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Sulphur and seasalt deposition as reflected by throughfall and runoff
chemistry in forested catchments

Hans Hultberg and Peringe Grennfelt, Swedish Environmental Research Institute, P O Box
47086, S-40258 Goteborg, Sweden

ABSTRACT

At forested catchments at Lake Gérdsjon on the Swedish west coast the deposition and runoff
chemistry has been followed during the period 1979-1990 by throughfall and runoff
measurements as well as by measurements of atmospheric concentrations. The 10 year means
in throughfall and runoff is very similar for sulphur and the main seasalt ions sodium and
chloride; for sulphur 26.1 and 27.6 kg/ha/yr, for sodium 49 and 52 kg/ha/yr and for chloride
96 kg/ha/yr and 93 kg/ha/yr respectively. The actual flows are 100 - 200% higher than the
wet deposition as collected in open bulk precipitation collectors indicating a very. large input
by dry deposmon One important question is to what extent the throughfall and runoff values
can be used as measures of total deposition. From throughfall and runoff studies at different
experimental catchments we will present a number of results illustrating the possibilities of
using throughfall and runoff data as measures of atmospheric deposition of sulphur and

seasalt.
INTRODUCTION

Within the UN ECE Convention for long range transported transboundary air pollution,
critical loads are being applied as a basis for the development of abatement strategies. In this
work it is necessary to compare the maps of critical loads with the deposition and link the
deposition back to the sources. In linking the deposition with the emissions the intention is to
use models -describing transboundary fluxes, e.g. those developed within the EMEP
programme. One essential drawback with these models today is that they are estimating mean
depositions over large areas, €.g. 150x150 kilometres, and not taking into account the
variability in surface structure, which in many cases may severely affect the deposition. This
is especially the case for the deposition to coniferous forests, where deposition may be much
larger than to open land. Forests are moreover often grown on soils which are more sensitive
to acidification and thus being the determining receptor areas for the critical loads.

Quantifying inputs of acidifying substances to different types of receptors has been a major
research area for many years. In most cases this problem has been tackled from the
atmosphere, using different micrometeorological methods in order to quantify the flux. The
micrometeorological approaches have many drawbacks, the limitation to certain terrain
situations (mostly flat land) being one of the most important.



Another way to determine the input to forested areas has been the use of throughfall
measurements. This method has been widely used at least for the quantification of the input of
sulphur. The most important drawback of the throughfall method is probably the risk of
interaction with the forest canopy, which for ammonium and nitrate may cause losses and for
potassium and calcium may give extra fluxes due to internal circulation in the forest stand.

A third way of monitoring is to use outflow monitoring from small catchments. This method
is only applicable to elements which are transported through the system without any large
losses or without leaching.

In the Lake Gardsjon acidification research area on the Swedish west coast we have, since
1979, studied deposition and flows within small catchments in order to quantify processes and
changes in a forested ecosystem under stress from acid deposition. The studies have been
undertaken in a number of catchments, some of them used for different experiments, € g
treatments with acidifying or neutralizing agents in order to understand and quantify the
effects of different changes in deposition or land use. (Hultberg 1985, Hultberg and Grennfelt
1986, Hultberg et al 1990, Westling and Hultberg 1990)

In our studies we have found that the small catchments within the watershed behaved very
similarly although there might be differences in the absolute levels of the flows. This parallel
behaviour makes it possible, after calibration, to experimentally treat different catchments and
follow the changes caused by the treatment.

EXPERIMENTS AND STUDIES IN CATCHMENTS

Lake Gérdsjon is surrounded by many well-defined headwater catchments in which soils and
water are chemically acidified due to sulphur deposition (Hultberg and Grennfelt 1986).
Nitrogen deposition is high, yet most of the incoming nitrogen is retained in the terrestrial
ecosystem (Grennfelt and Hultberg 1986).

The area is characteristic of acidified regions of the Swedish west coast and southern Norway
with granite and gneissic bedrock overlain by thin podsolic soils developed from glacial
material. Vegetation is dominated by Norway spruce stands of various ages up to > 80 years.

Whole catchment manipulation experiments have been performed since 1984 (Table 1). These
manipulations have included fertilizer addition of nitrogen, liming and acidification with
elemental sulphur as well as addition of sodium sulphate as a neutral salt. Clearfellings have
also been performed in the area in order to study possible effects on the dry deposition of
sulphur and sea salts. These experiments and ongoing long term studies provide details on dry
and wet deposition which are summarized below.



In a new experiment, we also plan to decrease atmospheric deposition by building a roof in
one 6000 m? catchment. This experiment is mainly designed to study the effect of decreased
sulphur, nitrogen and mercury deposition in a forest ecosystem severely affected by acid
deposition.

RESULTS

Element fluxes through the catchments

The yearly means of wet deposition, throughfall and runoff for chloride, sodium and sulphate
are presented in Table 2. The mean fluxes in runoff and throughfall are very similar for the
three ions. For chloride, the mean runoff is 93.3 kg/ha/yr and the mean throughfall is 96.0
kg/ha/yr. The agreements between outflow and throughfall are almost as good for sulphur
(27.6 kg/ha/yr and 26.1 kg/ha/yr) and sodium (52.0 and 49.0 kg/ha/yr respectively). The
large deposition of chloride and sodium is because the catchment is situated less than 20
kilometres from the sea. In fact sodium and chloride are the dominating ions in the flow
through the catchment. Comparison with the wet deposition shows that the runoff and the
throughfall are about 100-200% larger than the input by precipitation. The difference between
the wet deposition and outflow/throughfall is largest for sodium and chloride and smallest for

splphur.

The very close connection between outflow and Athroughfall as well as the similar difference
between wet deposition and throughfall/runoff may suggest that

- throughfall and runoff in these areas are good measures of the total deposition of the
elements sulphur, sodium and chloride, and

- the difference between throughfall/runoff and wet deposition is a good measure of the
dry deposmon

(A ) ""\

Deposition of seasal

Comparing the chloride and sodium fluxes with the seasalt composition shows that there is a
balance between chloride and sodium in the wet deposition, an excess of chloride (7.8
kg/ha/yr, 9%) in the throughfall while there is a slight excess of sodium (2.8 kg/ha/yr, 6%)
in the runoff, In throughfall, excess chloride occurs over the whole period 1980-1990 except
for 1988/89. Less than 1 kg/ha/yr may be attributed to the excess chloride in wet deposition,
but is the rest due to deposition or may there be internal circulation of chloride? The excess
chloride in throughfall may be due to deposmon of chlige“ froni ﬂ “sources or to
deposition of HCl formed by the decomposition of seasalt into gaseous HCI ‘and sodium-

enriched seasalt partlcles Such reactions may occur between gaseous nitric acid and sea salt




particles. The studies undertaken so far give no clear evidence of the importance of the
different processes, but as will be mentioned below treatment with sodium sulphate gave a
parallel pulse in chloride, indicating that chloride, at least during certain circumstances, may
be a mobile anion giving extra throughfall fluxes.

We have studied the addition of sodium to the soil to see if this will give increased circulation
of sodium within the forest (Hultberg et al 1990). In one catchment 285 kg/ha/yr sodium as
sodium sulphate was applied; approx 130 kg in the autumn 1985 and the rest about one year
later. At the first treatment we detected a small peak of sodium (< 5 kg/ha) in throughfall
during the first month after application. The reason may be caused by the extra input of
sodium but there may be other, indirect, reasons. The difficulties in explaining the effect are
due to other ions e.g. potassium, chloride and ammonium also increasing compared to the
reference catchment (Figure 1). After this short term peak no extra sodium was observed in
the throughfall, not even after the second treatment with sodium sulphate.

In the runoff there is an excess in sodium, compared to the amount expected from the Na/Cl
ratio in sea salt, caused by leaching of sodium from weathering of soil ‘minerals.

Our conclusions are that throughfall and outflow monitoring mostly give fairly good measures
of the sea salt deposition although there might be problems with internal circulation of

chloride and leaching of sodium.

Sulphur deposition

One important question for the understanding and quantification of sulphur deposition is the
importance of the receptor. The Lake Gérdsjon watershed consists of a number of small
catchments with varying forest cover due to clearfelling during the last 10-20 years. In mass
balance studies the sulphur outflows from these catchments were determined. By plotting the
outflow of sulphur per hectare and year against the forest cover we found a strong linear
relationship, showing a relative runoff of approx 30 kg S/ha/yr for the catchments with 100%
mature forests and about 12 kg sulphur per hectare and year for the completely clearcut area
(Figure 2) (Hultberg 1985). The clearcut area gave about the same outflow as the monitored
wet deposition measured by open gauges.

The importance of forest cover is further illustrated in Figure 3, where the yearly runoff of
sulphur is shown for the reference catchment and a catchment which was initially 40%
covered by trees and was then clearcut. The runoff of sulphur decreased immediately
indicating a very short retention time of deposited sulphur in the catchment. We had expected
an increase in sulphur outflow due to mineralisation of the sulphur pool in the soil. Thus the
sulphur pool seems bound very strongly to the soil. Not even treatment with limestone (6.5



tonnes per hectare) showed a significant increase in the sulphur output. This is important as
the total amount of sulphur in the soil is approx 1 tonne sulphur per hectare. This sulphur
seems, however, to be rather stable, due to binding to the organic compounds in the soil
(Olsson et al 1985).

The retention time for sulphur may be further illustrated by results from the experimental
treatment with sodium sulphate (Figure 4). In this experiment the outflow of sulphur was
comparatively fast and approx 70 % was released from the catchment in one year and 95%
had left the catchment 3 years after the second application. Figure 4 also shows the results of
a model calculation for the water transport through the catchment. Sulphur is transported as
fast through the catchment as the water (Hultberg et al 1990). The present retention capacity
of sulphur in the soﬂ is obv1ously low. -

Internal circulation of sulphur has for many years been one of the most serious objections
against the throughfall method. In two of our experiments, those where the soil was treated
with extra inputs of sulphur (sodium sulphate and elemental sulphur), it is possible to clearify
the problem to some extent. In the treatment with sulphate as well as with elemental sulphur
we found no increase in sulphur concentrations in throughfall (Figure 5). In the treatment
with elemental sulphur the concentrations of sulphate in the runoff increased with approx 60%
throughout the following three years (Figure 6). Since the elemental sulphur is oxidized to
sulphate in the upper part of the soil the tree roots were exposed to significantly higher
sulphate concentrations. The higher sulphate concentrations did not show any increase in the
throughfall of sulphate throughout the whole experimental period. Thus, uptake of sulphur by
tree roots and transport to the tree canopy seems to be of minor 1mportahce for sulphur in
throughfall Accumulatlon of sulphur in the canopy of the tree is also of minor importance. In
a study of net accumulation of elements in forest biomass we found that approx 0.5 kg
S/ha/yr was bound in the forest trees (including roots) (Hultberg 1985). The accumulation of
sulphur in the remaining vegetation was not determined but total accumulation will not exceed
1 kg/ha/yr.

The deposited sulphur has essentially two origins. One part is of anthropogenic origin and the
rest is mainly sea salt particles. Assuming that all sodium in precipitation and throughfall is of
marine origin and that sea salt sulphur is associated with sodium in the same ratio as in sea
water, it is possible to estimate the marine seasalt contribution to the sulphur deposition.
(Table 3) The sulphur from sea salt estimated in this way may account for about 10% of the
wet deposition and almost 14 % of the throughfall flux. Based on the averages for the ten
hydrolog1ca1 years 79/80 to 89/90 the non-marine wet deposmon of sulphur is calculated to
11.6 kg/ha/yr. The remaining part in throughfall, after subtractmg for the wet deposition, we
assume to be the dry non-marine sulphur deposition and is calculated to 10. 5 kg/ha/yr. If the



runoff is treated in the same way we get a "non-marine dry deposition" of 11.6 kg/ha/yr. The
large variations in sulphur output by runoff (£5 kg/ha/yr) reflect the large variations in water

fluxes between years.

The commonly used approach for estimating the dry deposition of sulphur to forest
ecosystems has been the use of atmospheric concentration data and deposition velocities. In an
early study of the deposition to the Lake Gardsjon using the data for the first two years of
monitoring we applied a deposition calculation model using different deposition velocities,
depending on the actual deposition situation (Grennfelt et al 1985). The calculated sulphur
deposition 25-31 kg/ha/yr was in good agreement with the monitored throughfall and runoff
of sulphur, 25 and 29 kg/ha/yr respectively (Hultberg 1985).

Another way of considering the deposition problem is to use the calculated deposition, moni-
tored atmospheric concentrations and estimate the deposition velocities. At the reference
catchment the non-marine dry sulphur deposition was, as calculated earlier, 10.5 and 11.6 kg
S/ha/yr respectively. The concentrations of sulphur dioxide and particulate sulphate were 3.4
Lg S/m3 and 1.3 pg S/m3 respectively. If we assume that sulphur dioxide and particulate
sulphate were deposited by the same deposition velocity we get a mean deposition velocity for
the 10 year period of 0.7 to 0.8 cm/s. For the clearcut area where the dry deposition was less
than 2 kg S/hajyr the corresponding deposition veloc1ty was calculated to less 0.15 cm/s.

FINAL REMARKS

Monitoring of catchments over long periods may be an essential tool in judging long term
changes in deposition. It is of course important that the catchments do not undergo large
changes in terms of clearcutting, storm felling or increased filtering biomass by growth as in
young forests. In the Lake Gérdsjén area we have studied mature forests with very small
changes in forest growth during the studied period.

From 1979/80, when the measurements started, there has been reported a substantial decrease
in sulphur emissions in west Europe, in many countries a decrease of about 50% during the
ten year period 1980-1990. It is important to know to what extent these reductions may be
reflected in the deposition or other measurements in the field. Although we know that there
are many difficulties in observing long term trends, such as yearly variations in
meteorological conditions and that our data only represent one monitoring station, it is
intriguing to see that there is no downward trend in the observed sulphate concentrations,
neither in wet deposition nor in throughfall (Figure 7). In fact throughfall monitoring
indicates an increase in sulphate concentrations. H* concentrations in precipitation and
throughfall also shows no downward trend.



The very close connection between sulphur flux in throughfall and outflow, as well as the
Jack of increased leaching from the canopy in the sulphate-treated catchments, support the
hypothesis that throughfall and runoff monitoring will give a reasonably good measure of the
total sulphur deposition for Norway spruce stands as well as decidouos forests (Likens et al
1990). Similar results have been described for deciduous forests, where root uptake was
shown to be unimportant for the crown leaching of sulphate (Lindberg et al 1986). Increased
sulphur leaching from Sitka spruce plantations have, however, been observed when sulphate
concentrations in soil water increased. (Hornung, pers comm.). Some tree species may
therefore lack the ability to avoid excess root uptake. '

The use of throughfall monitoring has during the last years been the focus of increasing
interest. Westling and Hultberg (1990) and Lovblad et al (1990) have compiled and evaluated
throughfall data from a number of stations in northern Europe. They show that the throughfall
may vary considerably depending on tree species, exposure situation etc, but the data all show
that dry deposition is a very important part of the total deposition to forest ecosystems
especially for Norway spruce.
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TABLE 1
The Gardsjon projekt. Overview of experimental catchments and treatments
conducted since 1984.

Catchment Treatment Area (ha) Treatment date
F1 Control 3.7 -

F2 Liming, dolomite 3.4 June 1984
F3 Clearfelling 3.0 April 1984
F4 NH4NO3 2.6 August 1984
F5 Elemental S 3.1 October 1985
L1 Na,SOq4 2.9 October 1985
BE Liming +NH4NO; 4.1 August 1985
BW - Liming 5.3 October 1985
KN Liming +NHsNOs 3.9 August 1985
Gl Roof 0.6 Winter 1990

G2 NITREX 0.9 : Winter 1990
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Fig. 1. Accumulated potassium deposition by throughfall after applications of NaSO4

to catchment L1 and elemental sulphur to catchment F5. F1 is the reference

catchment.
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Linear regression between output of sulphur from terrestrial sub-catchments
versus the percentage of coniferous forest cover within the Lake Gérdsjon area.
(Hultberg 1985).



YEARLY OUTPUT OF EXCESS SULPRUR BEFORE AND
AFTER DEFORESTATION OF CATCHMENT F3 VERSUS
THE REFERENCE CATCHMENT F1
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Fig. 3. Yearly output of excess sulphur (kg/ha,yr) before and after deforestation of

catchment F3 versus the reference catchment. Before deforestation represents
the years 1979/80-82/83. After deforestation 1983/84-89/90.
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Accumulated monthly flux of sulphur output (kg/ha) from reference catchment
and from catchment treated with sodium sulphate (upper). Extra sulphate
concentration, (meq/l) due to treatments with sodium sulphate versus
accumulated water runoff together with model estimates (dilution curve) of the
change in sulphur concentration in runoff (lower).



ACCUMULATED NON MARINE SULPHUR DEPOSITION BY
THROUGHFALL IN F1, F5 AND L1
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Fig. 5. Accumulated excess sulphur deposition by throughfall after treatments with

sodium sulphate and elemental sulphur. F1 is reference catchment.
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