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2. The atmospheric aerosol

2.1 Introduction

2.1.1 Definition of the aeroso)

An serosol is defined as a dispersed system containing solid or liquid particles
suspended in a gas. In the present case the gaseous medium is the air in which

aerosol particles of different composition and size are suspended.

In more rigorous terms the principal characteristics of an aerosol or aerocol-
loidal system, are (HIDY and Brock, 1970):

a) the sedimentation velocity of the particles is small;

b) inertial effects during particle motions can be neglected (the ratio of inertial
forces to viscous forces is small};

c) the Brownian motion of the particles, due to the thermal agitation of gas
molecules, is significant and

d) the surface of the particles is large compared to their volume.

The physical meaning of the above criteria will be defined in the following
paragraphs. The principal force acting on an aerosol is generally gravitation.
This means that the lifetime of a particle in the system is determined by its
sedimentation velocity. If the particle radius is greater than the mean free path
of gas molecules, the falling velocity v, is given by the well-known Stokes
equation: .

.2 @1
1] 9 ﬂ

where r and g, are the radius and density of the particle, assumed spherical, u
is the dynamic gas viscosity (equal to 1.815x 10~* Nsm~? at a temperature
of 20 *C) while g is the gravitational constant. In the atmosphere, v, in Eq. (2.1)
depends on alutude above the sea level. Furthermore, the updraft motions in
the troposphere make the meaning of the sedimentation velocity rather com-
plicated. If, for example, in the surface air a value of 10 cm s~ ' is accepted as
an upper limit, the radius of a spherical particle will be 30 um if the density is
taken to be unity. It must be emphasized, however, that due to the presence of
updrafts, larger particies can also be found in the atmosphere at significant
distances from their sources.

The ratio of inertial forces to viscous forces is per definitionem the Reynolds
number (Re) of particles. In this way the second criterion after reduction can

g

17



be written in the form:

& Re<1 2.2
H

where g is the air density, while o is the speed of the particle motion caused by
some external force. Physically Eq. (2.2) means that in a sfable system the
product of the particle speed and particle size cannot cx_wcd.a given _valuc. Thus,
under normal atmospheric conditions the speed of motion ofa parpgle of 10 Km
radius could not exceed 30 cm s™*. In the case of =30 pm the critical velocity
is 10 cm s~ 1. If the external force ari’sics from the gravitational field, this con-
ition i iously equivalent to the first criterion. .
d“:: l:'clrsyoct;:?au:wyri:?ic property of aerosol particles is t‘heir Brownian motion.
This random motion is a result of the fluctuations in the impact of gas molecules

on the particles. It goes without saying that the specd of this motion increases
with decreasing size. Generally, Brownian motion is considered significant if the
particle radius is smaller than 0.5 pm. ' . X .

Finally, the fourth criterion is satisfied if the pa.mcle surface' (in cm?) exceeds
the particle volume (in am®) at least a thousand times. For this reason, surface
phenomena play an important role in the behavior of aerocolloidal systems.

The foregoing conditions determine the upper limit of the particle size. The
Jower limit can be specified in a very simple way. A system 1s considered an
acrosol when the radius of the particles is greater than that of gas molecules.
At the same time m,» m, where m, and m, arc the mass of aerosol pamcle§ and
gas molecules, respectively. Bearing in mind the size of melecules in the air we
might define the lower Limit to be around lQ" em (=103 pm). o

An important consequence of the Brownian motion of aeroso! .pamclcs is
their collision and subsequent coalescence. This so-called ‘coagulation prooess
for a monodisperse aerosol can be characterized by the particle loss per unit time
{Hiby and Brock, 1970):

_ 9N gapin? 2.3)
dr
where N is the number of particles per unit volume, 1 is the time and D is the
diffusion coefficient of particles:

2
D= L2 (1+ f—) (2.4)
6npr r

In Eq. (2.4) k is the Boltzman.. constant (1.31x 10”2 J/K x‘mgleculf:), Tis the
absolute temperature, A is the Stokes-Cunningham correction’, while 4 is the
mean frec path of gas molecules?. Thus, the coagulation equation may be

1 4= 1257+ 0400 = exp {— 110 7/4)
2w 6.53% 107 %cm, al a wmperature of 20 °C and a pressure of 1013 hPa.
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written in the following form:

4k Al
—d—N=——T(1+—-—)N’ (2.5)

r

It is concluded on the basis of Eq. (2.5) that 1he intensity of the particle loss due
to thermal coagulation is directly proportional to the square of the particle
concentration, while the coagulation efficiency increases with decreasing par-
ticle radius. This means that the coagulation of small particles at a high con-
centration is a very rapid process. Equation (2.5) is valid only for monodisperse
aerosols, i.e. aerosols composed of particles of uniform size. However, the same
qualitative conclusion can also be drawn in the case of polydisperse systems.

It should be emphasized that the dynamics of aerocolloidal systems is not to
be discussed here. For further details the reader is referred to textbooks special-
ized in the field (e.g. HipY and Brock, 1970; Twomey, 1977).

2.1.2 Characterization and measuremesnt of atmospheric aerosol particles

As we have emphasized in the introduction of this book the atmospheric aerosol
plays an important part in the control of many atmospheric processes: cloud
formation, radiation transfer, etc. For the study of the role of atmospheric
particles the measurement of their physical and chemical characteristics is of
crucial importance.

An essential physical characteristic of the particles is their concentration. We
can charactenize the particle concentration in two different ways. Firstly, the
number concentration can be employed which is the number of the particles in
unit gas volume. Secondly, the particle mass in unit gas volume {mass con-
centration) or in unit mass of air (mixing ratio) can be given. Since, as we have
seen previously, the size of the particles varies by several orders of magnitude,
for particle characterization the determination of the size distribution is also
necessary (see Subsection 2.3.2).

The effects of the particles in the air also depend on their composition. Thus
the study of the chemical nature of individual particles or a particle ensemble
1s also of interest.

In this subsection the physical detection and collection of aerosol particles for
further studies will be presented, while the main methods of chemical identifica-
tion are discussed in a separate subsection {2.4.1).

From the point of view of particle characterization and measurements the

aeroso) classification of JUNGE (1963) is very convenient. JuNGE divided aerosol
particles in three groups:

Aitken' particles: r<0.1 pm,
large particles: 0.1<r<10pm;
giant particles: r=10pm.

! The concentration of these particis is gencrally measured by means of expansion chambers,
the first versions of which were constructed by ArTKEs.
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2.2 Origin of atmospheric aerosol particles

2.2.1 Dispersal of particles of surface origin

Apart from a very minor contribution from meteorites and pollens, atmospheric
particles arise from two basic provesses’ s

a) dispersal of materials from the Earth’s surface;
b) chemical reaction and condensation of atmospheric gases and vapors.

The dispersal of surface materials produces particies in two major categories:
sea salt, and soil or mineral particles.

Sea salt particles can be formed by direct dispersal of ocean waler from the
foam of the waves. However, these particles are generally too large to remain
airborme, even after evaporation of water. A much greater number of particles
is produced by the bursting of gas bubbles reaching the water surface. Accord-
ing to the laboratory work of MOORE and MAsON (1954) this process takes place
in two stages. In the first stage, when the bubble arrives to the surface, small
particles are ¢jected from the bursting water film. In the second stage, a thin jet
is formed by the water flowing into the cavity remaining in the surface after the
rupture. The particles formed in the second stage are less numerous and their
sizes are in the giant range (WoODCOCK, 1953)

The sea salt particles produced in this way are composed mostly of sodium
chloride, which reflects the composition of sea water. Among other substances,
marine particulate matter also contains a large amount of sulfates. Further-
more, during their risc through the watet, bubbles scavenge surface-active
organic materials which are partly injected into the air when the bubbles burst.

Woopcock (1953) as well as Moore and MASON (1954) originally de-
monstrated that the rate of bubble formation increases with increasing wind
speed. [n a more recent work A. MEszARros and Vissy (1974) reported that over
the oceans the correlation between the number of sea salt particles and the wind
speed becomes gradually weaker as the particle size decreases. Thus, the smallest
sea salt particles (r<0.3 am) may originate from a type of bubbles the formation
of which is independent of the wind speed.

The relation between the bubble size and the number of airborne particles
produccd upon bursting was studied by Day (1963) during his laboratory
investigation. He pointed out that the number of particles increases with in-
creasing bubble size. A bubble with a size of several millimeters forms some
hundreds of particles when it bursts. The results of simultaneous observations
of size spectra of bubbles in foam patches and giant sea salt particles in the air
over a surf zone in Texas show that both spectra follow the gamma distribution
function (PoDZIMEK, 1984). On the basis of his atmospheric observations made

1 . . .
Such processes as particie coagulation may aiso produce new large particles, but not new
particulale matier.
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in Hawaii, BLANCHARD (1969) assumed that the intensity of sea salt particle
formation is between 25-100 cm ™2 s~ ar the surface of the ocean. This range
isin a good agreement with the laboratory results of MOoORE and MaSON (1954).

Airborne sea salt particles are transported to higher levels and over the
continents by atmospheric motions. Thus, such particles were observed over
Australia (Twomey, 1955), North America (BYERs ef al., 1957) and Europe
(MEszAros, 1964). Due to removal processes near the surface level as well as
to convective motions, the concentration of sea salt particles increases with
increasing height in the lower troposphere over the continents if contrast to the
situation over the ocean where their number decreases with increasing altitude
(Woopcock, 1953; LoDGE, 1955, BLANCHARD ef al., 1984). Because of the
relationship between refative humidity and particle size (see Section 2.5), low
relative humidity promotes the transport of sea salt particles.

The other categery of particles originates from the solid surface of the Earth.
This dispersal is obviously due to the effect of wind on rocks and soils. A well
known and highly visible example of this process is the formation of dust clouds
and storms. However, the quantitative explanation of this particle production
mechanism is not easy, except when some external mechanical force agitates the
surface (vehicles, animals, people, etc.). The main reason for the dif_ﬁcullics in
the explanation is the decrease of the wind speed with decreasing height above
surface, usually extrapolating to zero wind speed at the surface. It is believed
that turbulent flow is necessary (see TwoMEY, 1977) for the detachment of
grains. According to the most acceptable estimates the global strength of this
source is 100-500 Tg yr~' (SMIC, 1971"; ProsPERO, 1984). ‘ o

An important proportion of mineral particles produced by wind €rosion is
insoluble in water. Their composition can be characterized by determining the
so-called aerosol-crust enrichment factor on the basis of the analyses of atmo-
spheric aeroso! samples and rocks or soils. The enrichment factor (EF) defined
by RaHN (1976) is given by the following expression?

(X/Rer)crusl

where X is the concentration of the element cons'dered in the aerosol or in the
crust, while “Ref™ is the concentration of a crustal reference ¢lement (generally
Al Ti or Fe). It follows from this definition that a certain element is considered
of mineral origin if its enrichment factor is near unity. By using this approach
and Ti as reference element A. MEszARros ef al. (1984) demonstrated thal, in
agreement with the results of many other workers, under continental conditions
Al and Si are the most important elements of soil origin, these elements almost
certainly occur in silicate compounds. o o
Some particles of crustal origin are removed from the air in the vicinity of

EF (2.6)

' SMIC: Study of Man's Impact on Climate. N 7 ‘ .
? EF can also be defined 1o characterize particies of oceanic origin. In this case in the denomina-
tor the oceanic ratio should be used (the reference clement is generally Na).
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sources, while another fraction is transported to great distances. Thus, par-
ticulate matter collected over the Atlantic Ocean contains a significant quantity
of Saharan dust under some conditions (JUNGE and JaENICKE, 1971); in fact,
such dust particles were collected and identified even over the West Indies
(ProsPERO, 1968, BLIFFORD, 1970). Furthermore, dust particles from Asian
desert were identified by several workers (see BRAATEN and CaHILL, 1986) at the
Mauna Loa Observatory in Hawaii. Elements of soil origin like Al and Fe were
even found in refatively high concentrations at the South Pole, Antarctica
(ZOLLER er al., 1979). It was also shown (ANDREAE ef al., 1986) that, during their
transport over the oceans, silicate species can be mixed with sea salt com-
ponents,

2.2.2 Formation of atmospheric aerosol particles by chemical reaction and
condensation

Particles formed by the dispersat of surface materials generally have radii larger
than about 0.1 um. This means that Aitken particles must be produced by
another mechanism, namely by condensation of vapors, preceded in many cases
by gaseous chemical reactions. These reactions are generally initiated by
photochemical processes.

Baseline
- troposphere
. {light}
00
't
M
z 4
o
Baseline
tropo-
sphere
10 H (dark)

JEmoam 3T Ta sTg T wTh
Fig. 2.2

An‘uua] vanation of the number concenlration of aerosol particles {CN) over Antaretica
according to HEIFZENBERG (1985). The dotted area represcots the concentration fluctuation, {By
courtesy of Kluwer Academic Press)
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Thus, a large set of data obtained by McWiLLIAMS (1969) in clear air (W.
Ireland) by means of expansion chambers showed that the concentration of
Aitken particles is lower in the winter than in the summertime. Furthermore,
MCWILLIAMS’ observations also demonstrated that more aerosol particles can
be detected during daylight than at night. This finding was confirmed by the
investigations of Voura er al. (1970) and A. Mésziros and Vissy (1974)
according to which, in a clean maritime environment, the number of Aitken
particles is at a maximum during the afternoon. It was also shown by atmo-
spheric measurements (e.g. LOPEZ ef al., 1973) that after sunrise the aerosol
concentration increases, which also points in the direction that particles with
radii smaller than 0.1 pm are produced by photochemical reactions. Further.
HoGAN and BERNARD (1978) have reported that over Antarctica there is a steady
increase in concentration after astronomical sunrise. Moreover, in Antarctic
winter very smail concentrations can be measured. This finding was recently
confirmed by numerous data published by BIGG ef ol. (1984), HEITZENBERG
(1985) and BODHAINE er al. (1986). The annual variation presented in Fig. 2.2
is taken from the work of HEITZENBERG (1985).

The formation of aerosol particles from gaseous components can be inves-
tigated under laboratory conditions, In so-called aerosol chambers an artificial
atmosphere is created to which small quantities of appropriate trace gases (e.g.
$0;, NO,, H,0, NH, and organics) are added. It is also possible to use ambient
air purified of particulate matter. The chamber may be illuminated to initiate
photochemical processes, and the behavior of particles formed is studied by the
methods outlined in Subsection 2.1.2, e.g. by electrical mobility analyzers
(WHITBY et al., 1972).

An important result from aerosol chamber studies was the discovery of
BRICARD e! al. (1968) who found that intense aerosol particle production can
be observed in the chamber in the dark if ambient filtered air is sampled from
a sunlit atmosphere. It is assumed that in the atmosphere some gaseous sub-
stance is excited by sunlight and is not collected by the filter used to obtain air
that is free of aerosol particles. In the chamber these photochemically excited
molecules initiate secondary thermal reactions leading to the formation of some
supersaturated vapor {e.g. H,50,) which subsequently condenses.

It was also demonstrated by aerosol chamber investigations that the behavior
of particles formed by condensation varies as a function of time. Figure 2.3
reproduces schematically the change in particle number (N}, particle surface
( A) and particle volume (V) according to FRIEDLANDER (1978). The curves are
based on irradiation chamber experiments by Husar and WrITay (1973) and
three separate domains are identified. In domain I the formation of new par-
ticles is the dominant process. In this stage the number. surface and volume of
particles steadily increase. With increase in particle number (domain 11), coag-
ulation becomes more and more important (see Subsection 2.1.2). When the N
curve has a maximum the coagulation loss just balances the particle formation
rate. In domain 11 coagulation and condensation of the vapor on existing
particles are the dominant processcs. The number concentration decreases in
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this time interval, while particle volume further increases. The value of the
remains approximately constant, o
Su?;?cti: rae:inc)sphere. Epgood exan)llple of the above particle formation is the
production of sulfate and nitrate particles from £aseous precursors. I‘n con-
tinental air suifate and nitrate particles come into being from ss_ulfur dioxide qnd
nitrogen oxides emitted into the atmosphere ‘m0§tly by different pollution
sources (e.g. combustion of fossil fuels). The oxidation of 80, aqd NOQ, is due
1o the presence of hydroxyl radicals (OH) formed by photochemical processes

| | I | .
New | ICondensation
particle : and
for mation | coagulation
Formaton
l and | v
Icoagulahion j
| ;
[ : A
1
J | N
1 |
Tirne
Fig. 2.3

Aerasol formation in an irradiated chamber (FRIEDLANDER, 1978). N particle number; V-
volume of particles: 4 - total particle surface. (Bv courtesy of Pergamon Press)

followed by thermal chemical reactions (LOGAN er al.. l9_81). The oxidation of
the gases mentioned is controlled by the following reaction steps (CALVERT et
al., 1985):

OH+ 80, (+ M) = HSO, (+M)}

OH + NO, (+ M) - HNO, (+ M)

HS0,+ 0, - HO,+80,

SO,+ H,0 - H,50,
The end products of these gas-phase reactions are sulfuric and nitric at?id vapor.
Sulfuric acid vapor condenses in the air by bimolecular condensation (H,0
molecules also take part in the phase transition), while an important part of
HNO, remains in vapor phase owing o its high saturation pressure (MIRABEL

and JAECKER-VOIROL, 1988). In the case of HNQ,, condensation is Qrpmoted
by existing aerosol particles which serve as nuclei for the phase transition (for
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further details see e.g. KIANG et al., 1973‘and Cox,. 1974). The agidic ‘solutjo_n
droplets formed in this way are neutralized by biogenic NH, if this gas is
available in the atmosphere.

Concerning the sources and nature of precursor gases under clean tropo-
spheric conditions it was first believed that hydrogen sulfide is the only biogenic
sulfur gas of any significance. However, resulis of more recent research indicate
that H,S is oxidized very rapidly in the ocean water (ANDREAE, 1986), and
consequently cannot be released into the air. Many papers suggest {(NGUYEN et
al., 1983 BIGG et al., 1984 ; ANDREAE, 1986; ANDREAE.and ANDREAE. 1’988) that
dimethyi sulfide (DMS) of oceanic onigin plays an lmportant‘rqle in sulfate
particle formation. The studies mentioned show that DMS emission is due to
microbiological processes in the ocean. A recent work of FaLL er af., (1988)
demonstrai. - that the major gas emitied from different terrestrial plants s also
DMS. According to the estimate of ANDREAE and ANDREAE (1988} the oceanic
emission of DMS is 1 Tmol yr ~ 1, while the magnitude of the biogenic continen-

ission is 0.1 Tmol yr ™ 1.

lall:Ttllsesﬁrr;ﬁsghere a ce)litain part of DMS molecules is converted to SO, and
consequently to sulfate particles. Another part of DMS produces ‘ﬁyst meth-
anesulfonic acid and numerous other compounds. The reactions are initiated by
OH and NQ, radicals (Grossean and LeEwis, 1982; Toon el al., 1987). Me_th-
anesulfonic acid was detected in aerosol saraples collected in _clean maritime
atmosphere (SALTZMAN et al., 1983, AYERS et al., 1986) and also in samples from
Antarctic ice (SaIGNE and LEGRAND, 1987). |

On the other hand, LEGRAND and DeLMas (1986) gssumed on the b351'5 of t}_\e
results of their Antarctic snow analyses that lightming at tropical and;or mid
latitudes is the most probable source of Antarctic mitrate. In other words this
means that the combination of atmospheric O, qnd N, at high temperatures
produced by lightning strokes constitutes the main global source of nitrogen-

ini I gases.
cmlltw:;n;ﬁftg;rec :;::mgd that the sulfate aerosol layer in the stratosphere (see
Jater) is due to sulfur-bearing gases like carbon disulfide and carb_ony] sul‘ﬁdc
(Turco, 1982) mostly of biogenic origin. However, during volcanic eruptions
a large amount of SO, is injected into the stratosphere (BERRESHEIM ar;d
JAESCHKE, 1983) which is converted into acrosol (KEESER and CASTLEMAN. 1982).

There is a considerable body of evidence suggesting that small organic par-
ticles are also formed by gas-to-particle conversion {Duck, 1978). Under un-
polluted conditions this particle formation is due to the release of natural
hydrocarbons from vegetation. In agreement with the original 1c_lca of WE_NT
(1966), LoPez et al., (1984) assumed that different pinenes, emitted by pine
forests, play an important part in the process. Further, natural forest, brush and
grass fires also provide an important atmospheric aerosol particle source (see
CADLE, 1973). In urban and industrial environments the cooling of vapors with
low saturation pressure, released during combustion, produqes a large quantity
of aerosol particles composed mainly of carbonaceous materials. These process-
es are essential in particular since on the surface of elemental carbon (soot)
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particles formed by condensation, adsorbed SO, molecules can be converted to
sulfuric acid as discussed by Novakov (1984).

A special case of the production of particulate matter by gas-to-particle
conversion is provided by the irreversible transformation of trace gases in cloud
and fog droplets. A good example of this process is the formation of sulfate from
gaseous sulfur dioxide absorbed by cloud/fog elements. It is well documented
(PENKETT ef al., 1979b) that the oxidation of SO, to form sulfate ions proceeds
through the action of oxidizing agents like ozone and hydrogen peroxide formed
by chemical reactions in the atmosphere (sce LoGAN et al., 1981). Laboratory
expeniments (summarized by BEn.xe, 1985) show that at low pH values of cloud
water (pH <5.5), occurring under atmospheric conditions, the oxidation of SO,
by H;0, is much more effective than the transformation due to ozone mole-
cules. O, may also be important in oxidation processes if catalyzed by active
sites on soot or by transition metals (Jacos and HOFFMANN, 1983), at least under
more polluted conditions. If NH, is also absorbed, the sulfuric acid present is
transformed into ammonium sulfate. When the cloud/fog partially or totally
evaporates', ammonium sulfate becomes airborne as demonstrated by the
atmospheric observations of HeGG er al. (1980).

The formation rate of small Aitken particles in the troposphere was estimated
by Lorez et al. (1974) on the basis of their aircraft measurements carried out
over Southwest France. They argued that in an air column with a base area of
1 ecm?, 3 x 10* particles are formed each second. A quarter of this quantity is
due to human activity. In a more recent paper, BiGG and TURVEY (1978) assume
that the natural particle production rate is only 170 cm~2 s, by two orders
of magnitude smaller than the above estimate. BiGG and TURVEY establish this
rate by using the results of their observations, carried out over Australia,
together with an acceptable residence time of 3 x 10° s. It follows from this figure
that the total Australian source strength is about 10'® s~1. This may be com-
pared with the total particle flux of 4 x 10'* s~ produced by only one industrial
area (Perth) which exceeds the global natural emission of the continent! The
present author feels {..i the natural production rate proposed by LoPEZ er al.
{1974} is too high, while BigG and TUrRVEY's value is 100 low, at least for the
European continent. Thus. according to SELEZNEVA (1966), who made a large
number of aircraft measurements over the European part of Soviet Union, the
particle number is 6 x 10° cm ~? in a tropospheric air column. Using a residence

time of 3x10° 5, an acceptable production rate of 2% 10° cm~2 s—* is cal-
culated.

2.2.3 Other sources



2.3 Concentration and size distribution of atmospheric aerosol
particles

2.3.1 Concentration and vertical distribution of Aitken particles

In this subsection we will discuss the number concentration of all particles,
which is partically equivalent to the number of Aitken particies (see Subsection
2.1.2). All values discussed in the following were obtained using expansion
chambers.

.Thc early rqsults of particle concentration measurements carried out under
d;ﬂ"erem conditions were compiled by LANDSBERG (see JUNGE, 1963). Some of
his data are reproduced in Table 2.2. The figures tabulated make it evident that
the majority of particles are of continental origin. It is also obvious that man’s
activity plays an important role in particle production. Furthermore, one can
see from Table 2.2 that the number concen.ration of atmospheric aerosol
particles decreases with increasing height.

Observations cayricd out during the last decades demonstrated that in remote
oceanic and continental areas smaller concentrations can be measured than

Table 2.2
Average concentration of Aitken particles under various conditions
according to LANDSBERG {see JUNGE, 1963). {By courlesy of
Academic Press)

Location Numbﬂt of Average concen-
observations tration ¢m ™3
Cities 2500 147 000
Towns 4700 34 300
Country 3500 9 500
Sea shore 7700 9 500
Mouniains
500-1000 m 870 6 000
1000-2000 m 1000 2130
above 2000 m 190 950
Islands 480 9200
Oceans 600 240

those listed in the table. Thus, according to JUNGE and JAENICKE (1971), over
the northern Atlantic Ocean the concentration is 600 cm ™~ * on an average.
HoGan et al. (1973) suggest that lowest concentrations in the surface air over
thg North Atlantic can be measured between 20°-25° N and 30°-50" W. Over
this area the mean value is only about 3uuain™*. In clean oceanic air of the
Southern Hemisphere a lower average concentration (~400cm™?) can be
detected (A. MEszArOs and Vissy, 1974) than the value reported by Junce and
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JAENICKE (1971). Moreover, according to information published by Japanese
workers (OHTA and ITo, 1974), concentrations are generally between
150-200 cm — over the Pacific Ocean. The long-term mean of Aitken particle
concentration at American Samoa (also in the Pacific ocean) is 224 cm™3
(BopHAINE and DeLuist, 1985) which is in a good agreement with the average
value (300 cm™ %) measured in extremely clean air at Cape Grim (Tasmania,
Australia) (HESTZENBERG, 1984). The results obtained by HoGaN and BERNARD
(1978) over Antarctica demonstrate that the concentration is less than 50 ¢m =3
in wintertime. This finding was recently confirmed by BODHAINE ef al. {(1986)
who report monthly average values of about 10 cm~? in Antarctic winter,
Further, GRas and ADRIAANSEN (1985) found in Antarctic air during wintertime
weekly median concentrations of a few tens of particles per cm®. According to
several authors (HOGAN and BERNARD, 1978 170, 1985, BODHAINE ef al., 1986)
during Antarctic summer the number of aerosol particles is around 200 cm ™3,
while others (GRAS and ADRIAANSEN, 1985) publish somewhat higher concentra-
tions (300-400 cm™?).

It follows from the data presented that in remote air of the Southern Hemi-
sphere the concentration of Aitken particles is rather homogeneous. Except in
austral winter over Antarctica, the particle number is around 200-300 cm ™ 3.
However, in the Northern Hemisphere the situatiou is much more complicated
owing to anthropogenic pollution sources. Even under Arctic conditions during
late winter and early spring a haze layer (called Arctic haze, discovered by
chemical measurements, see 2.4.2) of anthropogenic origin can be observed.
Within this layer the Aitken particle concentration is typically 800-1000 cm ™ 3,
while in clean air without poHution effects it varies between 50 and 100 cm”™ :
(ScHNELL, 1984) In summer the concentrations measured in Arctic regions
(JAENICKE and SCHUTZ, 1982) are rather similar to those observed in Antarctic
areas.

It is questionable whether the higher values reported for the Northern Atlan-
tic Ocean are also caused by anthropogenic pollutant emissions. Unfortunately,
it is very difficuit to answer this important question, since we have no suitable
homogeneous data sets to estimate possible secular concentration trends. How-
ever, some information is available concerning vatiations in the electrical mobil-
ity of the air over different oceans. These dala show (Cose and WELLS, 1970)
that electrical mobility of the surface air over the northern part of the Atlantic
Ocean decreased by a factor of 2 during the first 7¢ years of this century. In
conirast this electrical parameter remained constant over the southern regions
of the Pacific Ocean. Taking into account the relation between electrical mobil-
ity and aerosol particle concentration this finding suggests that the particle
number concentration doubled during this century in remote areas of the
Northern Hemisphere.

‘The vertical profile of aerosol particle concentration in the troposphere was
widely studied by Soviet research workers. A great number of data obtained by
aircraft flights is reviewed by SELEZNEVA {1966). Her compilation indicates that
on the average the concentration drops to one-fourth of its ground level val e

13



at an altitude of 900 m on an average, and that above 3000-4000 m the particle
number becomes constant. SELEZNEVA assumes that this vertical distribution is
mostly controlled by atmospheric exchgnge ar}d particle_cpagp]alnon (t_ilghts
were made generally under weather situations without precipitation). In Fig. 2.4
the average results at 3000 m altitude are plotted. One can see that concentra-
tions increase with increasing continenta! source density. It can also be seen that
the concentrations measured at this altitude agree well with those reported for
remote oceanic surface air (see above). This means that, except the ﬁrst_fcw
kilometers above the continents, the troposphere is filled with aerosol particles
at the same concentration. Disregarding sea salt particles of small number
concentration, the composition of this aerosol, termed the tropospheric back-
ground aerosol (JUNGE, 1963), is also independent of place and time {sec Section
2.4).

Fig. 2.4

Spatial distribution of the concentration of the Aitken particies at 3000 m over the European
pert of the USSR (SELEZNEVA, 1966) (By courtesy of Tellu<)

The concentration of acrosol particles in the stratosphere was firstty measured
by Junce (1963) by balloon flights over the central part of the USA. He found
(see Fig. 2.5) that the number of acrosol particles, in agreement with the Soviet
data discussed above, does not change with altitude in the upper troposphere.
This constant concentration is around 300 cm ™3, _Abovq the tropopause the
concentration rapidly decreases with increasing height. Since the character of
the vertical profile plotted in Fig. 2.5 was confirmed by sevgra] workers (e.g.
KASELAU ¢f al., 1974: PODZIMEK et al., 1977), it can be consxgiered acccptaple
for use in further studies. On the basis of the stratospheric concentration
distribution, it is believed that particles in this atmospheric domain may be of
tropospheric origin. However, it is also possible that stratospheric Aitken
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Fig. 2.5
Vertical profile of Aitken particles in the upper troposphere and stratosphere (1) under ambient

conditions; (2) at standard temperature and pressure; both according to JunGE, (1963); and
(3) in the lower troposphere according to WERICKMANN (1957). (By courtesy of Academic Press)

particles, formed in situ by gaseous reactions, coagulate to create the strato-
spheric acrosol layer consisting of large particles.

The vertical profile of the concentration of Aitken particles in the lower
troposphere over Antarctica was recently studied by HoGan (1986) and 110 er
al. (1986). HoGaN's observations indicate an aerosol decrease of 25 particles

em” 2 km™*, In ¢~~*-5t to this finding the vertical profile in Arctic haze was

found to be more complicated as a function of the haze structure (SCHNELL,
1984).

2.3.2 The size distribution

Since the size of atmospheric particles covers several orders of magnitude (see
Subsection 2.1.1) the concentration alone is not sufficient to characterize atmo-
spheric particles. For more complete aerosol characterization the size distribu-
tion function must be used, which is defined as follows (Fuchs, 1964):

1 dN
N - fir) @7

where N is the total number concentration while d¥ is the same parameter for
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particles with radii between r and r+dr. It follows from Eq. (2.7) that
ffndr=1 (2.8)
]

Itis obvious that a similar size distribution function can be given for the surface,
volume and mass of aerosol particles. Thus, e.g. the volume concentration

(aerosol volume per unit volume of air) is distributed according to particle
radius in the following way:

LR L 29

v oS () 29
with the condition

[Findr=1 (2.10}

1]

Of course, the number size distribution may be converted to volume size
distribution, given an assumed particle shape. Furthermore, by using a constant
particle density the size distribution of particle mass can be calculated from Eq.
(2.9) by a simple calculation.

It is customary, in the interconversion of these distribution functions, to
assume that the particles are spherical; this simplifies the mathematics, but is
somewhat Guestionable physically. The method of measurement determines the
nature of the reported radii of these hypothetical spheres; e.g. in the case of
microscopic sizing, the so-called “surface radius” is obtained, which is the radius
of a circle having the same surface area as the orthogonal projection of the
particle.

On the basis of his atmospheric impactor measurements JUNGE (1963)
proposed a power law to describe the size distribution of large and giant
particles:

N _ o eeen 2.11)
dr

where C, and f§ are constants. Considering the broad range of particle size, Eq.
(2.11) is best rewritten in the following form:

aN
dlogr

=Cyr? (2.12)

In this formula C; is a function of concentration, while # gives the slope of the
distribution curve. According 10 JUNGE (1963}, £ 1s about 3 under continental
conditions.

More recently, WHITBY (1978) has analyzed the results of much more nume-
rous size distribution observations carried ocut mainly by his group, using a
combination of expansion chamber, clectrical mobility and optical counter
techniques. This analysis clearly shows that the complete size distribution is

36

ANZS tog dp lem™)
3

107
10!
wil
-4 | ] | 1
100001 (+10)] o1 10 10 100
dp [pm)
Fig. 2.6

Numbe: size distribution of aerosol particles under urban conditions according to W‘mmy
(1978). N pumber of particles; d,: diameter of particles; F: total volum.c concentration; r:
correlation coefficient between power law given in the figure and experimental data. (By
courtesy of Pergamon Press)

composed of three separate log-normal distributions as demonstrated in Fig.
2.6. WHITBY assumes that the first distribution, the nuclei mode, is contro]_led
by the condensation of vapor (predominantly H,SC,) formed by chemical
reactions. Thus, the concentration of these small particles was found to be very
significant in the irradiated, polluted atmosphere. On the other hand, the
so-called accumulation mode is due to the coaguiation of primary pa_mcles or
to the vapor condensation on secondary particies formed by coagulal!on or on
existing aerosol particles. It follows from this idea that the accumulation mode
is a consequence of aging of the primary aerosol. In the air far from gaseous
sources the nucleation mode may well be partly or totally missing. The third

_log-normal distribution consists of particles formed mostly by mechanical

disintegration of the raterial of the Earth's surface. This is the coarse particle

37




40
" av 006
— 178 d
’E 30 Fiog 7
-
: \
=
& 20+ T~
ch — )
o — —-
hil
=
= o =7
¥,-033 Va:22 N/ V=29
dG6V, =0.031 d6Va=031 /" \g6v =57
0 i A | b !
0.001 o a 10 10 100
dptum]
Fig 2.7

Size disttibution of the volume of aerosol particles (solid line} according 10 WHiTBY (1978).
Dotied line corresponds lo the power law of Fig. 2.6, V. particle volune, n: nucle: mode;
a: accumulation mode; ¢ coarse particle mode; d,G V. geometric volume mean size. (By courtesy

of Pergamon Press)

mode, which is independent of the first two distributions. For this reason the
chemical composition of the coarse particles is different from the composition
of the smaller particles (see later), called “fine” particles.

To gain further insight into the character of partcle size distribution, the
volume distribution calculated from the curve of Fig. 2.6 is also presented in
Fig. 2.7. It can be seen that on a volume basis the nuclei mode, which determines
the particle number, cannot be identified owing to the small size of the primary
particles. One can also see that a large fraction of the aerosol mass is found in
the range of coarse particles. However, the mass of particles in the accumulation
mode is also significant. In our case the particle volume in the two modes is
nearly the same. Generally speaking, 2/3 of the total mass is in the coarse and
1/3 in the accumulation mode. Finally, Figs 2.6 and 2.7 show that, while the
number size distnbution of large and giant particles can be well approximated
by the power law, JUNGE's formula is very poor for characterizing the volume
distribution. In other words this means that minor deviations from the power
law in the number distribution cause significant deviations in the volume distri-
bution.

It should be mentioned that the size distnbutions presented in Figs 2.6 and
2.7 are typical of a polluted atmosphere. To gain further insight into the
tropospheric aerosol structure let us consider Fig. 2.8, These average size
distributions were measured by A. MEszAros under various conditions by using
the membrane filter technique. Particles were counted and sized in the radius
range of 0.03-64 ym by optical and electron microscopy. In the figure the total
concentration of these particles is also shown. Curve 1 was observed near
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Budapest, Hungary in a locally polluted atmosphere (A. MEszARos, 1977), while
spectrum 2 refers to rural air also in Hungary. Curve 3 represents the size
distribution of atmospheric aerosol particles obtained over the oceans of the
Southern Hemisphere (the curve does not contain the distribution of sea salt
particles dicussed later). Finally, curve 4 is the size distribution of large and
giant particles observed at an altitude of 3 km above inversion layers over
Central Europe (A. MEszAros, 1969). Tt can be seen by comparing these size
distributions that the acrosol structure varies considerably as a function of the
pollution of the place considered. The difference between curve 1 and 3 is
particularly great in the range of smaller particles. The coarse mode is also
evident in distributions 1 and 2. The concentration of coarse (or giant) particles
is 0.40 and 0.12 cm %, respectively. Unfortunately, when distribution 4 was
measured, only optical microscopic evaluation was made. However, com-
parnison of curves 3 and 4 shows that the distribution of large and giant particles
at an altitude of 3 km over continents practically coincides with the spectrum
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Size distribution of atmospheric acrosol particles under various conditions. (1): urban; (2):
continental, (3): tropospheric background; (4): continental at 3000 m above inversions; N: total
number of particles with radius larger than 0.03 pm. (Data of A. Mésziros)
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of acrosol particles measured in remote oceanic areas without the sea salt
component. This fact also supports the concept of a tropospheric background

. aerosol.

It can also be seen that the maximum of distribution 3, referring to back-
ground conditions, occurs around 0.1 um radius, a value in the range of the
. accumulation mode. It should be mentioned that the form of this spectrum

agrees fairly well with the distributions found by other workers over the North
Atlantic (JUNGE and JAENICKE, 1971; TYMEN et al., 1975) and over other remote
areas (BIGG, 1980) like Alaska, Hawaii, Tasmania and Antarctica. However, the
maximum of the distribution over the Northern Hemisphere is shifted to smatler
sizes probably as a result of indirect anthropogenic effects.

On this point, JUNGE and JAENICKE (1971) identified, by the diffusion channel
technique, another maximum in the acrosol particle spectrum below ©.01 pm,
which proves the presence of primary particles formed by reaction and subse-
quent condensation (ouclei mode). This finding is supported by data of HaaF
and JAENICKE (1980) gained on sunny days during a North Atlantic expedition.
Such measurements were not performed by A. MészAros and Vissy (1974).
However, comparison between the concentration of particles with radi larger
than 0.03 um and the total particle concentration (400 cm ™~ ?) makes cvident
the presence of the nuclei mode even over the Southern Hemisphere. This
assumption is confirmed by recent observations carried out by Ito (1985) in
clean air over Antarctica. He found that while in the polar night months the size
distribution of submicrometer particles is monomodal (with a maximum al a
radius of 0.03 pm), in the sunlit months the aerosol spectrum is birnodal, having
another mode at around 0.005 pm. Again, in Arctic areas the situation is more
complicated. In winter the size distribution depends upon the type of air masses,
as shown by the acrosol observations of SHAW (1985), made in central Alaska.
According to this work, the size distribution during winter months is similar to
curve 3 in Fig. 2.8 when the sampling is made in Pacific marine air masses.
However, in Arctic air (Arctic haze) the mean size is about 5 times larger and
the mass concentration is by an order of magnitude greater than during intru-
sions of warm Pacific air. Arctic haze is composed of an aged polluted continent-
al aerosol coming from Eurasia, as the analysis of meteorological conditions
indicates (RAaaTz, 1985).
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2.4.2 Chemical composition of tropospheric merosols

The chemical composition of aerosol particles in the troposphere results from
the interaction of many formation and dynamic (e.g. coagulation) processes.
For this reason particles are often composed of several materials and the
composition varies as a function of time and location. The nature of particulate
matter is complicated in particular under locally polluted urban conditions.
However, it is not intended here lo discuss the chemical composition of aerosol
particles in polluted atmosphere!. Our aim is to present the chemical com-
position of the so-called background aerosol influencing the cloud formation
as well as solar and terrestrial radiation transfer in the atmosphere on a larger
scale. Thus, we will deal with aeroso} compositions referring to regional (rural),
continental and global scales. As we will sec the major part of tropospheric
background aerosol consists of water-soluble substances. For this reason we
begin the present section with the discussion of the water-soluble part of
atmospheric particulate matter important for cloud droplet formation as we will
see in the next chapter.

The investigation of the composition of water-soluble particles started with

the classical measurements of JUNGE (1963), who collected particles with a

1 The interested reader is referred 1o the review of Conw {1976} and 10 the book of FINLAYSON-
Puirs and Pres (1986}
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two-stage cascade impactor, the two stages corresponded to the large and giant
size range, respectively. Samples were washed off the collecting surface with a
small quantity of distilicd water, and the ions dissolved were analyzed by
microchemica! methods (bulk analysis). Measurements were carried out in
continental air (Frankfurt, FRG) as well as under maritime conditions in
eastern USA, Florida and Hawaii. The results indicate that in the Jarge size
range water-soluble species consist of ammonium and sulfate and their mass
ratio practically coincides with the stoichiometric ratio of SO{™ to NH{ in
ammonium sulfate. In the size range of giant particles over maritime areas
chloride and sodium predominate. The major part of nitrate ions is found in
the giant size range because of the interaction of gaseous NO, and sea salt
parlicles’. The concentration of chloride ions increases, while the sulfate level
decreases in the direction of more maritime environments. However, in the giant
range relatively high sulfate concentrations can be detected even under oceanic
conditions owing to the sulfate fraction of sea salt.

Table 2.3
Size distnbution of the mass of various ions in
percentage of the total mass of the ion
considered (E MEszARros, 1968). (By courtesy

of Tellus)

Size range NH.J S01- Ci
Giaot 8 12 33
Large 45 45 49
Aitken 47 43 18

The measurement technique of JUNGE was extended to Aitken particles in the
sixties by several workers. In these studies cascade impactors were backed up
by suitable filters to caplure unimpacted small particles. Table 2.3 shows the
results obtained in this way by E. MészAros (1968) under moderately polluted
continental conditions. In the table the values are expressed in percentage of the
total mass. It can be seen from these data that approximately half of the mass
of sulfate and ammonium ions may be found in the Aitken size range, which
means that on a number basis the great majority of sulfate particles have radii
Jess than about 0.1 ym. This is hardly surprising. considering the formation
mechanism of secondary aerosol particles. It is to be noted that the mass median
diametes of sulfate particles identified agrees well with the geometric mean of
the accumulation mode, as discussed by WHITBY (1978; see also Fig. 2.7). In
contrast to sulfate- and ammonium-containing aerosol particles, only 20% of
chloride ions are detected in the Aitken size range and in this case the fraction
found on giant particles is also significant, in agreement with JUNGE’s results
discussed above. MESZAROS' measurements also showed that the relative quan-
tity of water-soluble substances increases with decreasing particle size, which

! During this process sedium gitrate is formed with the libcration of gaseous hydrochlonc acid.
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a1_59 suggests that the amount ol particulate maiter formed by mechanical
dlSlntggrailon is less significant in the range of smaller particles.

An important step 1n the understanding of the formation and composition
of troposphenc background aerosol was provided by the work of Fexx er af
(1963) who demonstrated that in aerosol samples collected in Greenlarnrd, 409(;

Fig 2128
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Fig. 2.12d
Eleclr_qn micrographs of aerosol particles collected on membrane filters under remote maritime
eo:_ndmons (photo: A. Misziros} (a) sea sall; ¢ b ammonium sulfate: (¢ sulfunc acid. fd}
mixed. The size of the field in the pictures is 24 3.6 um (By courtesy of Pergamon Press)
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of the large particles consisted of suifate. This finding was confirmed by Ameri-
can authors (CADLE et al., 1968) who showed by means of special microscopic
techniques (e.g. morphological identification) that in Antarctic air the large
particles are formed from sulfates.

The composition of background aerosol particles, including a part of the
Aitken range, was investigated by morphological identification by A, MEszAros
and Vissy (1974) on the basis of membrane filter samples collected in remote
oceanic air in the Southern Hemisphere. They found that 75-95% of the par-
ticles was composed of the following four substances (Fig, 2.12):

a) sea salt,

b) ammeoenium sulfate,

¢) sulfunc acid,

d) mixture of sea salt and (NH,),50,.

Table 24

Chemical composition of atmospheric acrosol particles expressed in percentage of the number of
particles with radius larger than 0.03 um (A. MiszAros and Vissy. 1974) (By courtesy of
Pergamon Press)

Atlantic Atlantic Adtlantic Indian
0zeZ20 40 < p <60 o> 60 Ocean
(NH,),50, 69 38 33 18
NaCl 16 15 73 28
H,50, - - 76 32
Mixed 4.9 42 36 3

Note: Collections were made in remote oceanic areas. ¢ is the geographical latitude in the Southern
Hemisphere.

In Table 2.4 the relative quantities of these substances, expressed in percentage
of the number concentration of particles with r20.03 um, are tabulated as a
function of geographical position. It can be seen that the fraction that consists
of these water-soluble substances is the smallest in the vicinity of the Equator
(75%), owing to the fact that in these areas the number of insoluble particles
with radii greater than 0.5 pm was relatively significant.

Figure 2.13 represents the average size distribution of sulfate and sea-sait
particles observed by A. Miszaros and VIssy (1974) over different parts of the
South Adlantic. One can see that on a number basis (solid lines), sulfate particles
with much smaller mean radii predominate, while the major proportion of the
particle volume (dotted lines) is occupied by the sea salt fraction in the coarse
size range. On the basis of the data plotted, enly 4% of the total volume of the
particulate matter is composed of sulfates (the total volume is 6.2 um? cm 3,
This means that the mass concentration of aerosol particles in remote oceanic
areas is also controlled by sea salt.

The quantity of sea salt particles, identified as NaCl, was found to be par-
ticularly important over the Indian Ocean. This is explained by stormy weather
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Size distribution of the number (N} and volume (V) of excess (non sca sall) sulfate and sea salt
particles with r20.03 um. (Data of A. MEszAros)

conditions during the sampling period. Curve 1 in Fig. 2.14 gives the size
distribution of sea salt particles measured over the Indian Ocean (the total
number concentration, N, is also plotted). To represent the advection of sea salt
particles over the coniinents, two other spectra are also shown. Curve 2 was
measured by METNIEKS (1958) in Ireland, while distribution 3 was observed in
the surface air in Hungary (E. MEszARos, 1964). These latter investigators used
gelatin layers sensitized with silver nitrate to identify chloride particles. Figure
2.14 makes it clear that the sea salt concentration 15 very srpall ina continental
environment. Furthermore, the maximum of the distribution is shified in the
direction of larger particles. However, even over t_hc. ocean very few sea salt
particles have a radius smaller than 0.] ym (3.2em™? in this case) as compared
to the total concentration of Aitken particles (Subsgct:on 2.3.1}. Finally, over
the Indian Ocean practically all giant particles consisted of sea salt.
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It follows from Tabie 2.4 that the great majority of aerosol particles consist
either of ammonium sulfate or of a mixture of ammonium sulfate and sea salt.
Thus, if we disregard sea salt particles we can conclude that the particulate
matter in tropospheric background air consists mainly of sulfur-containing
species. This finding was confirmed by Butor (1976) and more recently by
PARUNGO et al. (1986} who made samplings over the North Atlantic and Pacific
Ocean, respectively, and identified particles by electron microscopy. Moreover,
the investigation of A. MEszARros and Vissy also shows that 70% of the number
of ammonium sulfate particles are in the range of 0.035r£0.1 ym, in agree-
ment with the results of continental observations (see Table 2.4) and with the
direct chemical butk analyses of WINKLER (1975) indicating that the main
component of the aerosol in the Aitken size range is sulfur under oceanic
background conditions.

The composition of aerosol particles in the remote atmosphere was studied
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Size distribution and concentration (N ) of sea salt particles from different geographical regions.
f1). according to A. MEszAROS and Vissy (1974) (by courtesy of Pergamon Press); ¢2):
according to METNIEKS (1958) (by courtesy of School of Cosmic Physics); (3): according 10
E. MeszAros (1964) (by courtesy of J. Recherches Atmosphérigues)
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in d;tail_by Bi6G (1980} who applied electron microscopy combined with a
special single-particle analysis. He collected aerosol particles by electrostatic
precipitators and impactors in Alaska, Hawaii, Tasmania and Antarctica. BiGG
found that, in agreement with previous discussions, smaller particles were
composed mainly of sulfuric acid (Alaska and Hawaii) or ammonium sulfate
(T asmania and Antaretica). In the size range of larger particles in Alaska, a lot
of mixed particles were identified which consisted of insoluble cores coated by
sulfuric acid. On the other hand, in Tasmania particles targer than 0.1 pm were
o_f oceanic origin. At the sampling site in Tasmania (Cape Grim) a mass size
distribution similar to the volume spectrum presented in Fig. 2.13 was meas-
ured. In remote Everest highlands at altitudes between 5400 and 6500 m Ono
et al. (1983).a!so found that in the submicrometer size range atmospheric
particles consisted of sulfate particles. By using a selective single-particle method
ONo and his associates also showed that sulfate particles were in the form 0!"
hydrated sulfuric acid solution and/or in the form of supersaturated acidic
droplets. In agreement with Bigo (1980} and in disagreement with Japanese
workers, Gm (1983) reports that at the South Pole particulate sulfate is nearly
fully neutralized by ammonium. He attributed this neutralization to the mid-
and upper-tropospheric transport of gases and aerosol particles. Finally, we
note that in the surface air over Antarctica the sulfate level is around 0.1 ug m -3
(B1GG, 1980). In contrast, in the Arctic region during late winter or spring
relatively high sulfate concentrations can be observed {~ 20pgm ™). Itis
expected that this phenomenon is due to transport from pollution sources in
Eurasia (Rann, 1981).

Beside ammonium sulfate and sea salt, nitrate ions constitute another impor-
tant class of water-soluble materials as originally shown by Junce (1963).
Unfortunately, the identification of these ions is rather difficult due to the fact
that alkaline sites on many filters! collect £3aseous nitric acid and cause it to be
reported as particulate nitrate (SPICER and SCHUMACHER, 1977). Moreover, it
15 reasonable 1o expect that nitric acid vapor reacts with atmospheric NH;lo
form an aerosol of ammonium nitrate. The equilibrium of NH,NO, with NH
and HNO, (STELSON e/ al., 1979) varies as a function of temperature, whicﬁ
further complicates the interpretation of nitrate measurements. Bearing in mind
these problems we note that, within the marine boundary layer? over the Pacific,
the particulate nitrate level was found to be rather low: 0.1 pg m ' or less
(Huesert and Lazrus, 1978; PARUNGO ez al., 1986). Also a1 Ny-Alesund,
?gétlz)}:»ergen, very low nitrate concentrations were measured (HEITZENBERG,

The above discussion on water-soluble components can be summarized by the
results of YosHizuMr and Asakuno (1986) gained recently in Chichi of the
Ogasawara Islands situated in the Pacific Ocean about 1000 km from the main

! Teflon filters minimize sampling artcfacts.

lg;g;\bovc the boundary layer even lower concentrations were observed (HuEBERT and Lazrus,
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island of Japan. During sampling in Chichi particles were separated into several
size intervals by a cascade impactor. Species were analyze_d by neutron activa-
tion and wet chemistry. Sodium nitrate and ammonium nitrate were separated
by a method based on the difference in their thermal stability. Table 2.5 gives
the concentrations measured in the coarse and fine particle size ranges. It can
be seen that sea salt, conslituting the majority of the total mass, is in the coarse
particle size range. Nitrate ions and soil components’ are also in the coarse
mode. The Cl loss related to Na concentration (3.1%) is comparable to the
quantity of NaNO, on the mole basis. Fine particles consist mostly of sulfate
jons. The concentration of ammonium makes it possible that about 75% of
sulfate is neutralized by NH; . YosHizuMI and ASAKUNO note that the unknown
fraction in the fine particle range is probably composed of some organics aqd
elemental carbon not evaluated in their program. In the following we will
discuss these two types of carbonaceous particles.

Table 2.5
Characterization of atmospheric aerosols in Chichi of the
Ogasawara Islands { YosHizumi and AsAKUNO, 1986). {By courtesy of
Pergarmon Press)

Concentration (pgm ™ %)
Coemponent Coarse particle Fine particle
(2ym<) (2pmz}

Sea salt® 1052 0.83
Soil 2.60 0.62
NaNOQO, 0.69 0.07
NH,NO, 0.05 0.08
Secondary SO} 0.04 1.90
NH;' o0 0.54
Total 139 4.0
Mass con measured 16.5 74
Unknown 26 34

* Sea salt does not include Na of NaNQ,.
* NH; does not inctude NH, of NH NO,.

The organic fraction of atmospheric particulate matter was investigated by
KEeTserivts et al. (1976) at several locations, including remote oceanic areas.
These authors collected particles on glass fiber filters and determined the total
mass of suspended particles by weighing the filters before and after the sam-
pling. They extracted ether-soluble materials from the samples and were able
to identify chemically organic acids and phenols, organic bases, aliphatic hydro-
carbons, aromatic hydrocarbons and neutral compounds. The results obtained
are summarized in Fig. 2.15. The data labelled “Meteor” refer to samplings

' Determined on the basis of Al concentration (see later)
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carried out on board of the German research vessel Meteor in 1973 over the
North Atlaatic. It is to be noted that during Part II of this expedition and during
sampling in Cape Verde an advection of Sahara dust was observed. One can see
that, except more puiuted atmospheres, the concentration of organic matenal
extractable in ether is practically constant at about 1pgm™3 at standard
temperature and pressure. The fraction of different components is also indepen-
dent of the sampling location. At Jungfraujoch and over the Atlantic Ocean
(without dust advection) about 5-10% of the aerosol particle mass is composed
of organics. KETSERIDIS et al. (1976) assumed that this constant conceniration
of organic particulate matter in tropospheric background is either due to
particle advection from highly populated areas or to a constant production
mechanism in clean tropospheric air. In another study, Kerserinis and Eicu-
MANN (1978) used an impactor to separate particles with radii smaller and larger
than 1 pm. They report on the basis of their measurements carried out in
Ireland, that the majority of organics are in the smaller size range where these
materials comprise 25% of the aerosol mass. It is very probable that organic
particles of these sizes are formed by gas-to-particle conversion.

In recent years severa! analyses have been made to identify organic com-
pounds in the atmospheric aerosol (FINLAYSON-PITTS and PiTTs, 1986; SiMo-
NEIT, 1984). These studies show that higher molecular weight solvent-soluble
compounds (> C,,, lipids) are common species in urban, rural and oceanic
aerosols. It is demonstrated that petroleum residues predominate in urban and
suburban areas, while waxes from vegetation are the main components under
rural and oceanic conditions. Polycyclic aromatic hydrocarbons were also
identified in urban and remote atmosphere.

The presence of elemental carbon in the particulate matter has also been
demonstrated. It is expected that under polluted conditions elemental carbon
particles are mostly emitted by diesel vehicles. In winter these particles are
transported to long distances and they constitute an important component of
the Arctic haze (Rosen er al, 1981). Moreover, significant amounts
(0.01-0.1 ug m~3) of soot carbon were observed in remote air over the tropical
Atlantic and Pacific Oceans (ANDREAE et al., 1984). On the basis of the con-
centrations of other species in the particulate matter, ANDREAE and his asso-
ciates estimate that elemental carbon detected over tropical oceans is released
into the air by biomass burning in the tropics and subsequently transported over
oceanic areas. A. MEszARos (1984) showed by electron microscopy that ele-
mental carbon can be internally mixed with sulfate, while CoverT and HErTzen-
BERG (1984) observed a high degree of external mixing between the two species.

According to recent studies of CACHIER et al. (1986) the average concentration
of giant carbonaceous aerosol particles in remote oceanic air over the Northern
and Southern Hemisphere is the same and equal to 0.07 pg m ™2 expressed in
carbon equivalents. On the other hand, the mean concentration for particles
with radii smaller than 0.5 um is rather different over the two hemispheres: it
1$0.45and 0.06 ug m ~* for the Northern and Southern Hemisphere, respectively.
Carbon isotope measurements of CACHIER et al. indicate that carbonaceous
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Table 2.6
Elemental composition of atmospheric acrosol particles under different environmental conditions expressed in ngm™?
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" elevation: 5245 m; ADaMs er al. (1983); '° FLvGER and HEDAM (1978);

VA MESZAROS ef al. (1984): 1

WINCHESTER er af. {1981); %

only fine particles;

! HErrzenserG (1981); '? ZoLLEr et al. (1979);

only inhalable particles {d < 15 um); SPENGLER and THURSTON

(1983), ® Ramnn (1976);
'* DUCE et al. (1983)
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materials in the giant size range are associated with sea salt, while fine car-
bonaceous particles are of continental origin,

As mentioned in Subsection 2.4.1, recent research on the composition of
aerosol particles has been promoted by the application of non-destructive
nuclear analytical methods (PIXE, neutron activation}. These procedures have
made possible to study simultancously several elements in particulate matter.
As an example, Table 2.6 contains mean concentrations of twelve elements
according to the measurements cz-ried out under different atmospheric con-
ditions. Except some data {e.g. concentrations measured in Delhi) the values
tabulated were obtained by the nuclear methods mentioned. For the sake of
completeness some results for a locally pulluted place (8t. Louis, USA) are
also given. In this respect we note that according to KHEMANI er al. (1985) the
samples collected in Delhi are free from the effects of local pollution sources.
Thus, it is proposed that results gained at K-puszta (Hungary) and Valen
{Sweden) are representatives of regional background air in Europe, while Chi-
nese and Indian data in the table refer probably to similar conditions in Asia.
Further, we beheve that Jungfraujoch (Switzerland), Gezira (Sudan), Twin
Gorges (Canada) and Chacaltaya (Bolivia) are suitable sites to study the con-
tinental background aerosol over Europe, Africa, North America and South
America, respectively. Finally, concentrations measured at other stations, ex-
cept those for Ny-Alesund and Enewetak Atoll, give information about global
tropospheric background air. As we discussed above, data observed in Arctic
regions during late winter are related to Arctic haze, while values gained at
the station in the Pacific Ocean represent remote oceanic conditions.

If we do not consider the concentrations measured over the Pacific Ocean
(which are controlled by sea salt components) one can say that data can be
divided into two groups. The first six elements (from Si to Ti) are of soil origin,
which is proved by their crustal enrichment factors defined in Subsection 2.2.1.
On the other hand, sulfur, chlorine, bromine, copper, lead and vanadium are
typically so-called enriched elements, the concentration of which are controtled
by different natural and anthropogenic emissions. {Lead and vanadium are
notorius man-made ¢lements due to exhaust materials from vehicles and to
combustions processes, respectively.) In agreement with the discussion in Sec-
tion 2.2, elements in the first category are in the coarse particle range, while
enriched species can be detected generally in the fine size range (see the refer-
ences given in the table).

As it can be seen from values tabulated, enriched elements have high con-
centrations under polluied conditions, while the concentration of elements of
soil origin is significant particularly in the air influenced by dust particles coming
from deserts (Delhi, Gezira in the case of north winds)'. It is interesting to note
that the atmospheric level of crustal elements is rather high even at elevated
alttudes (Jungfravjoch, Chacaltaya). For Gezira, Arctic and Antarctica the

' 1t is noted that in Delh; the 1otal mass concentration of aerosol particles is about 100 and

200 g m~? for monscon and dry scason. respecuively (KHEMANE ¢f al., 1985). while it is onty
3.1 pgm~? at the Jungfraujoch (Dams and DE JONGE. 1976)
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concentrations are scparated into two classes. In the case of Gezira, data arc
separated according to the wind direction. This is explained by the fact that at
this site an aerosol originating from deserts can be observed if the wind blows
from porth, while south winds transport to the site aerosol particles of tropical
origin. Further, Antarctic concentrations are grouped according to the seasons
of the year. This classification clearly shows that sulfate-sulfur, the majority of

-particulatc matter, bas a high concentration in summer, in agreement with our
discussion about Aitken particles in Subsection 2.3.1. On the other hand, winter
Antarctic data indicate that in winter sea salt is an important component of the
atmospheric acrosol in this remote area. Finally, the comparison of summer and

. winter data obtained over Arctic regions makes evident the presence of the
Arctic haze during late winter. Data indicate that the ratio of winter to summer
concentrations is especially high in the case of sulfur.
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