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Abstract. Ammonia is the primary gaseous alkaline species in 
the atmosphere over Europe, neutralising up to 70% of the origi- 
nal acidity in precipitation [Buijsman et al., 1987]. It is directly 
involved in the conversion of sulphur dioxide and nitrogen 
oxides into the aerosol phase. Furthermore, ammonium con- 
tributes considerably to the nitrogen deposition and soil acidifi- 
cation which causes extensive changes in plant communities in 
many ecosystems [Moore, 1995; Rohde et al., 1995]. However, 
in Europe continuous long-term measurements of atmospheric 
ammonia or ammonium in precipitation are lacking. Here, we 
present a continuous, high-resolution record of ammonium in 
precipitation for the time period 1780 to 1980 deduced from an 
ice core recovered from a high-altitude glacier in the Alps. The 
ammonium level remained constant from 1780 to 1870 and in- 

creased afterwards by a factor of three. This trend shows that 
ammonia emissions in Europe have substantially increased in the 
last 100 years. 

Introduction 

The dominant emissions of ammonia in Europe arise from 
agricultural sources, mainly bacterial decomposition of livestock 
wastes (81%) and fertiliser applications [Buijsman et al., 1987]. 
Released to the atmosphere, ammonia can either directly be 
redeposited to the ground or converted to ammonium ions in 
cloud droplets or on aerosol particles. Ammonium ions attached 
to aerosols have a longer atmospheric lifetime than gaseous 
ammonia. They are therefore transported over longer distances 
and are mainly deposited by precipitation scavenging. In Europe, 
no long-term concentration measurements of atmospheric 
ammonia or aerosol ammonium exist and only a few continuous 
short-term deposition data sets are available. An increase in 
ammonium deposition rate was observed for the period 1950 to 
1974 at several sites in Europe and was most pronounced in 
central Europe [Oden, 1976]. Five-year averages of the ammo- 
nium concentration in a Colle Gnifetti ice core showed an in- 

creasing trend over the last 100 years [Wagenbach et al., 1993; 
EUROTRAC, 1993]. In contrast, relatively stable concentrations 
of ammonium were reported in precipitation at Rothamsted, UK, 
over the period 1880 to 1980 [Brimblecombe and Stedman, 
1982]. However, this record is composed of a few data points 
only, and data from 1920 to 1960 are lacking. Emission invento- 
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lies estimate a 50% increase in ammonia emissions over Europe 
between 1950 and 1980 [ApSirnon et al., 1987]. By combining a 
long-range transport model with historical emission inventories, 
a doubling of ammonium in precipitation in Europe between 
1870 and 1980 was assessed [Asrnan et al., 1988]. 

Continuous long-term deposition records can be gained from 
ice archives, i.e. from polar ice sheets and glaciers. High resolu- 
tion ammonium measurements from a Greenland ice core showed 

no overall anthropogenic increase over the last 300 years 
[Mayewski et al., 1993; Fuhrer et al., 1996]. Spikes of ammo- 
nium measured in cores from different sites in Greenland have 

been attributed to biomass burning events [Whitlow et al., 1994; 
Taylor et al., 1996; Legrand et al., 1992]. However, the main 
source area for ammonium deposited on the Central Greenland 
ice sheet is considered to be northern North America [Fuhrer et 
al., 1996]. In contrast, records from glaciers in the Alps are 
suitable for the reconstruction of a European emission history 
[Oeschger et al., 1977; Schotterer et al., 1985; Wagenbach, 
1889; Maupetit et al., 1995]. The prerequisite of conservation of 
the analyte over extended time periods, i.e. the absence of deep 
meltwater percolation, is, however, fulfilled by a few cold high- 
altitude glaciers only. 

Experimental and Dating of the Ice Core 

The ammonium record was reconstructed from a 109 m ice 

core electromechanically drilled close to bedrock in 1982 on the 
glacier saddle Colle Gnifetti, Monte Rosa massif, 4450 a a.s.l., 
Switzerland. Details of the site and the glacio-chemical studies 
previously performed there are given elsewhere [Oeschger et al., 
1977; Schotterer et al., 1985; Wagenbach, 1989; DOscher et al., 
1995; Haeberli et al., 1983]. Core sections of 0.5 to 0.9 m length 
with a diameter of 7.5 cm were sealed at the site in polyethylene 
bags and kept frozen at -30 øC until the processing started in 
1993. The outer part of the core was removed mechanically at 
-10 øC to reduce surface contamination and 2.5 to 5 cm samples 
were analysed by ion chromatography [DOscher et al., 1995]. 
Dating of the ice core was performed using distinct stratigraphic 
markers such as historically known Saharan dust events in 
1901/02, 1936/37 and 1977 (identified by yellowish layers 
accompanied by high concentrations of calcium), the atomic 
bomb horizon in 1963 (identified by tritium measurements) and 
volcanic eruptions (identified by high sulphate concentrations 
accompanied by high sulphate to calcium ratios) [DOscher et al., 
1995; 1996]. For the volcanoes, the time of eruption was used 
(1912: Katmai, Alaska, 1883: Krakatau, Indonesia, 1815: Tam- 
bora, Indonesia, 1783: Laki, Iceland; from Bradley and Jones 
[1992]). In order to obtain a continuous time scale the time 
markers were used to fit the accumulation rate of a simplified ice 
flow model allowing for thinning of the ice [Johnsen et al., 
1972]. The resulting time scale was corroborated by continuous 
measurements of 2•øPb (until !900) and by a three-dimensional 
ice flow model [Wagner, 1994]. 
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Figure la. Ammonium concentrations in an alpine ice core 
covering the time period 1780 to 1980. Stratigraphic markers 
used for dating such as historically known Saharan dust events in 
1901/02, 1936/37 and 1977 (dashed arrows), the atomic bomb 
horizon in 1963 (open arrow) and volcanic eruptions (solid 
arrows) [DOscher et al., 1995; DOscher et al., in preparation] are 
indicated. 

Results and Discussion 

In the present work, the ammonium record consisted of a total 
of 1308 samples and is displayed in Fig. l a. Large concentration 
fluctuations are observed which we attribute to seasonal effects. 

This is illustrated in Fig. 1 b by magnification of the record cover- 
ing the time period 1963 to 1977. Extremely low and high 
ammonium concentrations represent winter and summer snow, 
respectively. This strong seasonality is typical for aerosol related 
species in the atmosphere or in snow at high-alpine sites. In 
summer, polluted air from the planetary boundary layer is trans- 
ported up to these high altitudes by convection, whereas in win- 
ter, the strong atmospheric stability prevents this transport. 
Hence, in the winter high-alpine sites experience free 
tropospheric conditions. The result is a summer to winter ratio of 
the aerosol concentration of about ten [Baltensperger et al., 
1991]. The concentration of the aerosol species in snow reflects 
the pronounced seasonality of the atmospheric aerosol concen- 
tration. In the case of ammonium, the seasonality due to atmos- 
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Figure lb, Magnification of a 5 m part of the record for a depth 
range between 2 to 8 m water equivalent. The two time markers 
1977 and 1963 define the period. The annual layer counting 
method is illustrated by triangles indicating the identified 
ammonium summer maxima. The dashed line represents the 
ammonium concentration in winter snow (0.01 mg/l) defined as 
5th percentile (see also Fig. 3). 

pheric transport is augmented by the seasonal variation of the 
emissions, because the agricultural activities from which ammo- 
nia is principally derived are maximal in summer. 

In contrast to the Greenland ice sheet, where ammonium 

spikes are indicative for biomass burning events (see above), 
high concentrations of ammonium at Colle Gnifetti in the period 
from about 1900 to 1980 are accompanied by high concencen- 
trations of sulphate and nitrate, which points to an anthropogenic 
origin [DOscher et al., 1996]. In preindustrial times, a correlation 
was observed only between ammonium and nitrate, possibly 
indicating that the contribution of the biomass burning source 
was more important. However, future research is needed to 
corroborate these findings, including the analysis of complemen- 
tary tracers of biomass burning. 

An additional feature of the data is illustrated by Fig. lb: The 
observed net accumulation rate of 0.3 - 0.4 m y'• water equivalent 
is low. This value represents only a small fraction of the esti- 
mated total precipitation rate at this altitude. The deficit is caused 
by wind erosion of fresh snow at the exposed glacier saddle, 
preferentially removing most of the winter precipitation 
[Maupetit et al., 1995; DOscher et al., 1995]. The observed con- 
centration minima are in agreement with average winter snow 
values determined at Col du Dome in the Mont Blanc area (about 
0.02 mg/l, [Maupetit et al., 1995]). The fact that these winter 
snow values could be identified is of importance in a different 
context: It indicates that contamination of the firn and ice, which 

could have occurred during storage of the core for several years, 
was negligible. 

Fig. 2 shows ten-year average ammonium concentrations for 
the period 1780 to 1980. Concentrations increased by a factor of 
about three between 1870 and 1980. Our results are in agreement 
with five-year averages for the period 1880 to 1980, which were 
obtained from an ice core drilled at the northern slope of Colle 
Gnifetti [Wagenbach et'al., 1993]. Simultaneous to the increase 
of ammonium at about 1870, the upward trend of the sulphate 
concentrations began (see Fig. 3b, for details we refer to D6scher 
et al. [1995]). This may indicate that the increase of ammonium 
is rather caused by an enhanced conversion of ammonia into 
aerosolborne ammonium due elevated concentrations of sul- 
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Figure 2. Ten-year average ammonium concentrations for the 
period 1780 to 1980 (solid line; n varied between 42 and 96). In 
addition, anthropogenic ammonia emissions from animal manure 
and application and production of fertilisers in Europe estimated 
for the period 1870 to 1980 are shown (dashed line, adopted 
from Asman et al. [ 1988]). 
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Figure 3a. Box plots for five different 20-year periods. The 5th, 
25th, 75th, and 95th percen-tiles of the natural logarithm of the 
ammonium concentrations are shown as well as the median. The 

numbers of observations for each period were n=179, 163, 113, 
91, 115, respectively (from left to fight). 

over the time period investigated. This fact is illustrated in Fig. 
3a for five different 20-year periods. The 5th percentile remained 
constant at about 0.01 mg/l, whereas the 95th percentile reflects 
the observed increase. In the case of sulphate (Fig. 3b, data from 
D6scher et al. [ 1995]) the corresponding 5th and 95th percentiles 
showed a similar trend indicating that anthropogenic emissions 
also influence winter snow. In winter, when emissions of SO 2 
peak and the photochemical conversion to sulphate is slow, the 
lifetime of SO 2 is significantly longer compared to that of NH 3. 
Gaseous SO 2 has a remarkably higher diffusion coefficient than 
aerosol particles resulting in considerable exchange of SO 2 
between the planetary boundary layer and the free troposphere. 
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phuric acid aerosol than by a change of the ammonia emissions. 
However, between 1900 and 1980 the molar ratio of ammonium 

to sulphate decreased significantly, which we interpret by a 
steeper increase of the emissions of SO: than those of NH3. The 
excess of sulphate suggests that the conversion of ammonia into 
ammonium was maximal. Thus, we assume that from the begin- 
ning of this century the ammonium concentrations at Colle 
Gnifetti are representative for emissions of ammonia in Europe. 
Superimposed in Fig. 2, emissions estimated from livestock 
statistics for Europe are shown for the period 1870 to 1980 (data 
from Asman et al. [1988]), suggesting an increase by a factor of 
two. We adjusted the recent emission estimates to the 1970-1980 
concentration level. The agreement between the trend in our 
measurements and in the estimated emissions is reasonable. 

However, the historical emissions seem to be slightly overesti- 
mated, possibly due to uncertainties in past livestock data. We 
conclude that the concentration level of about 0.035 mg/l in the 
19th century represents a natural background. This record offers 
the unique potential to determine historical emissions from 
measured data and to calculate historical depositions. We are 
aware that a quantitative interpretation of a concentration record 
with respect to emissions presumes that the general atmospheric 
transport pattern as well as the scavenging processes remained 
unchanged during the considered period of time. 

In contrast to other anthropogenic species like sulphate and 
nitrate [DSscher et aL, 1995]., those ammonium concentrations 
associated with winter snow did not show an increasing trend 

2 [mg/l] 

I 2.72 x x 

0 1.00 x 

x 
•. -1 0.37 95 th 

_.c -2 0.14 75 th 
50 th 

-3 0.050 25 th 
x 5th 

-4 0.018 x 

1960-1980 1920-1940 1880-1900 1820-1840 1780-1800 

Figure 3b. Same as Fig. 3a, but for sulphate concentrations 
(from DOscher et al. [ 1995]). 
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