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ABSTRACT

Opposite to greenhouse gases, sulphate aerosol particles are expected to cause climate cooling,
but uncertainties exist about source variability and strength. We analysed an ice core from a
European glacier to quantify source strengths of aerosol-borne sulphate over a 200-year period.
Sulphate from emissions of SO2 increased by more than an order of magnitude during this
century. This anthropogenic source is responsible for about 80% of total sulphate in the indus-
trial period, and reflects emissions of west European countries. In the pre-industrial period
mineral dust was the dominant contributor, followed by sulphate from SO2 emissions with
volcanoes or biomass burning as possible sources.

1. Introduction Strong evidence for a large-scale increase in the
atmospheric burden of anthropogenic aerosols has
been obtained from Greenland ice cores. For non-Sulphate aerosol particles originating from
sea-salt sulphate a pronounced concentrationanthropogenically emitted SO2 may have a nega-
increase over the past century was found (Nefteltive climate forcing which might be sufficient to
et al., 1985; Mayewski et al., 1990). Similar datareduce significantly the positive forcing by anthro-
from Antarctica show no such increase (Legrandpogenic greenhouse gases on a regional scale,
and Delmas, 1987), emphasising the strongespecially in the Northern Hemisphere (Charlson
regional inhomogeneity of aerosol concentrations.et al., 1991, 1992; Langner and Rodhe, 1991; Kiel
Historical records of aerosol related species fromand Briegleb, 1993; Taylor and Penner, 1994;
non-polar regions are therefore desirable in orderCharlson and Heintzenberg, 1995; Mitchell et al.,
to identify concentration trends, to quantify source1995; IPCC, 1996). Since SO2−4 aerosols have a
strengths and to provide input data for models ofrelatively short atmospheric lifetime of the order
the atmospheric aerosol burden and its effects.of days (Langner and Rodhe, 1991), they are not

In this study, we performed a detailed analysisuniformly mixed throughout the troposphere. To
of palaeochemistry records from a high-elevatedestimate radiative forcing effects, regional informa-
glacier in the Swiss Alps (Colle Gnifetti, Montetion on sulphate aerosol sources and concentra-
Rosa massif, Swiss Alps, 4450 m asl, 7°51∞52◊E,tions are therefore required, especially in
45°53∞33◊N) covering the time period 1756–1982.industrialised regions with rapidly changing rates
The purpose of the analysis was to identify differ-of emissions during this century.
ent sources of aerosol SO2−4 from the ice core
record and to quantify their contributions to the* Corresponding author.

e-mail schwikowski@psi.ch. observed concentration trend using selected source
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tracers. The approach is based on palaeochemistry Signalkuppe and Zumsteinspitze of Monte Rosa
records extending back over time to the pre- (Schotterer et al., 1985). One ice core reached
industrialised period (1756–1870) in order to bedrock, revealing a glacier thickness of 124 m,
establish the natural background. Previous studies and the second 109 m, of which the top 70 m have
have shown that the Colle Gnifetti glacier is very been investigated for this study. A borehole tem-
suited as an archive for the history of air pollution perature of −14°C at 10 m below the surface
in Europe (Fig. 1) since it is located in the indicates that this part of the glacier belongs to
European Alps, which are surrounded by highly the cold infiltration zone, where meltwater per-
populated and industrialised countries (Oeschger colation is negligible. Thus, disturbance of the
et al., 1977; Schotterer et al., 1985; Wagenbach chemical stratigraphy by meltwater is assumed to
et al., 1988; Wagenbach, 1989; Döscher et al., be zero, which is a prerequisite for the interpreta-
1995a, 1996; Maupetit et al., 1995; Wagenbach tion of palaeochemistry records. For further details
et al., 1997; Schwikowski, 1997). The site has been of this site and the glaciochemical studies previ-
glaciologically characterised and meets the ously performed there we refer to Oeschger et al.
requirements of an environmental and climate (1977), Haeberli et al. (1983), Alean et al., (1983),
archive (Oeschger et al., 1977; Alean et al., 1983; Schotterer et al., (1985), Wagenbach et al. (1988),
Haeberli et al., 1983; Haeberli et al., 1988; Haeberli Wagenbach (1989), Wagenbach and Geis (1989),
and Funk, 1991). Studies focusing on the period Maupetit et al. (1995), Döscher et al. (1995a),
of industrialisation revealed that several aerosol (1996), Wagenbach et al. (1996), and Wagenbach
related species show a marked concentration et al. (1997).
increase in the ice during this century: NH+4 Core sections of 0.5 m length and 7.8 cm dia-
(Döscher et al., 1996), NO−3 and SO2−4 meter were sealed at the drilling site in polyethyl-
(Wagenbach et al., 1988; Döscher et al., 1995a), ene bags and kept frozen at −30°C until the
lead (Schwikowski, 1997), and black carbon processing started. In a cold room, the core sec-
(Lavanchy et al., 1999). tions were cut further into 2.5 to 5.0 cm long

samples using a band saw. To reduce surface

contamination 0.5 cm of the outer part of the core2. Acquisition of the core, chemical analysis
was removed mechanically by chiselling. Theand dating
samples were melted only prior to the analysis.

All vials and tools were carefully pre-cleanedIn 1982 two ice cores were recovered from the
Colle Gnifetti, located between the two summits with ultrapure water (18 MV cm quality) in the

Fig. 1. Topographic map of the Alps showing the location of the Colle Gnifetti. The top panel gives a map of Europe
where the Alps are indicated.
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laboratory before use. Concentrations of the main core covers the time period 1756–1982. The
resulting time scale was corroborated by continu-water-soluble ionic species Ca2+, Cl−, K+, Mg2+,

Na+, NH+4 , NO−3 , and SO2−4 were determined by ous measurements of 210Pb (back to 1900).

Between the surface and 44 m depth (periodion chromatography with conductivity detection
(Döscher et al., 1995a; Döscher et al., 1995b; 1883–1982) the uncertainty of dating is assumed

to be 2 years, and further down (periodDöscher et al., 1996). In selected samples also the

total (soluble and insoluble) concentrations of 1756–1882) 5 years.
Ca2+, K+, Mg2+, and Na+ were analysed by
optical emission spectrometry, and the observed

insoluble fraction was negligible (Döscher et al., 3. Data basis and definition of industrial and
pre-industrial time period1995b). In some samples methane sulphonate

(MSA) was also analysed.

The dating of the ice core was established by Concentration records consist of 1451 analysed
samples for the 70 m ice core, representing 52.9 musing well known horizons of Saharan dust events

(identified by yellowish layers accompanied by water equivalent (weq). The time resolution ranges

between 14 samples per year in the upper part tohigh concentrations of calcium), nuclear weapons
testing in 1963 (identified by high tritium concen- 4 samples per year in the lower part due to the

increasing density and thinning of the ice withtrations), and volcanic eruptions (identified by

high sulphate concentrations together with high depth. In order to maintain a resolution of 4
samples per year, sample size was reduced from 5sulphate to calcium ratios). In order to obtain a

continuous time scale the stratigraphic markers to 2.5 cm slices at a depth of 44 m weq. Basic
concentration records of SO2−4 , NO−3 , NH+4 , Ca2+,were used to fit the accumulation rate of a simpli-

fied ice flow model allowing for the thinning of Mg2+, K+, Na+, and Cl− are shown in Fig. 2.

They illustrate the large concentration fluctuationsthe ice (Johnsen et al., 1972), as detailed by
Döscher et al. (1996), revealing that the 70 m ice typical for high-alpine snow, which are caused by

Fig. 2. Concentration records versus depth and time from the Colle Gnifetti ice core. Stars mark the horizons of
the volcanic eruptions of Katmai (1912), Krakatau (1883), Tambora (1815), and Laki (1783), however, one has to
keep in mind that they were identified by high sulphate to calcium ratios together with high sulphate concentrations.
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the strong seasonality of atmospheric transport. Gaudichet, 1991). Since Saharan dust deposits are
not only characterised by high Ca2+ concentra-During winter, high-alpine sites are decoupled

from regional aerosol sources due to strong atmo- tions and alkalinity, but also often by increased

levels of most chemical species it is justified tospheric stability (Baltensperger et al., 1997;
Lugauer et al., 1998) resulting in low concentra- consider these sub-groups separately. It seems that

the enhanced concentrations are due to a verytions of aerosol-borne impurities in winter snow.

In summer an enhanced vertical transport caused efficient scavenging occurring in the warm and
moist air masses carrying Saharan dustby convection is reflected in higher concentrations

of the respective species in the deposited snow (Schwikowski et al., 1995). The treshold value of

[Ca2+]>20 meq l−1 was selected in line with mean(Döscher et al., 1995a, 1996; Nickus et al., 1997).
In order to investigate the industrial and a pre- Ca2+ concentrations of 24 meq l−1 determined in

alkaline snow samples from the French Alps byindustrial impurity inventory of snow precipita-

tion, two time periods were selected: 1963–1981 Maupetit and Delmas (1994). In the following the
samples with [Ca2+]>20 meq l−1 are referred to(industrial, 265 samples) and 1756–1870 (pre-

industrial, 572 samples). The industrial period as Ca-rich-industrial and Ca-rich-pre-industrial,

whereas those with [Ca2+]<20 meq l−1 arerepresents the maximum in the SO2−4 concentra-
tion record, whereas the definition of the pre- referred to as Ca-poor-industrial and Ca-poor-

pre-industrial.industrial period was based on the findings that

the concentrations of SO2−4 began to increase 25th-quantile, median, and 75th-quantile of the
concentrations of chemical species are summarisedsignificantly at about 1880 (Döscher et al., 1995a;

Döscher et al., 1996). In addition, samples were in Table 1 for all samples of the two time periods,
whereas in Tables 2 and 3, the correspondingclassified into two sub-groups: (1) samples with

[Ca2+]>20 meq l−1, representing samples domin- values for the Ca-rich and Ca-poor samples are

given. Generally, concentrations of all species areated by Saharan dust, and (2) samples with
[Ca2+]<20 meq l−1, representing normal condi- enhanced in the Ca-rich samples. A significant

concentration increase from the pre-industrial totions. This classification accounts for the particular

situation of Alpine glaciers, where Saharan dust the industrial level is observed for NO−3 , SO2−4 ,
and NH+4 , reflecting the enhanced anthropogenicdepositions are an annual phenomenon, but show-

ing great variation in intensity (De Angelis and emissions (Döscher et al., 1995a, 1996), whereas

Table 1. Characteristic values of the concentrations of chemical species for the industrial (1963–1981, n=
267) and pre-industrial time period (1756–1870, n=572) (meq l−1)

Cl− NO−3 SO2−4 Na+ NH+4 K+ Mg2+ Ca2+
industrial 25th-quantile 0.74 1.39 4.98 0.69 1.28 0.26 0.47 2.35

median 1.23 2.45 8.79 1.12 3.06 0.43 0.83 4.08
75th-quantile 2.26 4.5 17.40 1.97 7.5 0.75 1.73 10.03

pre-industrial 25th-quantile 0.71 0.77 0.93 0.57 0.83 0.21 0.54 2.13
median 1.18 1.17 1.60 0.96 1.61 0.30 0.90 3.89
75th-quantile 1.96 1.66 2.80 1.65 2.56 0.46 1.55 8.06

Table 2. Same as Table 1, but for the Ca-rich samples (meq l−1)
Cl− NO−3 SO2−4 Na+ NH+4 K+ Mg2+ Ca2+

industrial 25th-quantile 3.54 3.58 16.63 2.8 7.61 0.75 3.66 26.63
(n=34) median 4.56 5.73 29.81 4.26 10.83 1.22 4.41 30.98

75th-quantile 5.74 8.42 43.25 6.30 16.11 1.37 7.03 58
pre-industrial 25th-quantile 3.36 1.27 5.52 3.43 2.44 0.63 3.47 26.5
(n=44) median 5.45 1.92 7.46 5.13 3.47 0.85 4.29 33.5

75th-quantile 7.87 2.58 14.2 7.94 4.40 1.24 7.43 53.3
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Table 3. Same as Table 1, but for the Ca-poor sample (meq l−1)
Cl− NO−3 SO2−4 Na+ NH+4 K+ Mg2+ Ca2+

industrial 25th-quantile 0.71 1.29 4.60 0.65 1.17 0.25 0.45 2.15
(n=233) median 1.06 2.05 7.75 1.02 2.5 0.37 0.72 3.61

75th-quantile 1.80 3.81 13.48 1.63 6.28 0.61 1.24 6.81
pre-industrial 25th-quantile 0.71 0.77 0.91 0.56 0.83 0.21 0.53 2.10
(n=219) median 1.11 1.11 1.45 0.89 1.51 0.28 0.82 3.63

75th-quantile 1.74 1.63 2.49 1.43 2.44 0.42 1.43 6.85

the concentrations of Cl−, Na+, K+, Mg2+, and Saharan dust. Other minerals like clay and sand-
stone have even lower ratios of only 0.023 andCa2+ remained constant as discussed in the

following. 0.0025 (Horn and Adams, 1966), thus already a

small contribution would significantly influence
the Cl− to Na+ ratio in the snow. Hence, we
conclude that long-range transported sea-salt par-4. Reconstruction of sulphate sources
ticles are the predominant source of Cl− and Na+
in the Colle Gnifetti ice core since 1750. Since the4.1. Natural sources: sea-spray
precision of the Na+ analyses is higher than those

For quantifying the contribution of sea-spray
of the Cl− analyses Na+ was selected as sea-salt

to the sulphate concentrations, both Na+ and Cl−
tracer in order to estimate the sea-salt contribu-

were tested as possible sea-spray tracers. A correla-
tions to the SO2−4 concentrations, taking a SO2−4tion analysis between the two species gave:
to Na+ molar ratio of 0.12. There is a possibility

[Cl−]=0.96[Na+]+0.19 (r2=0.97, industrial
that by using Na+ the actual contribution is

period; concentrations in meq l−1 ) and [Cl−]=
slightly overestimated. For the industrial period a

0.98[Na+]+0.37 (r2=0.87, pre-industrial
contribution of 0.23 meq l−1 (2%) of sea-salt

period). The high correlation coefficients indicate
SO2−4 to the total SO2−4 was obtained, whereas

a common, predominate source of Na+ and Cl−
for the pre-industrial time the contribution

which was independent of the time period. The
amounted to 0.20 meq l−1 (7%). Thus, no change

slopes can be directly interpreted as ratios since
in the absolute contribution of sea-salt SO2−4 was

the intercepts are near zero. The estimated Cl− to
observed from pre-industrial to industrial times,

Na+ ratio is slightly smaller than the sea-spray
reflecting the concentration record of Na+ which

molar ratio 1.16. This could either be caused by a
does not show a trend over the studied time

loss of Cl− due to release of HCl from sea-salt
period, as illustrated in Fig. 3 by looking at the

particles by reaction with strong mineral acids
concentrations plotted on a logarithmic scale. The

like H2SO4 or HNO3 (Hitchcock et al., 1980;
difference in the percentage is caused by the

Clegg and Brimblecombe, 1985) or by an addi-
increased SO2−4 concentrations during the indus-

tional source of Na+, e.g., mineral dust. The loss
trial period. Such a small portion of sea-salt

of Cl− during transport seems unlikely since no
SO2−4 is in good agreement with results from snow

long-term change in Cl− concentrations was
sampling in the French Alps, where it represented

observed (Döscher et al., 1995a) as it would be
less than 5% of the total SO2−4 (Maupetit and

expected due to the increase of SO2−4 and NO−3 Delmas, 1994). These samples were collected from
concentrations.

1989 to 1991 and are therefore representative for
An additional source of Na+ has already been

the industrialised time.
proposed for snow from the French Alps
(Maupetit and Delmas, 1994), and our data sup-

port their explanation. This source is most likely
4.2. Natural sources: mineral dust

mineral dust since many minerals have a lower
Cl− to Na+ ratio than sea-salt (Horn and Adams, Mineral dust aerosols, particularly those origin-

ating from the Sahara, play an important role for1966), e.g., 0.5 for carbonate minerals which rep-
resent an important water soluble fraction of the chemical inventories of Alpine glaciers, since

Tellus 51B (1999), 5



     943

Fig. 3. Concentrations of Ca2+, Mg2+, Na+, and K+ plotted on a logarithmic scale. The solid lines showing smoothed
values are to guide the eye.

Saharan dust depositions occur almost annually, dating of the ice core by historically well known

events (1977, 1936/37, 1901/02, see Döscher et al.,but with great variation in intensity (De Angelis
and Gaudichet, 1991). As well as typical mineral 1996). For some of the Saharan dust events equally

pronounced concentration maxima of Na+ anddust tracers such as Ca2+ and Mg2+, they often

also significantly contribute to the input of various K+ were observed. These spikes dominate the
concentration records of the respective species.other chemical species, e.g., SO2−4 , NO−3 , NH+4 ,

carbonates, organic acids (Schwikowski et al., However, by looking at the data on a logarithmic
scale no concentration trends of the cations Ca2+,1995; Nickus et al., 1997; Wagenbach et al., 1997).

Major Saharan dust depositions can easily be Mg2+, Na+, and K+ are obvious, as already

discussed for Na+ (Fig. 3), neither in the highidentified in the Ca2+ and Mg2+ concentration
records as spikes, and this was utilised for the values nor in the background values. The most

Tellus 51B (1999), 5



.   .944

critical point in deducing background concentra- stituents of mineral dust aerosols, which are in the
case of Saharan dust dominated by quartz ortions from the records is the discrimination of the

Saharan dust contribution. By choosing a logarith- calcite (Schütz and Sebert, 1987), both are highly

correlated, corroborating a common source.mic scale the influence of Saharan dust dominated
samples with high concentrations was minimised, Characteristic values of the regression analysis,

performed with non sea-salt Ca2+ (nssCa2+ ) andand thus a classification of the samples was not

necessary in order to look at concentration trends non sea-salt Mg2+ (nssMg2+ ), which were
obtained by correction for the sea-salt contribu-(Fig. 3). We conclude from the constant low and

high concentrations of the cation records that the tion, taking Na+ as tracer with a Mg2+/Na+ ratio

of 0.227 and a Ca2+/Na+ ratio of 0.044 (molarsource strengths and the atmospheric concentra-
tions have not changed during the investigated ratios), are: [nssCa2+]=12.3[nssMg2+]−3.2

(r2=0.78, industrial period) and [nssCa2+]=time period assuming constant transport patterns

and deposition processes. This is in contrast to a 8.6[nssMg2+]−1.3 (r2=0.85, pre-industrial
period). The sea-salt contribution amounted todecline of the cation concentrations reported from

several precipitation chemistry records in 1% for Ca2+ and 30% for Mg2+, independent of

the time period. The slopes of the regressionNorthern Europe for the time period 1970–1989
(Hedin et al., 1994). These records were based on analysis interpreted as Ca2+/Mg2+ ratios are com-

parable for the industrial and pre-industrial time,data from networks in the Netherlands and in

Sweden, where the concentration of mineral dust indicating a constant dust composition over the
last 2 centuries with respect to these tracers. Thus,tracers in precipitation are lower than in the

southern part of Europe due to the reduced impor- they can indeed be used in order to quantify the
terrestrial source of SO2−4 . However, in contrasttance of Saharan dust transport (Semb et al.,

1995). Thus, in these areas point-source emissions to sea-salt, no universal SO2−4 /Ca2+ ratio exists

for mineral dust. In the industrial period, thefrom fuel combustion and industrial processes, as
well as open-source emissions, e.g., from traffic on SO2−4 /Ca2+ ratio is significantly higher for the

samples with high concentrations of Ca2+. This isunpaved roads, might have made a larger relative

contribution to the total emissions of base cations. certainly an effect of higher atmospheric concen-
trations of SO2 and SO2−4 , but it is not clearIn addition, the atmospheric transport of such

coarse aerosol constituents up to the high altitude whether SO2−4 is truly enriched in the mineral

dust due to heterogeneous reactions or whetherof the glaciers is limited, suggesting that the ice
core record rather reflects a natural European an increased scavenging during snow formation

erroneously suggests such an enrichmentbackground of cations than local or regional

emissions. Opposite findings were reported by (Schwikowski et al., 1995). The latter seems more
likely since an increased ratio is also observed forWagenbach et al. (1996) from an ice core drilled

on the northern slope of Colle Gnifetti close to NH+4 . Accordingly, a good correlation between

non sea-salt SO2−4 (nssSO2−4 ) and nssCa2+ wasthe drilling site of this study. They stratified their
data set into a Saharan dust and a background only observed for the pre-industrial period

([nssSO2−4 ]=0.175[nssCa2+], r2=0.68, concen-dominated record. The latter revealed an unex-

plained long-term change of the Ca2+ background trations in meq l−1; see Fig. 4). The linear correla-
tion is determined by samples with highlevel. The increase started in the second half of

the 19th century and resulted in a twofold higher concentrations of nssCa2+, indicating the presence

of a significant amount of mineral dust. On thelevel in recent times. However, their raw Ca2+
record does not reveal an obvious long-term trend other hand, most samples with low nssCa2+ show

values which scatter above the regression line,in the dust layer frequency or in the mean Ca2+
level and their average concentrations of Ca2+ hinting to an additional source of nssSO2−4 . Thus,

the observed slope of 0.175 is interpreted as the(industrial: 9.5, pre-industrial: 7 meq l−1 ) are in

good agreement with the values presented here pre-industrial nssSO2−4 /nssCa2+ ratio of mineral
dust in snow at the Colle Gnifetti glacier, which(industrial: 11, pre-industrial: 8 meq l−1 ). Thus, it

seems that their trend in the Ca2+ background is close to the SO2−4 /Ca2+ ratio of 0.13 in aerosol

samples collected in the Negev desert, Israel, sincelevel is induced by the stratification procedure.
Although Ca2+ and Mg2+ are only minor con- 1995 (W. Maenhaut, University of Ghent, personal
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4.3. Natural sources: volcanic emissions

Four horizons were identified in the ice core,
attributed to eruptions of the volcanoes Katmai,
Alaska (1912), Krakatau, Indonesia (1883),

Tambora, Indonesia (1815), and Laki, Iceland
(1783) (Döscher et al., 1996; see Fig. 2). In the
industrial period, detection of volcanic layers was

not possible since the identification criterion (high
sulphate concentrations together with high
sulphate to calcium ratios) could not be applied

due to the enhanced sulphate concentrations from
anthropogenic emissions. With the conservative

assumption that the entire exSO2−4 detected in the

volcanic horizons is of volcanic origin, their contri-
butions to the total exSO2−4 deposition in the

Fig. 4. Scatter plot of pre-industrial nssSO2−4 and
respective 5-years period amounted to 35%nssCa2+ concentrations along with the obtained linear
(Katmai), 59% (Krakatau), 41% (Tambora), andregression line. Regression line was forced through zero.
44% (Laki). Thus, in the pre-industrial period
SO2−4 from volcanic eruptions might be a signific-

ant source of exSO2−4 . However its impact iscommunication), but higher than the 0.08 observed
restricted to periods of a few years only.in soils (Vinogradov, 1959). For glacial ice from
Quiescent degassing from volcanoes and moderateSummit, Greenland, a higher nssSO2−4 /Ca2+ ratio
or small eruptions have also been discussed asof about 0.25 was reported (Legrand et al., 1997).
important natural contributions to the atmo-Assuming that the transport patterns and source
spheric sulphur budget (Graf et al., 1997; Simpsonregions have not changed during the last 2 centur-
et al., 1999). Based on a global model, a relationies, the terrestrial SO2−4 contribution can now be
of the volcanic to the anthropogenic SO2−4 burdenestimated for the entire time period by using the
in Europe of 47% in summer and 37% in winterpre-industrial nssSO2−4 /nssCa2+ ratio. For the
was reported (Graf et al., 1998). In that studyindustrial period mineral dust SO2−4 amounted to
global volcanic SO2 emissions were considered13%, and in the pre-industrial period to 57% of
including continuous degassing from Mt. Etna inthe total SO2−4 , thus being the dominating contrib-
Sicily, which emits sulphur amounts comparableutor in this period. The contributions of the
to anthropogenic sources in industrialiseddifferent sources to the total concentration of
Central Europe.SO2−4 for the two time periods are summarised in

Since no tracer for volcanic degassing wasTable 4, with exSO2−4 being the SO2−4 concentra-
analysed in the ice, its contribution to thetion after correction for the sea-salt and the terrest-

rial contribution. SO2−4 inventory can only be indirectly estimated

Table 4. Average concentrations of SO2−
4

(mg l−1) from diVerent sources and their percentage contribution
to the total SO2−

4
for the industrial and pre-industrial time period

Total Sea-salt Mineral dust exSO2−4
SO2−4 SO2−4 SO2−4 Naturala Anthropogenica

industrial 0.707 0.011 0.092 0.047 0.555
(2%) (13%) (6%) (79%)

pre-industrial 0.131 0.009 0.074 0.047 0
(7%) (57%) (36%)

aEstimation of anthropogenic exSO2−4 is based on the conservative assumption that the pre-industrial exSO2−4 was
purely of natural origin and that this natural contribution remained constant over the entire time period.
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from the pre-industrial exSO2−4 concentration. emitted either from anthropogenic or natural
Assuming a constant degassing behaviour over sources. Temporal changes in SO2 emissions can
the entire time period and the pre-industrial thus be deduced from the exSO2−4 record. During
exSO2−4 originating exclusively from the volcanic the industrial period exSO2−4 constituted the major
source, an upper limit of the volcanic contribution portion, i.e. 85% of the total SO2−4 , whereas in
of 0.047 mg l−1 of SO2−4 would be obtained. pre-industrial time it accounted only for 36%
Strongly contradicting the model estimates, this (Table 4). In Fig. 5 the historical development of
represents only 8% of the exSO2−4 in the industrial exSO2−4 concentrations is illustrated, revealing a
period, all the more since the pre-industrial strong increase from 1870 until about 1970, which
exSO2−4 certainly also includes a significant contri- we interpret directly as a record of anthropogenic
bution from biomass burning (see below). SO2 emissions. ExSO2−4 increased from
Although the volcanic source is of minor impor- 0.047 mg l−1 in the pre-industrial to 0.602 mg l−1
tance for the sulphur burden in the industrial in the industrial time period, equivalent to a factor
period, it might have been more significant in pre- of 13. The record exhibits interesting details, i.e.
industrial times. the collapse of the 5-years averages after World

Wars I and II as well as the extremely steep

increase after 1950, presumably due to the
4.4. Natural sources: dimethylsulphide (DMS)

enhanced combustion of liquid fuels replacing
oxidation

coal. After 1970 a pronounced downward trend is
Oxidation of DMS emitted from the oceans is observed, likely reflecting air pollution control

an important source of SO2 and subsequently measures and possibly also the economic down-
SO2−4 on a global scale. However, very low DMS turn at that time.
concentrations were observed on a cruise in the Between 1756 and 1870, no concentration trend
North and South Atlantic from 50°N as far as of exSO2−4 could be observed. Since the black
58°S (Davison et al., 1996a, 1996b), indicating that carbon concentration shows a similar behaviour
for continental Europe this source is probably of in this period (Lavanchy et al., 1999; correlation
minor importance due to the long distance from coefficient r2=0.36), we assume that a significant
the productive ocean regions. This is in line with portion of the exSO2−4 originated from wood
the rather small contribution of sea-salt sulphate combustion for domestic heating. However, since
in the ice core (7% in the pre-industrial period, no universal black carbon/SO2 emission ratio can
Table 4). Although determinations of methane-
sulphonate (MSA) concentrations, an oxidation

product of DMS, in the ice were not routinely
performed, a few analysis results for pre-industrial
ice exist. 80% (282 samples) of the analysis

revealed values below the detection limit of
0.001 mg l−1, whereas the remaining samples
showed an average concentration of 0.003 mg l−1.
Thus, pre-industrial concentrations of MSA in
alpine ice are significantly lower than the
0.0029 mg l−1 found in interglacial Greenland ice

(Legrand et al., 1997), indicating that DMS oxida-
tion is an unimportant source of SO2−4 in Europe,
as expected.

4.5. Anthropogenic sources

Fig. 5. Record of 5-years averages of exSO2−4 obtained
We assume that the exSO2−4 , which remains

by applying the following formula to each sample:
after correction for the sea-salt and the terrestrial [exSO2−4 ]=[SO2−4 ]−0.12[Na+]−0.175[nssCa2+]
contribution, originated exclusively from oxida- (concentrations in meq l−1), along with the correspond-

ing records of sea-salt and mineral dust derived SO2−4 .tion of SO2 in the atmosphere. This SO2 was
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be applied, a quantification of the contribution of 5. Conclusions
this source was not possible.

The anthropogenic sulphate source in the indus- An ice core from the high-altitude Alpine glacier

Colle Gnifetti was analysed in order to reconstructtrial period can now be estimated having contrib-
uted 79% of the total sulphate, thus being the the history of aerosol SO2−4 concentrations in

Europe. From the core, high-resolution chemistrymost dominant source (Table 4). This is a conser-

vative estimation based on the assumption that records over the time period 1756–1982 could be
deduced. A significant increase from the pre-indus-exSO2−4 in the pre-industrial period was purely of

natural origin and that this natural contribution trial (1755–1870) to the industrial period

(1963–1982) was observed for concentrations ofremained constant over the entire time period.
In order to determine possible source regions NO−3 , SO2−4 , and NH+4 , reflecting the enhanced

anthropogenic emissions. Sea-spray and mineralof exSO2−4 in the ice, its development was com-

pared with estimated SO2 emissions based on the dust tracers Cl−, Na+, K+, Mg2+, and Ca2+
showed, on the contrary, no concentration trend.SO2 emission inventory compiled for each country

in Europe from 1880 to 1990 using energy and Furthermore, in the case of the mineral dust

tracers no trend was even detected consideringindustry statistics (Mylona, 1993). For the com-
parison, countries in the vicinity of the Colle background and Saharan dust concentrations

separately.Gnifetti were selected (Switzerland, Italy, West

Germany, East Germany, France, and total The following natural SO2−4 sources were con-
sidered: sea-spray, mineral dust, volcanic emis-Europe excluding emissions from USSR and

Turkey) and their estimated SO2 emissions were sions, and DMS oxidation. The sea-spray
contribution quantified by using Na+ as tracernormalised to 100 at the respective maximum

value on account of the significant differences of amounted to 0.23 and 0.20 meq l−1 in the industrial

and pre-industrial period, representing 2% andthe absolute emissions of the individual countries
(Fig. 6). The SO2 emissions were normalised to 7% of the total SO2−4 . The mineral dust contribu-

tion was determined from the pre-industrialtheir maximum value since the statistics are more

reliable in recent times. Only the trends were nssSO2−4 to nssCa2+ ratio, revealing that in pre-
industrial times mineral dust was the dominatingcompared. The historical development of

exSO2−4 is similar to the evolution of SO2 emis- SO2−4 source, contributing 57% of the total. The

mineral dust contribution became less importantsions in Switzerland, France, and West Germany,
where the maximum was reached in 1965–1975. in the industrial period with only 13%. For volca-

noes, eruptive and quiescent emissions were distin-This indicates that precipitation at the Colle

Gnifetti reflects conditions of countries north-west guished. Major eruptions like those from Katmai,
Krakatau, and Tambora significantly influencedto west of the site, which is consistent with the

prevailing air mass transport direction in Europe. the SO2−4 budget only over a restricted 5-year

period in the pre-industrial time, possibly increas-Surprisingly, no resemblance with the trend of the
Italian emissions occurred, although the Colle ing the concentration by about 60% at the most.

Quiescent degassing was a minor source duringGnifetti is located at the Swiss–Italian border.

This is again explained by the main transport the industrial period, contributing at most
0.047 mg l−1, or 7% of the total. This 7% representdirections, and is in agreement with results from

trajectory analyses studying the transport from an upper limit. Nevertheless, in pre-industrial

times they may have amounted to a significantthe Po valley, the major source area in Italy, to
high-alpine sites (Seibert et al., 1998). The SO2 38% of the SO2−4 burden. The contribution of

DMS oxidation could not be exactly quantified.emissions in total Europe do not show a down-

ward trend until 1985, due to the impact of eastern However, since MSA concentrations were low, we
assume that this is an unimportant source.European countries (e.g., East Germany, see

Fig. 6), where emission control strategies have not ExSO2−4 , remaining after correction for sea-salt
and mineral dust SO2−4 , was assumed to originatebeen implemented. However, as discussed above,

emissions from eastern European countries are exclusively from oxidation of naturally or anthro-

pogenically emitted SO2 . The concentrationnot significantly recorded in the Colle Gnifetti
ice core. record revealed a large increase of a factor of 13
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Fig. 6. 5-year averages of exSO2−4 from the Colle Gnifetti ice core (solid step) compared to 5-years estimates of SO2
emissions in Switzerland, Italy, West Germany, East Germany, France, and total Europe excluding emissions from
USSR and Turkey (dashed line, circles), compiled from Mylona (1993). The historical SO2 emissions are normalised
to 100 at their maximum value (in thousand tonnes SO2 : Switzerland: 330, Italy: 3900, West Germany: 4100, East
Germany: 5200, France: 3800, total Europe excluding USSR and Turkey: 42000).

between the pre-industrial and industrial period, tion between exSO2−4 and black carbon suggests
that anthropogenic sources, e.g., wood combus-starting at about 1870. This increase reflects

anthropogenic emissions of SO2 , constituting 80% tion, were already of importance. A comparison
of the general trends of the exSO2−4 record andof total sulphate in the industrial period. After

1970, a pronounced decline in exSO2−4 concentra- SO2 emission estimates for different European

countries showed that the Colle Gnifetti ice coretion was observed due to air pollution control
measures. In the pre-industrial period, a correla- reflects emission conditions of west European
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countries, which is consistent with the prevailing port of the MIGROS Verteilzentrale Neuendorf,
storing firn and ice cores at stable deep freezeair mass transport direction in Europe.
conditions, and the helicopter transportation by
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Döscher, A., Gäggeler, H. W., Schotterer, U. and Second Assessment Report of the Intergovernmental
Panel on Climate Change (eds. J. T. Houghton, L. G.Schwikowski, M. 1995a. A 130 years deposition record

of sulfate, nitrate and chloride from a high-alpine gla- Meira Filho, B. A. Callander, N. Harris, A. Kattenberg
and K. Maskell ), Cambridge University Press, Cam-cier. Water, Air and Soil Pollution 85, 603–609.
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Schütz, L. and Sebert, M. 1987. Mineral aerosols andLavanchy, V. M. H., Gäggeler, H. W., Schotterer, U.,
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