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" PREFACE

This is a preliminary report of the results from
the 100-days period of extensive measurements at
ground sampling stations in Denmark. Finland,
Norway and Sweden. The results have not been fully
evaluated and commented, this report is therefore
distributed only as information material for the
LRTAP-project,
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THE CONCENTRATION OF WATERSOLUBLE
COMPONENTS IN PRECIPITATION AND
AIRBORNE PARTICULATE MATTER

INTRODUCTION

Anthropogenic emissions of sulphur dioxide is the main cause
of the acid precipitation in Scandinavia. Sulphur dioxide iﬁ‘
the atmosphere may react and interact with other substances
which are present in the atmosphere, and precipitation
scavenging of sulphur dioxide and sulphate particles is
closely connected with rainout of other species. It is there-
fore of interest to compare the chemical cbmposition of
aerosol and precipitation samples to obtain more information

on atmospheric reactions and precipitation processes.

With support from NORDFORSK, extensive studies have been
undertaken at the pilot station R&d by C. Brosset and IVL
in Gothenburg, and the aerosol sampling equipment developed

was suitable for analysis of several components.

At the 10th meeting of NORDFORSK's study group for the in-
vestigation ©of the agidificstion of preeipitation, im _
Helsinki, 19th November 1972, it was suggested that a pilot
measurement programme should be carried out within the '
NORDFORSK-project. The purpose of this exercise was to see
that the sampling and analysis methods were reliable, and
that the results obtained were of value in connection with
a meteorological interpretation. It was suggested that a
minimum of 30-50 samples would be necessary, and a sampling
pericd of 100 days was deeided in erder 5o ensure I Feagon-

able balance between high and low air concentratioms.



In addition to sulphate and strong acid in the aerosol and

in precipitation, the following components were named as
essential: ammonium, nitrate, chloride, calcium, sodium and
iron. In addition, total suspended particulates were recorded,
and supplementary chemical analysis were carried out by

several of the laboratories.

This report is a collection and summary of the measurement
Jdata. Some statistical analysis of data have been carried

out and the meteorological conditions are commented for
periods with high air concentrations. The measurement results
at Ra6 during the episodes and have been commented by Brosset
Ly 2, '

SAMPLING AND CHEMICAL ANALYSIS

The aerosol sampling equipment constructed at Rao was dupli-
cated by the Norwegian Institute for Air Research and in-
stalled at the sampling site Birkenes in southern Norway.

This egquipment has & fan-Lype pumnp capable of drawing 2-3000 m?
of air per 24 hours, thrcugh the filter, a 142 mm diameter
Gelman Acropor AB 5000. Because of the air flow, the cylindrical
air intake will admit particles up to 60 p diameter (approxi-
mately). At Keldsnor in Denmark, a LIB~type sampling apparatus
was used, and at Jokioinen ih Finland a LIB-sampler and a

.Staplex high-volume sampler were used alternatively.

After sampling the filters were folded placed in a tight poly-
ethylene bag and sent to the respective laboratories for

chemical analysis.

After weighing, the filters were leached with 200 ml of
water at 22°C. The leaching solution was analysed for the

following components by recommended methods:



H+—gtrong acids: by Gran's plot titration according to
Agkne and Brogset (3) ofF LRTAP-5/71,

SO, by the barium perchlorate-thorin spectro-
photometric method according to LRTAP-4/71.

NO; by reduction to nitrate and coupling
(the Griess method)- according to re-
commended water analysis methods (4, 5).

NHL,+ by the indophenol blue method after a

procedure adopted by NORDFORSK's working
group for water analysis methods (6, 7).

Other components were determined by standaré physico-chemi-
@zl mesnsds. In addition, Eilters fxom Keldsno® wers analysea
by proton-induced x-ray-fluorescence for a number of ele-
nents,

[

]

The Gelman Acropor filter was selected becatse of excellent
strength and good chemical properties. The filter material
adsorbs or neutrializes only a small amount of the strong
acid in the samples, under the leaching conditions speci- .

fied this adsorbtion amounts to 2-5 pequivalents per filter.

In addition, the concentration of iron (III)-ions were deter-
mined because the first two protolysis steps of Fe3+ are
included in the titration value for strong acid (3).

In order to investigate the reproducibility~of the chemical
analysis, 25 filters from Rad were cut in halves ana ana-
lysed separately at IVL and at NILU. Good agreement was ob- ;
tained, partigularly for ammonium, nitrate and sulphate.

For strong acid a systematic difference was found amounting

to about 5 umol H+ per half-filter.

Only one of the samples was high in particulate strong acid.
The two laboratories' results for this sample were 44.7 and

41.1 umol, respectively.



For the sampling of preciplitation, a special precipitation
sampling apparatus developed by J. Morkowski at the Eidge-
nossische Materialprufungsanstalt (EMPA) in Zirich, was
used at Rad® and Birkenes. A diagram of this equipment is
shown in figure 2. The 1id is controlled by a precipitation
sensor and stays open after the last rain experienced.

The maximum sampling duration in a single precipitation
period was initially set to 6 hours, but this had to be
changed to 3 hours in order to avoid overflow in the sample
collection bottles. A clock and printer records opening and
closing of the lid and changing of sample bottles. Chemical
afialyslis of the precipitaticon samples were perférned Ly the

same methods as for the aerosol samplés.

Results

The four countries Denmark, Finland, Norway and Sweden have
reported results from aerosol and precipitation samples
collected between March and October 1973. Copies of the
results are presented in Appendix 1. The stations where

the samples are collected are Keldsnor (DK 5), Birkenes
(NO1), R&O (S02) and Jokioinen (SF2).

Only a few precipitation samples are received from Keldsnor,
consequently a comparison of precipitation and air data

baised unpeon meahn cencdentraFions is ot possible.
The aerosol data received from RA0 are picked out to cover
episodes, mean aerosol concentrations from the period are

then estimated.

A general view over the data collected is given in Table I.



RELATIONSHIP BETWEEN AIR AND PRECIPITATION COMPOSITION
DURING SHORT PERIODS WITH HIGH CONCENTRATIONS

Diiting the peticd May = August 1973 the number ¢f da&ys with
precipitation is approximately 55 for all four stations.

Air and precipitation samples analysed for sﬁrong asiid., Zul-
phate ammonium and nitrate, and with high concentrations of
at lsast one of these components are piesented im Elgures

3-6 as "short periods". The values of the sulphate concen-
trations are shown as reported and no subsequent corrections
for sea spray have been carried out. The units are neq/m?

and peq/l. When the relative humidity in the air increases
the larger particles will serve as condensation nuclei for A
cloud droplets. Assuming a near complete rainout and a water
content in rainclouds of 1 g/m?®, the concentration of a
Gomponent &f an aeroscl ekpressed in neq/m® will be the

same as the concentration of that component in precipitation
expressed in peq/l. The expression relative equal concen-
trations therefore apply to this situation. Evidently several
important factors are not taken into account in this simpli-

fied picture.

The efficiency of rainout may be dependent ém the amount of
precipitation and the precipitation intensity. There may
also be a washout of aerosols under the rainforming layer.
Contribution from this process is probably dependent

upon the intensity of precipitation.

The aerosol concentration may be different from one atmos-
pherical layer to the other, and the concentrations deter-
mined at the ground are not necessarily representative for.

the concentrations in the rainforming levels.

Uptake of gases as sulphur dioxide, ammonia and nitrogen
oxides is possible when the drops are not saturated with the
particular gas. It is known that a absorption of sulphur

dioxide in cloud droplets may be followed by an oxidation



B sulpaate When whe pH 18 nos too low (PH b 2) (8).

Ammonia is expected to be readily dissolved in acid rain
due to its alkalinity. Absorption of nitrogen dioxide may
be followed by @@ oxidation with ezew, afd & hEydiratisn 1R

the drop, resulting in nitric acid.

Evaporation of water from the raindrops as they ap@e fallisng
thEeugh the atmosphiere May als® oGdures, this process reswli=

ing in a concentration of the pollutants present.

The two periods presented from Keldsnor, 29th June and lst
Septamber, presented in Eigure 3, are characterized by Fela-
tively larger sulphaﬁe cencefitrations dn &y tham iw preci-
pitation. The strong acid concentrations in air &nd preci-
pitation are almost equal. The sodium concentrations in preci-
pitation are extreme, the lst September the concentration

in air is also very large.

The large amount of sodium in precipitation 29th June is
probably due to seaspray in the sampler. The tra ectories

both days show strong winds from the North Sea.

The high concentration of ammonium in air at Keldsnor is

probably due to local agricultural activities.

The difference between sodium in air and precipitation is
smaller the lst September. The low concentration of sulphate
in precipitation may be due to a lower concentration in the
rainforming levels than at the ground. This effect probably
also have to be considered 29th June to explain the dif-

ference between the air and the precipitation concentrations.

The periods from Jokioinen are presented in figure 4. While
the last measurement pericd from Jokioimen, presented on

18th August, shows a relative larger sulphate concentration
R d0F £hEm dh Pprecipifaitien, ‘the ©pposite i# the situatien

on the 28th June and the 18th July. All samples presented



show a relatively higher concentration of strong acid in
precipitation than in air. With sulphur dioxide in and i
below the rainforming layers a scavenging of the gaseous
sulphur dioxide may be expected, and consequently an
increase of the strong acid and sulphate concentrations in
the precipitation relatively to thé air may take placse. The
acid may partly be neutralized by gaseocus ammonia, if

present.

The aerosol samples have not been analysed for ammoniﬁm.
Due to the low sulphate concentrations the 28th June and
the 18th July, and assuming a low nitrate concentrationm,

it may be expected to be low these days. Particularly the
28th June a considerable amount of sulphur dioxide may have
Béenm aigeribead by ths dfcplelnss Tha large lhercaes LI SErcng
acid and ammonium concentrations in precipitation relative
e a1 Lokl Mighet e A fficult 6 Snplaim,

The three periods presented from Birkenes (figure 5) are 20th-
22nd April, 30th May and 26th June. All periods have in
comméd & comparatively lagges cofcenERation 6f nNitraks 1R

precipitation than in air.

A washout/rainout of nitrogen oxides may be considered in

this periods. This may increase ‘the cefhicerit¥ation of &Strong
acid and also the ammonium concentration in precipitation,

if ammonia is present. An evaporation of raindrops should.
increase concentration of other components as for instance
magnesium, this is not the case. A washout/rainout of nitrogen
oxides and sulphur dioxide may explain the results obtained

these periods.

The results 26th June may be caused by a lower concentration
of pollutantg at the ralnfeorming levels than at the ground. |
Since the nitrate and the sum of ammonium and strong acid
concentrations in precipitation increase relatively to air,

a washout/rainout of nitrogen oxides should also be considered.



The three periods presented from Rad¢ (figure 6) are 3rd- A
6th August, 19th September and 20th September. The suléhate
concentrations in air and precipitation are relatively

equal the two first periods, larger in precipitation the
last period. The periods 3rd-6th August and 19th September
are farther ¢haracterized by relatively lower gonceniErakiens
of ammonium and higher concentrations of strong acid in

precipitation than in air.

The sodium concentration in air is large 3rd-6th August in-

dicating a large chloride concentration. The low strong

acid concentration in air is probably caused by interaction

between acid particles and sodium chléride particles on the

filter. Hydrogen chloride gas will escaﬁe througn the filter

and consequently reduce the strong acid content.

The last period 20th September a washout/rainout of sulphur
dioxide may be a more dominant factor than in the preceeding
two periods.

Generally the number of processes determining the relation-
ship between the concentrations of the different componénts
in air and precipitation is large and the overall picture

is complex. The absorption of sulphur dioxide in raindrops
seems, however, to be a factor contributing to the acidi-
fication of rain. Differences in concentrations at different
atmospherical layers also seem to be an important factor,

which has to be considered to explain the results.

AVERAGE CONCENTRATION DATA AND RELATIONSHIP BETWEEN
AIR AND PRECIPITATION CONCENTRATIONS

Figure 13 presents the mean concentrations of the reported

aerosol components expressed in neq/m®.



Since the aerosol samples from RA0 are from selected filters
the obtained mean values may not be representative for the
period. A simple estimation of mean values for the period
was obtained by talking the ratic betwesn LRTEP &nd the hilgh-
volume sulphats means and then multiplying each mean valué

with this factor.

The mean asroscol oncantrations presented inm fligure 13 has

a close resemblance to those obtained during the OECD 45-

daye advanced aampling programme JL5th PFPebruary — 3lst March,
1974. Birkenes and Rad have relatively large concentrations

of sodium, these may be assumed to be approrimately equal to

the chloride coﬁcentrations, which are not determined. As seen
from the short periods presented the sum of the ammonium and the
strong acid concentrations generally approximates the sum of the
sulphaﬁe and nitrate concentrations, this is also seen from the
mean values presented. The nitrate concentretion measured at
Keldsnor is considerably lower than that messured during the

CECD 45-days programme.

The washout ratios in units 10? kg air/kg rsin, based upon
mean concentrations from the periods, are presented in Table
II. The washout ratios of a component is defined as (concen-
tration/kg rain)/(concentration/kg air) and gives information
about the scavenging of the different species present in and
below the rainforming levels. Following the approximations
and discussions from the short periods a cloud water content
of 1 g/m®, a complete rainout should correspond to 13x102.
Whesn the ratio is sigmificantly larger thamn this other seffects
must contribute. A rainout/washout of sulphur dioxide should
increase both the strong acid ratio and also the sulphate

washout ratio.

As also seen from the OECD 45-days programme 15th February -
31lst March the washout ratio for nitrate is very large.
Thig may be due 4o 3 wasgheout of nitrosen eoxides and corye—

sponds to the high strcng acid washout ratio.



CORRELATION AND REGRESSION ANALYSIS OF PRECIPITATION DATA

The'components determined in the precipitation samples have
been correlated by a simple correlation analysis and the
results are presented in Tables III - VIII. Since generally
components as the strong acid, sulphate, ammonia and nitrate
are determined more frequently than other components, one
maktrix of eorypelation coefficients with a large sanple size
and a second, compléete with all components, with a smaller

sample size are presented in the tables.

The tables show that the NH4+/H+ ceeffigientd gemerally ane
lower than the SOqz_/NHq+ and the SOL,Z_/H+ goreelgiticmh

coefficients. This is probably due to a similar tendency in
the time variations of the sulphate and ammonia concen-

trations, and the sulphate and strong acid concentrations,
and the laszt trend may be egplained as B0.=cxidation result—
ing in sulphate and strong acid. A situation with a large
proportion of ammonium will result in a reduction of the

strong acid concentration. This contributes to an "out
of phase" variation between the ammonium and the strong
acid concentrations and reduces the carreldtien betwaen

these two components.

The high correlation between ammonium and sulphate is not
unexpected. Already Junge and Ryan pointed to the effect of
gaseous ammonia in the formation of sulphates from sulphur
dioxide in the atmosphere (8). Further, ammonium sulphate
particles have a long average redidémce time in the &atnoss=

phere, compared with gaseous ammonia and sulphur dioxide.

T& 19 diffisult €6 Find any aystematic varplaticom im €he
correlations between nitrate and the components ammonium,
sulphate and strong acid. The data from Birkenes (NO1)
shows high correlations between nitrate and strong acid,
and nitrate and sulphate, the corresponding correlation

coefficients obtained from the R3O data (S02) and the



Jokioinen data (SF 2) being quite wvariable. The correlations
between ammonia and nitrate seem, however, to be rather low

at all stations.

Laboratory experiments seem to indicate that wet surfaces

may adsorb intermediates in the NO# - NO; conversion. The
hydration takes place on the surfaces (COX (9)). Aerosols

as ammonium sulphate and ferric oxides are important in this
process at a high relative humidity, particularly so when

the aerosol is a droplet.

The aerosol then serves as a catalyst and the nitrate concen-
tration obtained by this process.will be mainly dependent upon
the concentration of nitrogen dioxide and ozone in the atmosphere
and consequently not correlated with other components to any"

extent.

A number of precipitation samples collected at Birkenes are
analysed for heavy metals. The results show a high corre-
lation between lead and the components sulphate, ammonium and
in particular with nitrate, while iron is generally not
correlated with the other components. The correlations of
zinc with other elements is variable, ranging from 0.4 to
0.7, when iron is not included. The size of the sample is
probably too small to permit any conclusion to be drawn,
since the corresponding data are missing from the other |

stations. . ;

It is interesting to note that the correlation coefficients
between sodium and magnesium is 0.99 at Birkenes indicating
a common source, which obviously is seaspray, while the

corresponding coefficient at Jokioinen is merely 0.01 indi-

eating different sources for sodium and magnesium.

Te investigate thHe possikbility for a grouwping of tle pregi-
pitation data analyséd for strong acid, sulphate, ammonia

and nitwate, the date frem Birkenes, the skation having the



largest number of analysed samples, were plotted in dia-
grams with the concentrations of two components in each

diagram.

For all combinations of the components except ammonium and
nitrate more than one straight line could be drawn in the
diagram indicating episodes with different composition of
the samples. This trend seems to be most pronounced for

the strong acid/sulphate diagram. This diagram is presented
in figure 14, the concentration units being umol/1l.

The sulphate concentrations were corrected for seaspray using
the corresponding sodium concentrations. The composition of

each sample is indicated by a cincle.

A very rough division in sectors centered at Birkenes with
sector borders NW-SW, 1 , SW-SE, 2 , SE-NE, 3 , and NE-NW, 4 ;
were ghosem, dnd each sanple dlassified aocording t6 the =Hec=
tors and trajectories (850 mb, arriving at 12 GMT) computed

48 hours backward. The number in the circle indicates the
sector that the Qind has been sweeping through, two numbkers

in a circle then indicating that the wind has been passing

a sector border line.

In the period available the number of trajectories through
sector 1 is 34, while 12 days has trajectories from sector

3. The remaining samples correspond to trajectories crossing
the sector borders and trajectories from sector 4 and 2,.

wind from sector 2 being most common in this group. In figure
lines corresponding to the composition of the HSO, ion and

" H,S0, are drawn. Only samples analysed for strong acid are
plotted, six samples with pH measurements only are not
included. In the low concentration part of the diagram

several circles are not drawn due to coincidence, or nearly

so, with other circles.

Since the circles corresponding to sector 1 and sector 3

seem tc assemble in different regions of the diagram at



higher concentrations, two lines were fitted the data corre-
sponding to sector 1 and 3, using a least sguare regression.

The regression data are:

95% confi- COxre .

Regression line: e S SR N e Sector
(SO,) = 0.850+(H') .+ 6.00 1,094 | 0.605 | 12 | 0.93
(80,) = 0.448'(H+) S e 065575 [ 10k 340 | 314 64586 il

N is the sample size,

It is seen that the slope of the regression lines are not
significant different from 1.0 and .5 corresponding to the
composition of sulpauric acid and the bisﬁlphate ion. This
nay bes due to a difference in the -ratico ¢f gulphate to
ammonia emitted from different source areas. Trajectories
from the paried March-Séptember are presented in figures
23=&]

Among the results not included in figure 14, one sample,
13¢ Jute, gives 3 point distant fpom the other golmis im
the diagram after calculating the strong acid concentration
from pH. This may be due to contamination of the sample.
The trajectories show that this measurement corresponds to
sector 1. The remaining five measurements are located among

those presented.




MAY EPISODE, 1973

The highest concentrations of acid particles occurred almost
simultaneously at Ra® and Birkenes. The concentration of par-
ticulate strong acid, sulphate and ammonium at Birkenes are
reproduced in figure 12. This episode and the measurement
results from Rad has already been éommented by Brosset (2).
Because of the importance of this episode the meteorologi-
cal conditions during the period are discussed in the follow-

ing.

Local weather

In early summer there is often a shallow layer of stable
air over the cold sea. Local emission sources may be en-
hanced during such periods. If the large scale winds are
weak, as in May 1973, mesoscale circulations will become
more important than usual. In the coastal zone land and

sea breeze transports may be responsible for most of the
dispersion within the shallow stable surface layer (some-
times only a few hundred meter thick). The derivation of
back trajectories will also become rather uncertain because
of the weak winds with mesoscale features. The real winds
may also deviate much from winds derived from the sea-level

pressure distribution, etc, -

In the actual episode there was haze and fog gover Skagerak
on 22nd and 23rd May. During the afternoon of 24th May and
the next day a weak low gave precipitation over most of the
region. The winds were variable, but mostly from the north.
From 26th May on southwesterly winds were blowing until
28th May when the land-sea breeze became dominant near
Gothenburg (NW). On 29th May local winds were mostly north-
easterly. But near noon the land-sea effects had, at many

stations, turned the wind sector to its typical direction.
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Iarge scale transporkt - -patterns

During the days of.20th to 21lst May an extended low was

lying west of France and a southeasterly flow prevailed
from-the Balcah towards Scandinawvia. On 22nd May, Atlantie

air masses from SW-W penetrated towards southern parts of
Scandingvia dnd for the nant week thes 860 mb baek trajec-
tories (4 days) indicated transport from both western Europe
and Secandlinavian sources towards NOL and 80z, On 25th May -

and 26th weak N-NE winds carried relatively clean air to-
wards the two stations. During the three days 26th to 28th
May a high was centered near Denmark. Weak SW-W winds

(850 mb) carried air over the United Kingdom (and the western
part of the continent) towards southern Scardinavia. Figure

11 shows the back trajectories for these four days. The back;
trajectories for 28th to 29th May indicate that the paths

of the N0O1 back trajectories do not pass any significant'
emission source during the four days. But tte calculated

SOy concentrations from the dispersion model for 24th and 25th
May show that the starting points of the N0l back trajectories
(West of Scotland and the central part of the North Sea,. res-
pectively) are lying air in regions with SO, concentrations

of 15-20 ug/m? and SO, concentrations of 30-40 ug/m3®. The cal-
culations indicate therefore that a significant part of the
SO, aerosols on 28th to 29th May were more than four days

@lig.

It might be of interest to see how the Lagrangian model
(Eliassen and Saltbones, (10)) estimates the aerosol con- |
centrationsg of sulphur on filter during the episcde of

27th e 29th May, 1974. The migiweg patlos in grid fommal

are reproduced directly in figures 7-10. The build-up of

the episode concentrations agree reasonably well with the

SO, records given in figure 12.
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TABLES

t—

i

LEEL

N

v

Vi

VII

VIII

Data available March - October 1973.
Washout ratios based on mean values.

Correlation coefficients based upon preci-
pitation data, Birkenes, May - June 1973,
sample gize 16.

Correlation coefficients based upon preci-
pitation data, Birkenes, May - June 1973,
sample size 37. ‘

Correlation coefficients based upon preci-
pitation data, RAS; May = Gatecber 19713,
sample sgize 21, '

Correlation coefficients based upon preci-
pitation data, Rao, May - October 1973,
sample size 58.

Cornelation gecfficients based UEen pPPEeL- -
pitation data, Jokioinen, March - August 1973,
sample size 15.

. Correlation coefficients based upon preci-

pitation data, Jokioinen, March - August 1973,
sample size 27.




FIGURES
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13

14

15-22

23=

High volume air sampler.
Precipitation sampler.

Short periods, mean concentrations in air
angd precipitaticon.

Maogilng ratio ©Ff silphate in aif, computed
from model. Aerosol episode, May 1973.

4-days trajectories, 850 mb. Aerosol epi-.
sode,; Moy 1073, :

Concentrations of strong acid, ammonium and
sulphate at Birkenes and Rao6. Aerosol epi-
sode, May 1973.

Air samples, mean values in neq/m3.

Relation between sulphate and strony acid
in precipitation at Birkenes,

Trajectories corresponding to the short
periods presented in figures 3~6. Com-
puted 2 days backward, 850 mb.

Trajectories from the period March-3eptember
1973. Computed 2 days backward, 850 mb.
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B S042" | NH,T | Nos~ | ca?t | Mg?* | Nat | k'
DK 5| au’ 6"
N 01| 62 15% 15 101 3y 51 13 18
S 021 110 8 3 6 18
BE 2 12

Table II: Washout ratio in units 10? kg

Keldsnor: April - September

Birkenes: April - June 1973
R&6: May = Bugust 1973

Jokioinen: June - August 1973

for seaspray.

air/kg rain.

1973

Esged Tpon swmiphate data covernected

+ Based upon LRTAP precipitation data.
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Figure 1: High-volume aerosol sampling apparatus.
Scale 1:1. Construction material
aluminium alloy. &7 S.
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Date: 730529, 12 GMT.
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