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of the sampling grequency shows that the measurements could be
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A study is made of the theoretical growth of soluble aerosol
particles with humidity. Novel approximations are incorporated
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ABSTRACT

An analysis is made of continuous measurements of the number and
size distribution of submicrometre and large aerosol particles up to
. 5 micrometres in radius. An automated Royco optical particle counter
was used to take measurements at a 10 minute sampling frequency over a
49 day period at Durham Observatory, near Durham City, North East of
. England. Additional measurements were made at a remote mountain
station at Great Dun Fell, 842 m msl and at an isolated maritime site.
The averaged diurnal variation shows a maximum in particle number con-
& centration from about 0200-0800 local time and a distinctive minimum
2 over the period 1400-2000 hours. The particle number concentration
follows a log-normal distribution. An analysis of the sampling frequ-
ency shows that the measurements could be made less frequently by
factors up to 20, without loss of significant information.

ot s S

A study is made of the theoretical growth of soluble aerosol
particles with humidity. Novel approximations are incorporated in
the application of the growth-equation to particles of sodium chloride
and ammonium sulphate, which show good agreement with previous results.
Experimental measurements of the growth of sodium chloride and ammonium |
sulphate particles, of initial radii of between 2 and 3 x 10 6cm, with i
relative humidity agree well with the theoretical growth curves.

i

Approximations to Mie's light scattering theory are used to calcu-
late the extinction coefficient for four model particle size distribu- '
tions of sodium chloride and ammonium sulphate as a function of humidity,
solute dry mass particle and dry particle radius. The results indicate
that sodium chloride particles are more efficient in reducing atmospheric
transmission than ammonium sulphate particles by factors ranging between
about 1.3 and 5.5 over a range of solute mass per particle from

3 x 10-179 to 3 x lo-ug. Calculations also show that a non-homogenous

Junge type particle size distribution is the most effective in increasing
the extinction coefficient at values greater than about 94 per cent
relative humidity.
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PHYSICAL CHARACTERISTICS OF THE NATURAL ATMOSPHERIC AEROSOL

1. GENERAL INTRODUCTION
1.1 Historical Background

The need for more research into the particle size distribution and
physical characteristics of the natural atmospheric aerosol is adequately
described by Wagman (1967) in a review prepared for the 0.E.C.D. The
fine-particle aerosol content of the atmosphere is largely composed of
Aitken type or condensation nuclei, possessing radii of the order of
0.0l micrometres. Sources of particulate matter in the atmosphere are
both natural and anthropogenic, although the atmospheric aerosol is
mainly produced by human activity and so study of its properties must be
closely related to pollution problems. Yet, it is only quite recently
that serious study within this context has been carried out, for example,
by Peterson and Paulus (1967). The need for more measurements of particle
concentration and size distribution over wide areas was recommended by a
working group at the 7th International Conference on Condensation and Ice
Nuclei, 1969, whilst it has been more recently emphasized by Junge and
Jaenicke (1971) that the determination of the background levels for
atmospheric aerosol particles is an urgent problem, since man's activity
is continually changing the conditions in the atmosphere.

The atmospheric particle distribution for the size range between
about 0.1 and a few microns is one of the most signiiicant parameters
which controls the transmission properties of the atmosphere. Although
a theoretical basis exists for the reduction in atmospheric visibility by
aerosols (Middleton, 1963), more experimental work and thecretical data
is urgently required to elucidate more fully the relationship between
optical characteristics of atmospheric aerosols, such as the extinction
coefficient due to light scattering by the large particles, and physical
characteristics, for example, aerosol mass concentration, particle sise
distribution and refractive index of the constituent particles.

In addition, although many series of observations have indicated that
visibility decreases with increasing relative humidity, more computational
work is required to assess more fully the relative efficiency of aerosol
particle constituents in reducing the transmission efficiency in the
atmosphere. More computational work on the effect of relative humidity on
the extinction coefficient of ammonium sulphate, which is one of the main




constituents of the natural aerosol, is required.

1.2 The Number and Size Distribution of the Natural Atmospheric Aerosol

The natural aerosol size distribution is now established as being
bimodal in surface and volume. The particle size mode in the 0.1 to
1 micrometre range is usually named the 'accumulation mode' because
aerosol particles which grow into the range from smaller sizes by coagula-
tion or condensation tend to remain in this size range. They also have
the longest lifetime of any particle size range. The !'transient mode'
generally refers to the aerosol particles in the range 0.0l micrometres
since fresh combustion or anthropogenic nuclei sources tend to dominate
the particle size regime. The 'coarse particle mode' for particle radii
larger than about 1 micrometre originates mainly from mechanical processes
such as dust, fly-ash, sea spray etc.

The size and concentration of atmospheric aerosol particles influences
the rate of growh of fog droplets and also affects visibility. A consider-
able amount of experimental work has been carried out in an attempt to
understand variations in particle concentration and size distribution,
particularly for the large and giant nuclei. Junge (1953) used a two
stage konimeter to determine the size distribution of the aerosol ut
Frankfurt, in the Zugspitze and on Mount Taurus. He found that particles
of radius r > 0.1l micrometres obeyed a size distribution law of the form

n(r) = Rf%)' (1.1)

where dN is the number of particles in the radius interval d(log r).
Equation 1.1 means that the particles in each logarithmic interval of
radius contribute equally to the mass concentration of the aerosol.

Cartwright et al. (1956) used an electron microscope to size
particles, collected by a thermal precipitator, in the radius range
0.03 to 0.9 micrometres. Twomey and Severynse (196L) determined the size
distribution of the natural aerosol by means of a diffusion battery in
conjunction with a photoelectric nucleus counter at various stages of
diffusional decay. Friedlander and Pasceri (1965) measured the size
distribution in the radius range 0.4 to 20 micrometres using a four stage
Casella impactor. They found good agreement with the Junge form of the
size distribution curve.




At the International Workshop on Condensation and Ice Nuclei
(1971), Whitby and Husar found that the natural aerosol measured at
Fort Collins, Colorado was similar to that obtained by Junge in the
South Atlantic. Whitby and Husar used the Minnesota Aerosol Analysing
System (MAAS) to make their measurements. This system consists of an
optical particle counter operating in the radius range from 0.6 to
12 micrometres, an electrical aerosol analyser operating over the range
0.0075 to 0.6 micrometres and a condensation nucleus counter for the
Aitken nuclei range.

Junge and Jaenicke (1971) have presented background aerosol particle
size distribution data collected during the Atlantic Expedition of the
R.V. Meteor over 2L days from April 13th, 1969. As stated by the authors,
further details in addition to the total concentration measured by each
instrument would have overcrowded their diagram (Figure L). They found
two maxima in the particle size distribution curve, one above 0.1 micro-
metre and the other at the small particle end. The distribution above
0.3 micrometres radius shows a steady decrease uninterrupted by secondary
maxima. Whitby et al. (1975) presented particle size distribution data
for a 24 hour period on 19th and 20th September, 1972 of aerosol sampled
along the Harbor Freeway in Los Angeles, California.

Although particle size distributions in the 'accumulation mode' have
now been made by some of the above workers for same years, few contimuous
measurements extending over periods of days or longer have been published.
In the following report, measurements made continuously over a L9 day
and 22 day period are presented of the natural atmospheric aerosol size
distribution in the radius range 0.25 up to 5 micrometres using a cali-
brated Royco optical counter.

1.3 The Growth of Aerosol Particle Size with Humidity

If a droplet is formed on a wholly or partially soluble nucleus,
the equilibrium vapour pressure at the surface of the drop is reduced by
an amount which depends on the chemical nature and concentration of the
solution. Condensation will occur at a lower supersaturation than on an
insoluble nucleus of the same size.

For a purs droplet the critical radius r_that an aggregate of
molecules must attain in order to be in equilibrium with the surrounding
vapour was first deduced by Kelvin (1870) and is given by the relation

r, = 2Me/oRT 1n(P/R,) a.2)
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where P is the pressure of the supersaturated vapour, Fp is the
equilibrium vapour pressure at temperature T over a plane surface of
the liquid, ¢ is the surface tension of the droplet, p is the density
of the liquid, R is the universal gas constant and M is the molecular
weight of the liquid. Equation 1.2 was modified, first by Kohler (1921)
and later by Wright (1936), to yield an expression for the equilibrium
vapour pressure at the surface of a solution droplet. Wright's
expression for the vapour pressure Pr’ of a solution droplet of radius

r' is given by the equation

d-a iy - oo
A p'RTr Lrr° o'W |

where P is the equilibrium vapour pressure over a plane water surface,
m is the mass of the solute in grammes, M is the molecular weight of
water, p' is the density of the solution droplet, W is the molecular
weight of the solute and i is the van't Hoff factor which allows for
the modification of Raocult's Law to include electrolytic solutions. The
van't Hoff factor varies with the chemical nature and concentration of
the solution. Wright assumed i to be constant for all concentrations.

Mason (1971) derives a new form for the equilibrium vapour pressure
over a solution droplet. This is discussed in more detail in Section 2.2.
Using experimentally derived values of the van't Hoff factor, i, from
McDonald (1953), Mason found that the numerical diffeurence between his
expression und that of Wright was never more than a few per cent
except for small highly concentrated droplets. Values of i for eight
electrolytes over a range of molality from 0.0001 have been tabulated
by Low (1969) and these values are used in the calculations described
in sections 3 and L of this report.

Dessens (1949) was one of the first workers to study the growth
of salt particles. He used large particles of sodium chloride and
zinc chloride suspended from very fine spiders' webs in an unsaturated
environment of controlled humidity. Similar results were obtained by
Junge (1952a) who measured the equilibrium radii of artificial nuclei
of calcium chloride and sodium chloride. He demonstrated (1952b) that
the growth of atmospheric aserosol particles in catinential air masses
showed deviations from the theoretical predictions. The growth curves
of individual particles showed considerable variation but the average
values were rather uniform with little growth below about 70% relative
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humidity and a smaller growth above 70% than theory predicted for pure
salts. This behaviour was explained at the time by a mixture of soluble
and .insoluble matter in each particle thus introducing the now generally
accepted concept of "mixed nuclei'.

Using mobility measurements to determine particle size Orr, Hurd
and Corbett (1956) obtained reasonable agreement with the then available
growth equations for particles of sodium chloride ggd calcium chloride
and other salts with initial radius between 2 x 10 °cm and 3 x 10 °cm.
More recently, Winkler and Junge (1972) have described a gravimetric
method for determining the growth of atmospheric aerosol particles as a
function of relative humidity. They found that the continental aerosol
has a growth curve which indicates considerably less water absorption
than for pure salts. In addition they found that the presence of
insoluble matter in the particles has the effect of reducing total growth
and of smoothing the growth curve.

Since sodium chloride in the form of sea salt constitutes the
largest single component of particulate matter in the atmosphere it was
decided to study the growth of sodium chloride in the laboratory with
increasing relative humidity. The recent work of Eggleton (1969) and
Heard and Wiffen (1969) has shown ammonium sulphate to be another
important constituent particularly in continental atmospheric aerosols.
Heard and Wiffen have shown that on many occasions most of the particles
in haze conditions are nearly pure ammonium sulphate. Twomey (1971) is
of the opinion that most of the cloud nuclei over the sea are composed
of ammonium sulphate, formed by gaseous reactions in the atmosphere
over the continents. However, in spite of the importance of ammonium
sulphate nuclei in the atmospheric aerosol few calculations of particle
growth have been published. Both theoretical and experimental work on
the growth of sodium chloride and emmonium sulphate particles with
relative humidity are described in Section 3 of the report.

1.4 The Effect of Atmospheric Particles on Transmission

Solid and 1liquid serosol particles in the atmosphere reduce the
visibility. An important cantribution to the lowering of visibility
is made by the candensation of water vapour on particles at the higher
values of relative humidity. In the most general case both scattering
and absorption of light contribute to the extinction of light between
object and observer. The general expression for light extinction is

I = 1 exp(-ox) (1.1)

B AU s
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where Io is the initial light intensity, I is the intensity after its

passage along a distance x and ¢ is the extinction coefficient and is
the sum of two terms,

7 = %pbst %catt (1.5)

Here ’abs is due to absorption by gases and particles but is
considered small compared with ¢ (Middleton , 1963). The scatter-
ing coefficient, Oosait is the 3%1; factor causing changes in

visibility in the atmosphere. The extinction coefficient, o, is related
to the visibility by the Koschmieder relationship,

Visual range = 3'31 (1.6)

as derived by Middleton (1963, p. 105), Middleton also shows that the
extinction coefficient for a monodisperse aerosol of particle radius a
and concentration N is given by

o = anz

(1.7)
where K is the scattering area ratio or the ratio of the area of the
wavefront affected by the particle to the cross-sectional area of the
particle itself. K is a function of the particle radius to the wave-
length, A\, of the incident radiation and of the refractive index of the
particle. It is usually tabulated against the parameter a= 2xa/\ for
specific values of the refractive index.

Interest in the relationship between relative humidity and visual
range dates back at least to the studies of Wright (1939) on the atmos-
pheric opacity at Valentia. His results showed that, in maritime air,
the atmospheric opacity varied with relative humidity in much the same
way as theory would suggest for a sodium chloride aerosol. More recently,
Garland (1969) has made a study of the effect of ammonium sulphate
particles on visibility. This work will be discussed in more detail in
Section 4. Hanel (1972) has computed extinction coefficients of atmos-
pheric aerosol particles with relative humidity. His calculations are
based on measurements of the density, refractive index and coefficient
of mass increase with humidity of atmospheric aerosol. His results agree
to within a few per cent with those obtained by Mie theory, which is
the camplete rigorous theory for the scattering of light by isotropic,
spherical particles developed by Mie (1908).

Covert, Charlson and Ahlquist (1972) have measured the light




scattering coefficient of artificially produced nuclei in the laboratory
over a wide range of humidity, with an injegrating nephelameter.
However, their results have not been campared with predicted values of
the extinction coefficient.

The effect of particle mass on the extinction coefficient for
monodisperse aerosols of sodium chloride and ammonium sulphate is
studied in Section L of the report. In addition, the influence of a
range of particle size distributions on the extinction coefficient as
the relative humidity is varied is examined.

1.5 Objectives of the Research Programme

In order to calculate the effect of relative humidity on the
growth of atmospheric particles it is desireable to know the shape of
the aerosol size distribution. In addition, knowledge of the particle
size distribution is essential in order to predict accurately the
effect of particle growth in the extinction coefficient. Consequently
one of the first objectives of the research programme was to carry out
an extensive series of measurements of the number and size distribution
of the natural atmospheric aerosol, mainly in the radius range from about
0.3 up to 5 micrometres. The effect of meteorological parameters on
the distributions is assessed. In addition, knowledge of the 'transient
mode' particle number spectrum was thought desirable since (a) the growth
of the aerosol particle size with relative humidity is most sensitive and
rapid at the lower end of the particle size range and ultimately controls
the final size of the particle and (b) it is considered important to
establish the influence of geographical locations and anthropogenic
sources on the variation of the number concentration of the transient
mode particles. This work is described in Section 2.

The second objective of the research work is to calculate the growth
of aerosol particle size over a wide range, with relative humidity.
Laboratory measurements of the growth of sodium chloride and ammonium
sulphate aerosol particles will be presented and compared with the
theoretical growth curves. The effect on model particle size distribu-
tions is also considered. Two important atmospheric particle constitu-
ents of sodium chloride and ammonium sulphate are chosen in this study.
New procedures and approximations are used in the application of the
humidity growth equations to the predictions of the increase of particle
size with humidity as described in Section 3.
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The third objective of the research programme is to estimate
the effect of particle growth on the extinction coefficient due to light
scattering using approximations to Mie's theory. Results of extinction
coefficients for monodisperse and model particle size distributions of
sodium chloride and ammonium sulphate aerosol particles are presented
In addition, calculations on the reductions in visibility due to
measured aerosol particle size distributions will be presented and dis-
cussed in Section UL.

2. NATURAL AEROSOL NUMBER AND SIZE DISTRIBUTIONS
2.1 Number Concentration of the Submicrometre Natural Aerosol

A study of the number concentration of submicrometre aerosol
particles in the 'transient mode' was carried out at Durham Observatory
2 km SSw of Durham City with a population of 27,500 inhabitants in
the North Bast of England, at Great Dun Fell, 842 m msl on the Northern
Pennine mountain range, Westmorland, England and at Lanehead, Weardale,
altitude 432 m msl situated 16 km NE of Great Dun Fell. The locations
of the three sites is shown in figure 2.1.

Using an automated version of the Nolan-Pollak (1946) photoelectric
nucleus counter, measurement of the Aitken nucleus number concentration
was made at the three locations over periods which varied from three
hours up to forty nine days at varying sampling frequencies. Further
details of the particle counting system is given by Jennings (1975).

The diurnal variation of the particle concentration taken at twenty
minute intervals and averaged over L9 continuous days of measurement at
Durham Observatory during the summer months are shown in Figure 2.2. The
pattern is similar to that obtained by Hogan (1966) in the United States
with the daily peak occurring at about mid afternoon and being preceded
by a district minimum during the early hours of the morning when the
production of anthropogenic particles is predictably at its lowest.

An investigation of the frequency distribution of the individual
observations were calculated using suitable class intervals. The
cumulative frequency distribution which expresses the percentage of
observation less than a selected value of particle concentration, Z,
as a function of the logarithm of the concentration was calculated and
plotted on probability paper. A line of best fit using the weighted
least squares method, which also allow for the exaggerations of the
deviation close to the probability scale is drawn for each set of
measurements. This procedure is followed in figure 2.3 where a compari-
son of the cumulative distribution curves are drawn for the three res-
pective sites (a) Great Dun Fell which is remote, exposed and far
removed from population, (b) Lanehead, which is sparsely populated and
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(¢) Durham Observatory. The values of the number concentration made at
the two elevated sites were increased due to a pressure effect of about
0.7 and 0.3 per cent respectively for a one per cent pressure change in
the operation of the particle counter. A comparison of the cumulative
distribution curves for the three sites indicates quite clearly the
effective use of this form of the frequency distribution in order to com-
pare the median and extremes of aerosol particle concentration for
different sites, as indicated by Hogan (1966). It can also be seen that
the distribution of number concentration for the three sites is approx-
imately log-normal.

Specimen results of particle concentration, Z, sampled at two minute
intervals for a three, four and twenty hour measurement on different dates
at Great Dun Fell are shown in figure 2.4. The measurements indicate that
the particle number concentrations follow closely a log normal distribution
in each case. The maximum value for the median of April 1l4th is probably
due to the averaged lower value of wind speed on that day (table 2.1).

The calculation of the geametric mean, Zg, and the geometric stand-
ard deviation og is simplified considerably when the cumulative distribu-
tions are plotted on logarithmic probably paper as done in figure 2.3.
The geametric standard deviation, %, is obtained from the relations

8l4.13% number concentration 2 50% number concentration
number concentration 15. number concentration

(2.1)

Values of Zg and ¢ are estimated for a number of observational periods
at the three sites and are given in Table 2.1.

‘8'

A typical short term fluctuation in particle number concentration
measured at the remote site of Great Dun Fell is shown in figure 2.5 for
two three hourly runs from 0000-0300 and from 0800 to 1100 GMT
respectively. An example of a large perturbation above the background
particle count, due to some extraneous source can be seen in the upper
curve. This illustrates the sensitivity of the apparatus in detecting
minute changes of the order of fractions of a picogram in the aerosol
mass and indicates that the detection of the onset of localized sources
of particles is particularly effective in areas of low particle levels.
The lower curve of figure 2.5 is characturistic of the site at Great
Dun Fell in that the variation in purticle concentration, 2, is generally
smooth, which is probably due to the site location, being far removed
fram the large short-term fluctuations usually associated with artifici-
ally produced aerosol. In this specimen result, fifty per cent of the
observations lie within about fifteen per cent of the average concentration
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arithmetic mean and median of Aitken nuclei observations at three sites

TABLE 2.1

B Ty o

Values of geometric mean, geometric deviation,

' 2 7
Average wind, Geometric | Geometric Arithmetic z Z.
Site Date(s) speed (knots)] mean Z, standard mean Z Zs Za
deviation o, leulat cived
Durham August 21st- 6.5 11,100 1.59 11,701 1.11 1.08
Observatory 26th
Lanchead June 38rd- 19 4,050 2.11 5,811 1.82 1.22
7th
Great Dun Fell April 14th 9 8,000 1.18 8,007 1.01 1.03
3 — March 12th 16 2,300 1.88 2,391 1.03 1.15
— March 2nd 85 2,020 1.21 1,943 1.02 1.01
- March 22nd- 34 1,450 1.50 1,584 1.09 1.14
28rd
— April 4-6th 36.5 1,020 1.97 1,285 . 1.26 1.07
—_ August 22nd 17 280 1.16 965 1.01 1.05

for the three hour period.

A study of the effect of sampling frequency on the distribution
of Aitken particle number concentration was also made. The cumulative
percentage of measurements of particle concentration which were less
than selected values of the percentage deviation from the average of the
total number of two minute measurements is shown in figure 2.6 for the
twenty hour run of March 22nd - March 23rd. The solid line represents
the two minute sampling measurements. The close proximity of the
measured values for the ten and twenty minute sampling intervals
indicates clearly that the frequency of sampling of number concentration
can be increased by at least an order of magnitude from a two minute
sampling frequency without significant loss in generality or applicability
of the results. This is important since the operating time of the
automated system can be increased before servicing is required and in

addition the volume of data required for analysis can be substantially
reduced.
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A summary of the values of the geametric mean, Zg, (equal to the
median for a log normal distribution), the geometric standard duration,

Og, and the arithmetic mean, Z, of Aitken particle number concentration
measured at the three sites of Durham Observatory, Lanehead and Great Dun
Fell are given in Table 2.1. The results are arranged in order of decreas-
number concentration. A comparison is made between the theoretical ratio
between Z and Zg as derived from the formula

m(g—g-) - 05 (in ) (2.2)

with the measured values of Z and the median Z_. Although the greatest
difference in the ratios was about 15 per cent™(for April lLth-6th data)
the mean difference reduces to only about 1 per cent which gives an
overall indication that the Aitken particle number concentration is
log-normally distributed at these sites. The relatively low values of
o, for the majority of the particle distributions atGreat Dun Fell
incﬁ.cates the small dispersion of the measurements about their average
value which appears to be characteristic of this remote site. The
average value of the geometric mean of the number concentration of
Aitken nuclei at Great Dun Fell was about 1800 for all the sampling
intervals which is in reasonable agreement with data taken at sparsely
populated mountain sites, for example, the Whiteface S mountain site of
Hogan (1966). Frequency distribution curves follow closely a log-normal
distribution for each measurement period. It is shown that a two
minute sampling frequency of particle monitoring can be increased by
about an order of magnitude without causing a significant change in the
particle number distribution. This enables the extension of automatic
running of the instrumentation for larger periods without recourse to
reservicing. It has been found that the particle counter assembly
operates satisfactorily over long periods under field conditions.

2.2 Natural Aerosol Size Distributions in the 0.25 to 5.0 Micrometre
{ Radius Range

2.2.1 Instrumentation and measurement procedure

The acquisition of an optical particle counter, a Royco model 225
with sutoscan digital display facility together with a digital printer
in the early part of the contract period has permitted the investigation
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of the size distribution of aerosol particles in the significantly
important optical range of particle radius fram 0.25 up to 5.0 micro-
metres and greater. The Royco optical counter allowed the aerosol
particle size range to be classified into five radius categories.
0.25-0.35, 0.35-0.7, 0.7-1.4, 1.4=3.0 and 3.0-5.0 micrometres
respectively. The particle counter was precalibrated with hamogeneous
sources of Latex particles over the five ranges. Measurements were
made at three distinctive sites, (a) at Durham Observatory which repres-
ents a semi-rural site, adjacent to Durham City with a population of
27,500 people, (b) at Great Dun Fell which is an exposed remote elevated
mountain site (842 m above sea level) and (c) at a remote maritime site
at Ardnamurchan Lighthouse off the West Coast of Scotland, the most
westerly point of the British Isles. Continuous meteorological records
of wind speed, wind direction, temperature and humidity were available
at Durham Observatory. The location of the site, marked X, is shown in
figure 2.7 in relation to surrounding towns, industrial zones and built
up areas. The measuring equipment was easily transportable and could be
put into operation shortly after arrival at any of the field stations.

Air was drawn in at a height of 2.5 m above ground level at Great
Dun Fell and at a height of L m above ground level at Durham Observatory
and at Ardnamurcgpn. An oil-free Diaphragm pump operating at a flow
rate of 70 1 min = was used to draw the air through a mixing vessel from
which the air sample was drawn to the optical counter sensor head via a_
short piece of anti-static tubing at a constant flow rate of 2.83 1 min
Calculations showed, using the fractional loss formula for particles
settling in a horizontal tube, (Thomas, 1958), that negligible loss of
particles occurred. The number concentration for each size category
was printed onto an automatically operating digital line printer and sub-
sequent analysis of the measurements was facilitated by means of an
IBM 360/168 camputer.

2.2.2 Experimental results of particle size distributions in the
0.25 to 5 micrometre radius range

Results are described of continuous measurements over L9 days
from 21st July to September 8th 1976, of the particle size distribu-
tion in the radius ranre 0.25 to 5 micrometre at Durham Observatory
In addition, continuois measurements over a 11 and 21 day period from

; Lth to 1ith July 1975 and from 15th December to January 6th 1976
| respectively, made at the remote station at Great Dun Fell 832 m, msl
t on the Northern Pennine Range are also discussed. An analysis is also
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made of aerosol particle measurements taken continuously every minute

over a 6 day period fraom 15th July to 21st July 1975 at Durham Observatory.
Maritime measurements of the particle size distributions made continu-
ously over the period from 28th March to Lth April 1976 at Ardnamurchan
Lighthouse are also presented.

Measurements of the particle radius categories 0.25-0.35, 0.35-0.7,
0.7-1.5, 1.5-2.5 and 2.5-5.0 micrometres were taken successively over a
period of ten minutes, so that a fifty minute time interval existed
between identical size category sampling times. The diurnal variation
of the individual particle size categories averaged over the 49 continuous
observational days is shown in figure 2.8. Each experimental point rep-
resents the arithmetic mean of approximately 50 readings. It clearly
shows maximum number concentration occurring for all size categories,
with the exception of the largest category, at the approximate period
from 0200 to 0800 BST (British Standard Time). The afternoon period
from 1400 up to about 2000 hours BST is characterized by a distinct mini-
mum in particle concentration for the lower particle size categories.
This general trend in the variation of particle concentration is also
reflected in the measurements made at Great Dun Fell.

The hourly variations of particle concentration in the radius
ranges 0.25-0.35, 1.5-2.5 and 2.5-5.0 micrametres is shown in figure 2.9
over the total period of measurement. The increase in particle numbers
at night followed by an afternoon decrease can also be observed here.

A general increase in the number concentration can be seen to occur from
about 3rd to 15th August which corresponds to a significant increase in
the daily average temperature for the period. This is also reflected in
the positive correlation coefficient values of Table 2.3. This indicates
that photochemical reactions are making an important contribution to
particle production.

A frequency distribution of the individual observations over the
L9 days sampling was calculated using suitable class intervals. The
cumulative frequency distribution, which expresses the percentage of
observations less than a selected value of particle concentration N,
was calculated and plotted on probability paper. The results of the
cumilative distribution of the five selected particle size ranges are
shown in figure 2.10. A line of best fit using the weighted least
squares procedure which also allows for the exaggerations of the devia-
tions due to the probability scale following the procedure of Kottler
(1950), is drawn for each particle size range. It can be seen from
figure 2.10 that the particle concentration follows closely a log-normal
distribution in each case. A log-normal distribution was also found for
the other sizes.
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One advantage of displaying aerosol particle distribution on logarith-
mic probability paper is that the geometric mean, Z , and the geometric

standard deviation, ¢ , can be obtained directly ffam the graph since Z

corresponds to the 50% probability value and ¢, can be derived from the
plot using equation (2.1). The values of Z g_ obtained fram the

curves of figure 2.10 are shown in Table 2.5 and ca%pm well with the cam-
puted values. The median of the measurements, which corresponds to the
geometric mean for a log normal distribution, is also given in Table 2.2.

TABLE 2.2

A comparison between the values of the geometric mean Z_ and the

geometric standard duration ¢ for the atmospheric aerosol
sampled at Durham Observatory.

Particle Radius 0.25-0.35 | 0.35-0.7 0.7-1.5 | 1.5-28{ 2.5-5.0
Range (micrometres)

Ceometric mean z' of

pearticle concentration
a3 (from rig. 2.90)

3.75 0.98 0.48 0.035 0.004

Computed value of 2 3.88 1.08 0.52 | 0.03 0.0039

from all measurements

Suyuted vebee of the 3.65 0.96 0.48 | 0.035| 0.0039

Geometric Stendard
Sevistion o_, of particle 3.13

. ,‘” ’.” z.l‘ 2037
concentration (from Fig. 2.0)
- —+
Computed value of ¢ 2.84 3.08 2.67 2.21 T 2.04
]
) - 1
f’ltmv,"
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The diurnal variation of the aerosol particle distribution over
the four radius categories of 0.25-0.35, 0.35-0.7, 0.7-1l.4 and 1.5-2.5
micrometres averaged over 22 days of continuous measurements at
Great Dun Fell from December 15th to January 6th, 1976 are shown in
figure 2.11. It can be seen that the diurnal variation of particle
concentration over the size categories follows approximately the same
trend as the Durham results, i.e. a peak in the early morning. Runs
with a minimum appearing in the afternoon period. A compurison between
the values of number concentration for the particle radius categories
0.25-0.35 and 1.5-3.0 micrometres measured at Great Dun Fell during the
22 day period with the averaged values over a 49 day continuous measure-
ment period at Durham Observatory is shown in figure 2.12. The compari-
son shows that the aerosol particle concentration is about an order of
magnitude lower for the mountain site, for the two size categories.
This is mainly due to the effect of altitude and the remoteness of the
Great Dun Fell site.

The site at Great Dun Fell offers the opportunity of examining
the variation of particle concentration at quiescent periods, for
example on Sundays, when anthropogenic influences are close to minimum.
The gradual decay of particle concentration for a Sunday (July 6th,
1975) at Great Dun Fell is shown in figure 2.13. This is particularly
noteworthy for the three upper size categories. The plot also illustrates
the sensitivity of the particle counter at remote locations in detect-
ing the onset of local sources of particulate matter at about 0700 and
1700 hours BST. The observed lag is mainly due to the difference in
sampling times of the individual size categories. A significant differ-
ence in the particle size distribution shape for the measurements made on
Friday and Saturday compared with the lower values measured on Sunday
(13th July) at Great Dun Fell as seen in figure 2.1L. This illustrates
the effect of anthropogenic sources at this remote site site since the
mean wind speed and direction was approximately the same for the three

days.

Evidence of a bimodal structure for the aerosol particle sise
distribution at Durham Observatory over 25 days of measurements is
shown in figure 2.15. It is interesting to note that the particle
range from 0.7-1.5 micron radius constitute the greatest volume
percentage of particles present in the aserosol. The bimodal structure
is also evidenced in figure 2.16, where the distribution is fitted by
two log-normal components similar to the treatment of Davies (197L).
A correction for the overestimation of number concentration for the
tails of the two camponent curves was made by plotting a cumulative
curve of the measured distribution on logarithmic probability paper.
The interpretation of particle sisze distribution curves is facilitated
by the use of this fitting procedure.

The particle size distribution is presented in figure 2.17 as a

W ks v B, A R i aie
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log-radius number distribution following Junge (1963).

aN__ _ B
m cr (2-3)

where dN is the number of particles per cm3 in the range d log r, apd c

is a constant depending on the total number, N, of particles per cm”.

The log-radius distribution averaged over the L9 days of contimuous
measurements at Durham Observatory is shown in figure 2.17. A weighted
line of best fit yields a slope B of value 3.0L4, which shows good agree-
ment with values obtained by several workers for continental aerosols.
The results for the remote location at Great Dun Fell over 21 days continu-
ous run from December 15th-January 6th, 1976 are also shown. For this
distribution, the line of best fit gives a slope B of 2.74. The curves
also show that the particle number concentration at Great Dun Fell is
approximately an order of magnitude lower than the corresponding values
at Durham Observatory.

The diurnal variation of the particle size distribution in the mari-
time atmosphere off the west coast of Scotland at Ardnamurchan point is
shown in figure 2.18. Although the site is very remote, the average
particle concentration assumed values comparable with the Durham Observatory
location. This is most probably due to the generation of particles from
sea-spray und from air-bubbles bursting at the air-sea-water interface
as discussed extensively by Blanchard (1963). Further evidence for this
particle production mechanism is furnished by the mean logarithmic radius
distribution of the maritime aerosol at Ardnamurchan shown in Figure 2.19
which indicutes an enhunced production of seu-salt particles in the
radius region of around one micrametre which is characteristic of the
size produced both by sea-spray and bubble-bursting mechanisms.

A study of the effect of sampling frequency on the distribution of
particle number concentration was made. Measurements of the particle
size category 0.25-0.35 micrometre radius was taken every minute for a
6 day period from July 15th to July 21st giving a total of 7600 -counts.
There is an interval of sixty seven seconds between successive measure-
ments since the interval of seven seconds is used for print out and
resetting procedures. The cumulative percentage of readings of particle
number concentration which were less than selected values of the percent-
age deviation fram the mean of all the measurements is shown in figure
2.20. The solid line represents the one minute sampling measurements.
The close proximity of the measured values for the ten and twenty minute
intervals indicates clearly that the sampling frequency can be increased
by at least twenty-fold from a one minute sampling frequency without
significant loss of infarmation.
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This finding is reinfarced by a similar analysis carried out on
the measurements of particle concentration over the 49 days at Durham
Observatory. In figure 2.21 the solid lines represent the fifty-
minute sampling measurements for the smallest and largest radius
intervals. The relatively close proximity of the values for 150 and
250 minute sampling frequencies campared to the 50 minute solid curve
illustrates that sampling frequency can be extended to these large
values particularly over long measurement periods. One can see that
about 30 per cent of the total number of measurements are within + 50
per cent of the overall mean concentration value for the lowest sized
category, whilst about 50 per cent of the measurements are within one
standard deviation of the mean. Higher cumulative percentage values
apply to the large particle sized categories.

A rare opportunity of obtaining the background level of aerosol
particle production at a period of minimum anthropogenic activity was
achieved by monitoring the particle concentration over a 21 day
continuous sequence which included the Christmas period. The particle
size distribution was continmuously measured at the remote mountain
station at Great Dun Fell from December 15th 1976. The period from
0000 hours on December 25th until 0000 hours on December 27th was con-
sidered to represent accurately the period of least activity during the
year, when particle production from man-made sources such as vehicular
traffic and industrial pollutants is at a minimum level. This predicted
pattern is confirmed by the result in figure 2.22 where the average
value of particle size concentration for the days December 25th and 26th
is compared with the overall average for the 21 day period. This pattern
is repeated also for the other size ranges, and it clearly shows a
marked reduction in the particle concentration for the 2 day period.

A correlation analysis was carried out on the July-September
measurements at Durham Observatory. The Pearson Product - moment
correlation coefficient at a significance level of 0.1 per cent, unless
otherwise stated, between the 5 particle size categories and the meteor-
ological parameter of wind direction, wind speed, humidity and tempera-
ture is given in Table 2.3. There is a high correlation between the
adjacent size categories. A relatively high negative correlation is
obtained between the wind speed and the particle concentration with the
exception of the largest size category. A scatter diagram of wind speed
in knots versus the concentration of particle size in the range 0.25-0.35
micrometres is shown in figure 2.23. A line of regression of the
parameter Y {loglo (particle concentration) } on X {wind speed} , is
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Y = - 0.0588 X + 0.8953. The decrease in particle concentration with
increase in wind speed occurs for all size categories examined and may
be attributed to increased vertical transportation of the particles
due to an increase in atmospheric turbulence.

2.2.3 A discussion of the results

The presentation and analysis of the results was facilitated by
means of an IBM/168 computer. For example, a typical computer output
plot of the diurnal variation of particle size at Durham Observatory is
shown in figure 2.2).

The diurnal variation of the natural aerosol particle size distribu-
tion in the size range fram 0.25 up to 1.4 micrametres in radius is
distinctive in that it assumes a shape which is approximately an inverse
relation to that normally measured for the submicrometre Aitken particle
distribution. This can be seen by comparing the shapes of the curves of
figure 2.8 with that of figure 2.2. Few continuous measurements over
long periods of time are available with which to compare the larger
particle distribution results. Measurements of the particle mumber con-
centration in the size range 0.5 to 5 micrametre radius, made along the
Harbor freeway in Los Angeles, Califcrnia in 1972 were made available by
Marple, Sverdrup and Whitby (1976). The measurements taken during the
dates 19th, 20th, 21st, 27th, 28th and 29th September at 10 minute inter-
vals, ylelded on average 15 measurements per hourly interval. The mean
values of total concentration in the radius range of 0.5-5.0 micrometres
are shown in figure 2.25 (a) and the diurnal shape campares favourably
with the diurnal variation of the total concentration of particle size
in the radius range 0.7 to 5 micrometres averaged over L9 days at
Durham Observatory plotted in figure 2.25 (b).

The general increase in particle concentration particularly for the
lower size categories in the period 0000 to 0600 hours can probably be
attributed to the increase in humidity, as also reflected in the positive
correlation between the parameters, seen in Table 2.3. The diurnal
variation is characterized by the occurrence of a distinct minimum in the
period from about 1400-2000 hours. This may be partly due to coagulation
of the larger size categories with the sulmicrometre Aitken particles
(which possess high concentration values in this period seen in figure
2.2). This trend of minimum particle concentration occurring in mid
afternoon is also reflected in the measurements made at Great Dun Fell.
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The results from figures 2.20 and 2.21 indicate that particle size
distribution measurements can be made less frequent, by as much as
twenty-fold, without losing significant information. This is important
since the operating time of the measurement system can be increased
before servicing is required and in addition the volume of particle size
data required for analysis can be substantially reduced. Part of the
above work is also described by Jennings and Elleson (1976).

3. THE GROWTH OF HYGROSCOPIC PARTICLES WITH HUMIDITY

3.1 Introduction

The theory of the growth of water soluble aerosol particles has
been considered by many workers, for example by Orr et al. (1958), Low
(1969v), Hanel (1970) and Mason (1971). There have been at least three
different approaches in the theoretical treatment of the growth of
soluble particles with humidity.

Firstly, a growth equation was developed by Mason (1971) which
used experimental values of the van't Hoff factor determined by McDonald
(1953). Low (1969b) derives an analytical expression for the growth
equation, using the mean ionic activity coefficient ¥ as the fundamental
parameter upon which the solution effect on particle growth depends.
Abundant experiemntal data on Y is available and possesses the advantage
that important properties such as the lowering of vapour pressure in
electrolytic solutions can be readily computed.

The third approach, used by Hanel (1970), is based on the measured
values of the volume and mass increase of atmospheric aerosol particles
and appears to be valid over the entire humidity range. Hanel's growth
equations can only be applied to bulk atmospheric aerosol for which the
variation of mass with humidity is known.

The theoretical growth of aerosol particles of sodium chloride
and ammonium sulphate with humidity is outlined in the following sections.
The fundamental growth equation is broadly based on the treatment by
Mason (1971). Some new procedures and approximations are used in the
application of the growth equation to the prediction of aerosol particle
size with varying humidity. A comparison is made between the growth
curves and those plotted by Mason. The effect of relative humidity on
the mean size of aerosol particles of sodium chloride and ammonium
sulphate is examined experimentally. A comparison is made between the
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experimental growth curves and the theoretical models.

3.2 The Growth Curve Equation Relating Particle Radius to Humidity

The vapour pressure P, over a droplet of pure water of radius r
exceeds that over a plane water surface Fp at the same temperature in
accordance with the expression

—::L = exp{-RL';“f-} (3.1)

where ¢ 1is the surface tension of the droplet, M is the molecular
weight of water, R is the universal gas constant and T is the absolute
temperature.

The effect of a dissolved salt in a droplet is to reduce the vapour
pressure over its surface. For a solution of constant concentration
this can be described by the relation

.% = exp{%ﬁ—r\,&t} = § (3.2)

where the dashed quantities are defined as above but refer to the
solution droplet. V ' is the partial molar volume of water in the
solution and 8 is known as the curvature correction.

Since the solution concentration is a function of the droplet
radius r' the vapour pressure over the plane solution also depends
on r'. The vapour pressure Pr: over the surface of solution droplet
exceeds that over a plane surface of the solution according to the
expression

Ba P

Y = E— exp{%"r'r&} (3.3)

The following approximation is used in the calculations:
Voo o My o -g- (3.4)
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where p is the density of pure water and V' is the molar volume of
pure water. Use of this approximation, as shown by a close examina-
tion of the measured densities of aqueous solutions, has been made by
Hanel (1970). On the other hand numerous authors including Orr (1958),
Mason (1971), Low (1969) use M/p' in place of the partial molar
volume of water in the solution, V ', which leads to substantial error,
particularly for small droplets, a¥ indicated in Table 3.1 from Hanel
(1970).

TABLE 3.1
s :
?— L (cmB/}(ol) % (cxn3/H01)
Q .
0.76 17.80 15.04
0.80 17.84 15.36
0.85 17.89 15.79
0.90 17.95 16.35
0.95 18.01 17.05
1.00 18.05 18.05
The difference between the partial '&
molar volume of water, V ", and the ratio ri

as 8 mm.ztion of the vapour pressure
P
ratio -&- for aqueous NaCl at 18%.

It can be seen from the table that V" differs from V " the molar

volume of pure water by less than 3% as the humidity is varied from
76 to 100 per cent.
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Equation 3.3 can now be written as

E.—wex {23" } (3.5)
3
_ .
Mason (1971) has derived an expression for g which is of the form
~plp' i
Pt

a9 } (3.6)

- i " ®
: T b wg?r'ﬁp'-mo} > { Rt

where n is the mass of the dry solute, W is the molecular weight of
of the solute and i is the van't Hoff factor.

Direct comparison of equations 3.5 and 3.6 can be made, noting
that a different approximation for V" has been made in each case.

This ylelds the result
-p[¢'

RCr) imgM
R, w'?:?n' - "‘o}

80 equation 3.5 now becomes

-el¢'
P =
T - I +“.,'_{"-‘l3;5m- 5 exp{-;l%} (3.8)

When the droplet is in equilibrium with the surrounding atmosphere the
vapour pressure over its surface, Pr" must equal the partial pressure
of water in the air.

Hence
L
P, 100
where H is the relative humidity of the air.

Equation 3.8 now becomes
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H
o imgM 20'M (3.9)
— =]+ . e o EXP{ m———
100 w{-;-rr‘jp'-mo {PRT" }

This equation can be used to calculate the radius of the solution
droplet in equilibrium with the atmosphere at a specified relative
humidity. :

Using r, as the equivalent radius of the dry particle we may
write

Mo = %"gPo : (3.10)

where Po is the density of the dry particle.
From this we obtain the result
-pfe’

26'M

Hos |+%’W‘ . ex W}"OO% (3.11)
o

At a temperature T of 25°% (T_= 298K), the parameters @s Mand R_
possess the values 0.997g cm 3, 18.02g and 8.317 x 107 erg mole 1g-1
respectively.

Therefore we can write equation (3.11)
e

88

3.3 Use of the Particle Growth Equation

Equation 3.12 is the fundamental equation relating humidity to
; particle radius. The following procedures are used when the equation
‘ is applied since the surface tension, density and van't Hoff factor are
all functions of solution concentration (and therefore droplet size).
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Moreover the van't Hoff factor cannot be expressed in an analytical form.

Approximate relations based on known experimental values are used
and extrapolated where necessary.

33k Molalitj of the solution

The molality, m , of a solution is defined by the equation

m= '0':0 _":i (3.13)

where ns is the number of moles of solute and n the number of moles of
solvent. M is the molecular weight of pure water.

For a droplet containing dissolved salt the dry mass of which is

ms
N = %" (3.14)
where W is the molecular weight of the salt and,
ne M-Mmo (3.15)
M
where m' is the mass of the solution droplet.
Therefore
1000 M k.
= —— ¢ || wa— Y o (3016)
"' w (W) m'=mg
. _looo |
"R
Mo
Using equation 3.10 and the relation
i 4 3
m =xpr (3.17)
= ¢

B L D B, o IR i

A .
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we obtain the result

M = ('°°°\. AR (3.18)
w /. g._['_l 3
Oro

The percentage concentration, p, of the solution can be expressed as

3
P = |oo..§$(%°.) (3.19)

3.3.2 The density of salt solution as a function of the |
percentage concentration |

The density of various salt solutions is tabulated as a function
of the percentage concentration (Handbook of Chemistry and Physics,
L3rd. ed., 1961). The relationship is approximately linear with increas-
ing concentration for sodium chloride and ammonium sulphate until the
saturated solution level is reached. Values in the supersaturated region
are not known but the density of the dry particle (p = 100%) does not lie
on the extrapolated straight line but rather above it. In order to
extrapolate the curve into the supersaturated region a quadratic function
has been fitted to the data as shown in Figure 3.1 for sodium chloride.
A similar curve was' obtdined for ammonium sulphate. The functions used
are given by equations 3.20 and 3.21 for sodium chloride and ammonium
sulphate refpectively.

-5 .
p' = 5.45x10 p2+ 6.20xlo-3p + 0.999 (3.20)

p' = 4.08x|0-5p2+ 3.6lx|63p <+ 0,999 (3.21)
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Given a q{mdratic fit of the form

P'= AP+ Bp + C

Equation 3.19 assumes the form

3

[L'] # e e (3.22)
or
. b : :
Ap’+ Bp2+ Cp - IOOPO.[T'}] = 0 (3.23)

Therefore, the solution concentration can'be evaluated if the droplet
radius, r’, is Imcnm3 The relationship between the solution concentra-
tion, p, and (r'/r )7, where r_1is the radius of the dry particle, can

easily be obtained for selected values of density 90..

3.3.3 The surface tension as a function of molality

Linear equations of the form given below for sodium chloride
(equation 3.2L) and ammonium sulphate (equation 3.25) were found to fit
the curves of the variation of surface tension with molality given by
Low (1969a).

o = 1.623m + 72,78 (3.24)

d = 2.168m + 72.78 (3.25)

A A R,




il -

3.3.4 The van't Hoff factor, i

Low (1969a) has tabulated the van't Hoff factor, i, as a function
of molality in the range 0.0001 to 6 for sodium chloride and 0.0001 to
5.5 for ammonium sulphate. At lower molalities i tends towards the
value 2.0 for sodium chloride and 3.0 for ammonium sulphate.

The highest molality tabulated in both cases corresponds to the
saturated solution. In order to attempt to describe the properties of
the supersaturated solution it is necessary to assume that the
experimental data can be extrapolated. Cubic equations of the form
given below were found to be a good approximation to the data at the
higher concentrations. It is assumed that they continue to describe the
behaviour of the solutions up to molalities of the order of 20.

For sodium chloride the cubic equation, fitted to Low's data at
molalities of 1, 2, 4 and 6 is

y v
| 2181736461336 x10'm +261582 ~10' m2 - 9.33083 x 10"m> (3.26)

The equation for ammonium sulphate, using molalities of 3, L, 5
and 5.5 is

|« 174017+ 57799 « 10°m +1.1904x 10 2m2 - 5.25333 x 1043 i

A good fit for the larger values of molality was obtained using
these equations as can be seen in Figures 3.2 and 3.3, where the van't
Hoff frctor, i, is plotted as a function of molality, , for sodium
chloride and ammonium sulphate respectively. The use of the extrapolated
values obtained from Equations 3.26 and 3.27 is fully justified since
the particle growth curve indicatés a smooth variation as low as LO%
relative humidity. The following procedure for solving the growth
equation for a salt solution at a particular radius, r', for selected
values of density, and initial dry particle radius, T, using

the described interpogction equations, was adopted.

(1) The percentage concentration, p, of the solution was
evaluated using the cubic equation 3.23.

(11) The density of the salt solution was calculated from
expressions 3.20 and 3.21.
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(11i) The molality of the solution was calculated using
equation 3.18.

(iv) The surface tension, o!, of the solution was
obtained fram equations 3.24 and 3.25.

(v) The values of the van't Hoff factor, i, were taken
from Low (1969a) up to a molality of 6.0 for sodium
chloride and 5.5 for ammonium sulphate. For higher
molality values, i was obtained by the use of
equations 3.26 and 3.27 as described above.

(vi) The above parameters were then substituted into
equation 3.12 which gives the humidity at which a particle
of radius r' is in equilibrium with the surrounding
atmosphere. An IBM 370/168 computer was used in the
numerical side of the equation.

No attempt has been made to predict the recrystallisation of the
droplets with decreasing humidity. The transition from solid to solution
droplets has been considered by Orr et al. (1958) but no satisfactory
theory of the recrystallisation point has yet been evolved.

Good agreement was found to exist between the growth curves derived
using the described procedure with those calculated by Mason (1971) for
sodium chloride. The extent of the agreement can be seen in Table 3.2
which indicates a difference of less than 0.4% between Mason's formula-
tion and the present analysis over the range of humidity shown. Good
agreement was also found between the computed . growth curves of ammonium
sulphate and those derived by Garland (1969).

TABLE 3.2
Particle Relative humicity (%) Difference
EhFLen (,&m) fcuation 3.12 | Mason (%)
0,784 72.9 72.6 0.31
0.995 83.7 3.5 0.18
2,198 89,5 39,4 0,12
0,120 92.9 ; 92.8 0,97
0.144 95.2 95.2 0.03

Camparison of the growth curve predictions usinglgqution 3.12
with those due to Mason (1971). A solute mass of 10 1°gm has been used.
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3.4 The Experimental Arrangement and Procedure in the
Measurement of the Increase in Aerosol Particle Size
with Humidity

3.4.1 The experimental apparatus

A schematic diagram of the apparatus is shown in figure 3.l.
A collison nebulizer (May, 1973) is used to generate the particles.
The atmomized spray leaves the nebulizer through a heated vertical tube
in order to vapourise the water from the salt droplets. The partjcles
then enter a variable volume storage vessel of maximum volume 1 m?. The
base of the storage vessel consisted of a standard glove box with the
normal observation window and access to the interior of the vessel,
which was lined with blotting paper. The humidity in the chamber could
be varied by controlling the flow of water to the vessel, and was
measured by means of a psychrometer. The particle number concentration
was measured by means of a Nolan-Pollak photoelectric nucleus counter
which is well described in the literature, for example, Nolan (1972).
The sampling of the aerosol particles was automated using electrically
operated solenoid values and an electric cam timer. Calibration tables
(Metnieks and Pollak, 1959) were used to determine the number concentra-
tion of particles in the storage vessel.

A cocylindrical condenser was used to measure the mean particle
radius as the humidity was altered. Particles entering the condenser
are brought to electrical equilibrium by a weak radioactive alpha source
(Americium 241 foil of strength 125 uC). The ratio of the concentration
of uncharged particles, No, to the total concentration, Z, has been
related to an equivalent size, r, by Keefe, Nolan and Rich (1959) who
assumed that the charge distribution on the aerosol obeys a Boltzmann
law when the aerosol is in electrical equilibrium, Values of aerosol
radius as a function of No/Z have been tabulated (Metnieks and Pollak,
1961). Further detail of the experimental apparatus used is given by
Elleson (1976).

3.4.2 The experimental procedure

The storage vessel was first filled with dry, filtered air by
means of a compressor pump. The system was then tested for filtered
air by means of the photoelectric counter through the observation of
the "scintillation effect". When the storage vessel was free from
nuclei, aerosol particles generated by the Collison atomizer were
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introduced into the storage vessel conthmg&aly. The par%cle concen~
tration was allowed to rise to about 5 x 10~ particles cm - before gen-
eration was stopped. It was found that, at higher concentrations,
rapid growth of the particles by coagulation occurred. Measurements
of particle number concentration were taken every 2 minutes throughout
each experiment, beginning as soon as the aerosol generator was switched
on. The psychrameter fan was switched on at the start of an experi-
mental run and the wet and dry bulb readings were taken throughout the
experiment at 2 minute intervals. Equivalent size measurements were
made, when the particle concentration became steady, using an ion tube
as described in the last section. The size measurements were taken
continuously throughout the experiment.

Once the initial size was established, the humidity in the chamber
was raised by introducing water into the storage vessel. Selected
parts of the walls were wetted in order to obtain size measurements at
intermediate humidity values. It was found that the relative humidity
remained quite stationary over a size measurement. The rate of rise
of humidity could be increased by introducing additional water to the
vessel. During a complete experimental run, at least five size measure-
ments could be made at different humidity values. In general, the
lowest humidity attained was about 50 per cent whilst the highest value
was usually of the order of 92 per cent.

An analysis of the particle size distribution using a diffusion
battery following Fuchs (1962) method indicated that the distribution
was approximately log-normal. A typical experiment took approximately
one and a half hours to perform during which time some coagulation is
expected. Experimental measurements at almost constant humidity
indicated that the contribution of coagulation to particle growth of
about 2.3% could be regarded as negligible.

3.5 Cg%iaon Between the Experimental Results of Particle

Size Growth with Humidity, an diction

The measurements of particle size as the relative humidity was
increased are shown in figures 3.5 and 3.6 for both ammonium sulphate
and sodium chloride particles. The measurements for ammonium sulphate
represent 6the growth for thyee initial dry radii of 2.8 x 10°6 cm,
2.9x10°° cm and 3.1 x 10 ° em. It can be seen that the smallest

particle size grows to L.0 x 1076 cm as the humidity is increased from
61% to 89%, which represents a size increase of L3%. The largest ’
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particle size of 3.1 x 166cm is increased to a value of 5.0 x 10-6-
which is an increase of 611 The growth_of sodium chloride particles
of initial radius 2.5 x 10 6cm, 2.7 x 10 6cm and 2.8 x 10 ©cm as the
humidity is increased from about 60% to about 92% is shown in figure
3.6. The smallest particles increase in size by a factor of two over
this range. A summary of the fractional increase in particle size as
the humidity is increased to the maximum value is given in Table 3.3
for both salts.

TABLE 3.3
Initinl Nadiuyg Final Rediu Fractional
Humiaity] (x 10%em)| Humidity | (x 10"em) | Size
(%) (%) Increase
Ae 2.8 89 3.9 D.39
' 53 2.9 92 4.7 7462
59 3.1 G2 5.0 0.61
@ 56 ?.5 9’) 5.1 1.")4
gg Ad 27 92 5.0 1 2.85
- 57 2.0 09 4.4 2.57

A typical experimental growth of ammonium sulphate
and sodium chloride particles

A comparison is made between the experimental growth curves and
the theoretical predictions according to Equation 3.12. Two theoretical
curves for ammonium sulphate, between which the experimental points are
approximately bounded, are drawn for initial dry particle radii of

2.4 x 10'6c- and 2.6 x 10.6cn in figure 3.7. The comparison shows good
agreement between the experimental values and the theoretical curves

representing particle sizes of 3.1 x 10 °cm and 3.3 x 10 ° at 60%
relative humidity. Similar theoretical curves are drawn for sodium
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chloride in figure 3.8 for initial dry particle radii of 1.8 x 10-6ca

and 2.0 x 10 %cm. These yield values of the theoretical radii at 60%
relative humidity of 2.8 x 10 cm and 3.1 x 10 "cm which compare favour-
ably with the initial experimental values.

The experimental points lie very close to the predicted lines with
some variation which may be explained in terms of the particles going
into solution and recrystallising before entering the humidity chamber.
When the particles are generated by the nebulizer they are droplets of
solution. Since they are dried to about 55% relative humidity a prop-
ortion will recrystallise but some will remain in a supersaturated sol-
ution form. This mixture of particles is then introduced to the storage
chamber where the humidity is increased. The supersaturated droplets
would be expected to follow a curve similar to the theoretical curve as
shown by the curves in figures 3.7 and 3.8 but the dry particles, on
reaching a critical humidity, will go into solution and grow significantly
over a very small range of humidity. At this point some spreading of the
points will start to occur. Work by Orr et al. (1956) indicates that
particles tend to dissolve at a precise value of the humidity but
recrystallisation can occur over a much wider range and cannot yet be
satisfactorily predicted. The same work suggests that sodium chloride
and ammonium sulphate particles with initial radii of the order of 0.0l
micrometres would completely dissolve at about 70% and 63% relative
humidity respectively.

A spread of results is indeed cbservable in the sodium chloride
curve at a value of 73§ to 74% relative humidity. There appears to be
a lack of spread in the experimental values for ammonium sulphate which
probably indicates that only a small percentage of particles recrystall-
ised after generation. It can be seen that maximum particle growth
occurs for the two salts at the higher values of relative humidity.
Experimental measurements at constant humidity indicate that coagulation
plays little part in the growth of the aerosol particles compared with
the growth due to the condensation of water vapour.




- 34 -

4. THE EFFECT OF PARTICLE GROWTH AND HUMIDITY ON
TRANSMISSION PROPERTIES OF AN AEROSOL

The effect of particle growth on visibility is examined using
approximations to Mie's theory due to Diermendjian (1960) and Penndorf
(1962) . Extrapolation procedures similar to. those described above are
used to predict the variation of particle refractive index with solution
concentration. The results are compared with work carried out by Garland
(1969) and Hanel (1971). A study is also made of the effect of particle
mass and both model and measured particle size distributions for sodium
chloride and ammonium sulphate on the extinction coefficient o.

4.1 The Effect of Particle Size and Refractive Index on the
Extinction Coefficient :

It is clear that the presence of suspended matter will affect the
transmission of light through a medium. In the case of an aerosol, the
nature of the effect depends on the particle size in relation to the
wavelength of light. A convenient parameter is the size parameter
a = 2wr/\ where r is the particle radius and )\ is the wavelength of light.
For assl, it is necessary to consider the variation of the electromagnetic
field inside and outside a small sphere and to solve the resulting differ-
ential equations. This was first solved by Mie (1908). 1In view of the
complexity of the analytical treatment, approximations to Mie's results
are used in the following treatment of light extinction.

Following the procedure outlined by Middleton (1963), the extinction
coefficient, 0, can be expressed as

¢ a« NrriK ) (4.1)

for a monodisperse aerosol of particle radius r and N particles per
unit volume. K is known as the scattering area ratio since it is the
ratio of the area of the wavefront acted upon by the particle to the
area of the particle itself. If the aerosol is polydisperse the extinc-
tion coefficients of all the monodisperse components can be added
together with the result that the extinction coefficient is given by
the relation

n
g -2 N'tr'2K| 4.2)
i m|
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where n is the number of different particle sizes and Ny is the particle
number concentration of particles of radius ri.

If the extinction coefficient can be found, a value of the
visibility can be obtained using the visual range, V, which is defined
by Middleton (1963) as

v 3.9' 2.

- — (4.3)
o

Solution of equation 4.2 is straightforward if K is known.
Tabulated values of K as a function of a and the refractive indices of

value 1.33, 1.44, 1.55 and 2.00 are known. Approximate equations for K
have been derived by Penndorf (1962) and Diermendjian (1960) and are
used in the following calculations.

If the refractive index, u, of the material under consideration is
expressed in the complex form

then the approximation of Diermendjian can be written as

xi.[uo],z-ﬁ%‘e,p{.?mg}sinwa, 4&&]?«23—«;»{.9::1}@{9-2&) (4.5)
where

9'%[’5"] o arctan{Tik_-i'—}
2

D= -} 0.2p-{ni=| at ok
%}\—[fa)o-!] - ~— or @& S{n-1}

= -t} 4.08
2n[1 +3tang | +3tang | +tang
o= 2000} o o, gon
n ofig) | +tang
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Penndorf's approximation, given below, is used when a; = Z’r"j, <t

Ki= Aaqg+ Bais + Cmi4 (4.6)
where
A 24 n; ki
Z)
ﬂi + f 4ni -ki _5]
15 32 5 Z|
2 2
8ilf.2 2 .2 sy Ny 1 S
c-2 [{n, o} +fnd- 2}] 36 k,‘
. )
Z

where

= { n,2+ k|2}2 + 4{0524(‘2} + 4

i 4:@4&}2 3 u{n.’-kf} 9

4.2 The Effect of Relative Humidity on the Extinction
Coefficient for a Wide Range of Particle Size Distributions

The theoretical relation between aercsol size and relative humidity
was treated in Sections 3.2 and 3.3, One can use this relation to study
the effect of humidity on the shape of a selected particle size
distribution. The influence of two humidity values of 75 and 95 per cent
on a Junge type distribution with slope B of ~3 is to displace the curve
laterally as seen in figure 4.1.

‘
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The calculations on the variation of visibility with relative
humidity were performed using a wavelength of 0.55 micrometres for
light. This corresponds to an average wavelength in the range over
which the human eye is sensitive. It was assumed that the imaginary
part of the refractive index was zero which means that absorption of
light by the particles is not accounted for. This assumption is justi-
field by the negligible or zero values of the imaginary part of the
refractive index given by Hanel (1972) for bulk atmospheric aerosol.
Linear approximations to the real part of the refractive indices for
sodium chloride and ammonium sulphate respectively are given below as
functions of the percentage concentration of the solutions

# = 0.00177p +1.333 (4.7)
M = 0000'58 P + |0333 (4.8)

The approximation relations show good agreement with tabulated
values given in the Handbook of Chemistry and Physics (1969). Values
of the extinction coefficient, ¢ , were calculated as a function of
relative humidity and particle mass by means of a computer programme.
The particle number concentration was chosen to correspond to one
microgram of salt per m3. '

The extinction coefficient, o, of an atmosphere containing one
microgram of ammonium sulphate per cubic metre is plotted in figure 4.2
for the following size distributions:

(a) A monodisperse aerosol at the mass median radius of 0.21
micrometres of a modified Junge type distribution shown
in Figure 4.3. -

(b) A monodisperse aerosol at the mass median radius of 0.3

micrometres of a distribution measured by Heard and Wiffen
(1969) .

(c) An atmospheric ammonium sulphate particle size distribution
measured by Heard and Wiffen (1969) using electron micro-
scope techniques. This distribution is shown in Table 4.1.

(d) A Junge type particle size distribution as shown in figure 4.3.
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It can be seen that good agreement was obtained between the
results using approximations to Mie's theory and the results of
Garland (1969) who used an interpolation formula to calculate the
scattering area ratio, K, for each particle size. Some of Garland's
calculated points, identified by o, are shown in figure 4.2 to illus-
trate the agreement between the two sets of results.

TABLE 4.1
Radius (un) ory particle Percentage of
mass (gm) the total number

] ’ concentration
0.050 - 0.105 | 4.30 x 10717 22.9
10,105 - 0,145 | 1.45 x 10714 25,7
0.145 - 0,185 | 3.43 x 10714 13.5
| 0.185 - 0.230 | 6.70 x 1074 14.8
0,230 = 0.270 | 115 x 10713 | 7.47
0.270 - 0.319 | 1.84 x 10~13 6.40
0.310 - 0.350 | 2.74 x 1013 5,14
0.350 - 0.395 | 3.90 x 10713 2.56
0.395 - 0.435 | 5.36x107%> |  1.28

The size distribution of ammonium sulphate
particles in the atmosphere on 23.8.67 reported by Heard and Wiffen

Figure 4.4 shows the variation of the extinction cgf;ficient with_
humidity and dry particle mass over a range from 3 x 10 gm to 3 x 10 11gm
for ammonium sulphate in an atmosphere containing one microgram of salt

per cubic metre. It can be seen that maximum extinction occurs, at the
selected value of 99% relative humidigg, for a dry particle mass of 10 14gm
corresponding to a radius of 1.2 x 10 °cm. It is also clear that visib-
ility is reduced by approximately an order of magnitude over the whole
range of particle mass as the humidity is increased from 80% to 99%.
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The extinction coefficient, o , for an atmosphere containing
1 microgramme of sodium chloride particulate per m3 in figure 4.5 for
selected particle size distributions. The distributions used are identi-~
cal to distributions (a), (b) and (d) of figure 4.2, whilst distribu-
tion (c) is a model sea-spray distribution similar to that used by Hanel
(1972) , and shown in figure 4.6. It is clear by comparing the plots of
extinction coefficient with relative humidity for sodium chloride and
ammonium sulphate in figures 4.5 and 4.2 that the extinction coefficient
is generally greater in the case of sodium chloride particles for the
particle size distributions (a), (b) and (4).

The extinction coefficient, o, is plotted against the dry particle
mass over a range from 3 x 10 17gm to 3 x 10 llgm for sodium chloride in
figure 4.7 for an atmosphere containing 1 ugm of salt per m3. It can be
seen from figure 4.7 that for a relative humidity of 99 per cent, maxi-
mum extinction occurs at a dry particle radius of 8.2 x 10 %cm. The
shapes of the curves are similar to those for ammonium sulphate, although
important differences between the two sets of results will be discussed
in the next section.

The change in extinction coefficient, ¢ , as_the dry particle
radius, r,, is varied from 2 x 10 “cm up to 1 x 10 “cm is shown in
figure 4.8 for the following values of relative humidity: 80, 95, 99 and
99.9 per cent. These calculations were performed for dry particles of
sodium chloride. It can be calculated that for particle radius greater
than 4 x lo-scm, the extinction coefficient, at 99.9, 99 and 95 per cent
exceeds the values at 80 per cent by average factors of 30.7, 6.6 and 2.5
respectively. The average fractional increase in extinction coefficient
at 99.9, 99 and 95 per cent above that at 80 per cent relative humidity
possess values of 110, 28 and 4.6 respectively for dry particle sizes
less than 4 x 10 5cm. It can also be observed that the peak value of'
extinction coefficient is shifted towards smaller dry particle radius
with increasing values of relative humidity.

A comparison was made between the extinction coefficient at selected
values of humidity H, o (H), with the extinction coefficient at.a value
of humidity k, o (k), where k was chosen to be a humidity value at which
it could be assumed that the particle was dry. The values used for k
were taken as 48.4 and 53.7 per cent for ammonium sulphate and sodium
chloride respectively which correspond to the lowest values of humidities
calculated using the particle growth equation. A graph of the ratio
o (H) /o (k) is plotted against the relative humidity, H, in figures 4.9
and 4.10. The curves for both ammonium sulphate and sodium chloride are
computed for a Junge distribution, shown in figure 4.3 and for a mono-

T
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disperse aerosol of particle radius 0.21 micrometres, corresponding
to the mass median radius of the Junge distribution.

It can be seen from the curves for the mcnodisperse aerosols of
particle radius 0.21 micrometres that the ratio o(H)/o(k) attains a
value of 2.0 at a relative humidity of 86% and 6.0 at 97% for ammonium
sulphate. In the case of the monodisperse aerosol of sodium chloride
particles of radius 0.21 micrometres, the ratio o(H)/o(k) is equal to
2.4 and 4.7 at 86% and 97% relative humidity respectively.

The curves of o (H) /o (k) versus relative humidity, H, indicate that
the Junge form of distribution is more effective at reducing visibility
than the monodisperse aerosol. The ratio of o(H)/o(k) attains a value
of 2.0 at 77% and 6.0 at 92% relative humidity for the sodium chloride
aerosol and the same values at 8l% and 95% respectively for the ammonium
sulphate particles.

4.3 A Discussion of the Results Related to Atmospheric Extinction

An expression has been derived for the extinction coefficient, o,
for both a homogeneous and a non-homogeneous source of aerosol particles
This has involved the use of approximations for the scattering area
ratio, K, based on the equations of Diermendjian (1960) and Penndorf
(1962). K is a function of the particle radius, the wavelength of the
incident light and the refractive index of the particle. The variation
of refractive index with humidity was taken into account by means of a
linear approximation equation relating the refractive index to the per-
centage concentration of the salt solution in the droplet. The two
linear approximations for ammonium sulphate and sodium chloride give
good agreement with tabulated values.

The effect of relative humidity on the extinction coefficient for
a monodisperse aerosol of sodium chloride and_ammonium sulphate over a
range of particle mass of 3 x 10 17 to 3 x 10 llgm is shown in figures
4.7 and 4.4 respectively. The particle number concentration wags chosen
to correspond to one microgram of salt per cubic metre. It can be seen
that the shapes of the curves are quite similar for both sets of -15
results. The smooth variation of the curves below a mass of about 10 "“gm
indicates the region over which Rayleigh's scattering law, for particle
size much less than the wavelength of light can be regarded as a good
approximation to the more precise Mie theory. The undulations in the
curves can be attributed to the oscillatory variation of the scattering
area ratio with the particle radius. The oscillations are most pronounced
for values of particle radius less than about 10 micrometres.
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Values of the maximum extinction coefficient obtained for sodium
chloride and ammonium sulphate at relative humidities of 80%, 95% and
99% are shown in Table 4.2. The sodium chloride aerosol yields a value
of extinction coefficient greater than ammonium sulphate by a factor
of about two for the three humidity values. Maximum contribution to the
extinction coefficient is made by a dry particle of 1.90 x 10-5 and

TABLE 4.2
“elative Sodium Chloride Ammonium Sulphate
Mumidity ik 1
(%) Dry particle | o(km )| Dry particle| o (km )
radius (om) radius (cm)

80 1.99 x 1072 | 0.024 | 2.40 x 107 | 0.013
95 l1.30x 1072 | 2.075 | 2.04 x 197 | 0.934
99 7.9 x 10 | 0.295 | 1.20 x 107 | 0.150

Maximum values of the extinction coefficient, o, for mono-
disperse aerosols with number concentration corresponding to 1 microgram
per cubic metre

2.4 x lo.sc- for sodium chloride and ammonium sulphate respectively
vhen the relative humidity is 80s. These_values are shifted to the
lower values of 7.9 x 10 ®cm and 1.2 x 10 Scm respectively as the
humidity is increased to 99s.

Individual values of the extinction coefficient as a function of
solute mass and relative humidity are shown in Table 4.3 for the two
salts. The ratio of the extinction coefficient due to a monodisperse
aerosol of sodium chloride to the corresponding values for a similar

aerosol of ammonium lulphato at the selected values of dry particle mass

from 10 “g- to 10 S gm for the values of relative humidity 808, 95% and

”lmubuhtodin'nbhl‘. Itcanbou.nthnttocthclmrnlun
of solute mass of 10 16gm to 10 l4gm the sodium chloride particles are more
efficient in reducing visibility by factors ranging from 1.7 to 5.5. The
sodium chloride aerosol particles possess larger values of extinction
coefficient b{ an amar factor of 1.54 for the remaining three solute

masses of 10" Ogm, 10" gm ana 10" gm.
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TABLE 4.3
Dry 50lute Particle !.xtinctior_xICoefficient
Particle | ilazs per | number (em™ ")

R(:;I];.tm ]():;1)1101: :::;;:; Rtelative Humidity (%)
(on~3) 80 95 99

0.02383 1009 . Y y0000 | r4x ] 1.02] 4cox
1074 1074 1073

0.9513 | .1071° 1,09 ldx | 6.2x| 5.4x
1003 | 1073 35

3 0.111 1014 100 70x | 26x| 1.5x
_ 1073 | 1072 | 3072

§| 0.238 1073 | 10 1.3x | 3.3x| 47x
g .y e 10~2
[ 0,513 1012 1 3.5x | 8.0x| 3.1x
1973 | 1073 | 1072

1.11 10711 0.1 1.6% | 40x| 1.1«
? 1973 103 102

0.0273 1912 10,000 4e8x | 3.0x| 2.2x
14 | 1073 1072

0.0480 | 1071 1,000 4.0x | 2.2x| 1.4x
1073 10™2 107}

gl 0.103 10714 100 1.6x | 5.4x| 2.5x
g 102 | 102 | 107!
0.223 10713 10 2.3x | 43x| 6,5x
§ 3072 | 10® | 107

0,430 1072 1 5.4x | 1.5x]| 3.3x
1673 | 1072 102

1.03 g 0.1 3.0x | 6.3x] 1.6x
1003 | 1073 | 102

Selected values of the extinction coefficient
as & function of particle size and relative humidity
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TABLE 4.4
Hum;()lity Particle Ifass(¢m)
( ~
10710 | 10715 | 10714 | 19713 | 10712 | 1o~12
95 4,29 3.5% 2.46 1.30 1.63 1.58
99 .50 | 2.59 |1.57 1.38 | 1.06 | 1.45

The ratios of extinction coefficients for sodium chloride
to the corresponding values for ammonium sulphate °

Results of the extinction coefficient due to selected particle
size distributions for ammonium sulphate and sodium chloride as a
function of relative humidity in the range 70 to 99% are presented in
figures 4.2 and 4.5 respectively. It can be seen that the extinction
coefficient for the two monodisperse aerosol particles of ammonium
sulphate of radius 0.21 and 0.3 micrometres labelled curve (a), (b)
respectively in figure 4.2 exceeds the values of extinction coefficient
due to the distribution measured by Heard and Wiffen (1969) and a
typical Junge distribution (Figure 4.3) represented by curve
(d) in figure 4.2 for values of humidity less than about 92%s. For
values of humidity greater than 98.5% the contribution to the extinc-
tion coefficient is greater for the non-homogeneous Junge distribution.
The values of the extinction coefficient are tabulated in Table 4.5
for the four particle size distributions of ammonium sulphate for values
of relative humidity ranging from 70% to 99s%.

The results of figure 4.5 indicate that the Junge type distribution
causes the largest extinction for values of humidity greater than 94 per cent.
The sea-spray aerosol (distribution (c)) has approximately the same effect
on the extinction as the Junge distribution up to about 90 per cent rela-
tive humidity. The extinction coefficient for a Junge type distribution
exceeds that due to the sea-spray distribution by an average value of
35 per cent for the relative humidity range between 90 and 99 per cent.

It can be seen from the computational results of figure 4.8 that
the increase in extinction coefficient is most sensitive over the dry
particle range from about 3 x 10 6 to 7 x 10 5cm. Thus, changes in the
shape of particle size distributions in this size band will cause the
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TABLE 4.5
Distribution Relative Hunidity (%)

70 82 90 95 99

(a) 1.10 x| 1.30 x| 1.97 x{ 3.35 x| 7.08 x
102 J16® lio? Jio? }a10®

(b) 1.00 % 1.2]1 x 1070 b 4 2003 X 3'16 X
1002 | 1002 1072 ] 1072 | 1072

(C) 8.40 b ¢ 9031 X 1047 X 2-59 x| 1,00 x
10‘3 103 Jo~° 10"2 107}

(d) 4.64 X 5.62 X 9.72 X 1.94 X 1.22 x
1003 1073 1073 [ 102 | 10}

The extinction coefficient, km-l, of an ammonium
sulphate aerosol as a function of relative humidity
for the following distributions:-

(a) A monodisperse aerosol of particle radius
0.21 micrometres

(b) A monodisperse aerosol of particle radius
0.30 micrometres

(c) A Heard and Wiffen distribution
(d) A Junge type distribution

greatest change in extinction coefficient. The occurrence of peaks in
the particle size distribution, by sea-spray particles for example, in
the coarse particle mode will have little influence on the total
extinction coefficient due to the aerosol.

Selected values of theextinction coefficient from figurz 4.5 for
the four size distributions for a range of relative humidity from 70%
to 99% are shown in Table 4.6. A comparison of the extinction coeffici-
ents shown in Tables 4.5 and 4.6 indicates that the extinction coeffici-
ent due to the sodium chloride particle distributions exceeds that due
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to the ammonium sulphate distributions for all the distributions
considered. Average values, over the relative humidity range from 70%
to 99%, of the ratio of the extinction coefficients for sodium
chloride and ammonium sulphate for the three distributions (a), (b)
and (d) are oqual to 1.60, 1.35 and 2.25 respectively.

TABLE 4.6
Distridbution Relative Humidity (%)
70 80 90 | 25 99
(a) 1.73 | 2.24 x| 3.55.x| 5.01 x| 5.88 x
' 302 J20% 1102 }10® }10?
(v) 1.30 x| 1.50 x| 1.78 x| 1.85 x| 7.94 x
-2 -2 -2 -2 -2
10 10 10 10 10
(o) 1,03 x§ 1.41 x| 2,48 x] 4,21 x| 1.3¢ x
3072 1102 120° 1307 1307
(d) 8,65 x| 1.45 x| 2.55 x| 531 x| 2.37 x
-3 -2 -2 -2 -1
10 10 10 10 10

The extinction coefficient, h-l. of a sodium

chloride aerosol as a function of relative
humidity for the following distributions:-

(a) A monodisperse aerosol of particle radius
0.21 micrometres

(b) A monodisperse aerosol of particle radius
0.30 micrometres

(c) A sea spray aerosol
(d) A Junge type aistribution

SR L
-";;-A':&A&é’hf:'i
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The rate of increase of extinction coefficient at particular
values of humidity, o(H), is compared to the extinction coefficient at
a humidity, k, o(k) considered sufficiently low to assume that the salt
nucleus is dry. Values of o(:')/o(k) shown in figures 4.9 and 4.10
indicate that the extinction coefficient increases more rapidly for a
sodium chloride monodisperse aerosol of particle radius 0.21 micrometres
than for an ammonium sulphate aerosol source up to a value of about 95%
relative humidity. The rate of rise of o(H) /o(k) is greater for the
two salts for a non-homogeneous Junge type distribution than for the
monodisperse aerosol of particle size equivalent to the mass median
radius of the Junge distribution. It can be seen from figure 4.10
that the extinction coefficient for a Junge distribution for both sodium
chloride and ammonium sulphate approaches the same rate of increase
with increasing values of humidity.

4.4 Overall Conclusions

A comprehensive analysis has been made of both number and size
distributions of subnicrouettg and large aerosol particles over the
size range from about 2 x 10 “cm up to 5 x 10 4cm radius. The measure-
ment techniques adopted proved versatile and successful at both rural
mountain and maritime field stations. It was shown that the diurnal
pattern of aerosol size distributions in the radius range from 0.25 up
to 5 micrometres showed a distinct maximum in the early morning hours
followed by a minimum in mid afternoon. Sampling analysis indicates
that measurements of the particle size distribution can be made less
frequent by factors least as large as twenty-fold without loss in
significant information of the data.

New procedures and approximations were made in calculating the
growth of an aerosol particle with increase in relative humidity, which
gave good agreement with calculated values of Mason (1971) and Garland
(1969) . Experimental growth measurements of both sodium chloride and
ammonium sulphate particles with humidity gave reasonably good -agreement
with the theoretical growth predictions.

The effect of humidity (and hence particle growth) upon the
extinction coefficient of an atmosphere containing sodium chloride
and ammonium sulphate particles over a radius range from 2 x 10 6 up to

l1x10 3cm was examined. It was found that sodium chloride particles

are more efficient in reducing visibility than ammonium sulphate parti-

cles for four different model distributions. In addition, a non-
homogeneous Junge type particle size distribution results in the greatest
values of extinction coefficient at greater than about 94% relative humidity.
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