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~ 20 Abstract

In this report an analysis is made of Continuous measurements of
the number and size distribution of submicrometre and large
aerosol particles up to S micrometres in radius . An automated

~—Royea- optical p~rticle counter was used to take measur ements at
a 10 minute sampling frequency over a 49 day period at Durham
Observatory , near Durham City , North East of England. Addition-
al 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
concentration from about 0200-0800 local time and a distinctive
minimum over the period 1400-2000 hours. The particle number
concentration follows a log-normal distribution . An analysis
of the sampling grequency shows that the meas~irements could bemade lest frequently by factors up to 20, without loss of signif-
icant information.I\ -

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
chlor ide and ammonium sulphate , which show good agreement with
previous results. Experimental measurements of the growth of
sodium chloride and ammol)ium sulphate particles , of initial radii
of between 2 and 3 x l0~~’cm, with relative humidity agree well
with the theoretical growth curves.
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ABSTRACT

An analysis is made of continuous measurements of the nus~ er and
size distribution of eubmicrometre 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 sau~ ling frequency over a
49 day period at Durham Observatory , near Durham City, North East of

• 
V England. Additional measurements were made at a remote mountain

station at Great Dun Fell , 842 m nisi and at an isolated maritime site.
The averaged diurnal variation shows a maximum in particle nuther con-
centration from about 0200-0800 local time and a distinctive minimum
over the period 1400-2000 hours • The particle number concentration
follows a log-normal distribution . An analysis of the samp1~ng frequ-
ency shows that the measurements could be made less frequently by
factors up to 20, without loss of significant information .

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 ameonium sulphate , which show good agreement with previous results .
Experimental measurements of the growth of sodium chloride and ameonium
sulphate particles , of initial radii of between 2 and 3 x 10 6om, with

NV 
relative humidity agree well with the theoretical growth curves .

II Approximations to t h e  ‘s light scattering theory are used to calcu-
late the extinction coefficient for four model particle size distribu-

5:’ tions of sodium chloride and a~~~nium 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 ameonium sulphate particles by factors ranging between
about 1.3 and 5.5 over a range of solute mass per particle from

t 3 x 10 17g to 3 x lO U g. Calculations also show that a non-homogenous
Jung. type particle size distribution is the most effective in increasing
th. extinction coefficient at values greater than about 94 p.r Cent
relative humidity.
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S

FH!SICAL CHARACT~~ISTICS OF THE NATURAL AT1fC~ PI~~ IC AEWSOL

1. GEN~~AL INTROIXICTION

1.1 Historical Background

The need for more research into the par ticle size distribution and
physical characteristics of the natural atmospheric aerosol i~ adequately
described by W~gi~~n (1967) in a review prepared for the ~).E.C .D. The

V fine-particle aerosol content o.~ the atmosphere i. largely composed of
Aitken type or condensation nuclei, possessing radii of the order of
0.01 micrometz’es • Sources of particulate matter in the atmosphere are
both natural and anthropogenic , although the atmospheric aerosol is
m ali7 produced by human activity and so study of its properties must be
closely related to pollution problems. let, it is only quite recently
that serious study within this context ha.. been carried out , for ~r~~p1e,
by Peterson and Paulus (1967). The need for more measurements of particl e

• concentration and size distribution over wide areas was recomeended by a
working group at the 7th International Conference on Condensation and Ice
Nuclei, 1969, whilst it has been more recent ly emphasised by Junge and
Jaenioke (1971) that the determination of the background levels for
atmospheric aero sol particles is an urgent problem, since man’ a activity
is continually changing the conditions in the atmosphere.

The atmospheric particle distribution for the size range between
about 0.1 and a few micron s is one of the most signii~icant parameters
which controls the tranainiasicn properties of the atmosphere. Although
a theoretical basis existe for the reduction in atmospheric visibility by-
aerosols (lftddleton, 1963), more experinental work and theoretical data
i~ 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 par ticles , and physical
characteristics, for .wa.iple , aerosol mass concentration, particl , sine
distribution and refractive index of the constituent particles.
In addition, although many series of observation s have indicated that
visibility decrea ses with increasing relative humidity, more c~~~ itationml
work is required to ese ss more fully the relative .fficienc7 of aerosol
particle constituents in reducing the tr~~”~~~~l scion .ffici.ncy In the
atmosphere. Ilore computational work on the sffsct of relative humidity on
the extinction coefficient of cnium suiphat., which is one of the main

-
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constituents of the natural aerosol, is required.

1.2 The Number and Size Distribution of the Natural Atmospheric Aerosol

The natural aerosol size distribution i. 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 V grow into the range from m~~l1 er sizes by coagula-
tion or conden sation 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 0.01 micrometres
since fresh combustion or anthropogenic nuclei sources tend to dominate
the particle size regime. The ‘coarse partinle mode ’ for particle radii
larger than about 1 micrometre originates mainly fran mechanical processes
such as dust, fly—ash , sea spray etc.

The size and concentration of atmospheric aerosol particles influences
the rate of gr oi~ h 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 ~tFrankfurt, in the Zugspitze and on Mount Taurus • He found that particles
of radius r > 0.1 ndcrcimetrea obeyed a size distribution law of the form

n(r) - d(logr ) (1.1)

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

Cartwright et a]. (1956) used an electron microscope to size
particles, collected by a thermal precipitator, in the radius range
0.03 to 0.9 aicrometrea. Twaney and Severynse (l961~) 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
diffusions] decay. Friedlander and Pa~oeri (1965) measured the size 

Vdistribution in the radius range 0.I~ to 20 micranetrea using a four stage
Casella Impactor . They found good agreement with the Junge form of the
size distribution curve .

I ,
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V At the International Workshop on Condensation and Ice Nuclei
(1971), Whitby and Husar found that the natural aerosol measured at
Fort Collin s, Colorado was similar to that obtained by Junge in the
South Atlantic. Whitby and Husar used the Minnesota Aerosol Analysing

-- System (MA AS) to make their measurements • This system consists of an
• optical particle counter operating in the radius range from 0.6 to

12 micrcinetrea, an electrical aerosol analyser operating over the range
£ 0.0075 to 0.6 micrcuetres 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 ~~pedition of the
R.V. Meteor over 2b days fran April 13th, 1969. A~ stated by the authors ,
further details in addition to the total concentration measured by each
instrument would have overcrowded their diagram (Figure Ii) . They found
two i,tkTllnk 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 micrcznetres radius shows a steady decrease uninterrupted by secondary
ma~l~~a. Whitby et al. (1975) presented particle size distribution data
for a 214 hour period on 19th and 20th September, 1972 of aerosol sampl.d
along the Harbor Freeway in Los Angeles, California. -

Although particle size distributions in the ‘accumulation mode ’ have
now been made by acme of the above workers for s~~ years, few continuous
measurements extending over periods of days or longer have been published.
In the following report , measurements made continuously over a 1~9 day
and 22 day period are presented of the natural atmospheric aerosol size
distribution in the radius range 0.25 up to S aicrometres using a cali-
brated Royco optical counter.

1.3 The Growth of Aerosol Particle Size with Humidity

If a droplet i. 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 pu’~ droplet th. critical radius r that an aggregat. of
molecules must attain in order to be in squiiigrium with th. surrounding

& vapour was first deduced by Ed wIn (1870) and is given by the relation

r - 2X.VpRT ].n(P/~~) (1.2)

—

~

- —

~ 
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where P is the pressure of the supersaturated vapour, P~ is the
equilibrium vapour preseure at temperature T over a plane surface of
the liquid, ~ is the surface tension of the drop let , p is the density
of the liquid , R is the universal gas constant and 11 is the molecular
weight of the liquid . Equation 1.2 was modified, first by Kobler (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 

~r’ 
of a solution droplet of radius

r ’ is given by the equation

P 3ia M
- 

~~~~ p’RTr ’ 
- 

141r3p’U 
(1.3)

where P is the equilibrium vapour pressure over a plan. water surface ,
a0 is the mass of the solute in gr~~ me , It is the molecular weight of
water, p’ is the density of the solution droplet, V is the molecular
weight of the solute and i is the van’t Hoff factor which allows for
the modification of Raoult ’ a Law to include electrolytic solutions • The
van ’t Hoff factor varies with the ch.’.ical 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, fran
McDonald (1953), Mason found that the numerical difft~rence between his
expression hind that of Wright was never more than a few per cent
except for ~~ns11 highly concentrated droplets . Values of i for eight
electrolytes over a range of molaflty from 0.0001 have been tabulated
by Low (1969) and th.ee values are used in the calculations described
in sections 3 and 1.~ of this report .

Dessens (l9t~9) 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
enviro~~~nt of ccntrollsd humidity. S4~ 11sr results were obtained by
Jung. (1952a) who measured the .quilibrium radii of artificial. nuclei
of calcium chloride and sodium chloride • Ms demonstrated (1952b) that
the growth of atmospheric aerosol particle. in continentia3. air masses
showed deviations from the theoretical prsdictiona. The growth curves
of ind.tvi&a1 partiolsi showed conaiderabli variati on but the aver age
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 pare
aalta • Thi. behaviour was explained at the time by a mixture of soluble
and - insolubl, matter in each particle thus introducing the vow 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 a� calcium chloride
and other salts with initial radius between 2 x 10 0om and 3 x 10 °cm.
More recently, Winkler and Junge (1972) have described a gravimetric
method for deter.4n4v~g the growth of atmospheric aerosol particles as a
function of relative humidity. They found that the continental aerosol
baa 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 c~~ponent 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 asinonium sulphate to be another
important constituent particularly in continental atmospheric aerosols.
Heard and Wit ten have shown that on many occasions most of the particles

• in haze conditions are nearly pare mmaoniuin sulphate . Twomey (1971) is
of the opinion that most of the cloud nuclei over the sea are composed
of amnonium sulphate, formed by gaseous reactions in the atmosphere
over the continents. However, in spite of the Importance of amnoniuin
sulphate nuclei in the atmospheric aerosol few calculations of particle
growth have been pablisbed. Both theoretical and experimental work on
the growth of sodium chloride and ~~~onium sulphate particles with
relative humidity are described In Section 3 of the report.

1.14 The Effect of Ataos~pheric Particles on Tr*nemission

Solid and liquid aerosol particles in the atmosphere reduce the
visibility. An important contribution to the lowering of visibility

• is made by- the condensation 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 a I0up(-,x) (1.14) 

- .~~~•
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where 1~ is the initial light intensity, I is the intensity after its
passage along a distance x and a- is the extinction coefficient and is
the sum of two terms,

a a 

~bs4
~~catt 

(i.S)

Here 
~bs 

is due to absorption by gases and particles but is
considered small compared with a 

~~ 
(Middleton , 1963). The scatter-

ing coefficient, ascatt is the ~~~I n t  factor causing changes in
visibility in the atmosphere. The extinction coefficient, a , is related
to the visibility by the Koechmieder relationship,

Visual range - (1.6)

as derived by Middleton (1963, p. lOS), Midd leton also shows that the
extinction coefficient for a monodi aperse aerosol of particle radius a
and concentration N is given by

a — ~~ra2 (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 parmueter a - 2rs/A for
specific values of the refract ive index .

Intere st in the relationship between relative humidity and visual
range dates back at least to the studies of Wright (1939) on the atmos-
pheric opac ity at Valent ia . His results showed that, in maritime air ,
the atmosp heric opacity varied with relative humidit y in much the seme
way as theory would suggest for a sodium chloride aerosol . Mor e recently,
Garland (1969) has made a study of the effect of anmtonium sulphate
particles on visibility. This work will be discussed in more detail in
Section 14. Hanel (1972) has computed extincti on coefficients of atmos-
pheric aerosol particles with relative humidity. His calculations ar e
based on measurements of the density, refractive index and coefficient
of mass increase with humidity of atmosp heric aeros ol . His results agree
to within a few per cent with those obtained by Mie theory, which is
the cowplete rigorous theory for the scattering of light by isotropic,
spherical particles developed by Mi, (1908).

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

q 
-

-I
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scattering coefficient of artificially produced nuclei in the laboratory
over a wide range of humidity, with an i4egrating nephelometer.
However , their results have not been compared with predicted values of
the extinction coefficient .

The effect of particle mass on the extinction coefficient for
monodisperee aerosols of sodium chloride and aasnonium sulphate is
studied in Section 14 of the report . In addition , the influence of a
range of particle size distributions on the extinction coefficient as
the relative tumidity is varied is exmnined.

1.5 Objectives of the Research Progremme

In order to calculate the effect of relative humidity on the
growth of atmospheric particles it is desireable to know the shape of
th. 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 prograsme was to carry out
an extensive seriee of measurements of the number and size distribution
of the natural atmospheric aerosol, mainly in the radius range from about
0.3 up to S 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 i. 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 óhloride and ~~~onium
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-
ants of sodium chloride and ~~~onium sulphate are chosen in this study.
New procedure. and apprc~1.~&ticns are used in the application of the
humidity growth equations to the prediction. of the increas, of particle
size with humidity as described in Section 3.

- - 
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The third objective of the research progra uune is to estimate
the effect of particle growth on the extinction coefficient due to light
scattering using app roximations to Mie ‘a theory. Results of extinction
coefficients for monodisperse and model particle size distributions of
sodium chloride and anmonium sulphate aerosol part icles are presented
In addition , calculations on the reductions in visibility due to
measured aerosol particle size distributions will be pr esented and dis-
cussed in Section Ii.

2. NATURAL A~~O6OL NU)~~~ AND SIZE DISTRI~3TI(~S

2.1 Number Concentration of the Sutunicrometre Natural Aerosol

A study of the number concentration of ~uhnicrometre aero sol
perticle. in the ‘transient mode ’ was carried out at Durham Observ-~itorykm S~w of Durh am Cit7 with a population of 27,500 inhabitants in
the North East of England, at Great Dun Fell , 8142 m mel on the Northern
Pennine mountain range, Wsstaorland, England and at Lanehead , Wearda le,
altitude 1.i32 a mel situated 16 km NE of Great Dun Fell . The location s
of the three sit s ic shown in figuie 2.1.

Using an automated version of the Nolan-Poflak (l9~6) photoelectric
nucleus counter , measurement of the Aitken nucleus number concentration
was made at the three locations over psrioda 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 (197S).
The diurnal variation of the particle concentration taken at twenty
minute interv als and averaged over 149 contInuous days of measurament at
Durham Observatory during the sum~ r 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 aid afternoon and being preceded
by a district minimum during the ear ly hours of the morning when the
production of anthropogenic particles is predictably at its lowest.

An Investigation of the frequency distribution of the individual
observation s 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 functio n of the logaritim of the concentration was calculated and
plotted on probability paper. A line of best fit using t~ie weighted
least squares method, which also allow for the exaggerations of the
deviation close to the pro bability 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) Lanebead, which i. sparsely populated and

.
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(c) Durham Observatory. The values of the number concentrat ion made at
the two elevated sites were increased due to a pressure effect of &bout
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-
im&tely 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 2.14. The measurements indicate that
the particle number concentrations follow closely a log norma]. distribution
in each case • The maximum value for the median of April ]J~th is probably
due to the averaged lower value of wind speed on that day (table 2.1).

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

8I~.l3% number concentration 50% number concentrationg 50% number concentration 15.87% number concentration
(2.1)

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

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 OWL’
respectively. An example of a large perturbation above the background
particle count, due to s~~ extraneous source can be seen in the upper
curve • This illustrates the sensitivity of the apparatus in detecting
minute changes of the oxder of fraction. 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 charaotwriatia of the site at Great
Dun Fell in that the variation in particle concentration, Z, is generally

ooth, which i~ probably due to the site location , being far removed
from the large short-term fluctuations usually associated with artitici-
ally produced aerosol . In this specimen result , f if ty per cent of the
observations lie within about fifteen per cent of the average concentrati on

4 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _— T .....r __I•.~~~ --— - —~~~~~ _ , _.~
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TABLE 2.1

Vahies of geometric mean, geometric deviation,
ar ithmetic mean and median of Ailleen nucki observations at three site.

I Average wind Geometric Geomet ric Arithmetic ~~ I
Site Date(s) speed (knots ) mean Z1 standard mean Z Z..

deviation a. calculated measured

1)url,am August 21st - 6.5 11,100 .1.59 11.701 1.11 1 .08
Observatory 26th 

__________ _________ _________ __________ —_______

Lanehead June 3rd- 19 4,050 2.11 5,311 1.52 1.22
7th

Great Dun Fell Apr il 14th 9 3,000 1.18 3,007 1.01 1.08
_______ - 

March 12th 16 2,800 1.88 2,391 1.05 1.15 
—

— 

- 

March 2nd 
— 

85 2,020 1.21 1,943 1 .02 1 .01

— March 22nd. 84 1,450 1.50 1,584 1.09 1.14
23rd

— April 4-6th 36.5 1.020 1.97 1,285 1.26 1.07

— August 22nd 17 980 1.16 965 1. (11 1.05

for the three hour period .

A study of the effect of sampling frequency on the distribution
of Aitken particle number concentrati on was also made. The cumulative
percentage of measurements of particle concentration which were less
than selected value s of the percentage deviation from the averag e 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 value s for the ten and twenty minute sampling interv-al~indicates clearly that the frequency of sampling of number concentrat ion
can be increased by at least an order of magnitude from a two minute
sampling frequency without significant loss in generality or applicab ility
of the results • This is Important since the operat ing time of the
automated system can be int~reas ed 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 geometric mean , Zg, (equal to the
median for a log normal distribution), the geometric standard duration,

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 2 and Zg as der ived fr om the formula

= 0.5 i~ (2.2 )
~ Zg,

with the measured values of ~ and the median Zm • Although the greatest
difference in the ratios was about 15 per cent (for April LLth-6th data)
the mean difference reduce s to only about ]. per cent which gives an
overa fl indication that the Aitken particle number concentration is
log-normally distr ibuted at these sites. The relat ively low value s of

ø~ for the maj ority of the particle distrib utions at Gr eat Dun Fell
indicates the sinai]. dispersion of the measurements about their aver age
value which appea rs to be characterist ic of this remote site . The
aver age value of the geometric mean of the number concentration of
Aitken nuclei at Gre at Dun Fell was about 1800 for all the sampling
intervals which is in reasonable agre ement with data taken at sparsely
populated mountain sites, for example , the Whitefac e 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 nwnber distribution . This enables the extension of automatic
runn ing of the instr umentation for larger periods without recourse to
reservicing . It has been found that the particle counter assembly
operates satisfactorily over long periods under field cond itions .

2.2 Natural Aerosol Size Distribut ions in the O.2S to 5.0 L4icranetre
Radius Range

2.2.1 Instr umentation and measurement procedure

The acquisition of an optical partic le counter , a Royco model 225
with autoscan digital display facility together with a digital pr inter
in the early part of the contrac t period has permitted the investigation

__________________________
~~ ~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~

C
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of the size distribution of aerosol particles in the significantly
impor tant optical range of particle radius fran 0.2~ 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.
O.2 5-O .3S, 0.35— 0.7, 0.7—1.14 , 1.14—3.0 and 3.0—5.0 micrcmtetres
respectively. The particle counter was precalibrated with homogeneous
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 (8142 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 Dur ham Observato ry . 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 equipnent was easily transp ortable 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 in above ground level at Great
Dun Fell sad at a heigh t of i~ a above ground level at Durham Observatory
and at Ardnaimirch1an. An oil-free Diaphragm pump operating at a flow
rate of 70 1 mm was used to draw the air through a mixing vessel fran
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 mm
Calculations shar ed , 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 printe d onto an aut omatical ly operati ng digital line printer and sub-
sequent analysis of the measurements was facili tated by means of an
IBM 360/168 computer.

2.2.2 ~~~erImental results of particle size distri but ions in the
0.2~ to 5 micrcmetre radius range

Result s sr• described of cont inuous measurements over 149 days
from 21st July to September 8th 1976, of the particle size d.tatribu-
tion in the radius rar’~s 0.25 to 5 micrometre at Durham Observatory
In addition, contirnw~is auaurementa over a U and 21 day period from
14th to 114th July 1975 and from 15th December to January 6th 1976
respectively , made at the remote etation at Great Dun Fell 832 in, mel
on the Northern F~nnin Rang. ar. also discussed . An analysis is also

S
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made of aerosol particle measurements ta~~n continuously every minute
over a 6 day period fran 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 14th April 1.976 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 cate gory sampling times. The diurnal variation
of the individual particle size categories aver aged over the 149 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 concent ration 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 11400 up to about 2000 hour s BST is characterized by a distinc t 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 micranetres is sham 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 numbe r concentration can be seen to occur fran
about 3rd to 15th August which corresponds to a significant incre ase in
the daily average temperature f or the period. This is also reflected in
the positive correlation coefficient values of Table 2.3. This indicates
that photochemica]. reactions are .Ikking an important contribution to
particle production.

A frequency distribution of the individual observations over the
149 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
cumulative 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.

C
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One advantage of displaying aerosol particle distribution on logarith-
mic probability pap er is that the geometric mean , Z , and the geometric
standard deviation , g~~ can be obtained directly f~om the graph since Zg
corresponds to the ~~~~~~~~~~~ value and ~ can be derived from the
plot using equation (2.1). The values of Z ana ~ obtained fran the
curves of figure 2.10 are shown in Table 2.~ and c~lpare well with the com-
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 Zg and the
geometric standard duration i for the atmospheric aeroso l.
sampled at Durham Ob8ervatory.~

Particle P.dius 0.25 O.35 0.35 0.7 0.74.5 1.5—Z.f 2.5—5.0
Liege (.icrc.str.s)

i... trie —~~ * of$ 3.75 O J $  0.45 0.035 0.004p&tid. ci.camtrstios
a. 3 (Ira. Pig. S ic )

0..pv t.J viii. .f 3*5 1.05 0.52 0.036 0.0039
ft.. iii a. _ t.

.~~~~~~Sd V$1i. ~~ 3.55 0.% 0.4$ 0.035 0.0039

s aute k~~~~d
~~,imLss d pirdel. 3.13 3.1* 2 3 3  2.11 2.37

- 1,eif, (f~~ P1. t*)

~~~~~~~~~~~~ f
~~.a. .. 2.21 

—
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The diurnal variation of the aerosol particle distri bution over
the four radius categorie s of 0.25-0.35 , 0.35-0.7, 0.7.1.14 and 1.5-2.5
micranetres averaged over 22 days of continuous measurements at
Great Dun Fell from December 15th to January 6th, 1976 are shown in
figure 2. U. 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 comparison between
the values of number concentration for the particle radius categories
0.~5-0.35 and 1.5-3.0 micrc*netres measured at Great Dun Fell during the
22 day period with the averaged values over a 149 day continuous measure-
ment period at Durham Observatory is shown in figure 2.12. The canpari-
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 individua l size categori es. A signi ficant differ-
ence in the particle size distribution shape for the measurements made on
Friday ~--d Saturday compared with the lower values measured on Sunday
(13th July) at Great Dun Fell as seen in figure 2.114. This illustrates
the effect of anth ropogenic sources at this remote site site since the
mean wind speed mud direction was approximately the same for the three
days.

Evidence of a bimodal structure for the aerosol par ticle else
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 rad.ttw constitute the greatest volume
percentage of particle s present in the aaro ol. 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 (19714).
A correction for the overestimation of number concentration for the
tails of the two component curves was made by plotting a cumulative
curve of the measured distribution on logaritheic prob.bilit~r paper.
The interpr.tation of particle sl.a. distr ibution curves i~ facilitatedby the use of this fitting procedure.

The partic le size distribution is pre sented in figure 2.17 as a

C
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log-radius number distribution following Junge (1963) .

d log r - cr4 (2.3)

where dN is the number of particles per cm3 in the range d log r , a~d cis a constant depending on the total number , N, of particle s per cm ’.The log-ra dius distribution averaged over the 149 days of continuous
measurements at Durha m Observatory is shown in figure 2.17. A weighted
line of best fit yields a slope $ of value 3.014, which shows good agre e-ment with values obtaine d by several workers for continental aeros ols.The results for the remote location at Great Dun Fell over 21 days cont inu-ous run from December 15th-January 6th , 1976 are also shown . For thisdistributio n, the line of beet fit gives a slope 8 of 2.714. The curvesalso show that the particle number concentr ation at Great Dun Fell isapproximately an order of magnitude lower tha n the corresp onding valu esat Durham Observatory .

The diurnal var iation of the partic le size distribu tion in the mari-
time atmosp here off the west coast of Scotland at Ardnamurchan point isshown in figure 2.18. Although the site is very remote , the averageparticle concentration asbulned values comparable with the Dur ham Observatorylocation . This is most probably due to the generation of particl es fromsea-spray and from air-.bubbles bursting at the air-sea-water Interfaceas discussed extensively by Blanchard (1963). Further evidence for thisparticl e production mechanism is furn ished by the mean logarit)unic radiusdistributi on of the maritime aerosol at Ardnsmurchan shown in Figure 2.19which indicates an enhanced production of sea-salt particles in theradius region of around one micrometre which is char acteristic of thesize produced both by sea-spray and bubble-bursting mechanisms.

A study of the effect of sampling frequency on the distribution ofparticle number concentration was made. Measurements of the particle
size category 0.25-0.35 micrc*netre radius was taken every minute for a6 day period fran 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 andresetting procedures. The cumulat ive percentage of readings of particlenumber concentration which were less than selected values of the percent-age deviation from the mean of all the measurements is shown in figure2.20. The solid line represents the one minute sampling measurements.The close proximity of the measured values for the ten and twenty minuteIntervals indicates clearly that the sampling frequency can be increasedby at least twenty-fold from a one minute sampling frequency withoutsignifican t loss of information.

C
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This finding Is reinforced by a sip~il~~~Li analysis carried out on
the measurements of particle concentration over the 149 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 compared to the 50 minute solid curve
illustrates that sampling frequency can be extended to these large
values particularly over long measurement peri ods . (~ie can see that

• about 30 per cent of the total number of measurements are with in + 50
per cent of the overa l]. mean concentration value for the lowest sized
category, whilst about 50 per cent of the measurements are within one
standard deviation of the mean . Highe r cumula tive percentage values
app ly to the large particle sized categories.

A rare opportunity of obtaining the background level of aerosol
part Icle production at a period of minimwn ant hropoge nic activi ty was
achieved by monitoring the particle concentration over a 21 day
continuous sequence which included the Christmas period. The particle
size distribution was continu ously 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 dur ing 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 fi gure 2.22 where the aver age
value of particle size concentration for the days December 25th and 26th
is compared with the overall aver age for the 21 day period . This pattern
is repeated also for the other size ranges , and it clearly shows a
marked reduction in the par ticle concentration for the 2 day period .

A correlation analy sis was carried out on the July-September
measurements at Durham Observatory. The Pearson Product - moment
correlation coefficient at a stgn~ficance 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 Tab le 2.3. There is a high correlation between the

• adjacent size categories . A relatively high negative correlati on is
obtained between the wind speed and the particle concentration with the

• excepti on 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
microm.tr.s is shown in figure 2.23 . A line of regression of the

• parameter I 
~ 

log10 (pa rticle oono.ntration) ~ on I wind speed ~ , is

~— - ~~~~~~~~~ .—~~
-— -

~~~~~~ —~~-~- ~~~~-
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I - - 0.0588 X + 0.8953 . The decrease in particle concentration with
increase in wind speed occurs for all size categorie s examined and may
be attributed to increased vertical tran sportat ion of the part icles
due to an increase in atmospheric turbulence .

2 .2 . 3  A discussion of the result s

The presentati on and analysis of the results was facilitate d by
means of an I~~(/i68 computer. For example , a typical computer output
plot of the diurnal variation of particle size at Durham Observatory is
shown In figure 2.2 14.

The diurnal variation of the nat ural aerosol particle size distribu-
tion in the size range fran 0.25 up to 1.14 micrcmetres in radius is
distinctive in that it assumes a shape which is approximately an invers e
relation to that normally measured for the subeicranetre 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 distri bution results . Measurements of the particle rn~mber con-
centration in the size range 0.5 to 5 mierometre radius, made along the
Harbor freeway In Los Angeles, California in 1972 were made availab le 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 , yielded 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 f igure 2.25 (a) and the diurnal shape compares favourably
with the diurnal variation of the total concentration of particle size
in the radius range 0.7 to S inicrasetres aver aged over 149 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 occurr ence of a distinct minimum in the
period from about 11400-2000 hours . This may be partly due to coagulation
of the larger size categories with the sulinicranetre Aitken particle s
(which possess high concentration values in this period seen in figure
2.2).  This trend of minimum particle concentrat ion occurring in mid
afternoon is also reflected in the measurements made at Great Dun Fell .
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The results fr om figures 2.20 and 2.21 indicate that particle size
distribution measurements can be made less freq uent , 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 analy sis can be substantially reduced. Part of the
above work is also described by Jennings and Elieson (1976).

3~ THE (2~OW~H OF HYGRC600PIC PARTICLES WITH HTJ1~ DITT

3.1 Introduction

The theo ry of the growth of water soluble aerosol particles has
been considered by many workers, for example by Orr et al. (1958), Low
(1969b), Hanel (1970) and Mason (1971). There have been at least three
different approache s 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 tt  Hoff factor determined by McDonald
(1953). Low (l969b ) derives an analytical expression for the growth
equation , using the mean ionic activity coefficient I as the fundamental
parameter upon which the solution effect on particle growth depends .
Abundant experiemntal data on I 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 app ears to be valid over the entire humidity range . Hanel’ s growth
equations cart only be applied to bulk atmospheric aero sol for which the
variation of mass with humidity is known.

The theoretical growth of aerosol particles of sodium chloride
and amnonium sulphate with humidity is outlined in the following sections .
The fundamental growth equation is broadly based on the tre atment by
Mason (1971). Some new procedures and app rnT1i~ation s 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 Ma son. The effect of relative humidity on
the mean size of aerosol particles of sodium chloride and amnonium
sulphate i. 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

• Th. vapour pressure 
~‘r 

over a droplet of pure water of radius r
exceeds that over a plane water surface P~ at the same temperature in
accordance with the expression

P 
_____i;= exp {~~~1 } (3.1 )

where 6 is the surface tension of the droplet, M is the mol.cular
weight of water, R is the universal gas constant and T is th. 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 { = (3.2)

where the dashed quantities are defined as above but refer to the
solution droplet. Vi,’ is the partial molar volume of water in the
solution and I 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 depend.
on r ’ • The vapour pressure ~r ’ over the surface of solution droplet
exceeds that over a plane surface of the soluti on according to the
expression

• p. pj r ) 2= ~ exp ç%~iv} (3.3)

Tb. following approximation is used in the calculatto~a:
V,.~g ’.cvog .

~~~~ (3.4)p

_ _  
_ _ _ _ _ _ _- — 

~~~ -t~~~~~
-- T ~~I

• .:.. - 
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where p is the density of pure water and V is the molar volume of
pure water. Use at this approximation, as s~own by a close examina-
tion of the measured densities of aqueous solutions, has been made by
Hane l (1970) . C~i the other hand numerous authors including Orr (1958),
Mason (1971), Low (1969) use $fp’ in place of the partial molar
volume of water in the solution, V ‘, which leads to substantial error,
particularly for ~~~11 droplets, a! indicated in Table 3.1 from Hanel
(1970).

TABLE 3.~ 1

V~ (cm3/Mol) ~~ (cm3/Mol)

0.76 17.80 l5.c~
0.80 l7.8I~ 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 M
molar volume of water , ~~~ arid the ratio

as a function of the vapour pressure

ratio for aqueous Ned at 18°C.

It can be seen from the table that V ’  differs from V
~ 

the molar
vo1u~~ of pure water by lees 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

~~~~~~~~~~~~~~~~~ 
f2dN ~ (3 5)

~ lPR T r’ J

Mason (1971) baa derived an expression for which is of the form

I —PIP’

~~~

= [ + W 3P1 ..I%} ] 

. exp 1~~~,} (3.6)

where m0 is the mass of the dry solute, W is the molecular weight of
of the solute and i is the vafl’t Hoff factor .

Direct comparison of equations 3.5 and 3.6 can be made, noting
that a different approximation for Vw

I has been made in each case .
This yields the result

r
I~ Cr’) 

= 11 + im0M 
I (3.7)

I 
w 1~

v
~~’-n~,}J

so equation 3.5 now becomes
— pip’

= ~~~ im0M
3 ] . exp{~~~’,} (3.8)

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

• Hence
P,, H

• PCD IöT
where H is the relative humidity of the air .

Equation 3.8 now b.c~~e.

I
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r 
= [~ +~~~~

)M
r.3PP n;;] ~~~~~~~~~~ (3.9)

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

m0 LFI~)
3

pO (3.10)

where p0 is the density of the dry par ticle .

From this we obtain the result
-

Hri = 
[i

÷.~~.) 
~‘{.~ }3_ 

~~]  

.exP{~~~
’
~
’}.IoO% (3.11)

At a temperature T of 25°C (T 298K), the parameters ~~, N and R
possess the values 0.997g cm 3, lS.02g and 8.317 x l0~ erg mole 1K 1
respectively.

Therefore we can write equation (3.11)

Hri(l5°C)~ui + 
I 8 2 1  ~ ~ ~[.e L459xI6~t }.IOO% (3.12)

3.3 Use of the Particle Growth Equation

Equation 3.12 is th. fundamental equation relati ng humidity to
partic le radiu s • Th. following procedures are used when the equation
is appli.d sincs 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 .

Appro.’d.mate relations based on known exper iment al values are used
and extrapolated where necessary.

3.3 .1 Molality of the solution —

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

1 000 
~~ (3.13 )

where n is the number of moles of solute and n the number of moles of
solvent ? N is the molecular weight of pure water.

For a droplet containing dissolved sal t the dry mass of which is
in ,

(3.14)

where W is the molecular weight of the salt and,

~ 
m’ — m 0 (3.15)

• M
where m ’ is the mass of the solution droplet.

Therefore

= 
1000 

•/~~~~ \• ~ 0 (3.16)w ~W/ m’-m0

— 1 000 • 
I

— w

Using equation 3.10 and the relation

m1 
— 4ir c/ r

3 (3 .17

• 
- - . ,  —

~
.--
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we obtain the result

/ I 0 0 0 \ I
IT1 = -. (3.18 )

\ W 1  f t r ’
l~o ‘

~~

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

p = oo. .~~(4)~ (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 Chemist ry and Physics,
143rd . ed., 1961) . The relations hip is approximately linear with increas-
ing concentration for sodium chloride and ammonium sulphate until the
saturated solut ion level is reached. Values in the supersaturated region
are not known but the density of the dry- particl e (p ~ 100%) does not lie
on the extrapolated str aight line but rather above it. In order to
extrapolate the curve into the supersaturated region a quad ratic function
has been fitted to the data as shown in Figure 3.1 for sodium chloride.
A similar curve was obtained for azmnonium~ sulphate. The function s used
are given by equatio ns 3.20 and 3.21 for sodium chlor ide and mmnoniuin
sulphate re~pectively .

= 5.45 xI O p2 + 6.20 x Ió~~p j . 0.999 (3.20)

4.08x10 5 p2 + 3.61 X10 3 p + 0.999 (3.21)
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Given a quadratic fit of the form

()~~~ A p2 + Bp + C

Equation 3.19 assumes the form

t

1.E = 
I00~~ (3.22 )

LroJ Ap3 + 8p2 -f Cp
or 

A~~+ Bp2 + Cp - 100 r0.[~]
3 d (3.23 )

Therefore, the solution concentration can be evaluated if the droplet
radius, r ’, Is known~ The relationship between the solution concentra-
tion, p, and (r ’/r0)-’, where r0 is the radius of the dry particle, can

easily be obtained for selected values of density e0
3.3.3 The surface tension as a function çf molality

Linear equations of the form given below for sodium chloride
(equation 3.214) and asrt onium sulphate (equation 3.25) were found to fit
the curves of the variation of surface tension with molality given by
Low (1969a).

~ l . 623n ~ + 72 78 (3.24)

S 2 .I 68 r~ + 72.78 (3.25)

I
V 

___________________ ____________________________ _  

• -- --~~~ 
-
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3.3 .14 The van ’t Hoff factor , I

Low (1969a) has tabulated the van ’t Hoff factor , i, as a function
of molslity in the range 0.0001 to 6 for sodium chloride and 0.0001 to
S .5 for amnonhimi sulphate . At lower molalities i tends towards the
value 2.0 for sodium chloride and 3.0 for aninonium sulphate.

The highest molality tabulated in both cases corresponds to the
saturated solution . In order to atte mpt to describe the prop erties of
the super saturated 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 appr n~1~~ tIon to the data at the
higher concentrations . It is assumed that they continue to describe the
behaviour of the solutions up to molalitie s of the order of 20.

For sodium chloride the cubic equation , fitted to Low’s data at
molalities of 1, 2 , 14 and 6 is

I . I .8I 736+6.I 336~~I0
2
i9 +2.61582 xl~

2
n12 _ 9.33Oe3 ~~~~~ (3.26 )

The equation for amnonium sulphate, using molalities of 3, 14, 5
and 5.5 is -

I • 1.74017+ 5.7799 x lO 2rv~ +I.1904 x Iö’2n12 _ 5.25333 x tö4n13 (3.27)

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 frotor , i, is plotted as a function of mola].ity, n~ , for sodium
chloride and niinonium sulphate respective ly. The use ot the extrapolated
valu es obtained fran Equations 3.26 aM 3.27 is fully justified since
the particle growth curve indicates a smooth variation as low as 140%
relative humidity. The following procedur e for solving the growth
equation for a salt solution at a particular radius , r ’, for a&.ected
values of density, p , and initial dry particle radius, r0, using
the described int.rpo~ation equations, was adopted.

(i) The percentage concent ra tion , p, of the solution was
evaluated using the cubic equation 3 23.

(ii) The density of th. salt solution was calculated fran
expressions 3.20 and 3.21.



- 2 9 -

(iii) The mo].ality of the solution was calculated using
equation 3.18.

(iv) The surface tension , o~~, of the solution was
obtained fran equations 3.214 and 3.25.

(v) The values of the van ’t Hoff factor , i, were taken
from Low (l969a ) up to a molality of 6.0 for sodium
chloride aM 5.5 for aninonium sulphate . For higher

• inolality values, I was obtaine d 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 par ticle
of radius r ’ is in equilibrium with the surrotmt4lng
ataosphere. An IBM 370/168 computer was used in the
numerical side of the equation .

No att empt has been made to predict the recry stal lisati on of the
droplets with decreasing humidity. The transition from solid to solution
droplets has been conside red by Orr et al. (1958) but no satisfactory
theo ry of the recr ystal lisation point has yet been evolved.

Good agreement was found to exist between the growth curves derived
using the described pr ocedur e with those calculated by Mas on (1971) for
sodium chloride . The extent of the agr eement can be seen in Table 3.2
which indicates a difference of less than 0.14% 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 ammoniuin
sulphate and those derived by Garland (1969) .

TABLE 3.2

Parti cle ~e1at ive humidity (%) Difference
radhis 

~~~~~~~ F~cuation 3. 2 Na~on 
(%)

0.084 72.9 
— 

_72.6 
— 

0.31
0,09 5 A3 .7 F~3.6 0.18
o.1o8 89.5 ~39.4 0.12

• 0.120 92.9 92.8 0.07
0.144 95.2 95.2 0.03

Comparison of the growth curve pr.dictions us quaticn 3.12with those due to Mason (1971). A solute mass of 10 1
~wa has been used.

H .~~~~~.

-

• 2’
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3.14 The Experimental Arrangement and Procedure in the
Measurement of the Increase in Aerosol Particle Size
with Humidity

3.14.1 The experimental apparatus

A schematic diagram of the apparatus is shown in f igure 3.14.
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 vapour ise the water fran the salt drop lets . The part~c1es
then enter a variable volume storage vessel of maximum volume 1 ~~~~~ 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 chambe r 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-Poflak 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 cain timer . Calibration table s
(Metnieks and Pollak , 1959) were used to determine the number concentra-
tion of particles in the storage vessel.

A cocylind rical condenser was used to measure the mean parti cle
radius as the humidity was altered. Partic les entering the condenser
are brought to electrical equilibrium by a weak radioactive alpha source
(Americium 2141 foil of strength 125 ii.C) . The ratio of the concentration
of uncharged particles, No, to the total concentration, Z, has been
related to an equivalent size, r, by Reefe , 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) .

f 3.14.2 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 photoe lectric counter through the observation of
the “ scintillation effect” • When the storage vessel was free fran
nuclei, aerosol particle s generat ed by the Collie on atomizer were
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introduced into the stor age vessel continuo~asly. The part~c1e concen-
tration was allowed to rise to about 5 x 10” particle s 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 psychr ometer 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 describe d in the last section . The size measuremen ts 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 wall s 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 f ive 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 sane 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 Comparison Between the Experimental Results of Particle
Size Growth with Humidity, and Prediction

The measurements of particle size as the relative humidity was
increased are shown in figures 3.5 and 3.6 for both emmonium sulphate
and sodium chloride particles . The measurements for mmeonium~sulphate
rspre sent~the growth for th~ee initial dry radii of 2.8 x 10 ° cm,
2.9 x 10 V cm and 3.1 x 10 cm. It can be seen that the ~ma11est
particle size grows to 14.0 x 10 6 cm as the humi dity is increased from
61% to 89%, which represents a size increase of 143% . The largest

____________________ _____- ~—-~~~~~~~~~~~~~~~~~ - -~~---—--
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particle size of 3.1 x l&%m is increased to a value of 5.0 x l0 6cm
which is an increase of 61%. The growth_of sodium chloride particles
of initial radius 2.5 x 10 6ca , 2.7 x 10 6cm and 2.8 x 10 6~~ as the
humidity is increased from about 60% to about 92% ii shown in figure
3.6. The smallest particles incre ase in size by a factor of two over
this range . A sum_ary of the fractiona l increase in particle size as
the humidity is increased to the maximum value is given in Table 3.3
for both salt s .

TABLE 3.3

I n i L V i  ~ t~ iU’- Fiiial. R~diu~ 1,’ractional
fluniiiiity (x 10~ om) !~uiiidity (x 10 cm) Size

(%) Inc rease

_______  

2.8 89 3.9 0.39

_________ 
2.9 92 4.7 -1.62

59 3.1 92 5. () 0.6 1
56 2.5 91 5.1 1.14

_________ 

2.7 92 5.0 
___________

- 
S7 2.C~ .- , 9 4.4 0.57

A typical experimental growth of a~~~nium sulphateand sodium chlor ide particles

A co~~ ariaon is made between the experimenta l growth curves and
the theoretical predictions according to Equation 3.12. ~~o theoretical
curves for . oniua sulphate, between which th . experimental points are
approximately bounded, are drawn for initial dry particle radii of
2.4 x 10~~cm and 2.6 x l0~~cm in figure 3.7. The cc~~ar ison shows good
agreement between the .xperia.ntal values and the theoretical curves
representing particl , sizes of 3.1 x 1O4cm and 3 . 3  x lO~~ at 60%
relative humidity. Simi lar theoretical curves are drawn for sodium
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chloride in figure 3.8 for initial dry particl , radii of 1.8 z l0~~cm
and 2.0 x 10 6cin . These yiel~~values of the theoretical radii at 60%
relative humidity of 2.8 x 10 cm and 3.1 x 10 cm which c~~~ars favour-
ably with the initial experimental values .

The experimenta l points lie very close to the predict ed lines with
some variation which may be explained in terms of th . particles going
into solution and recry stallising before entering the humidity chaM er.
When the particles are genera ted by the nebu lixer they are droplets of
solution . Since they are dried to about 55% relative humidity a prop-
ortion will recry stallise but some will rmsain in a supersaturated sol-
ution form . This mixture of particles is then introduced to the storage
chather where the humidity is increased . The supersaturat ed dr oplets
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
point. will start to occur . Work by Orr et al (1956) indicat es that
particles tend to dissølve at a precise value of the humidity but
recrystal lisation can occur over a much wider range and cannot yet be
satisfactorily predicted . The same work suggest. that podium chloride
and emeonium sulphate particles with initial radi i of the order of 0.01
aicrc.etres would cc~~ let ly dissolve at about 70% and 63% relative
humidity respectively .

A spread of result. is indeed observable 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 a~~~nium sulphate which
probab ly indicates that only a small percentage of particles recrystall-
iced after generati on. It can be seen that maximum particle growth
occurs for the two salts at the higher values of relative humidity .
Experimental aeasuremsnts at constant humidi ty indicate that coagulation
plays little part in th . growth of the aerosol particles c~~~ar.d with
the growth due to the condensation of water vapour .

I
RI r — -
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4. THE EPTECT OF PARTICLE G~~W11I AND HUMIDITY ON
TPANSMISSX~ I P~~PIRTIES CF AN AE~~S~ J

Th. effect of particle growth cii visibility is examined using
approximations to Mie ’ a theory due to Diermsndjian (1960) and Pennd orf
(1962). Extrapolation procedures similar to those described above are
used to pr edict the variation of particle refractive index with solution
concentration . The result. are co~~ared with work carried out by Garland
(1969 ) and Hand (1971). A study is also aide of the effect of particle
mass and both model and measured particle size distribut ions for sodi um
chloride and a oniua sulphate on the extinction coefficient a .

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

It is clear that the presence of suspended matte r will affect the
trans mission of light throu gh a medium. In the case of an aerosol , the
nature of the effect depends on the parttcl. siz. in relation to the
wavelength of light. A convenient parameter is the sit. parameter
a — 2wr/A where r is the particle radius and A is the wavelength of light .
For a 1, it ii necessary to consider the variation of the electr omagnetic
field inside and outside a small sph.rs and to solve the resulting differ-
ential equations. This was firs t solved by Mi. (1908) . In view of the
cosplexity of the analytical trea~~~nt • approximations to Mi.’ a result.
are used in the following treatm ent of light extinction.

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

a Nvr 2K (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 th. area of the wavefront acted upon by the particle to the
area of the particle itself • If the aerosol is polydi.pers. the extinc-
tion coeffiCients of all the monodispers. co~~onents can be added
together with the result that the extinction coefficient ii given by
the relation

a~~~~ N1vr~K1 (4. 2)
I a~



— 35 —
wher e n is the number of different particle sizes and Ni is the particle
n*~~~er concentration of particles of radius r~ .

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

3.912-• V — 
— (4.3)a.

Solution of equation 4.2 is straightforward if K is known .
Tabulated value s of K as a function of ~ and the refractive indices of
value 1.33 , 1.44 , 1.55 and 2.00 are known. Approximatg equations for Khave been derived by Penndorf (1962) and Dieraendjian (1960) and are
used in the following calculations.

If the refractive index , p, of the material unde r consideration is
expressed in the complex form

Ii a n + i k  (4.4)

then the approximation of Diermendjian can be written as

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (4.5)

where

• g — arctan l n~_~

o - 
~~~~ ~~~~~ + _ _ _ _ _ _ _  

~~~~~~

for S1~-s}’p’

D. In1-iI{f~~
12n1(I .3tsng I +3tang I + tang

D f~ >hI ,f *I  I +ta ng
and

f c g ) a I + 4 t a n g  •3can2g

‘

A

— —
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Penndorf ‘8 approximation , given below , is used when a1 a ~

K 1 Aa1 + Buj3 + Ca~ (4 .6)

where

A — 
24 n1k1

B — .in1k~ + 
20n1k1 

+ ~±n 1k1 ~~~~~~~~~

c.. 
[{

~~+ic~~
2

+{n~2_k~_2}] — 36n~k~ 
-

4

where

Z~ 
~~~~~~~~~~~~~~~~ + 4

2 2 2
~ 4{n~ +k~} + 12{flt -k 1 } +9

4.2 Th. Effect of Relative Humidity on the Extinction
Coefficient for a Wide Ran ge of Particle Size Distributions

The theoretical relation betwe n aerosol size and relative humidity
was treated in Section. 3.2 and 3.3 ~ te can use this relation to study
th. effect of humidity on th. shape of a selected particle size
distribution. The influence of two humidity values of 75 and 95 per cent
on a Jung. type distribution with slope 0 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 per! orined using a wavelength of 0.55 micrometrea for
light. This corresponds to an average wavelength in the range over
which the human eye is sensitive. It was assumed that the imaginary
par t of the refractive index was zero which means that absorption of
light by the particles is not accounted for. Thu assun~ tion is justi—
field by the negligible or zero values of the imaginary part of the
refractive index given by Ranel (1972) for bulk a~~~spher ic aerosol.
Linear approximatio ns to the real part of the refractive indices for
sodium chloride and anmx,nium sulphate respectively are given below as
functions of the percentage concentration of the solutions

I’ O.OOIll p + (.333 (4.7)

p — 0.00(58 p + (.333 (4.8)

The approximation relations show good agree ment 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 progra mee.
The particle nunber concentration was choeá n to correspond to one
microgram of sal t per in3.

The extinction coefficient , a, of an atmosphere containing one
microgram of aninonium sulphate per cubic metre ii plotted in figure 4.2
for the following size distributions 8

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

(b) A aonod.isperse aerosol at the miss median radius of 0.3
aicrom.tres of a distribution measured by Heard and Wiffen
(1969) .

(c) An atmospheric a oniua sulphate partic le size distribution
measured by Heard arid Wiffen (1969) using electron micro-
scope techniques. Thi. distribution is shown in Table 4 • 1.

(d) A Jung. type particle size distribution as shown in figure 4 • 3.

A
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It can be seen that good agreement was obtained between the
results using approximations to ilie ‘s theo ry 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
calculate d points , identified by 0, are shown in figure 4.2 to illus-
trate the agreement between the two sets of results .

TABLE 4.1

Radius (jim) Dry particle Percent a~ o of
mass (gn) the total n tirn ber

______ _________ _______________ ooncentration
0.060 — 0.105 4.30 x io_ 15 

22.9
0. 105 — 0.145 1.45 x 25.7
0.145 — 0.185 3.43 x 10 14 13.5
0.185 — 0.230 6.7~ x 10 14 14.8
0. 230 — 0.270 1.16 ~~ 

- 7.67
0.270 — Q.310 1.84 x 6.40
0.3 10 — 0.350 2.74 x io_ 13 

5 14
0.350 — 0.395 3.90 x ~~~~ — 

2.56
0.395 — 0.435 5.36 x l0 •

~~ 
- 

1.28

The size distribution of aimnoniuin sulph ate
particles in the atmosphere on 23.8.67 reported by Heard and Wif f en

Figur e 4 • 4 shows the variation of the extinction coç ficient with _
humi dity and dry particle mass over a range from 3 x 10 ~ gin to 3 x 10 11gm
for a~~~nLum sulphate in an atmosphere containing one microgram of salt
per cubic metre • It can be seen that maximum extincti on occurs , at the
selected value of 99% relative humidit~ , for a dry par ticl, mass of 10 14gecorresponding 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
rang e of particle mass as the humidity is increased from 80% to 99%.

- 

r 

-
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The extinction coefficient , 0 , for an atmosphere containing
1 microgranmie 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
airmonium 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 (d).

The extinction coefficient, o • is plotted against the dry particle
mass over a range from 3 x 10 17gm to 3 x 10 11gm for sodium chloride in
figure 4.1 for an atmosphere containing 1 ~igm of salt per in3 . 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 l0~~cm. The
shap es of the curves are similar to those for anunonium sulphate , although
importan t differences between the two sets of results will be discussed
in the next section .

The change in extinction coefficient , 0 , as_ the dry particle
• radi us , r0, is varied from 2 x 10 6om up to 1 x 10 3cm is shown in

figure 4.8 for the following value s 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 10 5cm, 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
resp ectively . The average fractional increase in extincti on coefficient
at 99.9 , 99 and 95 per cent above that at 80 per cent relative humi dity
possess value s of 110, 28 and 4.6 respectively for dry particle si,zes
less than 4 x 10 5cm. It can also be observed that the peak va1u~e of~
extinction coefficient is shifted towards smaller dry particle rad~.us
with increasing values of relative humidity .

A compari son was made between the extinction coefficient at selected
value s of humidity H , a (H) , with the extinction coefficient at . a value
of humidity K , a (k) , where K was chosen to be a humidity value at which
it could be assumed that the par ticle was dry . The value s used for k
were taken as 48.4 and 53.7 per cent for aninonium sulphate and sodium
chloride resp ectively which corresp ond to the lowest values of humidities
calculated using the particle growth equa tion . A graph of the ratio
a (H) /o (k) is plotted aga inst the relative humidity . H , in figures 4.9
and 4.10. The curves for both anunonium sulphate and sodium chloride are
computed for a Jung. distribution , shown in figure 4 • 3 and for a mono-
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disperse aerosol of particle radius 0.21 microinetres, corresponding
to the mass median radius of the Junge distribution .

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

The curves of a (H)/a (k) versus relative humidity , H, indicate that
the Junge form of distr ibution is more effective at reducing visibility
than the monodisperse aerosol . The ratio of a (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 81% 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 extinc tion coefficient , a ,
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 Diermendjia n (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 re fractive index with humidity was taken into account by means of a
linear approxi mation equation relating the refractive index to the per-
centage concentration of the salt solution in the droplet. The two
linear approximations for aninonium sulphate and sodium chloride give
good agreement with tabulated values .

The effect of relative humidity on the extinction coefficient for
a monodi sperse aerosol of sodium_chloride and_ammonium sulphate over a
range of particle mass of 3 x 10 17 to 3 x 10 11ge is shown in figures
4.7 and 4.4 re spectively . The particle nun*er concentration wap chosen
to corresp ond 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 15results . The smooth variation of the curves below a mass of about 10 gin
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 undulation. in the
curves can be attributed to the oscillatory variation of the scatt ering
area ratio with th . partic le radius • The oscillations are mast pronounced
for values of particle radius less than about 10 micros.trss.
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Values of the maximum extihction coefficient obtained for sodium

chloride and a~~~nium 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 a~~~nium sulphate by a factor
of about two for the three humidity values . Maxim um contribution to the
extincti on coefficient is mad. by a dry particle of 1.90 x 10-5 and

TABLE 4.2

~elat ive Sodium Chlori de Ammonium SulT,hate
l’umidity 1 1(%) rr y partic le a (kin~ ) ])r r particle o (km )

radius (cm) radius (cm )

80 1.90 x 10~~ 0.024 2.40 x 10~~ 0,013

95 1.30 x 0.075 2.04 ~ i0~~ 0.034

99 7.9’) x lO~~ 0.295 1.20 x 10~~ 0. 150

Maximum values of the extinct ion coefficient , a , for mono-
disperse aerosols with ni~~ er concentration corresponding to 1 microgram

per cubic metre

2.4 x l0 5cin for sodium chloride and asmonium sulphate respectively
when the relative humidity ii 80% . These_values are shifted to the
lover values of 7.9 x 10 -tom and 1.2 x 10 5ca respectively as the
humidity is increased to 99%.

Individual values of th. extinction coefficient as a function of
solute miss and relative humidity are shown in Table 4.3 for t he two
salts • The ratio of the extinction coefficient du. to a manodisperse
aerosol of sodium chloride to the corresponding value, for a similar
aerosol of a onium sulphat. at the selected values of dry particle miss
from io~~6~~ to l0”~~~ for the values of relative humidity 80%, 95% and
99% are tabu lated in Table 4 • 4, It can be seen that for the lower values
of solute mesa of 10 16gm to 1~j l49 1  the sodium chloride particles are more
efficient La reducing visibility by factors ranging from 1 • 7 to 5~ 5. The
sodium chloride aerosol perticl a possess larger values of extinction
coefficient by an avera~s factor of 1,54 for the r .ini nq three solute
misses of 10”3ge, 1O’

~
2gm and

-~~~~ —~~~~~~~~~~~ - - ~
- —--

~~~~~
—-- 

~~~~~~~~~H’
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TABLE 4.3

Dry Solut e Particle Lxtin ot ion 1Coeff’j oj ent
Particle t~a~s per number (km ‘)
Padiun Dropiot 

~(e1at ive Humidity (% )
(om~~ ) 80 95 99

0.0233 10~~~ 10,0-30 1.4 x 7.0 x 4.0 ~
__________ __________ __________ ________ 

io~~ ________

0.0513 10~~~ 1,000 1.4 x 6.2 x 5.4 x

4, — 

I 
10~~ l0~~ i0 2 

-

~ 0.111 10 100 7.0 z 2.6 x 1.5 x

_________ __________ __________ ________ 
io_2 io~~

~ 0.238 10 1.3 x 3.3 x 4.7 x
- io_2 io_2 

io
_2

0.513 io
_12 

1 3.5 x 8.0 ~ 3. 1 x
-
__________ __________ __________ 

)0~~ ________ lo
_2

1.11 i~f~~ 0.1 1.6 x 4.0 x 1.1 x

— __________ __________ __________ 
10~~ _______ 

i’)
_2

0.02~ 3 10~~~’ 10,000 4.4 x 3.0 x 2.2 x
1rr~’ io~~ ________

0.0480 ~)_15 
- 1,000 4.0 x 2.2 x 1.4 x

__________ __________ __________ 
icc 3 io~

2 io_1

~ 
0,103 1o_14 100 1.6 x 6.4 x 2.5 z

- 

- 

io~
2 io .2 10_i

g 0,223 10 10 2.3 x 4.3 x 6,5 x
_________ __________ __________ 

io 2 io~
2 

- 
io 2

- 

0.480 i0 12 1 5.4 x 1.5 x 3.3 x
__________ __________ __________ 

io~~ io 2 ia 2

1.03 io
_ 31 

0.3 3.0 x 6.3 x 1.6 x

Ssl ctM valuss of the extinct.tøn coefficient
as ~ function Of Particle .in. and relative humidity
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TABLE 4.4

Hu midity Pa rticle !~aee(~ m)

~~~~l6 ~~~ io~~
4 i~r

13 io
_12 

io~~
8o 3.14 2.85 2.29 l~ 77 1.54 1.~8

95 4.29 3.55 2.46 1.30 1.83 1.58
99 5.50 2.59 1.17 1.~8 1.06 1.45

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

Results of the extinction coefficient du. to selected particle
size distributions for ameonium suiphat. 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 monodisp.rse aerosol particles .of amuonium
sulphate of radius 0.21 and 0.3 aicrometres labelled curve (a) , (b)
respectively in figure 4.2 exceeds the values of extinction coefficient
due to the distribution measured by ifeard and ififfen (1969) and a
typical Jung. distribution (Figure 4 3 )  represente d by curve
Cd) in figure 4.2 for values of humidity less than about 92%. For
values of humidity greater than 98.5% the contribution to the extinc-
tion coefficient ii greater for the non-ho~~geneous Jun g. distribution .
The values of the extinction coefficient are tabulated in Table 4.5
for the four particl , size distributions of ameonium sulphat. for values
of relative humidity ranging from 70% to 99%.

The results of figure 4.5 indicate that the Jung s type distribution
causes the largest extinction for valu s~~~ humidity greater than 94 per cent.The sea-spray aerosol (distribution Cc)) has approxi tely the same effect
on the extinction as the Jungs distribution up to about 90 per cent rela-
tive h~~ dity. Th. extinction coefficient for a Jungs type distribution
exceeds that due to the sea-spray distribution by an average valu, of
35 per cent for the relative humidity range between 90 and 99 per cent .

It can be seen from the o~~~utationa1 results of figure 4.8 that
• the increase in extinction coefficient is moet sensitive over th. dry

particle range from about 3 x 10 6 to 7 z 10 5cm. Thus, changes in the
abap e of particle siz distributions in this sine band will caus. the

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~ U
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TABLE 4.5

])i~~ ribu t inn  Relative Iiur ~idi ty (
~~

)

70 8-3 90 95 99

(a) 1.10 x 1.30 x 1.97 x 3.35 x 7.08 x

______________ 
r2 io

_2
_ io

_2 
io

_2 
io 2

(b) 1.00 ~.. 1.21 x 1.70 x 2.03 : 3.16 x

______________  
io

_2 io_2 ~~ 2 i~~~
2 1p 2

(o) 8.40 x 9.31 x 1.47 x 2.59 x 1.00 x

_______________ ~~~~~~ io~~ ~~~~ io
_2 io_l

(d. ) 4.64 x 5.62 x 9.72 x 1.94 x 1.22 x

_______________ ~~~ io~~ io~~ io
_ 2 

~~~~~~~ 
-

The extinction coef ficient , kin 1, of an asinonium
sulphate aerosol as a function of relative humidity
for the following distribu tions ~ —

(a) A monodisperse aero sol of parti cle radius
0.21 microinetres

(b) A monodisperse aerosol of particle radius
0.30 micrametres

(c) A Heard and Wiffen distribution

C d) A Junge type distribution

greatest change in extinction coefficient. The occurrence of peaks in
the particle size distribution , by sea-sp ray parti cles for ~~~~~~~ in
the coarse particle mode will have little influence on the total
extinction coefficient due to the aerosol .

Selected values of the actinction coefficient from figuro 4.5 for
the four six. distr ibutions for a ran ge of relative humidity from 70%
to 99% are shown in Table 4.6 • A co~~ariscn 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 this
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to the ai~~~~nium sulphate distributions for all the distributions
considered. Average values, over th. relative humidity range from 70%
to 99% , of the ratio of th. extinctio n coefficients for sodium
chloride and s~~~nium sulphate for the three distributions (a) , (b)
and (4) an equal to 1.60, 1.35 and 2.25 resp ectively .

TABLE 4.6

Distribution Relative Humidit y (%)
70 80 90 . 95 99

(a) 1.73 z 2.24 x 3.55 . ’ 5.01 x 6.88 x
______________ 

io_2 io_2 io_2 io 2 io_2 __.
(b) 1.30 x 1,50 x 1.78 x 1.86 x 7.94 x

______________ 
io 2 1vr 2 io_2 

io~
2 io 2

(o) 1.03 x 1.41 x 2.48 x 4.21 x 1.34 x
io
_2 

io
_2 io 2 1(r2 10_i

(d) 8.66 x 1.45 x 2.55 x 5.31 x 2.37 x
• 

- ______________ ~~~ io 2 io_2 io 2 10_i

The extinction coefficient , ka~~, of a sodium
chloride aerosol as a function of relative
humidity for the following distrthutionsi -

(a) A monodisperse aerosol of particl , radius
0.21 micrometres

Cb) A monodisperse aerosol of particle radius
0.30 micrometres

Cc) A sea spray aerosol
(d) A Jung~ typ. distribution

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

• 

-
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The rate of increase of extinction coefficient at particular
values of humidity , a (H) , is compared to the extinction coefficient at
a humidity , ii , a (k) considere d sufficiently low to assume that the salt
nucleus is dry. Values of a (~ )/ a (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 anm ’onium sulphate aerosol sourc e up to a value of about 95%
relative humidity . The rate of ri8e of a (H) /a (k) is greater for the
two salts for a non-homogeneous Ju nge 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 azinonium sulphate approaches the same rate of increase
with increasing values of humidity .

4.4 Overall Conclusions

A comprehensive analysis has been made of both nurb er and size
distributions of submicrome9 and large aerosol particles over the
size range from about 2 x 10 cm up to 5 x 10 4cm ra dius . 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 . Sa~~ling analysis indicates
that measurements of the particle size distribution can be made less
f requent by factors least as large as twent y-fold without loss in
significant infor mation of the data .

New procedures and approximations were made in calculatin g the
growth of an aeroso l 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
aumonium sulphate particl.s with humidity gave reasonably good .agreeaent
with the theoretical growth predictions .

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

1 x 10 3cm was examined . It was found that sodium chloride particles
are more efficient in reducin g visibility than aemonium sulphate parti-
cles for four different model distributions. In addition, a non-
homogeneous Jung . type particle size distribution results in the greatest
values of extinction coefficient at greater than about 94% relative humidity.
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