the equator is at least severalmonths almost all S02 would have been transformed
to sulphate (and probably removed by precipitation) long before entering the
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Figure 3.2 Concentrations of 80z in units of pptv: observed
(Maroulis et al., 1980), encircled numbers; estimated in a
photochemical transport model (Rodhe and Isaksen, in press),
isolines

southern hemisphere. If the source was located on the ground, within the same
latitude belt, one would expect high concentrations to occur at lower elevations.
However, the measurementsby Marouliset al. (in press) in the lowest kilometre over
the Pacific Ocean givevalues that are in fact slightly lower than those obtained at
5-6 km.

Even if the SOz is formed in situ from a precursor which is emitted at the
ground one would still expect a decreaseof its concentration with height, at least as
long as the precursor is shortlived enough to exhibit a pronounced decrease in con-
centration with height. In view of the short residence time of DMSand HzS-of
the order of a day-it is hardly possible that these gasescan make up for the observed
vertical distribution of SOz. In fact, calculations in a globaltwo dimensional trans-
port model carriedout by Rodhe and Isaksen(in press)predict SOz concentrations at
5 km in the tropics of at most a few pptv. Figure 3.2 showsthe distribution of SOz
in July estimated in their model. It is based on an assumedemissionof 80 Tg SOz-S
from man-made sources and 40 Tg Hz80Sfrom natural sources.

Carbonyl sulphide, OCS, is a sulphur compound which is relatively inert in the
troposphere but which is broken down by ultra-violet radiation in the lower strato-
sphere. It thereby provides a high altitude source for SOz. This SOz is thought to
be a contributing factor in the formation of sulphate particles at around 20 km
(Crutzen, 1976). A certain production of SOz also takes place in the troposphere
through the reaction of OCS with the OH radical. However, it seemsvery unlikely
that SOz produced this way could explain concentrations of about 100 pptv in the
middle troposphere(RodheandIsaksen,in press).
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3.4 SULPHURIN INDUSTRIALIZEDREGIONS

Annual average pH of precipitation in northwest Europe during 1974 is shown in
Figure 33. A similar pattern occurs over the eastern US and southeastern Canada
(see chapter 6, this volume). Although solid information is lacking about the pre-
industrial situation, there are strong indications that these acid regions are to a
high degree caused by man-made emissions of sulphur and nitrogen oxides. The
dominant anions in such acid precipitation are sulphate and nitrate.

In Europe the ratio of the averagemolar concentration of sulphate to that of
nitrate is about 1.5 and on an equivalent basis the ratio is thus about 3 (Soderlund,
1977). In the eastern US the relative importance of sulphate is somewhat lower
(likens et aL, 1977).

Judging from observations of the chemical composition of precipitation in
northern Europe, there has been a generalincrease in the concentration of sulphate
and nitrate over the last 25 years. The positive trend has been more pronounced for
nitrate than for sulphate so that the sulphate/nitrate ratio has been going down
(Rodhe et al., 1981). These trends are largely consistent with estimated trends in
rates of man-made emissions of sulphur and nitrogen oxides (OECD, 1977). How-
ever, the question has been raised (Granat, 1978) as to why the observed trends in
sulphate concentration-as well as in deposition-during the sixties and early
seventies at many places in northern Europe did not follow the upward trend in
S02 emissions as reported in the OECDstudy on long range transport of air pollut-
ants (Fjeld, 1976).Actually sulphate concentrations seemto have remained approxi-
mately constant at many stations and even to have declined slightly at some. This
apparent contradiction has not yet been satisfactorily resolved. In consideringthis
problem the followingfactors should be kept in mind.

(i) The emission trends reported by Fjeld (1976) represent an aggregate over
the whole of Europe. In order for a comparison with observed data to be
relevant one would have to make estimatesof how the total deposition over
the region has varied. No such attempt has been made so far. To interpret
data from individual stations one has to be more specific about the emissions
in those areas that affect the particular stations. For example, the emission
trends reported by Fjeld (1976) are evidently not at all representative for
the United Kingdom where emissions seem to have declined since the early
sixties (Reed, 1978). It is evident that for this kind of trend evaluation,
emission data must be divided into subregions.Such an attempt has recently
been done for the eastern US by Husar et al. (1979).

(ii) Year-to-yearvariations in meteorologicalparameters such as wind directions
and precipitation amounts may significantly affect even annual deposition
values. For example, Munn and Rodhe (1971) showed that annual valuesof
sulphate deposition in southern Sweden were positively correlated with the
frequency of occurrence of rain bearing storms with trajectories from the
main source areas in UK and at the European continent.

(iii) Emissionsby man of other compounds than sulphur may have had an effect
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Figure 3.3 Annual average pH of precipitation in Europe for the
period July 1972 to March 1975 (OECD, 1977)

on the relation between emission and deposition trends of this compound.
TIrisis because a changing chemical climate significantly affects transform-
ation and removal rates and thereby the source-receptor relationship. For
example, a lowering of the pH of cloud droplets will have a tendency to
slow down the aqueous phase oxidation of S02 to sulphate (Penkett et al.,
1979). Similarly, increasing emissionsof NOx may reduce the atmospheric
concentration of the OH radical and thereby ~lowdown the g"~ph"~eo~d-
ation of 802 (cf. Rodhe et aL, 1981).
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3.5 INTERACTIONS WITH OTHER CYCLES

It is notable that as far as gasphase chemistry is concerned, sulphur compounds do
not seem to have any appreciable impact on the other cycles. If the particle and
liquid phase are taken into account the situation is different. For example, a large
fraction of atmospheric ammonia is probably incorporated into sulphate aerosolsto
form NH4HS04 and (NH4)2S04' An increased amount of sulphate in the atmos-
phere may therefore directly affect parts of the nitrogen cycle by reducing the
atmospheric residence time of gaseous ammonia. Since aerosol particles of sub-
micron size generallyhave a longer residence time in the atmosphere than reactive
gasessuch as NH3, the formation of ammonium sulphatesat the sametime increases
the total residencetime of ammonium compounds (Soderlund, 1977).

As indicated at the end of section 3.4, the cyclingof sulphur through the atmos-
phere may be significantly affected by changesin the concentrations of other com-
pounds. In their study of formation of sulphuric acid and nitric acid during long
range transport, Rodhe et al. (1981) demonstrated that the competition between
S02 and NOx for the available OH radicals constitutes an important indirect link
between the sulphur and nitrogen cycles in the atmosphere on local and regional
scales. If emissions of NOx are increased in an industrial region, the consumption
of OH radicals at the transformation of N02 to HN03 tends to reduce the con-
centration of OH in the atmosphere. This, in turn, will slow down the gas phase
transformation of S02 to H2S04, thereby reducing the concentration of H2S04
at least during the first few tens of hours of travel time.

Another coupling between the atmospheric parts of the sulphur and nitrogen
cycles is the possible revolatilization of HN03 from aerosolsmade acid by sulphuric
acid. An observed anticorrelation between sulphate and nitrate in atmospheric
aerosols is an indication of such a process.

These examples point to the need for considering sulphur not as a passivecom-
ponent in atmospheric chemistry but as a truly interactive part. Another coupling
which needs to be much better understood and which may turn out to be of great
significance is the influence of deposition of sulphuric acid on soil and sediment
processes. For example, it has been observedthat an acidification of terrestrial eco-
systems leads to an increased mobility of metals (Tyler, 1978) with subsequent
risks for toxic concentrations in biota. Also, the generation of key species such as
N20 and C~ may be or become affected at least within the most heavily acidified
regions of the world (Bolin and Arrhenius, 1977). As these regionsgrow in number
and in size this may potentially become a global concern.

3.6 OUTLOOKFORTHEFUTURE

It is clear that man is stongly influencingthe atmospheric part of the sulphur cycle
in certain regions of the world and that this influence has a dramatic effect on the
chemical climate in those regions. In many other parts of the world the sulphur
cycle is very much closer to its natural state.
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It has been a common exercise to sum the various fluxes into global totals and to
take such values to represent some kind of averageconditions. The problem is that
such averagevalues are representative neither of the heavily polluted regions nor of
the cleaner parts of the world. A more realistic global perspective of the sulphur
cycle is to look at the globe as at least moderately healthy in large areasbut with a
few serious acid blotches at present coveringa few per cent of the area of the globe.

A natural question to pose is: What is going to happen if man-made sulphur
emissions are permitted to increase substantially in the future? Evidently there will
be more acid blotches forming as a result of industrialization in other parts of the
world. For reasons discussedin the previous sections the present blotches of acid
precipitation will probably not be much more intensive-Leo will not achieve a
lower pH in the precipitation-but will instead grow in size. However,the dry depo-
sition of S02, which accounts for a substantial portion of the total deposition of
acidifyingcompounds, will probably increase roughly in proportion to the emissions
of S02 .

It is important to realize that a development like the one painted above is by no
means inevitable. Even if the consumption of fossil fuels contin.uesto grow for a
considerable time, corresponding increases in the emissions of sulphur compounds
may wellbe avoided by the application of known industrial purification techniques.
Up to now strong incentives have largely been lacking for combatting the acidifi-
cation problem rationally. It is our duty as scientists to contribute to a better
understanding of the dangers associated with human intervention in the sulphur
cycle and thereby to lessenthe likelihood that they willmaterialize.

To be able to provide solid data on changes in the chemical composition of air
and of precipitation that might occur in industrialized regions it is absolutely
essential to establish and continue long term measurement programmes. Suchpro-
grammes are important not only in already industrialized regions but also in those
areas where industrialization is likely to take place in the future and particularly
where the resilienceto acid deposition may be low.
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