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ABSTRACT

The atmospheric sulfur budget for Northern Europe is discussed and compared with
global averages. It is found that in this area the anthropogenic sulfur sources out-
weight natural sources. A comparison between deposition and emission of sulfur within
different regions in Northern Europe shows that the dispersion of sulfur has a
continental character; i.e. since, on average, sulfur is transported more than 1 000 km
before it is deposited, one country can be appreciably influenced by another, in this
respect. A tentative model for the variation of deposition with distance from & source
is suggested. Application of this model gives an estimated turnover time for anthro-
pogenie sulfur of 2-4 days. As a quantitative example, the distribution between various
sources of the gulfur deposition in Sweden has been estimated. The calculations indicate
that about half of the sulfur originates from foreign anthropogenic emissions, whilst
the other half is caused by Swedish emissions and a natural background. Just as
Sweden is influenced by the surrounding industrial countries, it is furthermore clear
that a large part of the sulfur emitted in Sweden is deposited outside the country.

1. Introduction

The present study was undertaken as a contri-
bution to a case study (‘“‘Air pollution across
national boundaries; The impact on the environ-
ment of sulfur in air and precipitation”, Stock-
holm 1971), which has been prepared for the UN
conference on the human environment 1972. It
covers not only meteorological and chemical
aspects of sulfur as an air pollutant, but also
biological, technical and economical problems.
In this paper we confine ourselves to a discus-
sion of some of the meteorological aspects.

When discussing sulfur as an air pollution
problem it is important to recognize that we
deal with basically two different problems,
even if they are interconnected and sometimes
difficult to distinguish. The first is the problem
of the possible damage (corrosion, health effects,
damage to vegetation) caused by the SO,-gas—
and often other pollutants at the same time—
in the air. Since such effects probably do not
occur for concentrations below a few parts
per hundred million (by volume), and since
higher concentrations, at least in Scandinavia,

1 Contribution no. 241.

are found only in the neighbourhood of local
S0, sources, such damages is essentially a local
problem, and thus distant sources are unim-
portant. This problem will not be discussed
further there.

The other aspect of sulfur as a pollutant and
the one which we are concerned with here, is
the possible damage caused by sulfur deposi-
tion. In this case, it is the accumulated amount
of acid deposited on the ground that is impor-
tant. SO, and H,S in the atmosphere are
oxidized and eventually transformed into sul-
furic acid. If this aeid is not neutralized by
other compounds in the air, it increases the
acidity of rainwater. An addition of acidified
precipitation to soils and waters may cause
damage to biological life. Although oxidized
sulfur is not the only compound determining
the acidity of the deposition, the observed in-
crease in sulfur deposition over some areas in
Northern Europe (Munn & Rodhe, 1971) prob-
ably is the main factor causing the observed
increase in the deposition of acid. Some aspects
of the balance between acids and bases in the
atmosphere, and also the observed deposition
patterns for sulfur and acid, is discussed sepa-
rately (Granat, 1972a and b).

Tellus XXIV (1972), 2
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Fig. 1. The global atmospheric sulfur budget around the year 1965. Unit: Million tons sulfur annually.

Since an increased acidity of precipitation
has been measured over large areas in Northern
Europe, not only in the neighbourhood of strong
S0, sources, it seems clear that the deposition
of sulfuric acid is not only a local problem, but
that the influence of distant sources needs to
be considered. The purpose of this paper is to
study the dispersion and deposition of anthro-
pogenic sulfur. The question of the extent of
influence of a sulfur source, is closely connected
with the question of the turnover time of sulfur
in the atmosphere. We have therefore tried to
estimate such a time scale for anthropogenic
sulfur in the atmosphere over Northern Europe
by making certain budget -calculations; i.e.
we have compared the deposited amounts with
the emissions within different regions. As an
example of the influence from distant sources
we also try to estimate the relative importance
of the contributions from Swedish and non-
Swedish anthropogenic sulfur sources for the
sulfur deposition in Sweden.

2. Estimates of the atmospheric
sulfur cycle

On the basis of available data, Eriksson (1960)
discussed the circulation of sulfur in nature. Esti-
mates of the global sulfur budget can also be
found in a paper by Eriksson (1963) and have
also been given by Junge (1963). A more recent
attempt to review some of the underlying data
has been made by Robinson & Robbins (1970).
Fig. 1 shows the principal sources and sinks for
atmospheric sulfur and estimates of their
strengths. The figures are, by and large, taken
from the above mentioned papers and the
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intervals reflect the uncertainties. It is evident
that the anthropogenic emissions represent a
significant addition to the natural cycle but
that, in a global balance sheet, they are still
smaller than the natural emissions. Since sulfur
has a turnover time in the atmosphere which
is short compared to the time for mixing of
the troposhpere, it is also relevant to study the
sulfur budget within limited regions of the
atmosphere. Due to the non-uniformity in the
geographical distribution of the sulfur sources,
such considerations may result in a picture
quite different to that of Fig. 1 (cf. section 3).

Meetham (1950) studied the budget of SO,
over England and obtained a turnover time
for this gas in the atmosphere of about 10 hours.
Junge (1960) re-examined this estimate and
found that the turnover time might be a few (4)
days. In the same paper, by comparing the
emissions with the deposition over the continent
and estimating an average horizontal transport
velocity, Junge estimated a turnover time for
anthropogenic SO, in the U.S.A. of 7 days. A
similar study but on a smaller scale was carried
out by Rodhe (1970} in the surroundings of a
Swedish city. It was found that only a very
small part of the anthropogenic sulfur from
the city was deposited within the nearest 10 km
and that the turnover time for this sulfur must
have been at least 5 hours.

3. Sources and sinks for atmospheric
sulfur in Northern Europe

In the present study some regions of different
sizes in Northern Europe are considered. In
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Fig. 2. Definition of the two regions used for the
sulfur budget calculations.

Fig. 2, two of the regions to be used in the
following discussion are defined.

Region II, covers approximately 1% of the
earth’s surface and within this region the
anthropogenic sulfur emissions are about 107
tons S/year (for further details see below). If the
natural sources were roughly uniformly dis-
tributed over the earth’s surface—there is no
strong evidence that they are not—the natural
emissions within the same region would amount
to only 1-2 x 10% in the same units. This does
not include sulfur in sea salt spray. This sulfur
is neutralized and does not contribute to the
acid load. The amount of sea salt sulfur is
easily estimated from measurements of Na or
Cl and can therefore be subtracted from the
total amount to yield the “excess sulfur’’. Only
excess sulfur will be discussed in the following
sections. For region II, and even more so for
region I, the anthropogenic sulfur emission
thus most likely dominate over the natural emis-
sion. This conclusion is supported by a study of
the chemical composition of river waters per-
formed by Berner (1971).

A rough picture of the distribution of anthro-
pogenic sulfur emission in some countries in
Northern Europe is shown in Table 1. For some
of the subsequent calculations a further sub-
division between the emissions in different
regions has been made.

The most important processes that remove
the sulfur from the atmosphere are (cf. Fig. 1):

(a) Washing out by precipitation (both SO,
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and particles containing sulfate) and sedimenta-
tion of particles containing sulfate. The amounts
deposited by these processes are measured at
several places and are thus rather well known
(Eriksson, 1970; Granat, 1972b).

(b) Impaction of particles containing sulfate
on the ground or on vegetation. From the balance
sheet between input from the atmosphere and
output through river run off, Eriksson (1955)
estimated that in Sweden the amount of de-
position of chlorides by this process was about
twice as large as that through precipitation. In-
vestigation by White and Turner (1970) showed
similar results for. chloride and other sea-salt
aerosols in a woodland canopy. On the other
hand, for calcium and phosphorus which have
different sources, these authors estimated that
the dry deposition was less than that through
precipitation.

(¢) Absorption of SO, by the vegetation, soils
and waters. Although there is some information
from laboratory measurements, it is difficult
at the present time to estimate the amounts
of SO, that are absorbed. It seems, however,
that within the regions considered this pro-
cess is less significant than the precipitation
scavenging.

Based on the above considerations it is estima-
ted that the total deposition of anthropogenic
sulfur in Northern Europe is between 1 and 2
times the precipitation deposition.

Fig. 3 shows the geographical distribution of
the annual precipitation deposition of sulfur.
The values are nominally those for the year

Table 1. An estimate of the anthropogenic emis-
sions of sulfur compounds from a number of
countries in North-Western Europe 1968 (OECD
figures)

The values refer to emissions from the burning of

fossil fuels. The total emissions (including industrial
processes) are somewhat (appr. 10 %) higher

10 tons S/year

Belgium, France, Germany,
Luxembourg, Netherlands

Austria, Switzerland

Scandinavia

United Kingdom, Ireland

Neighbouring countries in
Eastern Europe

woow
-y D =X

1-3 (here
estimated)
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Table 3. The sulfur budget for some countries in
Northern Europe for the year 1965. (Unit: 10¢
tons Sjyear.) Cf. Table 2

Fig. 3. Deposition of sulfur through precipitation
during one year (average for a few years around
1965) expressed in mg sulfur/m? (Granat, 19725).
The sulfur originating from sea spray has been
deducted.

1965, but are, in fact, average values for a
few years around this time. The deposition
values apply to areas outside the immediate
vieinity of the built-up areas. The deposition
within small areas in the vicinity of the sources
can be a few times larger than the values
given (Andersson, 1969; Rodhe, 1970). The
contribution of this increment to the total
amount of sulfur deposition within larger areas
is, however, probably insignificant.

Since we want to compare the sulfur depo-
sition with the anthropogenic emissions, it is
important to know what part of the deposition
that can be ascribed to these emissions and

Deposition Total
by precipi- deposition
Anthro- tation minus as 9 of
pogenic  an estimat-  anthro-
sulfur ed back- pogenic
Country emission ground level emission
S. Sweden
(south of
lat. 61° N) 0.23 0.13 60-110
N. Sweden 0.07 0.09 130-250
Norway 0.08 0.10 125-250
Denmark 0.12 0.05 40-85
Holland 0.5 0.05 10-20
W. Germany 1.6 0.30 20-35
France 1.1 0.25 25-45
U. Kingdom 3.2 0.25 10-15

what is a natural background deposition level.
This background level, which in this case
corresponds to the deposition that would occur
if there were no anthropogenic emissions in
Europe, can be roughly estimated in the follow-
ing way:

The total amount of precipitation deposition
for the earth as a whole is, according to Fig. 1,
about 160 x 10° tons S/year. From this figure
we subtract the sea spray (~45) and the
European anthropogenic sulfur (~10). If the
rest were uniformly distributed over the earth’s
surface, the annual deposition would be 210
mg S/m?. In view of the fact that one may expect
a tendency for the natural sulfur sources—and
thereby also to some extent the sinks—to be
located on land and in coastal areas, this figure
is probably somewhat low when considering the

Table 2. Sulfur balance sheet for two regions in Northern Europe for the year 1965 (Unit: 108

tons S/year)

The intervals in the last two columns stem from the fact that the total deposition may be up to twice
as large as that through precipitation only

Deposition Total deposi-
Deposition by precipi- tion, includ-

Anthropo- of sulfur tation minus ing other Total deposi-
Area genic by preci- an estimated processes tion as % of
(cf. sulfur pitation background than precipi- anthropogenic
Fig. 2) emissions (cf. Fig. 3) level tation emission
I 5.9 1.5 1.2 1.2-2.3 2040
I 8.4 4.5 3.2 3.2-6.4 40-75
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deposition in Europe. The lowest values
measured in remote areas in Northern Scandi-
navia (cf. Fig. 3) are approximately 300 mg S/m?
annually. We thus estimate the natural back-
ground level, defined as above, in Northern
Europe to be about 250 mg S/m? annually.

In Table 2 a comparison has been made be-
tween the deposition of sulfur as computed from
the pattern in Fig. 3 and the anthropogenic
emission within the two regions shown in Fig. 2.
Even if these calculations are uncertain, they
do indicate that within the inner region (I) the
quantity of sulfur deposited is less than one-half
(20-40 %) of the quantities emitted within the
same region. Even for region II a considerable
part of the emission is quite clearly exported
to regions outside the area.

Another way of illustrating that, in many
cases, one country is not independent of
others, is to look at the sulfur budget for
individual countries, i.e. compare the amounts
emitted with what is deposited within each
country. The result of such a comparison for
some countries in Northern Europe is shown
in Table 3.

4. A model of the variation of deposition
with distance from the source

The average concentration of sulfur in the
air, and thereby also the deposition of sulfur
per unit area on the ground, decreases with
increasing distance from a source. This is due to
the dispersion of the sulfur over a larger area
and to the depletion itself. Since we are not
dealing with the pollution situation on a par-
ticular day, but with the mean value over a
period of the order of years, it is not the disper-
sion from a single plume that is relevant.
Rather, we are concerned with the effect of the
synoptic scale motions and we can study the
spatial dispersion by looking at the end point
of a large number of air trajectories released
at different times from the source. (Cf. Durst
et al., 1959.)

Let us, for a moment, assume that the
distribution of such trajectory end points is
symmetric around the source, i.e. all transport
directions have the same probability. In this
case it is possible to describe the deposition by
a function depending only on the distance r
from the source. This function should include
a factor 1/r reflecting the decrease in deposition
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corresponding to the increase in area when r is
increased. The depletion caused by the deposi-
tion itself can be taken into account by
multiplying with an exponential factor. We thus
suggest the following approximate form for the
deposition function (valid outside the immedi-
ate vicinity of the source)

dir) = 2 oo ()
r

where d(r) is the deposition per unit area and
unit time, and A and r, are constants.

The constant r,, which determines the decay
rate, is related to a turnover time 7 by the
equation r, = Vt, V being the average transport
velocity from the source.

The constant A can be determined by the con-
dition that the emitted amount M (per unit
time) should equal the total deposition (per unit
time)

0
M = f 2nrd(r)dr=2nAr, (2)
)
M
Thus A=—
2nr,

As noted above, eq. (1) cannot be valid very
close to the source (r <r,). However, when
studying the total deposition within a distance
r from a source, D(r), over a large area, r >r,,
the error introduced by using an incorrect d(r)
for r <r,, is insignificant. From eq. (2), we get
the following expression for D(r):

D(r) =f 2mrd(rydr=M(1-e ") (3)
0

When all transport directions are not equally
probable—as in the real case discussed below—
one can still assume functional forms similar to
those of eqs. (1) and (3) for the deposition in
each sector measured from the source. We thus
define the deposition functions for 45° sectors as

4f,M 1
— —e

dy(r) = it (4)

e T

and

" 2qur ~Tirai
Dyry = ?df(r)dﬁfiM(l—e ) (5)

0

The index ¢ refers to the ith sector—in this case

Tellus XXTIV (1972), 2
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Fig. 4. End points of 850 mb trajectories released
from & point (marked by a small circle) in Northern
Central Europe for (a) 24 hours and (b) 60 hours
calculated every third day for a period of about one
year. 50 % of the points are to be found within the
circles which are centered around the mean position
of all points (marked with a cross).

45° sectors—and §; is the frequency of occur-
rence of trajectory end points (after a certain
transport time) in each sector.

To apply egs. (4) and (5) we thus need to
know M, f; and ry;=V,;7;,, We have already
briefly discussed M in a previous section. The
turnover time v may very well vary between
the different transport directions. For example,
the probability of rain, can be expected to be
higher in the area considered when the winds
are from SW or W than when they are from E,
thus causing a smaller 7 in the former cases.
In this study, however, such variations are

Tellus XXIV (1972), 2
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neglected and in the subsequent applications of
equations (4) and (5), T is assumed to be the
same for all transport directions (cf. sections
5 and 6).

Estimates of f; and V; can be obtained in the
following way. With starting points n four
places in Northern FEurope (cf. Fig. 5)
trajectories have been calculated for approxi-
mately every third day during one year. The
geostrophic wind approximation has been
used and the trajectories have been computed
on isobaric levels (850 and 925 mb). Admittedly
such trajectories may deviate significantly
from the true trajectory of an air parcel which
has passed through a city and thus has had
an opportunity of carrying away the sulfur
which is emitted. Since we shall follow a statis-
tical approach, using many trajectories, we
believe that the results are still sufficiently
reliable. The largest uncertainty in this con-
nections is probably the wuncertainty about
the height which should be used for the tra-

a)
24 h

b)
60 h

Fig. 5. Frequency distribution (length of lines)
of trajectory end points in 45° sectors, and average
transport velocities (m/sec) for a travel time of (a)
24 hours and (b) 60 hours.
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jectory computation. Measurements of the ver-
tical distribution of sulfur compounds over
more or less polluted areas in Germany
(Georgii & Jost, 1964; Georgii, 1970) indicate
a rapid decrease with altitude—the SO,
concentration decreased by a factor of approxi-
mately two over the lowest km. Similar meas-
urements over more remote areas in Southern
Sweden (Rodhe, 1971) showed a somewhat
less distinct decrease with height. It was sug-
gested that, in connection with the study of
sulfur transport over long distances, the height
chosen for the caleulation of trajectories should
be around 900 mb (~1 km), if only one height
is used.

For this reason both 850 and 925 mb tra-
jectories were computed. It was found that the
statistical parameters derived were only slightly
different in these two cases. The results from
the 850 mb trajectories have been used in the
present study.

Fig. 4 shows the distribution of end points
after (@) 24 hours, and (b) 60 hours of such
850 mb trajectories released from a point
(marked by a circle) in Northern Central
Europe. Similar maps were obtained for tra-
jectories from England, Poland and Southern
Sweden. In order to give an over all indication
of the mean motion and the rate of dispersion,
circles including 50 % of the points centered
around the mean position of all points (marked
with a cross) are shown.

To calculate f, and V,;, 45° sectors were
defined from each of the starting points. The
number of trajectory end points in each sector
was counted to give f; and the average distance
from the starting point was measured to give V7.
The results are shown in Fig. 5. The lengths of
the lines in the different directions from each
point in the figure are proportional to f;, and
the indicated numbers refer to V.

5. An estimate of the turnover time for
anthropogenic sulfur in the atmosphere

Returning to the sulfur budget for regions
I and II, we now want to compare the numbers
in Table 2 with the deposition model and try
to estimate either the turnover time v or the
length scale r.

H. RODHE

Let a be the average distance that the
anthropogenic sulfur emitted within one of the
regions has to travel before it reaches the border
of the region. (If, for example, each region had
only one source located in the center, a would
equal the radius of the circle.) We have used
the values 600 km and 1200 km respectively
for a; and ay.

We can now estimate 7, using the condition
that the values of D(a) should equal the per-
centages in the last column of table 2, which
shows the deposition as a percentage of anthro-
pogenic emission for the two regions. The
values of r, thus obtained are for region I
1 200-2 700 km and for region II 850-2 400 km.

The upper limit for r, correspond to the
cases when only precipitation deposition is
considered. The lower limits are obtained when
the total deposition—including dry depositions
and gaseous absorption—is assumed to be
twice the measured precipitation deposition.
The relatively good agreement between the
ro values for regions I and IT may be considered
encouraging. With an average transport velocity
of 10 m/sec (cf. Fig. 5), the r, values correspond
to a mean turnover time for anthropogenic
sulfur in these regions of 30 to 70 hours.

These values agree reasonably well with
the values cited in section 2 from Meetham’s
and Junge’s investigations.

Considerably shorter time scales for the oxida-
tion rate of SO, have been observed or derived
by other investigators (e.g. Gartrell et al., 1963;
Weber, 1970). When comparing these figures
it must be kept in mind that these short time
scales refer mainly to the transformation of SO,
into sulfate; the total life time for sulfur is
certainly longer. Furthermore, it is conceivable
that under some conditions—especially at high
relative humidity and when there are high
concentrations of other pollutants in the im-
mediate vicinity of a sulfur source—the life
time for some of the emitted sulfur is short while
the effective mean value is still of the order of
a few days.

Rodhe et al. (1971) compared sulfate con-
centrations in the air of some Swedish cities
with corresponding values from remote locations
in the same area. They found that on the average,
only about 5% of the emitted SO, had been
oxidized and transformed into sulfate aerosols
while the air remained in the city, i.e. within
the first 10-20 min after emission.

Tellus XXIV (1972), 2
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Table 4. Anthropogenic sulfur emission data for
some regions in Northern Europe, used for the
estimation of the sulfur deposition in Sweden.
(Unit: 10° tons S/year)

A UK. and Ireland 3.2
B North-Western Central Europe 3.0
C North-Eastern Central Europe 1.5
D Southern Sweden (south of lat. 61° N) 0.25
E Northern Sweden 0.1

6. The contribution from different
sources to the sulfur deposition
over Sweden

As an illustrative example, some of the infor-
mation derived in the previous sections will be
used to make a rough estimate of the relative
importance of different sources for the deposi-
tion of sulfur over Sweden.

Since there is a very marked gradient in sulfur
deposition in the north-south direction over
Sweden, two separate regions were considered.
The common boundary for the two regions was
the line of latitude 61°N. Table 4 shows the val-
ues for the anthropogenic sulfur emission which
were used (cf. Tables 2 and 3).

When calculating the sulfur deposition in
Southern and Northern Sweden respectively
eq. (4) and (5) were used and all anthropogenic

Table 5. Estimated contributions from different
sources to the sulfur deposition in Southern and
Northern Sweden for two different values of the
deposition length scale r, (around the year 1965).
(Unit: mg S/m? per year)

7o = 1000 kin 79 = 2600 km

S N S N
Source Sweden Sweden Sweden Sweden
U.K. and

Ireland 220 70 180 80
NW Centr.

Europe 290 90 210 90
NE Centr.

Europe 120 50 80 50
S Sweden 290 50 120 30
N Sweden 10 100 5 40
Background 250 250 250 250
Total 1180 610 845 540
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emissions were assumed to originate from five
point sources, located as in Fig. 5 and with the
source strengths given in Table 4. The values
for f; were obtained from Fig. 5 and, in ae-
cordance with the results of the previous sec-
tion, two values for r, were chosen, namely
1 000 and 2 600 km. The results of the calcula-
tions are shown in Table 5.

It is recalled that the background values
refer to natural sources and to anthropogenic
sources outside Northern Europe.

It is of interest to compare the totals in Table
5 with the observed sulfur deposition. From
Fig. 3 it may be estimated that the precipita-
tion deposition in the middle of the sixties was
about 950 and 550 mg/m? per year for Southern
and Northern Sweden respectively. Since r, =
1000 km was derived on the assumption that
the total deposition is twice as large as that
through precipitation deposition only, the
totals in the first two columns of table 5 should
be compared with the amounts estimated on
the basis of observations, i.e. 1 900 and 1 100
mg/m? per year. The use of r, =1 000 km yields
calculated deposition values which are signifi-
cantly lower than the deposition estimated
on the basis of observations. On the other hand,
it is seen that the deposition model gives a
roughly consistent picture for r, =2 600 km.

We conclude that the most probable value
for ry is about 2 500 km (corresponding to a
turnover time of some 70 hours). With this value
for 7, the deposition budget shown in Table 6 is
obtained.

Admittedly, the uncertainties in the derived
numbers are substantial, not least because of
the uncertainty in the assumption about the
background deposition. If the background
deposition is larger than 250 mg/m? per year,

Table 6. Estimated contributions from different
sources to the sulfur deposition in Southern and
Northern Sweden around the year 1965. The
deposition length scale (see text) have been as-
sumed to be 2 500 km. (Unit: mg Sim? per year)

Source S Sweden N Sweden
Foreign emissions 480 230
Swedish emissions 140 80
Background 250 250
Total 870 560

Tellus XXIV (1972), 2
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Table 7. Estimate of the uncertainty of the values
given in Table 6. The numbers have been nor-
malized with respect to the total deposition

Source S Sweden N Sweden
Foreign emiseions 0.32-0.63 0.30-0.45
Swedish emissions 0.08-0.22 0.07-0.19
Background 0.60-0.15 0.63-0.37
Total 1 1

in this part of the world, it would not only
affect the background values themselves but
also have the effect of increasing the estimate of
79, thereby decreasing the other values in
Tables 5 and 6. The assumption concerning the
specific form of the deposition function is be-
lieved to be less critical for the results obtained.
Slightly different forms have been tried, yielding
different ry-values, but roughly the same depo-
sition budget has resulted from each.

An estimated range of uncertainty is shown in
Table 7, where the values have been normalized
with the total deposition as unity. This estimate
has been based on a probable interval for r, of
1 500-5 000 km.

It may seem that there is a contradiction
between the results shown in Table 3, which
indicate that the anthropogenic sulfur emissions
in Southern Sweden seem to be larger than the
total deposition within the same area and the
results shown In Table 6. However, this is
explained by the fact that a considerable part
of the sulfur emitted in Sweden is exported out
of the country before it is deposited.

It may be worth emphasizing that there is
no one to one correspondence between the
amount of sulfur deposited on the ground and
the acidity of precipitation that may be harm-
ful to terrestrial and aquatic ecosystems. Other
chemical compounds in air and rainwater are
also important. Therefore, where deposition
of acid is concerned, the distribution between
different sources may be different from that
shown for sulfur in Table 6.

It is furthermore important to realize that we
have studied only the integrated deposition over
Southern and Northern Sweden. The magni-
tudes of the effects of an increased deposition
locally, in the neighbourhood of strong Swedish
sulfur sources, has not been discussed. Inclusion
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of this effect may alter to some extent the
distribution of “responsibility’’ as it is shown in
Table 6.

7. Conclusions

The present study of the atmospheric sulfur
budget for a region with large anthropogenic
emissions shows clearly that the distribution
of sulfur from these sources has a regional
character, and that strong anthropogenic sulfur
sources can thus contribute significantly to
the amount of deposition thousands of kms
away. This does not mean that harmful effects
of high concentrations of SO, in the air occur
at great distances from a source—the rapid
decrease in concentration that takes place by
turbulent mixing is normally (in not too densly
industrialized areas) sufficient to confine pos-
sible damage of this kind to the close surround-
ings of the source (a few kms).

In the case of possible harmful effects caused
by the acidity of precipitation the situation is
however quite different. The deposition of
sulfur, which, if the sulfuric acid is not neutrali-
ized by alkaline compounds, may be associated
with a deposition of aeid, is not so markedly
concentrated in the close surroundings of a
source, but is distributed more uniformly over
large areas. Because of the cumulative effects
the deposition of acid can give rise to adverse
effects even far away from anthropogenic
sourees.

The reason why the deposition of sulfur and
acid does not show such a pronounced maxi-
mum in the closest surrounding of a sulfur
source as does the concentration of sulfur
dioxide, seem to be the following:

(1) The sulfur that is deposited through pre-
cipitation originates, to a large extent,
from the rain-producing layers (1-5 km) where
the concentration is much less influenced by
local emissions than is the surface air. (See e.g.
Bielke & Georgii, 1968.)

(2) A large part of the SO, is probably not
deposited until after it has become oxidized
to form sulfate aerosols. The rate of oxidation
is very variable and not well known, but
measurements indicate that sulfate aerosols
are created gradually in the air and that the
concentration of such aerosols is not very much
higher near the sources than in the remote areas

Tellus XXIV (1972), 2



A STUDY OF THE SULFUR BUDGET

within a given region (Georgii, 1970; Rodhe
et al., 1971).

In this study the budget calculations for two
regions in Northern Europe indicate that there
must be a considerable net outflow of anthro-
pogenic sulfur through the circle of about 1 000
km radius which encloses the large anthropo-
genic sulfur sources in U.K. and Northren
Central Europe.

A model for the variation of the deposition
with distance from a source has been discussed.
This model, when applied to some areas in
Northern Europe for which sulfur budget cal-
culations have been made, gives a length scale
for the rate of decrease of deposition with dis-
tance from the large anthropogenic sources of
2 000-3 500 kms. With a typical horizontal
transport velocity of 10 m/s at a height of about
1 km this corresponds to a turnover time for
anthropogenic sulfur of 2 to 4 days.

In order to illustrate the effect of the long
range transport of sulfur, an estimate has been
made of how different anthropogenic sulfur
sources contribute to the deposition over Swe-
den. This calculation has been based on an
estimated turnover time of 3 days (cf. above)
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and on statistics regarding the routes of trans-
ports (trajectories) in this region.

The results indicate that especially for
Southern Sweden the size of the sulfur deposi-
tion is significantly affected by foreign anthro-
pogenic sources; the relation being approxi-
mately 30/20/50 between the contributions from
natural, Swedish anthropogenic and foreign
anthropogenic sources respectively.

Just as Sweden is thus affected from foreign
sulfur emissions, a large part of the Swedish
emisgions are deposited outside the country.
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U3YYEHE UBAJAHCA COAEPHKAHUA CEPbl B ATMOCOEPE HAJL
CEBEPHONI EBPOIION

Obcympaerca 0GanaHC cofep:KaHUA CepH B
armocepe Hax CesepHoit Espomnoi. HoHnen-
TpallM CepsH CPAaBHUBAIOTCA C TJ00albHEIMU
cpepnumMn 3HauyeHusaMu. HaitmeHo, 4To B 2TOM
paitoHe HCTOYHMKH Cephbl AHTPONOTEHHOTO MpO-
UCXOKIEHNA NPEBAINPYIOT HAJ| €CTeCTBEHHBIMHU
ucrounnkamu. CpaBHeHMe MEHKAY OTIOMEHHEM
U BHIEIEHWEM CepHl B pas3auyHbeIX dactaAx Ce-
BepHoii EBponsl nokasbiBaeT, 4TO pacceAHue
Cepbl UMeeT KOHTHHEHTANBLHBIE XapaKTep, T.e.
TIOCKOJBKY B CpeJHeM cepa NMepeHOCUTCA Ha pac-
croaumsa 6ogee 1 000 KM, mpexae YeM OHA OCaMK-
JaeTcA, TO B BTOM OTHOIIEHHMM OfIHA CTPaHA MO-
HeT BIMATEL Ha Apyrywo. llpexgnoxena mpensa-
puTenbHAA MOJeNb [AJA H3MeHeHWA OTIOHEeHMA

¢ paccrosuneM or ucrouHuka. Iloaesynace aToit
MOIENbI0 MOMHO TOJYUYUTH OLEHKY BpeMeHu
ofpamesusa aHTpoONoreHHoil cepsl B 24 nua. B
BUIe KadecTBeHHOro npumepa pausa Ilsenunu
OLleHEHO COOTHOILUEHHE MeKAYy PpasIuYHBIMU
HCTOYHUKAMM OTJIOMEHUIt cepul. Pacuersr mo-
KasbpIBAIOT, YTO OKOJ0 MOJOBMHHI 3Tol cephn
BBHIIEIAETCA MHOCTPAHHBIMH AHTPOMOTEHHBIMU
HCTOYHUKAMM, B TO BpeMA KaK gpPYras [IOJOBHHA
BBIIENIACTCA HIBECKUMU U €CTECTBEHIIBIMI HCTOY-
Hukamn. Touno Takme, kax IlIBenus noasep-
raeTcs BIMAHNIO OKPYHAIOMIUX ee HHAYCTpHAJIb-
HBIX CTpaH, Tak M GONbIIad 4acTh Cephl, Bhije-
aenHo#t B Ulsenun, ocamagaercda BHe CTPaHHL.
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