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ABSTRACT

Sulphur emissions, particularly man-made, are very unevenly distributed over the globe. Due to
the rather short residence time of sulphur compounds in the atmosphere this also holds for sulphur de-
position. When assessing the impact of man-made emissions on ecological systems, regional budgets
are therefore of great interest. On the other hand, for assessing possible impact on the radiation bal-
ance via aerosol formation, global figures may also be of interest.

In the first subsection an attempt is made to formulate a pre-industrial sulphur budget for the
pedosphere assuming a balance between weathering, atmospheric deposition and river runoff. Based
pn the additional assumption that the natural emission of volatile reduced sulphur compounds
takes place essentially in coastal areas or over the oceans, it is concluded that the required flux
through the atmosphere of such sulphur compounds is about 40 Tg S yr-l, which is substantially
less than has hitherto been assumed. In addition, the transfer of sulphur from sea to land before
industrialization now has become reversed compared with previous estimates.

Next, existing atmospheric chemistry data of sulphur are critically examined, with due regard to
recent knowledge of regional transport of anthropogenic emissions. A budget for the atmosphere is
assembled with special emphasis on emission of sulphur in submicron particles and its precursors.
Since little data uninfluenced by anthropogenic emissions are available, the estimated values are
quite uncertain-

The figures show that man-made and natural emissions give a comparable contribution to the
amount of sulphur in submicron particles at anyone time present in the atmosphere. The estimate
of the emission of reduced sulphur compounds is in good agreement with that derived from the
budget of the pedosphere.

Finally the very dominating role of man-made sulphur emissions in some regions is demonstrat-
ed. In the region chosen (NW Europe) anthropogenic sources contribute more than 80 % of total
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sulphur emission into the atmosphere. It is shown that between 50 and 70 % of the anthropogenic
emissions within this region is deposited within the same region and the rest exported to the sur-
rounding areas. The implied residence time of anthropogenic sulphur in this climate is about two
days.

INTRODUCTION

In recent years several attempts have been made to describe the circulation of sul-
phur in nature, particularly with regard to the flux through the atmosphere (Eriksson,
1960; Junge, 1963b; Robinson & Robbins, 1970; Kellogget at., 1972; Friend, 1973). Al-
though the uncertainties in the estimates of many of the components of these budgets
are appreciable, all these budget estimates give a reasonably similar picture. As an exam-
ple we show Table 1 with the total natural emissions into the atmosphere of gaseous
sulphur as estimated by these authors.

Table 1. Estimates of annual global emission of gaseous sulphur into the atmosphere
by natural processes (biological decay and volcanism).

Author
Flux

(Tg yr-l)

Eriksson, 1960
Junge,1963b
Robinson & Robbins, 1970
Kelloggetal.,1972
Friend, 1973

267
230

98
89

106

A common critical point in these global budget estimates is the extrapolation from a
few actual measurements of e.g. precipitation deposition to the whole globe. The natural
emission of volatile reduced sulphur compounds into the atmosphere has been arrived at
indirectly as a balance for the other fluxes.

In this study a first attempt has been made to obtain a global model which is based on
a pre-industrial sulphur balance for the pedosphere. As will be seen below the required
flux of sulphur through the atmosphere is substantially smaller than the figures given in
earlier estimates (cL Table 1). Thus, we have attempted a critical review of the avail-
able air chemistry data to see whether it is possible to accomodate such small fluxes
without having to disregard any solid information. We demonstrate that earlier estimates

of the sulphur deposition depends critically upon a few measurements in Europe and USA
which may have been influenced by pollution sources within these regions. From the point
of view of air chemistry there is thus no serious contradiction to claim that the natural
sulphur cycle is much smaller than has hitherto been assumed. In order to demonstrate
the degree of influence on the natural sulphur cycle of human activities we have indicated

the natural (i.e. pre-industrial) and anthropogenic contributions to the fluxes separately.
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It should be noted that man's influence is not only brought about by emissionsof large
amounts of S02 into the air, but also by a very appreciable influence upontheweathering.
He may also influence the production of hydrogen sulphide in many coastal waters by the
supply of easily decomposable organic matter which is a limiting factor for bacterial pro-
duction of H2S.

It should be stressed that the man-made sulphur emissionsare confined to rather limit-
ed regions of the earth's surface. Since the residence time in the atmosphere of most of the
sulphur is only a few days, the impact on the environment of this pollution constitutes
primarily a regional (scales of a few thousand km) problem. For impact studies regional
budgets would therefore be much more relevant than global budgets. As an example we
have attempted to sketch a budget for the atmosphere over NWEurope. On the other
hand, the potential use of global budgets is principally to assessman's possible contribu-
tion to the concentration of aerosol particles in the upper troposphere and stratosphere
where the residence time of the sulphur is long enough (weeks or months) for it to be
distributed globally.

Accordingly this chapter will be divided into three sections: the first presenting a
global budget based on a pre-industrial steady state of the pedosphere, the second
showing the derivation of a global atmospheric sulphur budget with a low sulphur
turn-over. In the third section we present a sulphur budget for the atmosphere over
NW Europe.
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A GLOBAL SULPHUR CYCLE BASED ON A PREINDUSTRIAL
STEADY STATE OF THE PEDOSPHERE (R.O.HALLBERG)

This global sulphur budget (Fig. 1) is based on the assumption that there was a pre-
industrial balance between sources and sinks for the pedosphere. The flux of nonpol-
lutant sulphur through the atmosphere is basically determined so as to balance the es-
timated preindustrial river runoff.

The inputs to the pedosphere are weathering, volcanic sulphur, sea-spray and net in-
put from the atmosphere, as wet and dry deposition. The output is river runoff and re-
duced sulphur from land in volatile form.

Weathering

Weathering can be estimated as denudation rate, survival rate or total river load.
Denudation rate is equal to the ratio between the transport rate of a specific dissolv-
ed element in rivers and the amount of this specific element leached from unit mass of
source rock. The element (or ratio of elements) used should be widespread, mobile and
fairly abundant and the distribution should be reasonably wellknown.

E~iksson(1960) calculated the denudation rate by using the CaC03/MgC03 ratio as
an index for river waters. He corrected his values according to two alternatives: (i) for
oceanic salts using Cl, and (ii) for oceanic salts using 80 % Na in river water. His figures
for annual weathering are 9800 Tg and 9000 Tg respectively.

Gregor (1970) used sodium as an index for the prehuman denudation rate. 100 units
of averagecontinental surface rock yield about 0.9 units of sodium. The annual dis-
charge of dissolvedsodium in rivers is 200 Tg. This value includes 90 Tg recycled through
the atmosphere and 15 Tg released by human activities. Thus, the annual denudation
rate is:

95 x 100 = 10,500Tg
0.9

The survivalrate is equal to the ratio between the volume of a sedimentary system
and the duration of the corresponding geologicalperiod. If the cycling of sulphur during
a geologic period has been in a steady state, then the annual amount carried from the
land to the ocean should be constant and equal to the amount precipitated. If this were
true for sulphate as well as for sulphide, the [) 34S composition of the ocean would not
change. When gypsum precipitates from seawater during evaporation, [) 34S of the gyp-
sum is the same as that of seawater provided no contamination takes place from weath-
ered "lighter" sulphide or from sulphide production by reduction of sulphate. Holser &

K~lan (1966) showed that various gypsum deposits of Pleistocene age give the same
[) 4S values (~+ 20) as the present-dayocean.Thus,a steady-statesystemfor that per-
iod is indicated.

In accordance with data given by Gregor (1970) the survivalrate for Pleistocene de-
posits can be calculated to:
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Figure 1. The global sulphur cycle; the transfers shown are in Tg S yr-l. Small type denotes the trans-
fers as estimated to have prevailed before man had a significant influence on the sulphur cycle. The
bold figures give estimates of what man had added by various activities. In the context of the article,
it is noteworthy that the transfer of sulphur from sea to land before industrialization has now become
reversed and that the larger transfers in which the atmosphere is involved also correspond to higher con-
centrations in the atIl1opshere.
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9 X 106 1
= 4.5 km3 yr-

2 x 106

and with a density of 2.75 g cm-3 (Wedepohl,1969) this equals 12,400 Tgyel. The
method to obtain total river load was taken from Poldervart (1955) who summarized:
(i) undissolved load by streams of 12 km3 (Kuenen, 1950) (ii) dissolvedload of 1.5 km3
(Clarke, 1924) (iii) abrasion of 0.12 km3 (Kuenen, 1950) resulting in 13.6 km3.

With a density of 2.75 g cm-3 the total river load equals 37,000 Tg. This estimation
is probably too high as the removal of 13.6 km3 annually would reduce the continents
to sea level in less than 10 million years. Poldervaart (1955) also says that the current
rate of denudation may be twice the averagefor past geologic time although he cannot
find strong evidence for this.

Judson (1968) compared the estimate of the amount of material deposited annually
in the oceans with the estimate of the amount delivered annually by various agents
(Table 2). In both estimates Judson tried to exclude the effect of man.

Table 2. Estimated masses of material deposited in and delivered to the oceans accord-
ing to Judson (1968).

Tg yr-l.103

Deposited:
Oceans shallower than 3000 m

Oceans deeper than 3000 m

Total

5-10
1.17

6.2-11.2

Delivered:
From continents

By rivers
By wind
By glacier ice

From extraterrestrial sources

Total

9.3
0.006-0.36

0.1
0.00035-0.14

- 9.6

Berner (1971) derived an expression for rock weathering, based on the concentra-
tion of calcium in river water and the approximation that 75 % of the total calcium in
average river water is derived from the dissolution of sedimentary limestones and dolo-
mites. He came to the conclusion that sulphate from rock weathering constitutes 35 %
of the total dissolved sulphate in averageriver water.

Douglas (1967) plotted graphs for rate of denudation (m3 km-2 yr-l) against a ratio
of maximum mean monthly precipitation to the mean annual precipitation. The natural
conditions may be reflected by values of a few km3 yr-1 while the human impact may
raise that number in some areas by a factor of fifty.

If Poldervaart's (1955) high and unrealistic figure (for preindustrial time) is exclud-
ed we end up with a mean value for weathering of 10,300 Tg yr-1 (Table 3). In the fol-
lowing calculations a figure of 10,000 Tg yr-1 has been chosen,
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Table 3. Comparison of the global weathering rates calculated from different literature
data. For Eriksson (1960) Alt. (i) and (ii), see the text.

Rates
(Tgyr-l)

Eriksson (1960) Alt. (i)

Eriksson (1960) Alt. (ij)

Gregor (1970) denudation rate

Gregor (1970) survival rate
Judson (1968)

9.8.103
9.0.103

10.5.103
12.4 .103

9.6.103

The data for denudation can be converted into sulphur units by using a factor for
the sulphur concentration of the averageweathered continental crust. The calculation
of the factor is based on the following assumptions.

Weathering of the continental crust is not equal for igneous and sedimentary rocks
because of their different resistance to weathering and their different areal distribution.
Conway (1943) calculated the ratio (f) of igneous to sedimentary rock weathering in
three different ways. His values for fare 0,24, 0.20 and 0.17 giving a mean f value
of 0.20. Thus only one.fifth of the weathered continental crust comes from igneous
rocks. The relative volume and sulphur content in sedimentary rocks are given in Ta-
ble 4. The averagesulphur content of igneous and sedimentary rocks is 0.03 % and
0.41 % respectively.

Table 4. Averagesulphur concentration of different sedimentary rocks and their frac-
tions of the total amount of such rocks.

Volume
%

Sulphur content
%

Shale
Limestone
Sandstone and graywacke
Evaporites

Total

80
10
9
1

100

0.27
0.13
0.09

17

0.41

The sulphur content of the average weathered rock is:

0.8 x 0.41 + 0.2 x 0.03 =0.33 %

This givesa mean annual value for preindustrial weatheringof 33 Tg sulphur.
There are many problems connected .with the above estimates. Sulphur analyses

of the different types of rocks have been too few to be truly representative for the
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entire crust. Sulphur analysis in itself is a great problem, the figures given in the litera-
ture showing great variation, sometimes by a factor greater than two. The factors which
are significant in one area, or on one scale of investigation,may be of minor importance
in another area or on a different scale. Thus the yield of sediment increases with the
amount of precipitation but this effect can be offset by the influence of vegetation,
which increases in bulk with effective annual precipitation.

Douglas (1967) states that the observation of present rates of erosion may provide
us with no information directly relevant to the past, for human interference is so exten-
sive and has spread so rapidly that we cannot be sure that observations relate to natural
conditions. There is also the problem of the lag between weathering during cold periods
in the Quaternary period and the removal of this material from slopes and valley floors.

Volcanic sulphur

The available data for sulphur content in volcanic products show large variations for
different volcanoes and also for eruptions from a singlevolcano. Most of the work has
been directed towards estimating the sulphur contribution to the atmosphere for use
in global atmospheric sulphur cycling models. Rough data exist for the volcanic sulphur
input to the atmosphere and to the pedosphere (Table 5). Sulphur compounds emitted
in the gas phase are mainly S02 and H2S, together with smaller amounts of S03, vari-
ous sulphates and elemental sulphur. This sulphur partly mixes with the atmosphere
and partly precipitates around the volcanoes.

Table 5. Sulphur emitted by volcanoes and fumaroles in Tg yr-l.

Cadle (1975a) has calculated the annual emission of sulphur to the air by volcanic erup-
tions, using the same data as Kellogg et at. (1972; see below) except for a larger proportion
of gas in relation to lava mass. The given figure does not include erupting volcanoes.

The values given by Friend (1973) are calculated from the weight of the average annual
extruded magma, assuming a constant composition of volcanic gases and a constant relation-
ship between the water content in the gases and the magma mass.

Stoiber & Jepsen (1973) measured S02 emission from fuming volcanoes with a remote-
sensing correlation spectrometer. Assuming Central American volcanoes to be representa-
tive of the active volcanoes of the world (about 100), they calculated the annual S02 emis-
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To air and To air To river
Reference river runoff runoff

Cadle (1975a) 3.75
Friend (1973) 7 2 5
Stoiber & Jepsen (1973) 3.5 4
Kellogg et of. (1972) 0.75
Holser& Kaplan (1966) 12
Koyama et of. (1965) 7



sion. Major eruptions are excluded. Their figures are minimum amounts as the sulphur
contribution from activeventswasnot included.

Kellogg et al. (1972) used the calculated total production of volcanic material over 400
years, assuming a constant weight of gas in relation to lava mass and a constant weight of
sulphur in relation to weight of gas.

Holser & Kaplan (1966) used hot-spring flow values. Their weight of H2O per year, has
been multiplied by its average sulphur concentration.

Koyama et al. (1965) calculated the yearly amount of sulphur from the composition of
volcanic and fumarolic gases. The greater part of sulphur is believed to precipitate around
the volcanoes.

The great variation of the calculated amounts of yearly sulphur emission by volcanism
reflects the difficulty in making these estimations. The figures must b.e treated as estimates
of the order of magnitude. In recent works the generally accepted figure for sulphur emis-
sion to the air is of the order of 2-4 Tg S yr-I, and to the pedosphere 4-5 Tg S yr-1. In
this presentation the direct input to the pedosphere has been given as 5 Tg while the input
to the atmosphere has been given as 3 Tg. The main part (2 Tg) of the latter is suppos-
ed to precipitate on land.

Sea-spray

Sea-spray formed by the bursting of myriads of bubbles in the oceans is a very impor-
tant source of atmospheric sulphate. This, together with sulphides from biological decay,
balances the atmospheric sulphur budget. All other sources are almost an order of magni-
tude less in weight. Discussion of the chemical composition of sea-salt particles has been
proceeding now for more than 30 years, and recent evidence on fractionation etc. demon-
strates that this topic is far from settled.

Eriksson (1960) estimated the annual sulphate production of sea-spray to be 130 Tg of
which 10 % is precipitated over the continents. Garrels & Mackenzie (1971) have estimat-
ed the sea-spray over land to be 6 % of the total sulphate in river water. Eriksson's (1960)
and Garrels & Mackenzie's (1971) estimates both correspond to 4 Tg S yr-1.

River runoff

The sulphur sink of the pedosphere is represented by the river runoff. Eriksson (1960)
estimated the total annual river runoff at the turn of the century to be 75 Tg of sul-
phur. According to Robinson & Robbins (1968), the sulphur emissionincreasedby 12
Tg during the period 1850-1900. In order to account for industrial activities about
the year 1900, 15 Tg (including contributions from mining and agriculture) have been
deducted from Erikssons's number. Thus 60 Tg is estimated as total annual river runoff.
This number corresponds to an averageconcentration of about 6 g S04 m-3 of all river
runoff. It can be compared with Livingstone's (1963) data for the mean sulphure con-
centration of South America (~ 5 g m-3) and Asia (~ 8 g m-'-3), which together con-
stitute about 60 % of the world total river runoff.
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Reduced sulphur compounds from land

Sulphur derived from decomposing plant tissue may enter the atmosphere. Extrapo-
lations of available emission rate data (Hitchcock, 1976) indicate that this source ac-
counts for 2-5 Tg S yr-l. Most of this is probably deposited on land. The figures cho-
sen here are 2 Tg deposited on land and 1 Tg deposited in the ocean.

Grey & Jensen (1972) report from isotopic studies that biogenic sulphur may rival
or exceed that of pollution. However, the results may be valid only for the area close
to Salt Lake City where the studies were performed.

Volatile reduced sulphur compounds from oceanic, marshy and estuarine
areas

The emission of sulphur as H2S from land and sea as a result of decay of organic matter
has been used to balance the flow of sulphur in the model of global sulphur cycling. The
reason is that there are no available data for the total H2S production from biological decay.

Cadle (1975b) uses 87 Tg S yel (sea and land) to balance the global sulphur budget.
Friend (1973) in his model uses 4R Tg S yel (land) and 58 Tg S yr-l (sea). The cor-
responding figures given by Junge (1963b) are 70 (land) and 160 Tg S yel (sea). Kellogg
et al. (1972) require 89 Tg S yel (sea and land) to balance their model. The data given
by Robinson & Robbins (1968) are 68 Tg S yr-l (land) anre 30 Tg S yel (sea). Eriks-
son (1963) calculated the biogenic H2S emission from land to be 110 Tg S yel and
from the sea to 170 Tg S ye 1. These numbers were obtained in order to balance
this model.

Biogenic H2S can be traced by isotopic studies using 32S/34S ratios, where the light-
er isotope is preferentially enriched during the biological process. Thus, studies of the
isotopic distribution of rain should enable the determination of the role of biological
sulphate reduction in the cycling of atmospheric sulphur. However, the samples collected
must either exclude pollutant sulphur or must quantitatively account for such a source.
This includes the organic and nutrient pollution which promotes bacterial sulphate re-
duction in near-shore marine environments. As an example, Koyama et at. (1965)
found from isotopic studies of 32S/34S that H2S formed in polluted areas along the
coast of Japan may correspond to 75 % of the total amount of sulphate brought down
by precipitation and dry fallout.

Lovelock et at. (1972) measured a concentration of 1.2 ppb(v) dimethylsulphide in
the air above the Atlantic. The measurements are, however, still too inconclusive to en-
able an estimate to be made of the magnitude of this flux to the atmosphere and
to the continents.

Biological decay of organic matter in chemically reduced environments results in the
production of H2S. Such environments, created by sulphate-reducing bacteria, are very
common in marshy and estuarine areas. They are also very common in continental shelf
sediments, though not in the uppermost part which is usually oxidized. Because of the
very short residence times (a few hours) of H2S in air and oxygenated waters, it is not
likely that it will escape from deep water sediments into the atmosphere. The most
probable process is that H2S or other volatile reduced sulphur compounds are released
from anaerobic water and soil in tidal areas. Woodwell (pers. comm.) has measured the
amount of sulphate-sulphur removed from tidal waters flushing a marsh on the North
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shore of Long Island, New York. The annual removal of sulphate-sulphur was about
3 kg m-2 of total marsh area. The marshy area of the world hasbeenestimatedto
280,000 km2 (Woodwellet ai., 1973). Thus the total loss of sulphate-sulphur in such
areas can be estimated to 840 Tg. If only a few per cent of that is released in the form
of volatile reduced sulphur compounds, it would be enough to account for what is
needed to balance the pedosphere. In order to achieve a,balance for the "preindustrial"
pedosphere we must have a net annual flux of sulphur from the atmosphere to the con-
tinents of 21 Tg. That includes 4 Tg as "reduced sulphur from land" and "volcanic sul-
phur" .

The remaining 17 Tg S yr-l can be explained by an oceanic source via the atmos-
phere. If we assume a fifty-fifty distribution between continent and ocean for this "oce-
anic" H2S, the grand total required to be formed will be 34 Tg.

Deposition on land and ocean

These figures (21 Tg on land and 19 Tg on the ocean) are obtained indirectly in or-
der to balance the atmospheric compartment. The figures for sea-spray are not included.
It may be assumed that roughly 50 % of the deposition is by precipitation and 50 %
by dry deposition.

Man-made contributions

Manhas influencedthe magnitudeof severalof the fluxes(Fig. 1). Thesenumbers
are indicatedin the diagramwith a plussign.

Fossil fuel combustion

According to Friend (1973), the annual sulphur emissions to the atmosphere around
1965 was 65 Tg of which 75 % - i.e. 49 Tg - is assumed to be deposited on land.

Impact on weathering

Berner (1971) concluded that sulphur from rock weathering constitutes 35 % of the
total dissolved sulphur in the world averageof river water. Based on Livingstone's data
(1963), this corresponds to 42 Tg S yr-1. Using0.33 % for the average sulphur concen-
tration in the weathered continental crust and Judson's (1968) figure for world-wide
river gauging(24,000 Tg), we obtain a figure of 79 Tg S yr-l. The true value may lie
between these, and a doubling of the preindustrial value is highly probable. This means
a human contribution to weathering of about 33 Tg S yr-1.

Impact on sulphate reduction in marshlands

The limiting factor for bacterial production of hydrogen sulphide is the supply of easi-
ly decomposable organic matter. In many coastal areas, man has increased this supply
and hence affected the production of hydrogen sulphide.

According to Hitchcock & Wechsler(1972), sulphate-sulphurin European rivers samples
between 1848 and 1906 contained "excess" sulphate - that is,all sulphate could not be ac-
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counted for by weathering, volcanic sulphur or sea-spray.In contrast, analyses of Asiat-
ic, South American and African runoff conducted in this century show no excess sul-
phate in the river runoff from these non-industrialized continents. The excess sulphate
is thus a consequence of the pollution in Europe at that time. It is unlikely that all ex-
cess sulphate could be accounted for by anthropogenic emissions into the atmosphere
and by chemical fertilizers. The inference is that organic or nutrient pollution may
have caused an increasing H2S production in the coastal areas. According to Rodhe
(this paper) the sulphur contribution from biological decay is, over NW Europe by
now, hardly more than about 20 % of the total regional contribution

Present river runoff

Livingstone's(1963) figure for total annual runoff of sulphur is 122 Tg. As some of
the data he used are from the turn of the century, we can expect the present runoff to
be higher. However, there is no need to balance the present state of the soil compart-
ment. The soil storage may also be changing.
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A GLOBAL ATMOSPHERIC SULPHUR BUDGET (L. GRANAT)

Introductory remarks

For a discussion of possible changes of the global radiation balance it is of interest
to assessthe contribution from man-made emissions to the submicron particle loading
of the atmosphere. Since an important fraction of this may consist of sulphur com-
pounds (sulphate), a comparison between natural and man-made global sulphur emis-
sions appears well motivated. To construct a natural global sulphur budget for the at-
mosphere (the total present input then consisting of natural and man-made emissions),
the author accordingly found it relevant to re-examine atmospheric chemistry data, such
as the concentration of various species in rainwater and in the atmosphere, only using
measurements considered free from the effects of anthropogenic emissions and from
contamination of local origin, for example from soil. This was done both in the light
of recent quantitative knowledge about long-distance transport of anthropogenic emis-
sions - much of the available information from Europe and North America could there-
fore not be used - and based on practical experience of contamination problems, partic-
ularly in rainwater collection for chemical analysis.

A key question is, as before, .the magnitude of the natural production of reduced sul-
phur compounds as this is thought to be of particular relevance for the formation of aer-
osols in a size range that may interfere with visible radiation. Sea-sprayformation and
whirling up of soil dust are also considered in the budget scheme since a small fraction
of this material may be found in the important size range below about 0.8 pm.

Available atmospheric chemistry data
The data discussedbelow were obtained from a rather brief literature search and

more data from areas uninfluenced by anthropogenic emissions may therefore exist.
However,with regard to sulphur concentration in air and rainwater, essentially all data
used by the authors of previous global budget estimates have been considered here, al-
though most of the measurements in Europe and the USAhave not been used directly
(Eriksson, 1960, 1963; Junge, 1963a, 1972; Robinson & Robbins, 1970; Kelloggetal.,
1972; Friend, 1973; Georgii et al., 1974; Cadle, 1975b).

The term excess sulphur is used below for the fraction that is estimated to emanate
from sources other than sea-spray.The estimate of the sea salt fraction is based on the
S/Na ratio in samples and in seawater and deducted from the total.

Concentrations of sulphate-sulphur in wet deposition

Some selected data are given in Table 6.

Comments

As a starting point we consider the present wet deposition in Europe - rep'resented,
for instance, by a point in the south of Sweden, where it is about 1.2 g S m-2 yr-1.
Over 80-90 % of this amount may be estimated as coming from anthropogenic emissions
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in Europe (J. Nordo, pers. comm.). We ascribe 15 % or 0.18 g S m-2 yr-1 to natural
sources. The selected point is at 57°N and at distance of about 300 kIn from the At-
lantic, where the west coast of Denmark has quite large tidal flats. The west coast of
Sweden (within 100 kIn) does, however, not expose any tidal flats and the same also
holds for the Norwegian coast.

Further data from Europe are of little help because it is not possible to provide a
more accurate figure for the relative contribution from anthropogenic and natural emis-
sions. Higher deposition values on the Continent are simply due to the proximity to
anthropogenic sources and to a higher fraction of anthropogenic sulphur. Approximate-
ly the same must also hold for data from the USA, although values as low as 0.4 g S
m-2 yr-1 for humid areas in the South and 0.06-0.2 g S m-2 yr-1 in the Midwest
were found for large areas (Junge & Werby, 1958). Values of this magijitude are also
obtained from the northern part of Scandinavia. In this case, anthropogenic emissions
(via long-rangetransport) neverthelessmake up an important contribution, as can be in-
ferred, for instance, from the fact that deposition has almost doubled during two de-
cades (Granat, 1972). Around 1955 the deposition here averaged 0.16 g S m-2 yr-1
(0.4 mg S 1-1).

In the northern part of the USSR, values were even higher (1.6 mg S 1-1) while con.
centration in cloud water was about 0.2 mg S 1-1 (Seleznevaet al., 1967). Some old
measurements (1909/1910) from the European USSR (Wituyni, 1911) show low de-
position values - Smolensk 0.3 g S m-2 yel (0.4 mg S 1-1) and Borowie 0.2 g S
m-2 ye 1 (0.4 mg S 1-1) while some others were higher. Some very old values from
Rothamsted in Great Britain are available and are quite high (Miller, 1905). It can be
argued that these values reflect a preindustrial natural level, but the author is inclined

to regard them as highly influenced by man-made emissions. Somewhat sUYJfisingly,
Ponomareva et al (1968) more recently found values as low as 0.1 g S m- yr-1 near
Leningrad.

Values from areas north of the Black Sea (Drozdova et aI., 1964) are quite high -
of the order of 4 mg S I-lor 2 g S m-2 yr-l in 1961. The chemical composition is al-
so different from that over western Europe with, for instance, high pH values (5-6)
and high Ca-concentrations (up to 3 g Ca m-2 yr-l). These high values reflect a fairly
"dusty" atmosphere and are also consistent with analyses of cloud-water samples (Se-
lezneva et al., 1967), which showed high concentrations of many elements over this
area with decreasing concentration to the north. It seems to be difficult in the light of
present knowledge to decide whether this sulphate originates from gaseous sulphur com-
pounds oxidized to sulphuric acid and neutralized by alkaline dust material (taken in a
stoichiometric sense) or whether it is sulphate-containing dust that has become suspend-
ed in the atmosphere. In the former case a further question of interest is whether the
gaseous sulphur compound is S02 from man-made emissions or natural emissions from,
say, the BlackSea. Seleznevaet al. (1967) mentioned both man-made emissions and sus-
pended dust as possible sources. Similarly, even higher concentration values are report-
ed in Kazakhstan with a peak value of 7 mg S I-I (Selezneva, 1966; data obtained from
a map reproduced by Eriksson, 1970). For the remaining areas in the Asian USSR, val-
ues average about 0.9 mg S I-I (0.4-1.3), being lower in the south (Selezneva, 1966).
This may correspond to a deposition of 0.1-0.3 g S m-2 yr-1. The question again
arises whether the contribution is from gaseous S-compounds (in this case they must
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Table 6. Some selected data on sulphate-S concentration in precipitation. Most data from Europe and N. America have been omitted
- except for a few low or otherwise interesting ones - as explained in the text. Some high values from other (not heavily
industrialized parts of the world have also been omitted when lower values have been reported from the same region.

Location Special remark Cone.
(mgI-I)

Dep.
(g m-2 yr-I)

Rainfall

(mm yr-I)

Further comments References

400 Granat (unpub!.)
Selezneva et al. (1967)
Selezneva et al. (1967)
Wituyni (1911)
Wituyni (1911)

660
541 Lowest conc./dep. of

6 locations
Ponomareva et at.

(1968)
Sweden's Case Study
(1971)

760 Miller (1905)

Junge & Werby
(1958)

Europe
Sweden, north Around 1955 0.4 0.16
USSR, north Rainwater 1.6

Cloud water 0.2
Smolensk 1909{1910 0.4 0.3
Borowie, Ssama 1909{1910 0.4 0.2

Leningrad 0.1

W. Europe Typical value 1965 1-2

Great Britain,
Rothamstead 1881-1887 1.0 0.8

Sweden, south Estimated max. value 0.2
due to nat. sources

America
Midwest 1952 0.1-0.2
(Colorado etc.)



Africa

Nigeria, north Average, 11 locations 0.13 0.11 877 0.11 mg 1-1, 250 mm during Bromfield (1974)
2 years rain season month

Zaire, Binza 0.28 Eriksson (1966)
Kiyuhu 0.1 Hesse (1957)

Uganda, Kampala Median value (0.6) (0.8) 10 daily samples out of Visser (1961)
59 less than 0.1 mg I-I

Entebbe Av. 3 monthly samples 0.28 Mukolwe (unpubl.)
Garissa Av. 1 monthly sample 0.33 Mukolwe (unpubl.)
Tabora Av. 1 monthly sample 0.27

Australia =0 =0 ExcessSulphur;< 0.2 g m-2 Hutton & Leslie (1958)

yr-I tot. S
0.1-0.7 Excess S Hingston (1958)

0.35 Drover (1960)
Estimated average 0.2 Excess S Eriksson (1960)

New Zealand 1884-1887 0.45 0.35 . 750 Excess S Gray (1888)

Asia
USSR east of 900E Av. of 8 locations 0.9 Range of 0.4-1.3 mg S I-I Selezneva (1966)

USSR appro Kazakhastan 3 Selezneva (1966)

India =0 Excess S Ramachandra Murty &
(0.3 g tot. S 1-1) Ramana Murty (1970)

Oceans

Bjornoja I location, snow 0.08 Excess S Fleetwood (1969)
(N. of Norway) samples (0.01,0.08,0.065 mg 1-1)
Iceland 0.25 Excess S Granat (unpubl.)
Hawaii 2 samples, 1500 m, 0.06 = 0.2 mg I-I at 1500 m Eriksson (1957)

above sea level Excess S

Greenland 1915-1957 ice core 0.08 Junge (1960)
Av. for pre 1930 0.027 Excess S, essentially no Koide & Goldenberg

sea salt (1971)

Antarctic Ice core 0.027 Excess Sulphur Koide & Goldenberg
(1971 )

Terre Adtme Ice core 4 km from coast 0.08 Excess Sulphur Lorius et al. (1969)- Vostok, 75°S Icecore 0.08 Excess Sulphur Matveev (1961)
0
U'o



then be of natural origin) or from suspended dust. A more complete chemical analysis,

together with the ratio between water-soluble components in the surrounding soil dust
may provide some indications in this respect. Until further evidence is available one
might consider windblown dust as a contributing sulphur source for these samples, at
any rate in or near arid areas.

Data from Africa by Bromfield (1974) are given as average deposition for the year
and for one month. Higher significance should perhaps be attached to the summer val-
ues with lower concentrations (0.11 mg S 1-1) and much higher rainfall than those ob-
tained for the winter season. Bromfield (1974) found quantities of dust in the collec-
tors during the winter months but little during the summer months and thus the com-
position of more substantial and frequent rain may better reflect the production rate
of gaseous sulphur compounds. A yearly deposition of 0.11 g S m-2 yr-l was reported.
It may be noticed that there is a period of the year with little rain.

A few other data from Africa indicate quite low concentration/deposition values -

both somewhat older (1960-1965) data by Eriksson (1966) - 0.28 g S m-2 yr-l, by
Hesse (1957) - 0.1 g S m-2 yr-l and recent data (a few samples so far) collected by
Mukolwe and Rodhe and analyzed at this Institute (Mukolwe, unpublished) where sam-
ples from Entebbe, Garissa and Tabora ranged from 0.27 to 0.33 mg S 1-1 in concen-
tration. Reasonable precautions have been taken in this case to avoid contamination -

including manually operated lids on collectors during dry periods - but it is question-
able whether they are always adequate at these quite low concentration levels.

Values represented by Visser (1961) from Uganda were considerably higher, with an

average of 0.6 my S 1-1 (0.8 g S m-2 yr-l), but out of 59 daily samples 10 were less
than 0.1 mg S 1- .

Data on excess sulphur (non-sea-salt origin) from Australia range from zero up to
0.7 g S m-2 yr-l (Hingston, 1958; Hutton & Leslie, 1958), which Eriksson (1960)
interpreted as an average of about 0.2 g S m-2 yC 1. Drover (1960) reported 0.35 g
S m-2 yC 1. Some of the data might have been collected near cities or inhabited
areas or near the sea.

Measurements of rainwater concentration from a few places in India are reported
(e.g., Khemani & Ramana Murty, 1968; Handa, 1969; Kapoor et ai., 1972). As the val-
ues reported were high in most cases - severalmg S 1-1 - and the sampling sites not
welldescribed- e.g. distance from large cities - they wereregardedas possiblyinflu-
enced by man's activity. In contrast, measurements at Poona (18°32' N, 73°51' E -

100 km from coast) both in monsoon and premonsoon conditions (Ramachandra Mur-
ty & Ramana Murty, 1970) gave very low values. Ten days with rain during June and
July gave 0.3 mg S 1-1 and 4.4 mg Na 1-1 as an average. This would indicate that vir-
tually all sulp'hur is from sea-spray (calculated sea-salt sulphur concentration would be
0.35 mg S 1-1).

Several expeditions have taken ice-core samples from Greenland with a reported con-
centration range of 0.01-0.8 mg S 1-1 (e.g. Diamond, 1958; Junge, 1960; Hansen &
Langway, 1966; Langway, 1967; Murozumi et ai., 1969; Koide & Goldenberg, 1971).
This range might be interpreted as an example of what importance contamination of
samples can play. The samples obtained by Murozumi et ai. (1969) and Hansen &
Langway (1966) and analyzed by Koide & Goldberg (1971) appear to have been col-
lected with the utmost care and these also display the lowest S concentration. The con-
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centration averaged 0.027 mg S04 -S 1-1 for each of the two sets of samples. After
about 1960 there is a sharp increase in sulphate concentration in the ice-core samples
(Koide & Goldberg, 1971).

As reviewed by Lorius et al. (1969), data from Antarctica are similar to those from
Greenland both with regard to the range and to the low values obtained when great
care was taken to avoid contamination. Among the lowest are those by Lorius et al.
(1969) - 0.08 mgS 1-1,Matveev(1961) - 0.08 mg S 1-1and, in particular,thoseby
Koide& Goldberg(1971) - 0.026 mg S C1. Sea-saltsulphurconcentrationwasnegli-
gible both in the Greenland and Antarctica samples except near the coast.

Data from Hawaii show a gradient in excess S concentration in precipitation from

sealevel up along a mountain slope (Eriksson, 19571.Measurementswere obtained on
two occasions and showed for instance 0.06 mg S 1- at 1800 m, 0.2 mg S 1-1 at
500 m and also about 0.2 mg excess S 1-1 at 30 m. .

Routine collection of rainwater at one station in Iceland gave on the average 0.25
mg excess S 1-1 while another more close to Reykjavik gave higher values (Granat, un-
pub!.). No special precaution was taken to avoid contamination during dry periods at
these stations.

Snow samples at Bjbrnbja showed low excess sulphur values (Fleetwood, 1969). Only
one snowfall was analyzed but the author expressed the hope that because of small sea-
sonal variations in climate, this might be a reasonable estimate of the yearly average.

Interpretation

As previously stated, my main concern in evaluating existing data is to exclude re-
sults that may have been affected by long- and short-distance transport of anthropogen-
ic emissions - which might apply to almost all of Europe and the major part of North
America. This consideration greatly alters the conventional picture of sulphur concentra-
tion levels compared with previous evaluations. We will, instead, have to deal with con-
centration levels of the order of 0.1 mg S 1-1. .

Contamination is a problem when sampling in Europe, where the concentration nor-
mally lies in the range of 1-2 mg S 1-1 (which can, however, be overcome to some ex-
tent by careful location of sampling sites and the use of collectors with automatic lids).
At a "remote" concentration level of, say, 0.1 mg S 1-1, contamination may be a very
serious problem - especially as most data presented are obtained by means of collec-
tors uncovered during dry periods - and the data may be qualitative rather than quanti-
tative in many cases. As a result of quite extensive measurements made at this Institute,
we are well aware of possible contamination by dust or decay products from vegetation
entering the collectors during the collection period, particularly during monthly - but
also daily - sampling. Reported high concentration levels may, in some cases, be con-
sidered as unrepresentative and an average over all available data would give exces-
sively high values.

After some consideration of these and other factors, a value of 0.15 g S m-2 yr-l

was adopted for wet deposition over land areas. It should be noted that this value is
derived in a way that implies that it is mainly due to gaseous precursors. With regard
to possibilities for unrepresentative sampling, the adopted value can very well be an ap-
preciable overestimate of the natural wet deposition of sulphur emanating from gaseous
precursors. The value is selected with regard to results from some areas in Africa and
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the upper estimate of the natural level in Europe. It is essentially consistent with the
values from the Asian USSR,althoughthese are somewhathigher,whichmightbe due
to contribution from soil dust and the same may also be true for a few values from
Australia. The very low values - about zero excess sulphur deposition - from Australia
and India fall, of course, outside this picture.

As for the oceans we have the long records obtained from Antarctica and Greenland,
but these data more likely reflect conditions in high latitude areas. Data from Hawaii,
and to some extent Iceland, are somewhat higher although they may be locally affect-
ed. A value of 0.04 mg I-I is taken to represent the excess sulphur concentration.
With an averageamount of precipitation for the oceans of 700 mm yr-I we obtain
0.03 g S m-2 yr-I as an averagefor oceans.

Scaling

For the scalingof deposition values from point measurements to global quantities,
deposition values will be used directly - for simplicity and as a compromise - rather
than the product of concentration values and rainfall in different parts of the world.
The reasons are essentially the following.

Little is known whether scaling from a point estimate up to regional (scale of some
1000 kID)values is best made via deposition directly or via concentration values togeth-
er with more detailed information on variations in rainfall (detailed investigations in
Scandinaviapoint to the superiority of the latter procedure; Granat, 1976a). However,
even well-establisheddeposition values for a region have almost no predictive value for
areas more distant than several 1000 kID,since the probable residence time for most
atmospheric sulphur is less than a few days up to a week (as discussed below) and aver-
age emission rates of sulphur compounds are probably quite different in areas more dis-
tant than a hundred up to several thousand kilometres. If we knew enough about pro-
duction/emission processes for sulphur compounds to distinguish between areas or cli-
matic zones with different emission rates, we could make a more proper scaling to glob-
al quantities from a limited number of measurements. Many formal calculations could
at present be performed along these lines, but in view of the lack of knowledge the fi-
nal result is not believed to be any better than if scaling is made from point estimates
of deposition.

Concentrations of various sulphur compounds in the atmosphere

Some selected data are given in Table 7.

Reduced sulphur compounds

Instruments like the FP-detector which are based on physical principles are evident-
ly not yet sensitive enough for the direct measurement of frequently occurring ambient
levels. Some method of concentrating the samples is therefore required, but this may in
turn introduce problems which are difficult to overcome. The natural concentration lev-
el and its variation for the so-called reduced sulphur compounds, hydrogen sulphide,
methyl mercaptan (MM),dimethylsulphide (DMS), dirnethyldisulphide (DMDS), carbon
disulphide and others are therefore virtually unknown. Reported measurements of H2S
are mainly based on wet chemistry or similar techniques. Breedinget al. (1973) reported

108



Some selected data on concentrations of sulphur compounds in the atmosphere. Most data from Europe and N. America have
been omitted as explained in text. Some high values from other (not heavily industrialized) parts of the world have also been
omitted when lower values have been reported in the same region. The list given is a selection believed to represent at least an
upper limit of natural levels. The data on sulphate concentration are selected to demonstrate possible concentration levels
maintained by gaseous precursors.

Table7.
0\
0-

Compound Location ReferencesConc.

(jJ.gS m-3)

Remarks

Reduced S-
compounds
S02-8 American tropics: Caribbean

Panama
Brazil

Antarctic
N. Atlantic (Faroe Islands)

S04-S

South Pacific Ocean
Atlantic O-SoN

Typical value in non-urban area
N. Atlantic (Faroe Islands)

N. Atlantic
Atlantic
Subantarctic waters
Sou th Pacific Ocean

South Atlantic
South Pacific, 0-200S
Indian Ocean, 400S
Pacific Ocean offshore, near surface

Stratosphere 20 km 1959

Stratosphere 15-19 km

S hemisphere

N hemisphere

0.5- I.7
0.4-'1.4

0.4
< 0.4

0.09

0.05
nil
0.17
0.14

0.5
0.5

0.2-0.5

0.03*
0.006 *
0.1
0.04

0.01-0.05
0.01-0.02

0.6
1-2

Techniques for measuring expected small ambient
concentrations of 10-12 (volume) are not available

Rasmussen (1974)

For 21 samples out of 36

Atlantic average (4 samples) - according to

trajectory analyses
Average

Lodge Jr. et al. (1974)

Lodge Jr. et al. (1974)
Lodge Jr. et al. (1974)
Fischer et al. (1968)

Prahmetal. (1975)

Nguyen et al. (1974a,b)

Georgii (1970)

Junge (196 3a)
Prahm et al. (1975)

Review

Average of 4 d. samples - Atlantic value
according to trajectory analyses, excess 8
0.25 Ilg 8 m-3 as sea-salt S
Total S (average of 4 samples) Nguyen et al. (197 4a,b)

Total 8; samples probably uninfluenced by
land areas

Nguyen et al. (1974a,b)

From morphological identification;

can be regarded as excess 8
Excess S (sea salt 8 0.04)
Excess 8 (sea salt S 0.04)

Before the Agung eruption 1963

Before the Agung eruption 1963

Meszaros & Vissy (1974)

Meszaros & Vissy (1974)
Gillette & Blifford (1971)
Gillette & Blifford (1971)

Junge (1963b)
Castleman et al. (197 4b)

Vary variable - "average"
value extracted here Castleman et al. (1974b)

*Uncertain estimate based on particle size number frequency functions.



values of 0.03-0.06 I1gH2S m-3 in Colorado, USA. A similar technique was also used
in Panama and Amazonas where results ranged from trace amounts up to a few ppb(v)
(Lodge & Pate, 1966) or from less than 0.06 to 0.29 ppb (Axelrod et al., 1969), but
these values are questioned by Cadle (1975a). Junge (1963a) suggested a concentration
of 1.3-13 ppb on the basis of measurements mostly made in Europe, while Smith et al.
(1961) gave0.1-0.3 ppb(v) for Wales.Even if one were confident with the accuracy of
these results, the extent of contribution from anthropogenic sources is not clear. No
measurements other than those by the group of Lodge seem to have been performed out-
side industrializedareas (as is also stated by Rasmussen, 1974).

Sulphur dioxide

Owing to the rather short residence time of S02 , caution should be exercised when
interpreting and extrapolating existing values. Sulphur dioxide was measured in "pure"
maritime air as far back as 1954 in Hawaii (Junge, 1957). He found an averageconcen-
tration of about 0.35 I1gS02 -S m-3. Over the Atlantic the sulphur dioxide levelswere,
however, evidently below the detection limit (KUhme, 1968).

Georgii (1970) measured the S02 concentration along 39°W in the North Atlantic as
a function of latitude and found values of about 2 I1gS m-3 at 40oN. The concentra-
tion decreased to about 0.2-0.5 I1gS m-3 between the latitudes 200N and lOoN, ap-
proaching zero at the equator. He attributed the higher values to industrial pollution.
Similar results are also reported by, for example, Buchen & Georgii (1971).

From several voyages over oceans in areas remote from land, Nguyen reports (pers.

comm.; see also N~yen et al., 1974a,b) an averagesulphur dioxide concentration of
0.05 I1gS02 -S m- for the South Atlantic, Indian Ocean and the subantarctic waters.
Values might be somewhat higher in areas with upwelling water with high production.
Recently Prahm et al. (1975) obtained 0.07 I1gS02 -S m-3 from measurements at the Far-
oe Islandsin air that, according to trajectory analyses,had been over the Atlantic for sev-
eral days.

The NCAR group (Cadle et al., 1968; Fisher et al., 1968, 1969) obtained values of
less than 0.3 ppb (detection limit) to 2 ppb(v) in Antarctica. Out of 37 measurements,
reported by Fisher et at. (1968) 21 were below the detection limit (0.3 ppb(v)).

Lodge et al. (1974) reported concentrations of 0.5 ppb(v) in Amazonas, Braziland
about 1 ppb in Panama. The sulphur dioxide concentration seems to be low over the
oceans, which is not surprising as the sea is considered a good sink for sulphur dioxide.
In view of this, it seems very peculiar that reported sulphur dioxide concentrations over
the Antarctic are as high as 0.5 up to severalppb. The question then ariseswhether these
high concentrations are the result of local contamination or whether they are due to
the method used (West-Gaeke). They also give rise to some doubt about results from
other non-industrialized locations.

No "remote" data for land areas with vegetation seems to be available except those
from Amazonas and Panama. A large body of data is available for Europe, North Ameri-
ca and Japan, but as man-made emissions here contribute more or less to the concentra-
tions of S02, such data are not used here.

Sulphur in aerosols (sulphate)

Both with regard to light scattering and to residence time, we are mainly concerned
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with the sulphur that contributes to the mass of submicron particles.
Measurementsof total particulate sulphur concentration are often the only ones

available and have been included in the list but excess sulphur (non-sea-salt-origin;
Junge, 1963a) over the ocean has been given when possible, since the contribution
from sea-spray is very variable and less interesting for the main subject. Sodium is pre-
ferred when evaluating the sea-salt contribution because if chloride is used i,1stead,sea-
salt sulphur may be underestimated in submicron particles.

Friend (1973) mentioned 0.17 JigS m-3 as a typical concentration for non-urban
regions (from Junge, 1963a) in his budget calculation (2 digits are used only because of
the conversion factor).

Prahm et al. (1975) collected samples at the Faroe Islands, and from trajectory anal-
yses they were able to distinguish between air masses that had passed over either the
Atlantic Ocean or the British Isles and the Continent. For the Atlantic air masses,
the concentration during 4 days of measurements average 0.14 Jig S m-3 for excess
Sand 0.25 Jig S m-3 for sea-salt S.

Particulate sulphur concentrations over the oceans as obtained by Nguyen et al.
(1974a,b) were fairly uniform over large areas. Radon was also measured simultaneous-
ly on some voyages and influence from nearby land areas was sometimes detected but
these values are not used here. The values were: for the North Atlantic (4 samples) -
0.5 JigS m-3; and for the South Pacific; South Atlantic and the subantarctic waters -
0.2-0.5 JigS m-3. The values are given as total sulphur as no distinction was made be-
tween sea-salt sulphur and excess sulphur. Thus, these values are, at any rate, upper
limits for a possible concentration of excess, particulate, sulphur. Some information in
this respect can be obtained by comparison with the data of Prahm et al. (1975), but
the sea-sprayportion could, of course, be very variable, depending both on the wind
force and also on the samplingequipment.

Gillette & Blifford (1971) took vertical profiles up to 9 km over California (Death
Valley), Nebraska and the Pacific offshore. Sulphate-S concentrations were lowest at
the latter location - at 1-3 km altitude about 0.1, and at 3-9 km about 0.04 JigS
per standard m3 given as excess S - but may still be at least partly due to anthro-
pogenic emissions. It may be interesting to note that the SICa and S/Si ratios at the
first location at both 15 m and 915 m (about 1.5 and 0.6 respectively) were essential-
ly the same as those at the Pacific offshore at 9 km altitude. The values further indicat-
ed'that the layer with sea salt is less than 1 km in depth.

Junge et al. (1969) and Johansson et al. (1974) reported measurements in coastal 10-
cations (Oregon and Florida respectively) and found values ranging from 0.05-0.1 Jig
S m-3 for the submicron size range and about 0.4 JigS m-3 total, but a small influ.
ence of anthropogenic sources cannot be ruled out.

The sulphate aerosols may have gaseous precursors emanating from the ocean. If so,
the data of Meszaros & Vissy (1974) may indicate a higher production in the warmer
waters near the equator. These data are obtained from electron microscope pictures giv-
ing the number distribution for certain types and sizes of particles. If these data are con-
verted to mass concentration, a value of about 0.3 JigS m-3 for the South Pacific and
0.006 JigS m-3 for the Indian Ocean south of 40° S can be obtained but this estimate
is uncertain.
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The Junge layer

The particulate sulphur concentration in the stratosphere seems to be very variable.
Higher values are found some time after some volcanic erJ,lptions.For instance Castle.
man et al. (1974a,b) and Junge (1974) have reported and commented on existing
results. Before the Agung eruption in 1963, values seemed to be about 0.01-0.05 J.1gS
per standard m3 (Junge, 1963b; Castleman et al., 1974b) but these values may require
some correction for collection efficiency - Cadle et al. (1974) suggested a factor of 7.

After 1963 an "average" or "typical" value can be taken to be 0.6 J.1gS per standard
m3 for the southern hemisphere and 1-2 J.1gS per standard m3 for the northern hemi-
sphere as an averagefor 15-19 km - based on data summarized by Castleman et al.
(1974a,b).

Washout ratios

It may be instructive to compare data on concentration of sulphur in rainwater and
of submicron particulate sulphur in the atmosphere. Availablewashout ratios - between
concentration in rainwater and in air (both in kg kg-I) - obtained in polluted areas -
may not be used directly, since scavengingof both particulate sulphur and S02 is involv-
ed. We can avoid this problem to some extent by considering instead washout ratios for
other elements mainly found in submicron particles. Washout ratios for Rb, Cu, Sb, Pb
and other elements are given by Peirson et at. (1973) to be about 400-1200.

As an example, Prahm et al. (1975) gives4000 for the rainwater-S/particulate-S concen-

tration ratio. For the south of Sweden, under marked influence of anthropoJenic emis-
sions, some pertinent values are S02, 1.2 J.1gS m-3, in aerosols 0.8 J.1gS m- , and in
rain, 1.2 mg S 1-1 (see for instance Granat & Soderlund, 1975), yielding a ratio of 1200
for rainwater S/S02 -s and 1800 for rainwater-S/particulate-S.

To compare with remote locations, we take a particulate sulphur concentration of
0.14 p.gS m -3 (Prahm et al., 1975) and compare this with Greenland ice data of 0.03
mg 1-1 (Koide & Goldberg, 1971) which givesa ratio of 260 which is below the range
given by Peirson (1973). However, in view of the uncertainities involved in making such
estimates, the figure obtained is fairly consistent with Peirson's lower values.

Transfer and conversion processes

Sources and emission rates for reduced sulphur compounds

Natural emissions of sulphur compounds may involvehydrogen sulphide, methyl mer-
captan (MM), dimethylsulphide (DMS), dimethyldisulphide (DMDS), carbon disulphide
etc. (Lovelocket al., 1972;Rasmussen,1974;Lovelock,1974).H2Sand DMSmay be
of importance for the global budget and will be considered here.

One source for H2S is reduction of sulphate, mainly in seawater, under anaerobic con-
ditions. Such hydrogen sulphide, when produced in bottom layers of water bodies, is
usually considered to be oxidized before reaching the surface, but Chen & Morris (1972)
found that H2S may survive oxidation by dissolvedoxygen in the water column for
many hours. Possible source areas are therefore tidal flats, shallow waters with anaerob-
ic bottom conditions and salt marshes, which are frequently recognizableby the smell
of hydrogen sulphide. Another source may be decaying organic material on land where
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some of the sulphur may be lost to the atmosphere as hydrogen sulphide. Production
of OMS over the oceans is indicated from measurements in ocean water (see for in-
stance Lovelock, 1974).

The global production of volatile S-compounds, such as OMS,has been estimated by
Hitchcock (1975). She used measured emission rates (per unit weight) from fresh and
senescent leaves and from soil (Lovelock et al. 1972) together with estimates of global
standing crop of leaves and grass (based on Deevey, 1970), marine algae (Ryther, 1969)
and the global mass of soils, either nonarctic derived from a number of different eco-
systems (Koyama, 1964) or "total" estimated by Broecker(1970). The valuesare sum-
marized in Table 8. Hitchcock (1975) concluded that the estimates point to a major
source in soil and also that the global emission of organic S-compunds is unlikely to
exceed 5 Tg S yr-l and is probably closer to 2 Tg S ye I.

Table 8. Global emissions of organic sulphur compounds (DMS) (Tg S yr-l)
from natural sources (Hitchcock, 1975)

Marine algae
Fresh leaves
Senescent leaves
Soils

Total

0.05
0.01
0.53

1.5-4.9

2.1-5.5

Production of hydrogen sulphide from sulphate (sulphate respiration) as a source of
atmospneric sulphur has not been estimated. The value for this was obtained by balancing
the budget.

Some isotopic ratio data were also considered but they appear - at any rate to the
author - as inconclusive when used to estimate global emission of reduced S-compounds
as compared with the contribution from wind erosion and sea-spray,which are the relevant
questions in the present approach.

Emission rate of sea-spray

Production of sea-spray is taken to be 44 Tg S yel from previous estimates (Eriks-
son, 1963). A small fraction of this may be in the submicron range, the relative concen-
tration of which is indicated, for instance, by data from Junge et al. (1969) and Johansson
et al. (1974; a few samplesfrom the west of Oregonand Florida in the USA,respectively).
By using a considerably longer residence time for this fraction - greater by at least a
factor of two - we may estimate the flux of submicron particles, as sea-spray, to be
7 % of 44 or 3 Tg S yr-l.

Emission rate of suspended soil dust

The contribution from soil dust suspended by wind erosion must be mentioned. The
production is certainly very variable in space and time. It is perhaps not a major source
of sulphur in submicron particles.

If we take the estimate cited by Butcher & Charlson (1972) of global soil dust emis-
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sion of 200 Tg ycl and assume that one-third is below 1 Jim diameter in size (a safe
overestimate) and use the averageS content in weathered rock of 33 % (Hallberg, this
paper), the emission should be only 0.2 Tg S ycl. This might turn out to be an under-
estimate but the figure is nevertheless adopted here. On the regional/local scale, wind
erosion may be a considerable source of atmospheric S. Most of the material may con-
sist of particles larger than a few Jim and have a short residence time in the atmosphere.

As a consequence, soil dust (not only the submicron fraction) may regionally provide
a significant contribution to the sulphur concentration in rainwater (see cloud-water
measurements over the USSR; Seleznevaet al., 1967).

Conversions in the atmosphere

It is of great interest to know both the decay rate of the "reduced" sulphur com-
pounds possibly introduced into the atmosphere (H2S, DMS, DMDS,MM,etc.) and
whether S02 is an intermediate in the oxidation process. Little conclusive informa-
tion is available.

Oxidation of hydrogen sulphide can proceed in cloud water. Penkett (1972) studied
the reaction rate with 03 in water and from this the decay rate of hydrogen sulphide
in the atmosphere could be calculated. This is probably small compared with that occur-
ring in homogeneous processes.It has been stated that the reaction between ozone and
H2S is rapid (Friend, 1973). However, Haleset al. (1974) critically examined the exist-
ing estimates of oxidation rates of H2S and concluded that, among other processes, the
reaction with ozone would correspond to a H2S lifetime of severalweeks. Instead they
found some evidence for a rather fast reaction with atomic oxygen with a number of
chain reactions involvingvarious radicals. Such reactions would of course be promoted
in a polluted area with increased levelsof, for example, oxides of nitrogen, as was also
shown by laboratory experiments. However, reaction rates relevant for the natural at-
mosphere were not derived.

Cox & Sandalls(1974) concluded from laboratory measurements that hydrogen sui.
phide may be oxidized to sulphate with sulphur dioxide as an intermediate. In contrast,
DMSis oxidized directly to sulphate without sulphur dioxide as an intermediate. The de-
cay rate for either compounds wasestimated not to be very rapid, a day or more would be
required for a 50 % conversion in the atmosphere. Cadle (1976) pointed out that the
concentrations of nitrogen oxides were three orders of magnitude greater than those
usually found in ambient atmosphere. From an analogy to propylene he concluded that
the oxidation of DMSis probably slow - a matter of days.

The oxidation of sulphur dioxide has been widely investigated. Both reactions in cloud
water and homogenous reactions would be of importance in an unpolluted atmosphere,
as reviewed by Granat (1976b). Many factors affect the oxidation rate of sulphur di-
oxide and even for a given set of conditions the oxidation rate is not too well known.
However,the range of uncertainty is at any rate much smallerthan for the reduced sul-
phur compounds. For an unpolluted atmosphere the oxidation rate (the first order decay
rate constant) may range from, say 0.2, to a few per cent per hour for gasphase reactions
and be some per cent per hour for incloud scavenging.
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Dry deposition

Gases

From measurements in Europe it is generally accepted that for sulphur dioxide,
dry deposition is roughly equal to wet deposition over Scandinavia(see, for exam-
ple, Granat & SOderlund, 1975) and increases to about twice the wet deposition
in major source areas (Garland & Branson, 1976), where concentration is much
higher in the nrst few hundred meters.

Uptake by vegetation of H2Sand dimethylsulphide (DMS) and by ocean water
of DMS may be much slower than for sulphur dioxide. It is perhaps insignit1cant,
depending on low solubility. If S02 is formed as an intermediate in the oxidation
of reduced sulphur compounds, the fraction removed by dry deposition compared
with that oxidized to sulphate is critically dependent on the oxidation rate of
H2S.

Adequate information is not available to enable a reliable estimate of the mag-
nitude of dry deposition of these gases to be made. If an estimate is, nevertheless,
to be included in the budget scheme, arguments along the following lines may be
of some help and will also show the degree of uncertainty.

Suppose that S02 is oxidized to sulphate (cf. discussionabove). To simplify
the discussion we assume (only for this purpose, of course) here, that the lower
atmosphere is a well-mixedbox, whQseheight is related to the conversion rate of
hydrogen sulphide into sulphur dioxide. The more rapid the reaction, the less will
hydrogen sulphide penetrate upwards in the atmosphere and the box height (H)
can consequently be given a smaller value. For the dry deposition we use the con-

cept of deposition velocity (Vg)with a reference height of, say, 1 m. The ratio
between dry deposition (Fdd) and oxidation (Fox) of sulphur is then:

Fdd =Vg' C = l
Fox k.c.H k.H

where k =the nrst order reaction rate constant for S02 (taken to be 0.7 % per hour)
c =concentration of S02

Vg=dry deposition velocity (taken to be 0.5 cm s- 1)
H = "box height"

A few calculated values are shown in Table 9.

If we assume for a moment that all emitted reduced sulphur compounds (H2S,
DMS, etc.) were converted to S02 and that the decay (due to oxidation) had a time
constant similar to what is needed for mixing of the atmosphere within, for exam-
ple, the nrst 1000 m, the dry deposition would roughly be equal to that oxidized to
sulphate(Fdd/Fox =0.9 in Table9). If it wasmuchfaster - correspondingto mixing
within 100 m (order of an hour) - the dry depositionwouldbe somenine timesgreater
than the wet deposition (Fdd/Fox = 8.8 in Table 9).

A major fraction of the sulphur dioxide converted to sulphate will ultimately show
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Table 9. Calculated ratios of dry deposition (Fdd) and oxidation (Fox) of 802 for different
"box heights" (H) under assumptions givenin the text.

H

(m)
Fdd/Fox

100

1000

3000

8.8

0.9

0.3

up in wet deposition (dry deposition of sulphate particles formed is considered to be
insignificant) and the dry deposition of S02 can therefore be estimated from a select-
ed ratio between dry and wet deposition as calculated above.

Another estimate of the dry deposition can be made from the sparse and perhaps
uncertain direct measurements over oceans. If we adopt 0.05 JJ.gS02 _oSm-3 as a
typical value (Nguyen, 1974a, b) and a dry deposition velocity of 0.5 cm s-l, we arrive
at 0.008 g m-2 yr-l or approximately one quarter of the value adopted for wet deposi-
tion over the oceans.

The discrepancy between the estimates can be overcome by assuming either that only
a small fraction of the reduced sulphur compounds is oxidized with S02 as an inter-
mediate or that the oxidation rate (of the reduced sulphur compounds) is so slow that
S02 will be introduced at levels substantially above the ocean surface. As shown above,
there is some evidence for both these explanations.

For the budget estimate a dry deposition of 1/4 of the wet deposition is adopted
both for ocean and land areas. From what is said above, it is very clear that this number
cannot be considered as more than a provisional value, needing to be modified when
more conclusive informations is available.

A reasonable estimate of dry deposition of gaseous compounds is, however, not so
critical for the basic aim of this paper, which is to find out the relative contribution to
sulphur in the submicron particles from natural and anthropogenic processes. The por-
tion of gaseous sulphur compounds deposited by dry removal processes will of course
not form sulphate aerosol and not show up in precipitation and can at present only be
detected if sulphur dioxide is an intermediate.

Particles

Submicron particles in the size range (diameter) of 0.1-0.8JJ.g are generallyconsidered
to have a low deposition velocity (i.e., Garland & Branson, 1976), which makes the dry
depositionsmallcomparedwith wet removal« 10 %) and it is not considered in the
budget scheme.

Residence times in the atmosphere

The concept of residence time is used in order to support calculations in this paper and
may therefore require some comment. This concept is unclear both for practical and
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theoreticalreasons,and the conceptof "averageresidencetime" - as meaning,for in-
stance, the inverse of the decay constant in a first order decay process for a particular
component with reference to the whole atmosphere - has only very limited use. An
example is the rough estimate of the atmospheric content of sulphate particles from
global fluxes. Defined more accurately and preferably used in the form of a transit time
frequency distribution(cf. for instance Bolin& Rodhe, 1973), the concept may find inter-
esting applications in a more relevant description of the global sulphur cycle. This is, how-
ever, outside the scope of this paper.

With regard to submicron particles the residence time was estimated by Martell &
Moore (1974) on the basis of 210Bi and 210pb activity ratio and the average210pb
concentration versus altitude in the west central USA. They givea residence time of
about one week or less for the troposphere.

In contrast, Marenco & Fontan (1972) estimated residence times for particles from
a number of reported measurements of Po, Pb and Bi. The result seems to range from
21 days for a layer at I km to 52 days for a layer at 5 km.

As a mass weighted for the whole troposphere, a residence time for submicron par-
ticles of five days is adopted here. The uncertainty is, however, large.

The natural sulphur budget for the atmosphere

Fig. 2 is somewhat different in structure compared with previousones (Eriksson, 1960;
Friend, 1973). The figure emphasizes the production of submicron particles; this is con-
sidered to be the most important reason for constructing a global sulphur budget at all.

Sources

There is a tentative estimate for global dimethylsulphide (DMS) production of 5 Tg S
yel (Table 8). The remaining production of reduced sulphur compounds through micro-
biological activity is obtained as the difference in the overall budget (27 Tg S ye I). This
production is indicated as proceeding in coastal areas but may equally well take place over
oceans (e.g., as DMS) or over land. As discussed above, some of the reduced sulphur com-
pounds (H2S, DMS etc.) might be converted to S02' In the event that this process is not
slow, there may be a substantial production that cannot be estimated by this indirect meth-
od. The reduced sulphur compounds must then, however, have a short transit time in the
atmosphere and will consequently not be converted to particulate matter.

Sea-spray production is taken from previous estimates (Eriksson, 1963). It is esti-
mated here that of this amount of 44 Tg S yel some 3 Tg S yel is in the form of
submicron particles.

An estimate of emissions from volcanoes is given by Cadle (1975a). The value
3 Tg S yel is adopted here.

The emission rate of sulphur in the form of dust from wind erosion etc. has not been

estimated as there are very few data on this subject. Further, even if the processes were
better known, there is an enormous range in transit times of this material, extending
from minutes for the largest particles to a week or more for submicron aerosols reach-

ing the upper troposphere. The emission of submicron particles by this process (0.2 Tg S
yel) is insignificant in comparison with other sources.
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Man-made emissions amount to 65 Tg S ye1 (Friend, 1973). Some 2 % is in the
form of sulphate, the remainder mainly consisting of S02.

Sinks

The quantity brought down by precipitation is estimated from a few selected data
as described above. It is calculated for land areas (18 Tg S yel) as the product of
the average deposition value 0.15 g S m-2 yel and a land area of 1.2.1014 m2
(the area covered by deserts - 0.3 .1014 m2 - was not used). For the oceans (11 Tg S ye1)
it is calculated as the product of an average deposition value of 0.03 g S m-2 ye1 and
a total area of 3.6.1014 m2. These estimated deposition figures refer to excess sulphur
and do not include the 44 Tg S yr-l from sea-spray. They probably do not either include
sulphur introduced into the atmosphere as dust (with the exception for the submicron
fraction) due to the selection of rain chemistry data as given above.

A supporting calculation for the oceans is as follows. A concentration of 0.1 Ilg ex-
cess S m-3, a scale height of 5 km and a residence time of 5 days gives a deposition
rate of 13 Tg S yr-I.

Of the sea-spray production (44 Tg S yr-1 ), some 3 units are estimated to be in sub-
micron particles. This matter is removed mainly by precipitation, and most of it over the
sea, giving a total wet deposition of 14 Tg S yr-I (3 + II). The remaining 41 units are re-
moved by wet and dry deposition. It has been estimated (Eriksson, 1963) that some 10 %
or 4 Tg S yr-I is carried in and deposited on land.

The dry deposition of gases over the oceans (in the form of S02 ) is very uncertain.
A figure of 2 Tg S ye1 was adopted, as discussed previously, for the natural sulphur
cycle. Dry deposition over land areas (also in the form of S02) is perhaps even more
uncertain. A figure of 1/4 of the wet deposition is adopted, as discussed previously,
giving 4 Tg S ye1.

Dry deposition of submicron particles is considered to be small compared with wet
removal.

The man-made emissions (65 Tg S yr-1) are probably removed in about equal portions
by dry and wet deposition. Owing to the geographical distribution of heavy industrialized
areas (USA, Europe and Japan) 1/4 of the emission is assumed to be deposited over

the oceans, giving the following breakdown of deposition: dry deposition on land 24,
wet deposition on land 24, dry deposition on oceans 8 and wet deposition on oceans 9,
all as Tg S yr-1.

Formation of sulphate in submicron particles

A reliable estimate of the fraction of the emissionof reduced sulphur compounds that
is converted to sulphate and appears in submicron particles cannot be made from the
present incomplete knowledge about oxidation mechanisms and rates. Tentative values
are derived here based on the following assumptions. Half of the emissions of reduced
sulphur compounds are converted to sulphate directly and the reminder via S02 is re-
moved about equally by dry deposition and oxidation. In the last case about half may be
found in precipitation (after oxidation) and half transferred to aerosol (oxidation either
in gas or liquid phase). We then obtain the result that from the natural production of
gaseous S-compounds, 22 Tg S yr-I is converted to aerosols while 13 Tg S is removed
without appearing as aerosol. These figures are further divided into wet and dry deposi-
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tion over land and sea to obtain a consistent picture (Fig. 2). Essentially the same as-
sumptions are used to calculate the fate of man-made emissions, in this case supported
indirectly by field measurements.

Distribution of sourcesand sinks

To show the distribution of sources and sinks over land and over oceans and transport
between them the fluxes derived above are given in Fig. 3. In structure, this figure is
more like those previously used for making atmospheric sulphur budgets. The wet deposi-
tion given here is considerably lower than previous estimates, thus requiring a much
smaller production of reduced sulphur compounds in balancing the budget.

As explained above, a reservation must be made for the possibility of a greater produc-
tion of reduced sulphur compounds, especially over the oceans, which would result in a
higher figure for dry deposition.

Global atmospheric storage

Wehave, above, compared the relativecontribution of natural and man-made emissions
leading to the formation of submicron particles. As the turnover time may be the same,
we hereby also obtain the relative contribution to the submicron particulate loading in
the troposphere. However, for comparison with conditions in the stratosphere we have
to estimate the tropospheric burden. Direct estimates from vertical profiles appear very
uncertain (too few data) whereas estimates from fluxes via an assumed average residence
time may be less uncertain.

The natural contribution is 27 Tg S yr-1, and the adopted average residence time is
5 days which gives 0.3 Tg S. As production of submicron particles and their precursors
is greater over the sea than over land more than half of this burden will be found in the
southern hemisphere owing to its larger ocean area. If we instead consider deposition,
we may conclude that the northern hemisphere has a higher burden. Let us therefore
assume an equal burden over the northern and southern hemispheres.

The particulate sulphur loadings from man-made emissions can be estimated in the
following way. Over NWEurope, for the area indicated in Fig. 4, the total content
may be somewhat less than 0.1 Tg S (Rodhe, this paper). Of this, some 20 % or 0.02 Tg
may be sulphate-SoThe fraction (30 %) leaving the area can be considered as sulphate-S
with possibly an additional residence time of, say, three days, and givesan additional
0.03 Tg S. If we then scale this to all anthropogenic production, we arrive at a global
figure of 0.3 Tg S. We can also estimate this burden from the quantity of man-made
emissions converted to aerosols (17 Tg S yr-l) and the same residence time as above
(5 days). We then obtain 0.23 Tg S - which is in good agreement.

For the stratosphere a burden of 0.01 Tg S before and 0.3 Tg S after the Agung
eruption, 1963, was estimated - in the latter case distributed with about 0.2 Tg S in
the northern and 0.1 Tg S in the southern hemisphere.

The reader is reminded of the many uncertainties involved in this computation, which
is summarized in Table 10.
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Table 10. Present contribution to S-burden in submicron particles (Tg S) in the tropo-
sphere and stratosphere, globally and for the northern hemisphere.

Conclusions and limitations

A global atmospheric sulphur budget is, theoretically and apart from imperfections,
only of limited use for reasons given in the introduction.

A budget has been compiled which distinguishesbetween man-made and various nat-
ural emissions. It is based on some available atmospheric chemistry data, but measure-
ments uninfluenced by anthropogenic emissions are so few that this exercise is more in
the nature of an alternative possibility than an estimate.

The first conclusion is that there are simply not enough atmospheric chemistry meas-
urements available to make a reliable estimate of the natural budget. Second, because of
this lack of relevant atmospheric chemistry data, previous estimates of the global sulphur
budget cannot be considered reliable, contrary to what is sometimes assumed. Third, a
somewhat different but not unlikely interpretation of available data, as in this budget,
shows that a low budget is as likely as the previously constructed ones. This estimate is
in good agreement with the one arrived at by Hallberg (this paper), mainly on the basis
of a preindustrial sulphur balance of the pedosphere.

The most important conclusion from the present budget estimate is that the man-
made and natural sourcesmay contribute about equally to the total amount of sulphur
in submicron particles present at anyone time in the whole troposphere. In the north-
ern hemisphere the relative contribution from man-made sources would be higher (per-
haps 40 %) than natural ones. If the stratospheric content is also considered, the contribu-
tion from man-madeemissionsis about 1/3 .of the natural ones globally and slightly less
than the natural ones in the northern hemisphere.

This budget is based on readily available data and since only limited time was availa-
ble for their evaluation and consistency checks, it should be considered as preliminary
and requring more critical evaluation of existing atmospheric chemistry data obtained
in locations uninfluenced by anthropogenic emissions. Such work should firstly involve
a comprehensive review of all existing relevant data, and secondly a careful and detail-
ed examination of the samplingconditions and perhaps, to some extent, analytical meth-
ods. Finally, such data should be compared with, for example, biological, agricultural
and climatological information availableto obtain a consistent picture of the S-cycle
with due account taken of regional variations.

More data are certainly needed but careful thought should be given to the kind of
data that would best improve our knowledge of the various kinds of impact of man-
made S-emissions.
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Globally Northern hemisphere

Source Trop. Trop. + Strat. Trop. Trop. + Strat.

Natural 0.34 0.60 0.17 0.35
Man-made 0.23 0.23 0.23 0.23



AN ATMOSPHERIC SULPHUR BUDGET

FOR NW EUROPE (H. RODHE)

Introductory remarks

If we wish to understand man's impact on the sulphur cycle and how thereby ecolo-
gical systems in various parts of the world are influenced, global budgets of the type
presented in earlier subsections are of limited help. Becauseof the short residence time of
sulphur compounds in the atmosphere (of the order of a few days) and the very uneven
geographical distribution of the man-made, and probably also the natural, emissions the
influence of man on the natural sulphur cycle varies widely from one region to another.
We have chosen to sketch a balance for the atmosphere over NW Europe where large
man-made emissions of S02 are known to exist and where the chemical climate has
been drastically affected during the past 10-20 years (Sweden's Case Study, 1971; Al-
mer et al., 1974). A similarly polluted region may be found in NE USA and SE Canada
(Likens & Bormann, 1974). Sulphur budgets of many other parts of the world, of course,
show a much smaller influence by man.

An important reason for choosing NWEurope as an example of a regional sulphur
budget is the relatively large amount of data available on air and precipitation concen-
trations as well as on anthropogenic emissions(Eriksson, 1970; Eliassen& Saltbones,
1975). During the past few years an intensive study has been carried out within the
framework of the OECD (Long Range Transport of Air Pollutants, LRTAP) aimed at
an understanding of the dispersion of sulphur within this region. The results of this
study will be published shortly.

An early attempt to estimate the sulphur budget over NW Europe was made by
comparing the deposition of sulphur with th~ anthropogenic emission within an area
roughly equal to the area used in this study (Rodhe, 1972a). It was estimated that 40
to 75 % of these emissions were deposited within the region. The range of uncertainty
was mainly due to the lack of knowledge about the importance of dry deposition which
was simply assumed to.be somewhere in the range of 0-100 % of wet deposition.
Later findings suggests that, at any rate in polluted regions, the dry deposition of sul-
phur is likely to be equal to or even larger than the wet deposition. This has been de-
monstrated by for example Garland et at. (1974), Bolin & Persson (1975) and Fisher
(1975). In a recent study Garland & Branson (1976) have made an estimate of the
S02 balance over Great Britain. They found that the dry deposition over the islandsis
more than two times bigger than the wet deposition and that about 2/3 of the emis-
sion is exported out across the coast lines.

The data

The region studied in this chapter is shown in Fig. 4. It is bounded by the latitudes
45°N and 65°N and by the longitudes 100Wand 20oE. The total area is about 4.2 .
1012 m2 or roughly 1 % of the total area of the earth's surface. The year 1973 has
been chosen as a reference year and all data have been adjusted to correspond to this
year. The anthropogenic emissions were taken from the map published by Eliassen &
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65°N

L.5°N

Figure 4. Average surface air concentration of S02. Unit: {JgS02 -S m-3. The analysis is based
partly on observations and partly on model calculations and refers to conditions outside cities and
industrial areas.

Saltbones (1975) based on the emission survey carried out as a part of the LRTAP
study. According to these.authors (pers. comm.) the presented emission figures in some
of the countries are slightly high. We have therefore reduced the emissions within the
area considered by 10 % to obtain a figure of 13 Tg S yr-1.

The estimate of deposition by precipitation is based primarily on data from the Euro-
pean Air Chemistry Network as analysed by Granat in Sweden's Case Study (1971).
Those data refer to the year 1965. According to Fjeld (1976) the emission of S02 in
Europe increased by about 25 % between 1965 and 1972. Allowingfor a small natural
background deposition we have assumed that the total wet deposition in the area in-
creased by 20 % during the same period. The background fraction - i.e. the part due
to natural sulphur sources other than sea spray and to distant (i.e. outside Europe) an-
thropogenic sources - has been estimated from measurements of the sulphur concentra-
tion in rainwater along the Norwegiancoast during westerly and northwesterly flow.
The averagesulphur concentration under these conditions is of the order of 0.2 mg 1-1
when the sea salt component has been deducted (Nord0, pers. comm.). This is about
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15 % of the averagesulphur concentration observed in the region under study. Although
the air trajectories in those cases have come from Wand NW, it is conceiveable that
part of the measured sulphur could still be of anthropogenic origin either from North
America or from Europe via the North Atlantic. The possibility still remains, of course,
that appreciable emissions of natural volatile sulphur compounds occur in the tidal flats
along the shores of the British Isles and the European Continent. However, model cal-
culations of sulphur dispersion within the region have given reasonably good agree-
ments between observed concentrations and those calculated from the anthropogenic
emission field (see for example Nord0, 1974). From such calculations it may be esti-
mated (Nord0, pers. comm.) that the contribution from natural sources can hardly ex-
ceed 15 to 20 % of the measured concentration values. We choose 10 % as a rough es-
timate of the averagevalue of natural part of sulphur observed in precipitation within
the area studied.

The dry deposition estimates are based on an analysis of average surface air concen-
tration of S02 -S as shown in Fig. 4. This analysishas been based partly on observa-
tional data obtained in the LRTAP project (see above) and partly on model calculations
(Bolin & Persson, 1975; Fisher, 1975). The concentration values refer to non-urban sites;
in urban areas and close to highly industrialized areas the values can be appreciably
larger. The total area affected by these higher values is, however, quite small and
will not significantly affect this budget. It should be emphasized that the precise
distribution of the surface air S02 -concentration within the region is not yet well
known. The analysis in Fig. 4 must therefore be regarded only as a rough sketch to
portray the overall picture. This is particularly true for the oceanic areas where no
systematic measurements have been made.

In order to obtain an estimate of the dry deposition the concentration values of
Fig. 4 have been multiplied by an averagedeposition velocity. The numerical value of
this parameter varies widely with the type of surface and with meteorological condi-
tions (Garland et al., 1974). However, recent estimates seem to indicate that a value
just below I cm s-1 might be a reasonable average(Garland et al., 1974; Owers & Powell,
1974; Smith & Jeffrey, 1975). In our budget calculations we have used two alternative
values, 0.5 and 1.0 cm s-l. The former value is close to the mean value obtained by
Garland et al. (1974) from measurements in a rural area in the UK, whereas the latter
value is slightly larger than the model estimates by Smith & Jeffrey (1975).

There is no clear evidence regarding the natural background levels of S02 in the
area. This S02 may be formed by the oxidation of volatile reduced sulphur compounds
such as H2S or DMS(Granat, this paper). Measurementsby Prabm et al. (1975) on the
Faroe Islands indicate an averageS02 -S concentration of 0.1 fJ.gm-3 in air coming from
the Atlantic and 0.3 fJ.gm-3 in air coming from a southerly direction.

Nguyen et al. (1975) have made measurements in the Mediterranian off the coast of
France. The concentration drops off rapidly away from the coast reaching a value be-
low 0.2 fJ.gS02 - S m-3 at about 80 km from the coastline. It is possible that there
are higher concentrations of naturally produced S02 in limited areas for example along
tidal coasts. Some recent measurements taken by Bonsanget al. (1976) at the coast
near Brest in France seem to support such a supposition. In our calculation we have
chosen a value of 0.3 Ilg S02 -S m-3 for the averagenatural S02 level in surface air
over NW Europe.

125



Most of the airborne sulphate occurs in submicron particles which are deposited
very slowly (Chamberlain, 1966). In view of the uncertainty in the estimates of the
other terms in the balance, it seems reasonable to neglect the deposition of sulphur
by this process (cf. Garland & Branson, 1976). .

The balance sheet

With the data described in the previous section, we may now make the regional bud-
get estimate (Table 11). The range given for gaseous dry deposition corresponds to the
two assumptions about the deposition velocity for sulphur dioxide (0.5 and 1.0 cm s-l,
respectively). The fact that no range is given for the other figures does not imply that
they are perfectly well known.

Table 11. Balance sheet for atmospheric sulphur over NW Europe around the year
1973. Unit: Tg yr-l.

Pollution sulphur Non-pollution sulphur Total

Emissions

Deposition
by precipitation
by direct uptake

Total

.13 ? 13+ ?

4.1
2.9-5.9

7.0-10.0

0.5
0.2-0.3

0.7-0.8

4.6
3.1-6.2

7.7-10.8

Net export of pollution
sulphur

Net export as percentage
of emissions

3.0-6.0

23-46

No attempt has been made here to estimate the emissions of non-pollution sulphur
within the region. According to the argument presented earlier about the relative im-
portance of natural and man-made emissions, it is, however, quite clear that the natural
emissions inside the region are at most a small fraction (- 15 %) of the present man-
made emissions.

The figure for the net export out of the area of pollution sulphur is arrived at by
subtracting the deposition from the emissions. It is important to note that this is a net
export, that is the difference between the outflow of pollution sulphur emitted within
the region and an inflow of pollution sulphur from neighbouring industrialized areas,
particularly Eastern Europe. A.small fraction (-10 %)of the total depositioninside
the budget area may originate from anthropogenic emissions outside the area, particu-
larly in Eastern Europe. This amount is not included in the estimated background val-
ues as discussedearlier. From this we estimate that the gross export out of the region
of pollution sulphur emitted inside is slightly higher than the net export or somewhere
between 30 and 50 % of the emissions.
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On the basis of this figure and of measurements of the vertical distribution of sul-
phur compounds within the area it is possible to make a rough estimate of the turn-
over time in the atmosphere of the pollution sulphur. We define an effective sulphur
height H as

00

H = J c(z) dz/c (0)
0

From measurements published by Georgii(1970), Rodhe (1972b) and Jost (1974) an
averagevalue of H may be taken as about 2 km. A somewhat smallervalue (1-1.5 km)
has been obtained by Garland & Branson (1976) from measurements in England. This
lower value is probably representative only for rather limited areas in the vicinity of the
large emissions.

From the surface concentration of S02 as givenin Fig. 4 plus an assumedaveragesur-
face concentration of 2 J.1gS042--S m-3 the total burden in the air inside the region can
be calculated to about 60,000 1.A small amount of the 60,000 t sulphur inside the region
originates from anthropogenic sourcesoutside and has to be deducted. On the other hand,
the amount of sulphur in the air outside the region originatingfrom emissioninside has to
be added. Becauseof the appreciableexport out of the region this latter amount may be
almost as large as the amount found in the air inside. From these considerations it is esti-
mated that the total amount of sulphur, emitted inside the area, which at anyone time is
found in the air is 0.08-0.1 Tg. Dividingby the source strength (13 Tg ye1) we ar-
rive at a turnover time of 2.3-2.8 days. A rough check on this number can be made by
translating the figure for gross export (30-50 %)to a decay distance Le. the distance with-
in which 2/3 of the emissionhave been deposited. From Fig. 4 we take the averagedistance
from the source areas to the boundaries of the region to be 1000 km. The decay distance
will then be in the range 800-1400 km. With an averagetransport velocity of 25 km h-1
this givesa turnover time of 32-55 hours. Weconclude that an averagevalue of the resi-
dence time in the atmosphere for pollution sulphur in this climate of about 2 days seems
to be realistic.

Concluding remarks

It is clearfromthe precedingdiscussionthat a largefraction- at least50 %- of the
sulphur emitted through man's activities in NW Europe is deposited within a distance
of about 1000 km. This implies an atmospheric turnover time of not more than a few
days. It is then evident that figures from a global sulphur balance will have little signifi-
cance when it comes to assessingthe influence of man on the sulph!lr cycle in specific
areas (unless, of course, one can show that the ratio of man-made to natural emissions
in the particular area happens to be similar to the global average).

On the other hand, it is also clear that atmospheric sulphur pollution is not only a
local problem, where each city or industrial area will suffer from its own emissions,but
a regional problem where large emissions can give rise to harmful effects at distances of
several hundred to a few thousand kilometers. Whereasthe local pollution problem is
mainly due to direct effects caused by high concentration of S02 and sulphate particles
in the air (health effects, corrosion etc.), the more distant effects are associated with de-
position of acids formed by the oxidation of sulphur dioxide (Sweden's Case Study, 1971).
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It is probable that a small but significant fraction of the sulphur emitted within the
region studied will diffuse up into the middle and upper troposphere where it will have
a residencetimme appreciably longer than the turnover time of about two days which
was derived above. This fraction may be transported over greater distances and may con-
tribute to the hemispheric background aerosol concentration and thereby potentially
affect the global climate (Bolin & Charlson, 1976).

SUMMARY AND RECOMMENDATIONS

By investigatingthe pre-industrial cycle of sulphur in nature we have shown that it is
possible to obtain a balance of natural sulphur fluxes with an emission of reduced vola-
tile sulphur into the atmosphere appreciably lower than that estimated by previous investi-
gators (37 and 35 Tg yr-l respectivelyinstead of about 100). A close inspection of availa-
ble air chemistry data has shown that such a "low sulphur budget" is not incompatible with
the very limited amount of such data currently available.Evenif the air chemistry data
themselvesdoes not exclude the possibility of natural sulphur fluxes of the magnitude ob-
tained by previous investigators,we believethat taken together with the pedosphere data
presented in the first section, the "low sulphur budget" is more likely to be correct.

We wish to re-emphasizethat from the point of assessingthe impact of man-made
sulphur emissions on ecosystems, global budgets are of little help. The limited residence
time of the sulphur in the atmosphere implies a more regional character of the impacts.
This is very clearly demonstrated in the third section where it is shown that out of all
anthropogenic emissions within a region of NWEurope (roughly 1 % of the earth's sur-
face) between 50 and 70 % are deposited within the same region and 30 to 50 % ex-
ported to the surrounding areas. The implied residence time of the anthropogenic sul-
phur in the atmosphere is estimated to around 2 days. It is clear that in this region the
man-made contributions by far overweight possible natural fluxes. For assessingpos-
sible impact on the radiation balance via aerosol formation, global or hemispheric val-
ues may be of interest.

We conclude with a few remarks on what we consider ought to be done to improve
our knowledge about the biogeochemical sulphur cycle.

Using the best existing methods, measurements in many areas of the world could
greatly increase our knowledge of the natural sulphur cycle through the atmosphere and
its regional variations. Such measurements could refer to the chemical compositon of
precipitation- due considerationbeingpaid to representativenessfor surroundingareas
- sulphurdioxideconcentrationand to the chemicalcompositionand opticalproperties
of aerosols (light absorption and scattering) at ground (ocean) level and in the lower
troposphere.

128



Measurement of sulphur compounds in the upper troposphere may not be of much
help for the estimation of such fluxes as those reported in this study. However, these
measurements are needed for a better understanding of the stratospheric sulphur budget
and may also enable better estimates to be made of the total atmospheric burden of
sulphur.

An important part of the sulphur cycle consists in the production of reduced vola-
tile sulphur compounds (such as hydrogen sulphide, dimethylsulphide, dimethyldi-
sulphide, etc.) but the amounts thus released from decomposing organic matter are not
well known. For a better understanding of these processes, analytical techniques have
to be developed and then used in the field in such a way that the variations in space and
time of the production rate can be estimated. Areas of special interest may be: tidal flats,
soil in different areas, forests, various parts of the oceans and polluted coastal waters.

Knowledge of the reaction mechanisms and rates involved in the oxidation of sul-
phur compounds- especiallyreducedsulphurcompounds- needsto be improvedas it
is of critical importance for a correct estimation of the sulphur budget.

A substantial portion of industrial sulphur emission is transferred by dry deposition
from the atmosphere to vegetation. Yet the processes involved in the deposition of sul-
phur dioxide are poorly understood with regard to both variation in time and space and
possibleimpacton ecosystems- for instancehow the impactcompareswith that from
equal amounts of sulphuric acids as wet deposition. The deposition rate of S02 is only
known for a few kinds of vegetation (not including forests) and may also be uncertain
with regard to submicron particles. This kind of information is needed in order to as-
certain the input of acid which is mainly (but not exclusively)related to sulphur com-
pounds of industrial origin.

In order to assessthe regional impact of man-made emissions, continuous monitoring
of wet deposition and, if possible, also dry deposition is necessary in certain areas where
the deposition changesgreatly from year to year owingto meteorologicalconditions.

More reliable data of sulphur in river runoff are particularly needed, since sulphur is
not included in the Unesco inventory of world river dischargesinto the oceans.

ACKNOWLEDGEMENTS

The authors wish to thank Gunnar Omstedt, wo made a compilation of previous sul-
phur budget estimates in the literature. This contribution served as a very valuable basis
for discussionsand preparation of this paper. We are also grateful to L.-E. Biiganderfor
valuable contributions and discussionsduring the data and reference compilation regard-
ing the budget based on pedosphere balance.

For their critical reading of different parts of the manuscript and for valuable discus-
sions and suggestionswe are indebted to B. Bolin, A. Chamberlain, J. Garland, I. Kaplan,
J. Nord0, B.C. Nguyen and G. Woodwell.

The financial support of UNEP, the SwedishNational ScienceResearch Council (NFR)
and Shell is greatfully acknowledged.The part written by L. Granat wasalso carried out
with financial support from National EnvironmentalProtection Board contracts No. 7-
177/72 Dm 2 404-7-73 and No. 7-177/73 Dm 810-7-73, and from NFR contract No.
GO 0223-051. The part written by H. Rodhe wasalso sponsored by the SwedishEnviron-
mental Protection Board under contract No. SNV7-152/75.

129



REFERENCES

Almer, D., Dickson, W., Ekstrom, c., Hornstrom, E. & Miller, U. 1974. Effects of acidification on
Swedish lakes. - Ambio 3: 30-36.

Axelrod, H.D., Cary, J.H., Bonelli, J.E. & Lodge, J.P. Jr. 1969. Fluorescence determination of sub-
parts per billion hydrogen sulphide in the atmosphere. - Analyt. Chern. 41: 1856-1858.

Berner, R.A. 1971. Worldwide sulphur pollution of rivers. - J. Geophys. Res. 76: 5697 -6600.
Bolin, B. & Charlson, R.J. 1976 The role of the tropospheric sulphur cycle in the shortwave

radiation climate of the Earth. - Ambio 5: 47-54.

Bolin, B. & Persson, C. 1975. Regional dispersion and deposition of atmospheric pollutants with
particular application to sulphur pollution over western Europe. - Tellus 27: 281-310.

Bolin, B. & Rodhe, H. 1973. A note on the concepts of age distribution and transit time in natural re-
servoirs. - Tellus 25: 305-308.

Bonsang, B., Nguyen, B.C. & Pangam, I.Y. 1976. Sur la formation de gaz sulfures et noyaux d'Aitken
dans l'atmosphere de long des Littoral. - C.R. Hebd. Seanc. Acad. Sci., Paris.

Breeding, R.J., Lodge, J.P. Jr., Pate, J.B., Sheesly, D.C., Klonis, H.B., Fogle, B.T., Anderson, J.A.,
Englert, T.R., Haagenson, P.L., McBeth, R.B., Morris, A.L., Pouge, R. & Wartburg, A.F. 1973.
Background trace gas concentrations in the central United States. - J. Geophys. Res. 79:
7057 - 7064.

Broecker, W.S. 1970. Man's oxygen reserves. - Science 168: 1537-1538.
Bromfield, A.R. 1974. The deposition of sulphur in the rainwater in Northern Nigeria. - Tellus 26:

408-411.
Buchen, M. & Georgii, H.-W. 1971. Ein Beitrag zum atmospharischen Schwefelhaushalt tiber dem At-

lantik. - "Meteor" Forschungsergeb. Reihe B 7: 71- n.
Butcher, S.S. & Charlson, R.J. 1972. An Introduction to Air Chemistry, New York: Academic Press,

241 pp.
Cadle, R.D. 1975a. Volcanic emissions of halides and sulfur compounds to the troposphere and strato-

sphere. - J. Geophys. Res. 80: 1650-1652.
Cadle, R.D. 1975b. The sulfur cycle. -In: Parker, H.S. (ed.) Sulphur in the Environment, pp. 1-13.

St. Louis, Missouri: Missouri Botanical Garden and Union Electric Company, St. Louis, Missouri.
Cadle, R.D. 1976. The photooxidation of hydrogen sulphide and dimethyl sulphide in air. - Atmos.

Environ. 10:417-420.

Cadle, R.D.. Danielsen, E.F., Lazrus, A.L., Schuster, B.G. & Shedlovsky, J.P. 1974. Recent studies of
the stratospheric aerosol layer. - In: Derco, N.J. & Truchlar, E.J. (eds.) Proceedings of the Inter-
national Conference on Structure, Composition and General Circulation of the Upper and Lower
Atmosphere and Possible Anthropogenic Perturbations, pp. 161-174. Toronto: lAMAP.

Cadle, R.D., Fisher, W.H., Frank, E.R. & Lodge, J.P. Jr. 1968. Particles in the Antarctic atmosphere.
- J. Atmos. Sci. 25: 100-103.

Castleman, A.W. Jr., Munkelwitz, H.R. & Manowitz, B. 1974a. Isotope and concentration measure-
ments of stratospheric sulphate. - In: Derco, N.J. & Truchlar, E.J. (eds.) Proceedings of the In-
ternational Conference on Structure, Composition and General Circulation of the Upper and
Lower Atmosphere and Possible Anthropogenic Perturbations, pp. 119-127. Toronto: lAMAP.

Castleman, A.W. Jr., Munkelwitz, H.R. & Manowitz, B. 1974b. Isotopic studies of the sulfur compo-
nent of the stratospheric aerosol layer. - Tellus 26: 222-234.

Chamberlain, A.C. 1966. Transport of Lycopodium spores and other small particles to rough sur-
faces. - Proc. R. Soc. Serie A 296: 45-70.

Chen, K.Y. & Morris, LC. 1972. Kinetics of aqueous oxidation of sulfide by 02 . - Environ. Sci.
Technol. 6: 529-537.

Clark, F.B. 1924. The Data of Geochemistry. US Geological Survey Bull. no. Washington: Govern-
ment Printing Office, 841 pp.

Conway, E.J. 1943. The chemical evolution of the ocean. - Proc. R. lr. Acad. 48: 161-212.
Cox, R.A. & Sandalls, F.J. 1974. The photooxidation of hydrogen sulphide and dimethyl sulphide

in air. - Atmos. Environ. 8: 1269-1281.
Deevey, E.S. Jr. 1970. Mineral cycles. - Scient. Am. 223(3): 148-158.

130



Diamond, M. 1958. Precipitation trends in Greenland during the past 30 years. - Res. Rep. Snow
Ice Permafrost Res. Establ. 22. Wilmette, lllionois. Cited by Lazrus, A.L., Baynton, A.W. &
Lodge, J.P. Jr. 1970. - Tellus 22: 106-114.

Douglas, 1. 1967. Man, vegetation and the sediment yields of rivers. - Nature 215: 925-928.
Drover, D.P. 1960. Accession of sulphur in the rainwater at Perth and Nedlands, Western Australia.

- J. Proc. R. Soc. West. Aust. 43: 81-82. Cited by Steinhart, U. 1973. - Gottinger Boden-
kund. Ber. 29: 93-132.

Drozdova, V.M., Petrenchuk, O.P., Selezneva, E.S. & Svistov, P.F. 1964. The Chemical Composition
of Atmospheric Precipitation over European Territory of the USSR. Leningrad: Gidrometeo-
logitsheskoe lzd., 209 pp. (In Russian).

Eliassen, A. & Saltbones, J. 1975. Decay and transformation rates of S02 as estimated from emission
data, trajectories and measured concentrations. - Atmos. Environ. 9: 425-429.

Eriksso,n, E. 1952. Composition of atmospheric precipitation. - Tellus 4: 280-303.
Eriksson, E. 1957. The chemical composition of Hawaiian rainfall. - Tellus 9: 509-520.
Eriksson, E. 1960. The yearly circulation of chloride and sulfur in nature; meteorological, geochemi-

cal and pedological implications. Part n. - Tellus 12: 63-109.
Eriksson, E. 1963. The yearly circulation of sulfur in nature. - J. Geophys: Res. 68: 4001-4008.
Eriksson, E. 1966. Air and precipitation as sources of nutrients. - In: Linser, H. (ed.) Handbuch der

Pflanzenernahrung und Diingung, pp. 774-792. Wien: Springer-Verlag.
Eriksson, E. 1970. The importance of investigating the global background pollution. - Tech. Notes

Wid Met. Org. 106: 31-54.
Fisher, B.E.A. 1975. The long range transport of sulphur dioxide. - Atmos. Environ. 9: 1063-1070.
Fisher, W.H., Lodge, J.P. Jr., Wartburg, A.F. & Pate, J.B. 1968. Estimation of some atmospheric trace

gases in Antarctica. - Environ. Sci. Technol. 2: 464-466.
Fisher, W.H., Lodge, J.P. Jr., Pate, J.B. & Cadle, R.D. 1969. Antarctic atmospheric chemistry;

preliminary exploration. - Science 164: 66-67.
Fjeld, B. 1976. Consumption of Fossil Fuel in Europe and Emissions of S02 During the Period

1900-1972. Oslo: Norwegian Institute for Air Research, 6 pp. (In Norwegian).
Fleetwood, A. 1969. The chemical composition of precipitation and surface water and its relation

to evaporation of Bjornoya Island, Norway. - Tellus 21: 113-126.
Friend, J.P. 1973. The global sulfur cycle. - In: Rasool, S.1. (ed.) Chemistry of the Lower Atmos-

phere, pp. 177-201. New York: Plenum Press.
Garland, J.A., Atkins, D.H.F., Readings, C.J. & Caughey, S.J. 1974. Deposition of gaseous sulphur

dioxide to the ground. - Atmos. Environ. 8: 75-79.
Garland, J.A. & Branson, J.R. 1976. The mixing height and mass balance of S02 in the atmosphere

above Great Britain. - Atmos. Environ. 10: 353-362.
Garrels, R.M. & Mackenzie, F.T. 1971. Evolution of Sedimentary Rocks. New York: Norton, 397 pp.
Georgii, H.-W. 1970. Contribution to the atmospheric sulfur budget. - J. Geophys. Res. 75: 2365-

2371.
Georgii, H.-W., Jost, D.& Meszaros, E. 1974. On the chemistry and budget of sulphur compounds in

the atmosphere. - Acta Geol. Hung. 18: 79-88.
Gillette, D.A. & Blifford, l.H. Jr. 1971. Composition of tropospheric aerosols as a function of alti-

tude. - J. Atmos. Sci. 28: 1199-1210.
Granat, 1. 1972. Deposition of Sulphate and Acid with Precipitation over Northern Europe. - Rep.

AC-20. Stockholm: International Meteorological Institute, 18 pp.
Granat, 1. 1976a. Principles in network design for precipitation chemistry measurements. - Proceed-

ings from Symposium on Atmospheric Contribution to the Chemistry of Lake Waters, Ontario.
(In press).

Granat, 1. 1976b. Conversion of sulphur dioxide under various atmospheric conditions. - In: Nord-
forsk Yearly Report from Project "Mesocale Dispersion Models". Helsinki: Nordforsk. Secretar-
iat for the Environment, 33 pp.

Granat, 1. & Soderlund, R. 1975. Atmospheric Deposition due to Long and Short Distance Sources
with Special Reference to Wet and Dry Deposition of Sulphur Compounds Around an Oil-Fired
Power Plant. - Rep. AC-32. Stockholm: International Meteorological Institute, 148 pp.

131



Gray, G. 1888. On the dissolved matter contained in the rain water collected at Lincoln Cantebury New
Zealand. - Proc. Austr. Ass.SydneyB: 138-152. Cited by Eriksson,E. 1952. - Tenus 4: 280-
~M.

Gregor, B. 1970. Denudation of the continents. - Nature 228: 273-275.
Grey, D.C. & Jensen, M.L. 1972. Bacteriogenicsulphur in air pollution. - Science 177: 1099-1100.
Hales,J.M., Wilkes,J.O. & York, J.L. 1974. Some recent measurementsof H2Soxidation rates and

their implications to atmospheric chemistry. - Tellus26: 277-283.
Handa, B.K. 1969. Chemicalcomposition of monsoon rains over Calcutta, part I. - Tellus 21: 95-

100.
Hansen, B.L. & Langway, C.C. Jr. 1966. Deep core drilling in ice and core analysis at Camp Century,

Greenland, 1961-1966. - Antarct. J. U.S. Sept.-Oct.: 207-208. Cited by Koide, M. & Gold-
berg, E.D. 1971. - J. Geophys. Res. 76: 6589-6595.

Hesse. P.R. 1957. Sulphur and nitrogen changes in forest soils of East Africa. - PI. Soil 9: 86-96.
Hingston, F.J. 1958. The Major Irons in Western Australian Rainwaters. - C.S.I.R.O. Div. Rep. Bureau

of Soils No.1, 11 pp. Cited by Eriksson, E. 1960. - Tellus 12: 63-109.
Hitchcock, D.R. 1975. Biogenic contributions to atmospheric sulfate levels. - Second Annual Con-

ference on Water Reuse, Chicago. (Manuscript).
Hitchcock. D.R. 1976. Microbiological contributions to the atmospheric load of particulate sulfate.

- In: Nriagu, J.O. (ed.) Environmental Biogeochemistry: 351-367. Ann Arbor: Ann Arbor Sci-
ence Publishers.

Hitchcock, D.R. & Wechsler, A.E. 1972. The Biological Cycling of Atmospheric Trace Elements. -
Report Contract NASw-2128. Cambridge, MA:Arthur D. Little, Inc.

Holser, W.T. & Kaplan, I.R. 1966. Isotope geochemistry of sedimentary sulphates. - Chern. Geol. 1: 93-135.
Hutton, J.T. & Leslie, T.J. 1958. Accession at nonnitrogeneous ions dissolved in rainwater to soils

in Victoria. - Aust. J. Agric. Res. 9: 492-507. Cited by Eriksson, E. 1960. - Tellus 12:
63-109.

Johansson, T.B., van Grieken, R.E. & Winchester, J.W. 1974. Marine influences of aerosol composi-
tion in the coastal zone. - J. Rech. Atmos. 8: 761-776.

Jost, D. 1974. Aerological studies on the atmospheric sulphur budget. - Tellus 26: 206-212.
Judson, S. 1968. Erosion of the land. - Am. Scient. 56: 356-374.
Junge, C.E. 1957. Chemical analyses of aerosol particles and of gas traces on the island of Hawaii.

- Tenus 9: 528-537.

Junge, C.E. 1960. Sulfur in the atmosphere. - J. Geophys. Res. 65: 227-237.
Junge, C.E. 1963a. Air Chemistry and Radioactivity. New York: Academic Press, 382 pp.
Junge, C.E. 1963b. Sulfur in the atmosphere. - J. Geophys. Res. 68: 3975-3976.
Junge, C.E. 1972. The cycle of atmospheric gases - natural and man-made. - Q. Jl R. Met. Soc. 98:

723-729.

Junge, C.E. 1974. Important problems of global pollution. - In: Derco, N.J. & Truchlar, E.J. (eds.)
Proceedings of the International Conference on Structure, Composition and General Circulation
of the Upper and Lower Atmosphere and Possible Anthropogenic Perturbations, pp. 1-16.
Toronto: IAMAP.

Junge, C.E., Robinson, E. & Ludwig, F.L. 1969. A study of aerosols in Pacific air masses. - J. Appl.
Meteorol. 8: 340-347.

Junge, C.E. & Werby, R.T. 1958. The concentration of chloride, sodium, potassium, calcium and sul-
phate in rainwater over the United States. - J. Met. 15: 417-425.

Kapoor, R.K., Khemani, L.T. & Ramana Murty, B.V. 1972. Chemical composition of rain water and
rain characteristics at Delhi. II. - Tenus 24: 575-579.

Kellogg, W.W., Cadle, R.D., Allen, E.R., Lazrus, A.L. & Martell, E.A. 1972. The sulfur cycle. -
Science 175: 587-596.

Khemani, L.T. & Ramana Murty, B.V. 1968. Chemical composition of rain water and rain character-
istics at Delhi. I. - Tellus 20: 284-291.

Koide, M. & Goldberg, E.D. 1971. Atmospheric sulphur and fossil fuel combustion. - J. Geophys. Res.
76: 6589-6595.

Koyama, T.E. 1964. Biogeochemical studies on lake sediments and paddy soils and the production
of atmospheric methane and hydrogen. - In: Miyake, Y. & Koyama, T.E. (eds.) Resent Re-

132



searches in the Fields of Hydrosphere, Atmosphere and Nuclear Geochemistry, pp. 143-177.
Tokyo: Maruzen.

Koyama, T.E., Nakai, N. & Kamata, E. 1965. Possible discharge rate of hydrogen sulfide from polluted
coastal belts in Japan. - J. Earth Sci. 13: 1-11.

Kuenen, P.H. 1950. Marine Geology. New York: Wiley & Sons, 551 pp.
Klihme, H. 1968. Untersuchungen der Konzentration Atmospharischer Spurengasen liber dem

Atlantic. - "Meteor" Forschungsergeb. Reihe, B. 2: 83-93.
Langway, C.C. Jr. 1967. Stratigraphic analysis of a deep ice core from Greenland. - Cold Regions.

Res. Engen. Lab. 77: 59-67. Cited by Koide, M. & Goldberg, E.D. 1971. - J. Geophys. Res.
76: 6589-6595.

Likens, G.E. & Bormann, F.H. 1974. Acid rain: A serious regional environmental problem. -Science
184: 1175-1179.

Livingstone, D.A. 1963. Chemical composition of rivers and lakes. Data of Geochemistry Geol. US
Prof. Paper 440-G, 63 pp.

Lodge, J.P. Jr., Machado, P.A., Pate, J.B., Sheesley, D.C. & Wartburg, A.F. 1974. Atmospheric trace
chemistry in the American humid tropics. - Tellus 26: 250-253.

Lodge, J.P. Jr. & Pate, J.B. 1966. Atmospheric gases and particulates in Panama. - Science 153: 408-
410.

Lorius, C., Baudin, G., Cittanova, J. & Platzer, R. 1969. Impurites solubles contenues dans la glace de
l'Antarctique. - Tellus 21: 136-148.

Lovelock, J.E. 1974. CS2 and the natural sulphur cycle. - Nature 248: 625-626.
Lovelock, J.E., Maggs, R.J. & Rasmussen, R.A. 1972. Atmospheric dimethyl sulfide and the natural

sulphur cycle. - Nature 237: 452-453.
Marenco, A. & Fontan, J. 1972. Etude par simulation sur modeles numeriques du temps de sejour

des aerosols dans la troposphere. - Tellus 24: 428-440.
Martell, E.A. & Moore, H.E. 1974. Tropospheric aerosol residence times: A critical review. - J. Rech.

Atmos. 8: 903-910.

Matveev, A.A. 1961. Chemical composition of the snow along the profile Mirny-Vostok. - Gidrokhim.
Mater. 34: 3-11. (In Russian). Cited by Lorius, C., Bandin, G., Cittanova, J. & Platzer, R.
1969. - Tellus 21: 136-148.

Meszaros, E. & Vissy, K. 1974. Concentration size distribution and chemical nature of atmospheric
aerosol particles in remote oceanic areas. - Aerosol Sci. 5: 101-109.

Miller, N.H.J. 1905. The amounts of nitrogen as ammonia and as nitric acid and of chlorine in the
rain-water collected at Rothamsted. - J. Agric. Sci. 1: 280-299.

Murozumi, M., Chow, T.J. & Patterson, C. 1969. Chemical concentrations of pollutant lead aerosols,
terrestrial dusts and sea salts in Greenland and Antarctic snow strata. - Geochim. Cosmochim.
Acta 33: 1247-1284.

Nguyen, B.C., Bosang, B., Pasquier, J.-L. & Lambert, G. 1974a. Composantes marine et africaine
des aerosols de sulfates dans l'hemisphere sud. - J. Rech. Atmos. 8: 831-844.

Nguyen, B.C., Bonsang, B. & Lambert, G. 1974b. The atmospheric concentration of sulphur dioxide
and sulphate aerosols over Antarctic, subantarctic areas and oceans. - Tellus 26: 241-249.

Nguyen, B.C., Bonsang, B., Lambert, G. & Pasquier, J.-L. 1975. Residence time of sulphur dioxide in
the marine atmosphere. - Geofis. Pura Appl. 113: 489-500.

Nord0, J. 1974. Quantitative estimates of long range'transport of sulphur pollutants in Europe.
- Ann. Meteorol. 9: 71-77.

Owers, M.J. & Powell, A.W. 1974. Deposition velocity of sulphur dioxide on land and water surfaces
using a 35S tracer method. - Atmos. Environ. 8: 63-67.

Peirson, D.H., Cawse, P.A., Salmon, L. & Cambray, R.S. 1973. Trace elements in the atmospheric
environment. - Nature 241: 252-256.

Penkett, S.A. 1972. Oxidation of S02 and other atmospheric gases by ozone in aqueous solution.
- Nature 240: 105-106.

Poldervaart,A. 1955. Crust of the earth. - Geol. Soc. America Spec. Pap. 62: 14-16.
Ponomareva, V.V., Rozhnova, T.A. & Sotnikova, N.S. 1968. Lysimetric observations on the leaching

of elements in podzolic soils. - 9th Int. Congr. of Soil Science, Adelaide, Transactions 1:

155-164. Sydney-London-Melbourne: Int. Soc. Soil Sci. - Agnus & Robertson Ltd. Cited by
Steinhart, U. 1973. - Gottinger Bodenkundl. 29: 93-132.

133



Prahm, L.P., Torp, U. & Stern, R.M. 1975. Deposition and Transformation Rates of Sulphur Oxides
During Atmospheric Transport over the Atlantic. - Rep. Copenhagen: Danish Meteorological
Institute, 61 pp.

Ramachandra Murty, A.S. & Ramana Murty, Bh.V. 1970. Source of origin of ice forming aerosols as
suggested by measurements on the soluble and non soluble components of rain water. -
Tellus 22: 228-234.

Rasmussen, R.A. 1974. Emission of biogenetic hydrogen sulfide. - Tellus 26: 254-260.
Robinson, E. & Robbins, R. 1968. Emissions, Concentrations and Fate of Gaseous Atmospheric

Pollutants. - Stanford Research Inst., Menlo Park, California, 110 pp.
Robinson, E. & Robbins, R.C. 1970. Gaseous sulphur pollutants from urban and natural sources. -

J. Air Pollut. Control Ass. 20: 303-306.

Rodhe, H. 1972a. A study of the sulphur budget for the atmosphere over Northern Europe. - Tellus
24: 128-138.

Rodhe, H. 1972b. Measurements of sulphur in the free atmosphere over Sweden 1969-1970. - J. Geo-
phys. Res. 77: 4494-4499.

Ryther, J.H. 1969. Photosynthesis and fish production in the sea. - Science 166: 72-76.
Selezneva, E.S. 1966. On the Natural Background Contamination of the Atmosphere and Composition

of Precipitation in the Territory of the USSR. Leningrad: Gedrometeorologitcheskoe Izd. (In
Russian). Cited by Eriksson, E. 1970. - Tech. Notes Wid Met. Org. 106: 31-54.

Selezneva, E.S., Petrenchuk, O.P. & Svistov, P.E. 1967. On the investigation of distribution and
chemical composition of natural aerosols over different regions of the USSR. - Symposium
on Tropospheric Aerosols and Radioactive Tracers. Leningrad: IUGG.

Smith, A.F., Jenkins, D.G. & Cunningworth, D.E. 1961. Measurement of trace quantities of hydro-
gen sulfide in industrial atmosphere. - J. Appl. Chern. Lond. 11: 317-

Smith, F.B. & Jeffery, G.H. 1975. Airborne transport of sulphur dioxide from the UK. - Atmos.
Environ. 9: 643-659.

Steinhardt, U. 1973. Input of chemical elements from the atmosphere. A tabular review of literature.
- Gottinger Bodenkundl. Ber. 29: 93-132.

Stoiber, R.E. & Jepsen, A. 1973. Sulfur dioxide contributions to the atmosphere by volcanoes. -
Science 182: 577 -578.

Sweden's Case Study 1971. Air Pollution across National Boundaries: The Impact on the Environ-
ment of Sulfur in Air and Precipitation. Stockholm: Royal Ministry for Foreign Affairs and
Royal Ministry of Agriculture, 96 pp.

Visser, S. 1961. Chemical composition of rain water in Kampala, Uganda and its relation to meteoro-
logical and topographical conditions. - J. Geophys. Res. 66: 3759-3765.

Wedepohl, K.H. 1969. Handbook of Geochemistry. Vol. 1. Berlin. - New York: Springer Verlag,
XXX pp.

Woodwell, G.M., Rich, P.M. & Hall, C.A.S. 1973. Carbon in estuaries. - In: Woodwell, G.M. &
Pecan, E.V. (eds.) Carbon and the Biosphere. AEC Symposium Series 30: 221-240. Spring-
field: NTIS US Dept. Commerce.

Wituyni, J. 1911. Die Mengen von Cl und S02 die in den Boden mit den atmospharischen Nieder-
schlagen gelangen. - J. Exp. Landw. 12: 20-30. Cited by Eriksson, E. 1952. - Tellus 4:
280-303.

134




