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THE CHEMICAL NATURE OF ACID PRECIPITATION OVER EUROPE

R. SEQUEIRA
Institute of Atmospheric FPhysics, University of Arizona, Tucson, AZ 85721, USA.

ABSTRACT

A detailed analysis of the chemical data on wet precipitation for 16 European stations, for the
period 1977-1980, was undertaken. The combined pattern of correlation coefficients and the
stoichiometric ratios of important chemical species were employed in the interpretation.
Trace-to-slight weighted average free acid levels (pH = 5.8-4.7) are found south of about 47°N,
with the exception of northern Italy. The main acid-neutralizer in this region is alkaline calcium.
Moderate or rather high free acid contents (pH = 4.5-4.2) exist north of this latitude wher¢ the
predominant alkali, ammonia, partially neutralizes sulfur acids. The acid precipitation
occurring between 47° and S5°N appears to be associated with the acidic sulfates of ammonium
(probably the bisulfate) and/or sulfuric acid. Any role of nitric acid is apparent only to the north

of 35°N.

INTRODUCTION

cm precipitation has been assumed to be

associated, for the most part, with sulfuric
and nitric acids!. However, ammonia, alkaline
calcium, and sea-salt particles could all react with
these strong acids, forming (NH,),SO,% acidic
sulfates of ammonium, ASA3; NH,NO;*%; CaSO%:
and HCI"®. Among these, only HCl is a strong
mineral acid, while ammonium bisulfate, NH,HSO,,
which represents the acid in both ASA, 1s of lesser
but considerable strength with a pK, value of ~ 1.9
for the HSOj; ion.

Since continental Europe is a major source of SO,
and NH,,?? it is of interest to study the precipitation
chemistry of the region. The WMO BAPMoN,
which operates a rather dense international pre-
cipitation network over Europe, was selected as a
source for the data. This paper summanzes the
results obtained through an elaborate analysis of
data for 16 stations that collect exclusively wet
precipitation. The time period covered is 1977-1980.
A more detailed version of this paper is also
available!©.

LIST OF STATIONS

The stations selected are shown in figure 1. In
order to facilitate the discussion of results, they are
grouped as follows: region I (south of 47°N):
Gourdon (Gn), Kecskemet (Kt), Lazaropole (Lz),
Puntijarka (Pj), Trapani Birgi (Ir) and Verona
(Va); region II (47°N-55°N): Abbeville (Ab), Cho-
pok (Ch), Langenbrugge {L.n), Schauinsland (Sd),

Suwalki (Sk), and Witteween (Wt); region III
(north of 55°N): Bredkalen (BX), Dumfries (Df),
Faero Islands (FI), and Jokioinen {Jk).

DATA SCREENING AND VALIDATION

The overall quality of the data was evaluated
through the cation-to-anion ratio (I) and the calcu-
lated-to-measured conductivity ratio (k). Correct-
able errors were located using these ratios in
conjunction with superposition of control charts for
various 1ons or their ratios. Occasionally, errors in
placement of the decimal point were located,
coifirmed and corrected. On the other hand,
incorrectable data showing large errors were ex-
cluded in further treatment. The analyst/reporter
was given the benefit of the doubt in the following
special circumstance: pH=6;1 >1; k<1 (in-
cluding the contributions to the /- and k-ratio values
of [HCQ3] deduced from pH), thus allowing for the
possible presence of other unreported ions, e.g.
phosphates, borates, fluoride and organic 10ns.

Stations reporting sulfate, nitrate, and ammonium
ion concenirations in the form of $SO;~, NO3, and
NH{ (radicals) were carefully identified, and the
same data were converted to the S, N and N form.
In the following text, usable data for 14 of the 16
stations which reveal satisfactory-to-good quality
are treated.

SEA SALT CORRECTION

The non-sea salt (NSS) components of the SO
and Ca?* species were determined in the usual
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Figure 1. Selected BAPMoN stations over Europe. Figures in parantheses are, respectively, the percentage
of samples with pH = 5, and the volume-weighted mean pH (pH).

manner’, taking care to interchange the multiplica-
tion factors in equations (3) and (4) in the above
paper, which were interchanged inadvertently.
When the NSS fraction (as a per cent of the total ion
concentration reported) exceeded 90%, the above
correction was considered unnecessary. A signifi-
cant number of stations belong to this category. A
general formula for calculating the NSS fraction 1s:

/N t
M(NSS%) = {1-—--(M ) (sea wa erTx 100.
(M/Na) (reported)

where M Is any major sea salt constituent other than
Na.

DATA ANALYSIS

After screemng and validation of the data, and
muking necessary sea salt corrections for SO§™ and
Ca’* ions, the mass or chemical equivalent concent-
rations of HY, NH}, NSS-Ca’*, NOj3, and NSS-
SO, were utilized in the analysis. The product-
moment correlation, r(X,Y), and the ratio of means
of chemical equivalents, [Y/X] (where X and Y
constiute, entirely or partially the relevant cation
and anion, respectively), were determined. The
temporal persistence of the r-values was checked,
employing “running correlations,” RC, for the time
periods 1977, 1977-78, 1977-79, ctc. The RC values
significant at the 0.01 leve! of confidence were

earmarked. These RCs reinforce interpretations and
conclusions. For convenience, #{(NHY - SO7), r(H*

SO%) and r(H* - NO3) will henceforth be referred
to as (A-S), (H-S) and (H-N), respectively. Only the
final or terminal RCs are presented here, e.g.,
1977-80, while their overall features are summa-
rized collectively.

RESULTS AND DISCUSSION

The important results obtained are presented in
table 1, and figures 1 and 2, and are discussed
below. Due to the smail sample size for the pH =< §
category, table 1 does not contain results for either
Trapani Birgi or Lazaropole.

Region 1. With the exception of Verona in
northern Italy, this region generally receives low-to-
neghgible volume-weighted average free acidity
(pl1 = 4.7 —3.8), as scen in figure 1, where the first
number 1n parantheses i1s the percentage of samples
withpH = 5,N (51), and the second number is the
pH referred to above. Ignoring Verona, the N(5 ] ),
which s the lowest at 3% for Trapani Birg,
increases systematically towards the north. This
station and others in the region revealed frequent
and large anion dcficits for precipitation with
pH > 5. The [UHCO7] calculated from pll
accounted, partly or fully, for these deficits. The
role of alkaline Ca®* in neutralization is demons-
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Table 1 Coefficient of correlations, {X.,Y) and rano of means, {Y/X], for European wet precipitation with pH < 5

Region ANH;-SO7)  [SO;/NHJ]  AH*-SOI [SOi7H*]  r(H*-NOy)  [NO,;/H*]
Region |
Gourdon 0.27 {(21) 2.39 0.20 (21) 2.46 —0.06 (21) 0.62
Verona 0.63°(33) 0.83 0.16 (33) 0.90 -0.05 (34) 0.65
Kecskemet —0.09 (24) 1.08 -0.4]1 (23) 4.17 0.38 (24) 1.32
0.46° 0.3
Region 11
Abbevile 0.64%(35) 2.37 (0.44*(35) 2.84 0.21 (35) 0.87
Witteween’ 0.93*(32) 1.32 0.27 (31) 2.67 0.27 (31) 1.19
Langenbrugge 0.87°(42) 1.73 —~0.16 (44) 1.82 —-0.06 (47) 0.98
Schauinsland 0.69*(45) 2.59 0.72*(45) 1.56 0.39 (48) 0.59
Suwalki 0.75*(40) 1.71 0.40*(40) 3.50 0.36 (40) 1.31
Chopok 0.80°(46) 1.98 0.20 (46) 2.46 0.22 (46) 0.69
Region I
Dumfries® 0.74°(23) 1.58 0.50 (23) 1.44 0.60*(23) 1.95
Faero Islands 0.68*(36) 10.30 0.89*(37) 1.11 0.44*(37) 0.49
Bredkalen 0.72%(29) 4.38 0.13 (29) 2.65 0.44 (29) 0.86
Jokioinen 0.45*(39) 2.30 0.41%(39) 1.91 0.62*(39) 0.68

The period of data covered is 1977-1980, with the exceptions indicated by the superscripts a (1977-1979) and
b {1978-1980). The superscript ¢ refers to ratio values if radical-concentrations were reported. Square brackets 1adicate
use of ionic equivalent concentrations. The numbers in parantheses show sample sizes. SO represents the non-sea salt
portion. Correlations with an‘asterisk indicate significance at the 0.01 level of confidence.

trated by the foliowing interesting set of RC values
of {Ca’t - H*) for samples with.pH > 5 whose
sample size is indicated by N(5 1 ). The periods in
order are: 1977, 1977-78, 1978-79 and 1977-80. The

results are:

Trapani Birgi: —0.56, —0.52, —0.56,
—0.52* N(5 1) = 36,

Gourdon: —0.85, —0.44, —0.56, —0.48,
N{51) = 20.

Larger values of the RCs were not expected because
the CaZ* vs H* relation is a nonlinear one” and the
probable arid, calcareous dust transport'” does not
occur throughout the year.

Region II. The percentage of N(5] } is quite large
at all stations east of S°E, i.e. for five of the six
members (figure 1). The results in table 1 and figure
2 might, at first glance, tempt one to believe that the
ASA—especially NHHSO,—are the main acids.
However, a predominant contribution to the free
[H*] from the ASA, vis-a-vis the HSOj dissociation,
would also require (among other constraints), statis-

tically significant (H.S) values in tandem with the
(A.S). Thus, a major contribution to free acidity by
the ASA is possible only in the case of Abbevilie.

100

Significant Correfations (% Total)

Region{ll

Figure 2. Percentage of “running correlations,”
RC, significant at the 0.01 level. The total in the
ordinate refers only to the fraction of significant
correlation coefficients for a given cation-anion

(X-Y) pair.

Region [
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Schauinsland and Suwalki. Unneutralized H,SO,
must be considered as the major acidifier at the
remaining three locations, despite the poor (H.S)
value. This is reasonable as long as HNO; is
unimportant; the lSOz‘INHI | ratio value is well
over 1.0; and [SO3/H™] > 1.0 (cf. table 1). Such
ratios for region II would then suggest that a
significant fraction of the NSS-SOj3  is associated
with neutral (NH,;),SO4, which suppresses the (H.S)
and simultaneously yields an artifact {SOF/NHZ)
ratio that appears to correspond to one of the ASA.

Region llI. Although the pattern of r-values in
table 1 1s confusing, a brief discussion on the
individual stations in this region is possible and is
offered below.

(a) Bredkalen, Sweden. The pH = 4.84 is anoma-
lously low for a typical Swedish station. Frequently,
large concentrations of Ca®** were reported. The
Ca®* appeared to have been present originally as a
mixture of CaCO; and some neutral species, most
likely CaSO, [since r(Ca’* - HY), was found to be
weak but negative in sign for the most part'’].
Anthropogenic sources, such as aenal liming of acid
lakes, quarry operations, etc., may be responsible
for such Ca?* levels. However, for samples with
pH = 5, unneutralized H,SO4 could be the main
acid, according to the arguments just presented for
region I1. The role of HNQ;, if any, may be much
less important than that of H,$0,, since none of the
RCs for (H.N) were found to be statistically
significant ',

(b) Dumfries, Scotland. The individual RCs for
(H.N) were found to be most persistent despite the
presence of a considerable fraction of non-acidic
nitrate (NO3/H™* = 1.95), on the average, suggest-
ing a primary role of HNO; (cf. table 1).

(¢) Faero Islands, N. Atlantic. Although all the
correlations presented in table 1 are significant, the
stoichiometric ratios support the role of H;SO, as the
predominant acid. Further, all four RCs obtained
for (H.S) were uvniformly high and significant'”.

(d) Jokioinen, Finland. Unlike Bredkalen, fairly
high free acidity (piH = 4.36) 185 present at
Jokioinen. The overall correlations in table 1 and
other available information (not presented here) do
not suggest a dominance of one acid over the other.

el —
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In short, the present data are insufficient for
making general conclusions on acid precipitation
chemistry to the north of 55°N, except that there is
evidence of considerable importance of HNQO; in
acidification 1n some cases. More data from the
United Kingdom, Scandinavia, and their adjacent
seas are needed for such an assessment,

ACKNOWLEDGEMENTS

This research was made possible through the
support of Dr William Sellers. Along with him, I
also thank Dr George Dawson for review of this
manuscript and for several useful discussions. The
data were provided by EPA, Statistical and Technic-
al Analysis Branch. The figures were sketched by
Jim Abbott, and the final manuscript was edited by
Margaret Sanderson Rae, to whom I am grateful.
This work was supported by the National Science
Foundation under Grant ATM-8203509.

27 November 1986

1.

2.

Naa

© 00

10,

- e

Chameides, W. L. and Davis, D. D., /.
Geophys. Res., 1982, 87, 4863.
Junge, C., E., Air chemistry and radioactivity,

Academic Press, New York, 1963, p. 382.

. Brosset, C., Andreasson K. and Ferm, M.,

Atmos. Environ., 1975, 9, 631.

. Doyle, C. J., Tuazon, E. C., Graham, R. A,

Mischke, T. M., Winer A. M. and Pitts, J. N,
Environ. Sci. and Tech., 1979, 13, 1416.
Sequeira, R., Geophys. Res. Letr., 1981, 8, 147.
Kasina, S., Atmos. Environ., 1980, 14, 1217.
Robbins, R. C., Cadle, R. D., and Eckhart, D.
L., J. Meteorol., 1959, 16, 53.

Eriksson, E., Tellus, 1960, 12, 63.

Georgii, H-W., Review of the chemical composi-
tion of precipitation as measured by WMO
BAPMoN, World Meteorological Organization,
Gensva, 1982, p. 14.

Sequeira, R., The apparent chemical nature of
acid precipitation over Europe, Technical Re-
port No. 25, UA-IAP-TR-86-25, Institute of
Atmospheric Physics, University of Anzona,
Tucson, Arizona, 1986, p. 37



