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ABSTRACT

A model was developed for determining the contributions of aero-
sol chemical species to the extinction coefficient. The model assumes
that the suspended particles are spherical and that particle volume is
conserved with condensation and coagulation.

In general, the diameter, refractive index, and chemical composi-
tion of each particle must be known to rigorously calculate each
species contribution. It is shown that species mass distributions with
respect to particle diameter are sufficient to determine the species
contributions exactly for some simple aerosols. Requirements were
derived for each of the simple aerosols in which linear regression
analysis could be legitimately applied to historical species mass con-
centrations data in order to estimate species contributions to light
extinction.

The model was field tested at two remote arid locations in the
southwestern United States where aerosol water content was ofsumed to
be neg}igible. A low pressure impactor (LPI) was used in this research
to size segregate aerosol from 0.05 to 4 pm aerodynamic diameter for
elemental analysis. Two new techniques were developed for analysis of
aerosol deposits collected with the LPI. Nanogram sensitivities were
achieved for soot and many elements.

A three-week experiment was conducted in remote northeastern
Arizona to calculate the contributions of fine aerosol species to the
extinction coefficient. Theoretical mass extinction efficiencies were

calculated and numerically integrated with measured mass distributions



to determine the contribution of each species to the extinction coeffi-
cient. The measured chemical species could account for 94 + 197 of the
fine aerosol mass concentration and 85 + 34% of the measured particle
extinction coefficient. All important species balances were met, both
in total and with respect to size. The satisfactory agreement between
the calculated and measured extinction coefficient indicates that the
model and experimental technique are useful for determining the contri-
butions to various aerosol species to visibility degradation at an arid
site.

A one-year experiment was conducted at China Lake, California.
Multiple regression analysis was applied to the measured particle
scattering coefficient and fine aerosol species mass concentrations
from 61 filter samples collected during 1979. Contributions of various
aerosol species to the particle scattering coefficient, bsp’ were
estimated. The statistically estimated comtributions were compared
with those determined theoretically using measured aerosol mass distri-
butions. It was found that the statistically inferred species contri-
butioné to bsp agreed qualitatively with those calculated theoretically
using measured aerosol distributions. Regression analysis overes-
timated the contribution of sulfate relative to that calculated
theoretically. Using measured 1979 vélues, a light extinction budget
was calculated for China Lake. Measured mass extinction coefficients
were used to predict the reduction in visibility at China Lake which
would occur by increasing the concentrations of various aerosol

species.
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1
CHAPTER 1

INTRODUCTION

1«1 VISIBILITY AND THE EXTINCTION COEFFICIENT

Visibility reduction in both urban and rural areas of the world
is often associated with particulate matter suspended in the atmo-
sphere, defined as aerosols. The recognition of this problem in the
United States has led Congress to amend the Clean Air Act in 1977,
requiring that states implement plans to preserve areas of near-
pristine air quality. Within the continental United States most near-
pristine air quality exists in the generally arid West. The outstand-
ing scenic resources in the West require excellent visibility for their
appreciation. Future energy development and production, if not prop~
erly controlled, may have a detrimental regional impact on visibility

due to the production of 302 and aerosols.

A proper control strategy for visibility protection at a given
locatien requires information about the relationship between each
source and its contribution to a quantity called the extinction coeffi-
cient, be' It will be shown in Chapter 2 that the visual range, VR’

and be are related through the Koschmieder equation (Middleton, 1952)

3.9

R Th
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The extinction coefficient can be expressed as the sum of terms
which account for light scattering and absorption by gases and

suspended particles (Charlson et al., 1978):

b =b +b +b _+b (1.1)

where a, s, g, and p denote absorption, scattering, gases, and parti-
cles, respectively. The Rayleigh scattering coefficient, bsg’ has a

6m~1 at sea level

value integrated over the solar spectrum of 15 x 10
and 25 T and varies linearly with air density. It provides an upper
bound on visual range of about 260 km. It is not unusual in many
remote locations in the western United States for the visibility to be
limited by Rayleigh scattering due to air molecules (Trijonis and Yuan,
1978a). However, in many rural and urban locations, be is dominated by
light scattering due to particles, bsp' Atmospheric sulfates,
nitrates, and organics, due to their distribution with respect to par-~
ticle size, often contribute substantially to bsp' There is substan-
tial evidence that the particle absorption coefficient, bap’ is due
almost exclusively to airborne soot (Rosen et al., 1977; Pierson, 1978;
Roessler and Faxvog, 1979). The absorption coefficient due to gases,
bag’ is primarily determined by NOz concentrations. Light absorption

by NO, may be relatively important in plumes from power plants which

2

remove particles with high efficiency from the stacks.

To assess the contribution of a particular source to be at a
given location, it is then necessary to determine its contribution to

P ,b , and b . As a good approximation, the contribution of a
sp- ap ag



particular source to hag would be directly proportional to its contri-
bution to the total HGZ concentration. The contribution of the source
to the scattering and absorption of light due to aerosols, bsp and bap’
is not as straightforward. One must first link the source to concen-
trations of each chemical species in the aerosol. Secondly, the con-
tribution of each chemical species to the particle scattering and

absorption coefficients must then be determined. This is the topic of

this thesis.

1.2 AEROSOLS AND LIGHT EXTINCTION: A COMPARISON OF THEORETICAL AND

EXPERIMENTAL RESULTS

If the aerosol is composed of homogeneous spheres of known
diameter, D, refractive index, m,ﬁand concentration, it is possible to
calculate the extinction coefficient resulting from the aerosol at a
given wavelength of light, A , using so-called Mie theory (Mie, 1908).
Mie’s theoretical solution to the problem of light scattering and
absorption by a homogeneous sphere in an infinite medium is described
by van de Hulst (1957) and Kerker (1969). Simple computer algorithms
to calculate single particle extinction efficiencies, Ke, from homo-
geneous and concentric spheres are found in Wickramasinghe (1973).

This is discussed in greater detail in Chapter 2.

A number of investigators have compared measured aerosol optical
properties with those predicted from Mie theory. The results of some
of the experiments are summarized by Sverdrup (1977). Pinnick et al.

(1973) generated monodisperse spherical aerosols of 0.26 to 2 um



diameter using a vibrating capillary. Particle diameters of nitrosin
dye (m = 1.67-0.261i), Flowmaster ink {m = 1.65-0.069i), and polystyrene
latex {(m = 1.59-0.01) were determined by an electron microscope.
Integrated light scattered from 8° to 38° from the direction of forward
scattering was measured with a photoelectric particle counter and com—
pared with Mie theory calculations. Agreement between predicted and

measured values was good.

Pinnick et al. (1976) generated monodisperse nonspherical NaCl
and K2804 particles using a vibrating capillary. They found that when
the size parameter, p, {(defined as the ratio of the particle circumfer-
ence to the wavelength) was greater than about 5 (effective particle
diameter, D, greater than 0.8 pm), the measured forward scattering was
greater than that predicted by Mié¢ theory for spheres of the same
cross~sectional area. For particles with p < 5 agreement was better.
Gibbs (1978) studied the white light scattered at various angles from
glass spheres, crushed quartz, and mica flakes of 2-~5 pm and 10-20 um

Xdiameter in suspension in water. He found that the forward scattering
from the various shapes was similar to that of spheres, but the back-
scattering was substantially different. Holland and Draper (1967)
found that the average mass scattering efficiency, defined as the ratio
of the scattering coefficient to the mass concentration, of
polydisperse samples of irregular randomly oriented talc particles of D
= 0.92 pm and m = 1.50 agreed with the theoretical value for spherical
particles. Holland and Gagne (1970) found that the average mass

scattering efficiency of polydisperse samples of irregularly shaped



randomly oriented 8510, particles of D = Q.45 pm and m = 1.55 also

2
agreed with the theoretical value for spherical particles. VWieser et
al. (1977) produced polydisperse NaCl particles between 0.3 ym and 2 pm
and found that their forward light scattering approximated that of
spheres of the equivalent projected area diameter. Elder et al. (1974)
generated polydisperse flyash, soot, and SiO2 aerosols of number median
diameters between 0.28 pm and 0.70 pm. The measured mass extinction

efficiencies were up to a factor of 2 lower than that calculated using

Mie theory and an assumed lognormal mass distribution.

A number of investigators have compared measured and calculated
optical properties in the ambient aerosol. Ensor et al. (1972) per-
formed Mie scattering calculations on 212 Pasadena aerosol size distri-
butions measured in 1969 with an électrical aerosol analyzer (EAA) and
an optical particle counter (OPC). They found the calculated particle
scattering coefficient averaged about one-~half the measured value.
Linear regression analysis yielded a correlation coefficient of 0.89
between the measured and calculated values. Sverdrup (1977) had much
better success using size distributions obtained in the California
Aerosol Characterization Experiment (ACHEX). On the average, the cal-
culated particle scattering coefficient was 2.967% higher than the meas-
ured value for 549 size distributions, assuming a refractive index of
m = 1.50-0.02i. Patterson et al. (1976) compared calculated and
observed visibilities during episodes of wind-blown dust in Texas.
Particles between 0.62 pm and 250 pm were measured. Good agreement

between calculated and measured visibility was obtained over three



orders of magnitude. De Luisi et al. (1976) used an impactor to obtain
airborne aerosol size distributions from 0.8 to 24 um diameter. The
optical depth (extinction coefficient integrated over a path length)
was measured with a ground-based multi-wavelength photometer. On the
average the calculated optical depth was 207 less than the measured
value, presumably due to particles less than 0.8 pym diameter which were

not sampled.

Patterson and Wagman (1977) sampled aerosol near New York City
using Andersen impactors with uncoated impaction plates and glass fiber
after filters. Size-~fractionated chemical species and total mass dis-
tributions were obtaihed for four different levels of the measured par-
ticle scattering coefficient. The particle scattering coefficient was
calculated using the measured distribution of total mass with respect
to particle size. Agreement was fair. The contributions of various
species to the scattering coefficient were not calculated. Not all of
the measured total mass could be accounted for the measured chemical

species.

Macias et al. (1979) measured airborne aerosol distributions from
0.0l pm to 10 pm in the Southwest and found good agreement between the
calculated and measured particle scattering coefficient. An airborne
impactor size segregated aeroscl for elemental analysis by particle
induced X-ray emissions (PIXE) (Cahill, 1975). Particles less than 0.5
pm aerodynamic diameter were collected on an after filter. The contri-
butions of measured aerosol species to the particle extinction coeffi-

cient were estimated using the aerosol volume and elemental mass



distributions and assuming a refractive index of m = 1.54~0.015i. An
aerosol mass balance was not performed to account for zll species.
Ammonium sulfate and silicon dioxide were calculated to be the princi-~

pal contributors to visibility degradation at that time.
1.3 CHEMICAL SPECIES CONTRIBUTIONS TO VISIBILITY REDUCTION

Until recently, adequate instrumentation has not been available
to determine chemical species mass distributions resolved sufficiently
for extinction coefficient calculations. The previous attempts to
infer the contributions of sulfates, nitrate, organics, and relative
humidity to visibility reduction used linear and non-linear regression
analysis (White and Roberts, 1977; Trijonis and Yuan, 1978a,b; Cass,
1979). These efforts are reviewe%tby Cass (1979). Sulfate was found
to be responsible for the bulk of the variation in light extinction by
particles at all locations, but that sulfate in the arid Southwest was
not as efficient per mass concentration in reducing visibility as sul-
fate in the more humid regions. The results of these studies, particu-
larly for nitrate, may be subject to error due to artifact nitrate and
sulfate produced on the high volume filters used for aerosol collection

{Spicer and Schumacher, 1977).

The development and calibration of the low pressure cascade
impactor (LPI) (Hering et al., 1978; Hering et al., 1979) and a tech-
nique for determination of nanogram quantities of sulfur aerosol
(Roberts and Friedlander, 1976) has made the measurement of sulfur

aerosol size distributions through the light scattering range possible.



The results of such measurements in the Los Angeles Basin and in a
variety of desert locations provide verification of the earlier sta-
tistical work. The LPI was used to obtain sulfur mass distributions

during S0, gas-to-particle conversion at Trona, California, an arid

2
site in the Mohave Desert, shown in Figure 4.1. Aerosol mass growth
was found to occur primarily in the 0.08 to 0.26 pm particle diameter
interval, as shown in Figure l.1. This is consistent with measured and
predicted growth due to the homogeneous oxidation of SOZ to HZSO4 and
subsequent coagulation and condensation (Gelbard and Seinfeld, 1979b;
McMurry and Friedlander, 1979). Measurements using the LPI in more
humid Pasadena showed that aerosol sulfur mass often accumulates
between 0.5 and 1.0 pm diameter, perhaps due to droplet phase conver-
sion (Friedlander, 1978; Gelbard and Seinfeld, 1979a). A comparison
between the arid and humid aerosol sulfur distributions is shown in
Figure 1.2. Calculations of the mass extinction efficiencies (Chapter
2) based on these distributions show that sulfate in Pasadena is more

efficient in scattering light than sulfate in arid Trona, consistent

with statistical results.

In order to estimate the impact of future aerosol sources on
visibility in the Southwest, size distributions of chemical species in
addition to sulfur are required. Primary emissions from coal fired
power plants include S$i, Al, Fe, Ca, C as well as many trace species.
Some of these elements, particularly Si, have been found in significant
quantities as fine particles in the Southwest (Macias et al., 1979;

Allee et al., 1978). Techniques for obtaining the submicron mass
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Ambient aerosol sulfur mass distributions obtained at Trona,
California, May 13, 1978. Aerosol segregated by low
pressure impactor (LPI) according to aerodynamic diameter,
Da’ and analyzed by flash volatilization and flame photo-
metric detection (FVFPD). The solid histogram is the
average distribution measured between 0503-0629 PDT; total
sulfur mass concentration, M, was 0.76 ugim3. The long dash
histogram is the average measured between 0652-0840 PDT;
M=0.83 ugfm3. The short dash histogram is the average mea-
sured between 0946-1145 PDT; M=1.42 ug/m~. Distributions
show aerosol growth in arid location, probably due to gas
phase oxidation of SOZ to BZSG& and subsequent condensation
and coagulation.
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Normalized aerosol sulfur mass distributions, Trona and
Pasadena, California. Aerosol size segregated by LPI and
analyzed by FVFPD. The solid histogram is the average
distribution measured at Trona on May 13, 1978 between
0946-1145_PDT; total sulfur mass concentration, M, was
1.42 ug/m~. The dashed histogram is the average distri-
bution measured on the roof of Keck Laboratory, Caltech,
from 1428-1600 PST, December 26, 1978; M = 10.6 ug/m3.
The difference in distributions may indicate different
502 gas-to-particle conversion mechanisms.
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distributions of these species have been unavailable but are necessary
for rigorously determining the contribution of each species to the

extinction coefficient.

In addition to experimental techniques for determining species
mass distributions, a more general and complete theory 1s needed for
assessing chemical species contributions to the extinction coefficient.
The theory needs to include aerosols in which individual particles may
be composed of more than one chemical species and in which chemical

composition may vary with particle size.

1.4 ORGANIZATION OF THESIS AND SUMMARY OF RESULTS

This thesis describes research conducted to determine the contri-

butions of aerosol chemical species to the extinction coefficient.

A general theory is derived in Chapter 2 for predicting the con-
tributions of chemical species to the extinction coefficient for a mul-
ticomponent aerosol composed of spheres. In general, the diameter,
refractive index, and chemical composition of each particle must be
known to rigorously calculate each species contribution. It is shown
that species mass distributions of the kind obtained with a perfect
impactor are sufficient to determine the species contributions exactly
for three simple aerosols: an external mixture, an internal mixture,
and a so-called specific mixture with an assumed volume average refrac-
tive index. A specific mixture is an aerosol In which the chemical

composition may vary with particle size. Although each particle may be
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composed of many species, it is assumed that all particles of the same
size have the same composition. A specific mixture of spherical parti-
cles with a volume average refractive index is the most general aerosol
for which the mass distributions can be used to determine the species
contributions exactly. An additional requirement placed on the use of
mass distributions to predict the species extinction coefficient con-
tributions is that particle volume must be conserved with coagulation
and condensation. The growth of hygroscopic particles by condensation
of water would not be permitted if the partial molar volume of any
species changes in the process. Requirements were derived for each of
the three simple aerosols in which linear regression analysis could be
legitimately applied to historical species mass concentrations data in

order to estimate species contributions to light extinction.

W

Chapter 3 describes the results of a 3-week experiment in remote
northeastern Arizona to calculate the contributions of fine aerosol
species to the extinction coefficient. Theoretical mass extinction
efficiencies were calculated and numerically integrated with measured
mass distributions to determine the contribution of each species to the
extinction coefficient. The measured chemical species could account
for 94 + 19% of the fine aerosol mass concentration and 85 + 34% of the
measured particle extinction coefficient. All important species bal~-
ances were met, both in total and with respect to size. The satisfac-
tory agreement between the calculated and measured extinction coeffi-

cient indicates that the technique is useful for determining the
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contributions of various aerosol species to visibility degradation at

an arid site.

Chapter 4 describes the results of a one-year experiment at China
Lake, California. Multiple regression analysis was applied to the
measured particle scattering coefficient and fine aerosol species mass
concentrations from 61 filter samples collected during 1979. Contribu-
tions of various aerosol species to the particle scattering coeffi-
cient, bsp’ were estimated. The statistically estimated contributions
were compared with those determined theoretically using measured aero-
sol mass distributions. It was found that the statistically inferred
species contributions to bsp agreed qualitatively with those calculated
theoretically using measured aerosol distributions. Regression
analysis overestimated the contribution of sulfate relative to that
calculated theoretically. Using measured 1979 values, a light extinc-
tion budget was calculated for China Lake. Measured mass extinction
coefficients were used to predict the reduction in visibility at China
Lake which would occur by increasing the concentrations of various

aerosol species.

Chapter 5 summarizes the thesis research and comments on the role
of chemical composition and aerosol dynamics in visibility degradation

in near-pristine arid regions.

The low pressure impactor (LPIL) was used in this research to size
segregate aerosol from 0.05 to 4 pm aerodynamic diameter for elemental

analysis. Two new analytical techniques were developed for analysis of
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aeroscl deposits collected with the LPI. Appendix A describes the
development and evaluation of the LPI-PIXE technique for mass determi-
nation of most elements between aluminum and lead. Aerosol is size
segregated and impacted on coated mylar films which are then bombarded
by a focused alpha-particle beam at the Crocker Nuclear Laboratory,

University of California, Davis. Nanogram sensitivities are achieved.

Appendix B describes a technique in which a He-Ne laser is used
with a 0.25 mm diameter optical fiber to measure the light absorbed by
aerosol deposited on coated mylar film. The particle absorption coef-
ficient distribution from 0.05 to 4 pm aerodynamic diameter can now be
calculated by using this technique with LPI aerosol deposits. The soot
mass distribution can be inferred from these measurements with nanogram

sensitivity. This technique is ofily semiquantitative at the present.

Appendix C describes the evaluation of a non-linear inversion
algorithm to obtain improved mass distributions using calibration data
and masses measured on each stage of the LPI. A more accurate determi-
nation of the particle extinction coefficient distribution is now pos-
sible with the distribution obtained from the LPI and the inversion

algorithm.
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CHAPTER 2

THEORY

2.1 INTRODUCTION

In this chapter relationships between measured species mass dis-
tributions and their contributions to visibility reduction are derived.
The parameter which links aerosol properties to visibility reduction is
the extinction coefficient, be' A review of the relationship between

be and visual range is presented.

The functional dependence of the particle extinction coefficient,
bep, on the aerosol mass distribution is derived for a single component
aerosol. This is then generalized for a multicomponent aerosol. It is
shown that for some simple aerosols the chemical species contributions
to bep may be calculated exactly from their mass distributions.

Requirements are derived for each of the simple aerosols for which bep
can be expressed as a linear combination of the mass concentrations of

the chemical species.
2.2  VISIBILITY ARD THE EXTINCTION COEFFICIENT

A theoretical treatment of visibility and light extinction can be
found in the classic reference by Middleton (1952). The topic has also
been summarized by Friedlander (1977) and Charlson et al. (1978).
Because of scattering and absorption of light by gases and aerosols, a
light beam is reduced in intensity between two points. The fraction of

incident light intensity, I, scattered and absorbed per unit path
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length, z, is defined as the extinction coefficient, be:

dI
b = - —=
e Id=z

The extinction coefficient has units of inverse length, m-I. Ignoring
multiple scattering effects, the above equation can be integrated

between two points along the path to determine the reduction in light

intensity:

X
where the optical thickness, =< =fbedz .
o

Objects can be recognized due to their contrast with the sur-
rounding background. The contrast, C, between a test object and the

horizon sky is defined by:

C = (11/12) -1

where 11/12 is the ratio of the test object intensity to that of the
background. The brightness of both light and dark objects asymptomati-
cally approaches that of the horizon as the distance between observer
and test object increases (Charlson et al., 1978). Thus the contrast
will decrease with distance to a point where the object can no longer
be discernible against its background. It can be shown that the ratio

of the contrast, C(x), of a test object perceived from a distance x to
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its initial contrast Co is given by

C(x)

C
o

= exp{—bex)

I1f the test object is black, II(O) = ( and Co = ~1. The visual range
VR is defined as the distance at which a black test object is barely
discernible from the background. Denoting the necessary contrast

*
threshold as C , then

Based on human observation, typical observers can detect a black object
*
with a 2% contrast against the horizon, so C 1is taken to be -0.02,

resulting in

R b (2.1)

This is the Koschmeider equation relating the extinction coefficient,
be,to the visual range by means of the contrast threshold, which is a
psychophysical constant. 1If the extinction coefficient is measured
along a sight path, then V_ 1is the visual range. If be is measured at

R

a point, then VR is taken to be the local visual range. The two values

are equal in a homogeneous atmosphere. From Equation 2.1 one may

derive the relative change in visual range due to an infinitesimal
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change in the mass concentration of a particular species, Hi:

It 48 seen that the relative change is proportional to the preexisting
visual range. Thus, consistent with intuition, pristine visual areas
are inherently more sensitive to degradation. The manner in which the
extinction coefficient can vary with change in pollutant mass concen-
tration will be discussed later. In certain simple systems, the infin-

itesimal variation in be with M, may be a constant,u,, denoted as the

i
average mass extinction efficiency of species 1. 1In this case, one

obtains a linear relationship between the relative change in visual

range, preexisting visual range, and s

V_sM,
i

For finite changes in mass concentration, &M

T the relative change in

vigual range is

== (2.2)

where VRO is the initial visual range.
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2.3 LIGHT EXTIRCTION DUE TO SINGLE COMPONENT SPHERICAL AEROSOLS

If the aerosol is composed of particles which are homogeneous
spheres, the single particle light extinction efficiency, Ke, can be
derived theoretically by Mie’s solution to Maxwell’s equations with the
appropriate boundary conditions. A complete discussion of the deriva-~
tion can be found in van de Hulst (1957) and Kerker (1969), among oth=-
ers. The particle extinction coefficient, bep’ due to the aerosol is
then given by

DZKe(m,p)n(D)dD (2.3)

v
®
o
L1}
o~~~z
N

where m is the complex refractive index of each particle and p= 7D/)
is the dimensionless size parameté& relating the diameter, D, of each
particle to the wavelength A of the incident light. n(D) is the parti-
cle number density function denoting the concentration of particles per
unit particle size increment. The single particle extinction effi-~
ciency, Ke(m,p), can be expressed as an infinite series of amplitude
functions. Since the single particle extinction efficiency is the sum
of the particle scattering and absorption contributions, the analogous

relationships are obtained:

P 2

Pep =fc 7 DK_(m,p)n(D)dD
< T 2

by ={ 7 DK_(m,p)n(D)dD
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where b =b_ + b__, and K_ and K_ are the single particle scattering
ep sp ap 8 a

and absorption efficiencies, respectively.

The particle extinction coefficient can also be conveniently

expressed in terms of the aerosol volume distribution, dV/dlogDd:

-f G (m,D,)) dl oD dlogD (2.5)

where the particle volume extinction efficiency (Friedlander, 1977),

Ge, is given by

G (@D, N = 55 K (m,p)

The volume scattering and absorptipn efficiencies, Gs and Ga’ respec-

tively, can be used to determine analogous relationships for bap and

b
sp
Similarly, bep can be expressed as a convolution of the mass

extinction efficiency, Ee’ and the particle mass distribution, f£(x):

bep =fOEe(m,x,A)f(x)dx (2.4)
where
X = log(D/Do) (2.5)
£(x) = dM/dx (2.6)
Ee(m,x,k) p Ke(m,p) (2.7

and p is the particle density. The logarithmic transformation from

particle size D to x is used to account for the wide variation in
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particle size. The reference diameter, BO, is chosen in this thesis to
be the lower limit of integration. Since no information on particle
sizes less than 0.0l pm was obtained in this research, DO was chosen to
be 0.0! pm. The upper limit on D was 10 pm, resulting in x varying
from 0 to 3. The mass scattering and absorption efficiencies, ES and

Ea, respectively, are then defined as follows:
E (m x,k)=—-§-—K(mp)
s’ 2Dp s ° (2.8)

- .3
Ea(m,x,x) = pp Ka(m,p) (2.9

The mass scattering and absorption efficiencies are strongly dependent
upon particle size and the chemigil composition of the suspended parti-
culate. Refractive indices and bulk densities for representative fine
aerosol species are shown in'Table 2.1. Pentanedioic acid is a consti-
tuent of the secondary organic aerosol found in the Los Angeles basin.
The properties of the model aerosol have been estimated by a member of

investigators and have been used to compare calculated and measured

scattering coefficients, to be discussed later.

The mass scattering efficlencies of homogeneous spheres composed
of water, ammonium sulfate, and socot are plotted as a function of par-
ticle size in Figure 2Z.1. A wavelength of XA = 0.53 pm is assumed. It
can be seen that particles between 0.2 and 0.9 um scatter light effi-

ciently.
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Table 2.1
Refractive Indices and Bulk Densities for Selected

Aerosol Chemical Species

Chemical Species Refractive Index at Bulk Density,
A= 0.5 pm g/cm3
Water 1.33 -~ 04 1.00
Ammonium Sulfate 1.53 - 04 1.76
Soot 1.95 - 0.661 2.0
Silica 1.55 - 01 2.66
Pentanedioic Acid ' 1.42 - 01 1.42
Model Aerosol 1.54 - 0.0154 1.7

W

The single particle absorption efficiency, Ka, has nonzero values
only for a nonzero imaginary part of the refractive index. The varia-
tion in Ea with particle size for pure carbon spheres at A = 0.53 pm is
shown in Figure 2.2. Similarly to the scattering efficiency, the soot
absorption efficiency has a maximum at 0.2 pm. However, the absorption
efficiency approaches a constant nonzero value for very small parti-~
cles. Thus, very small particles may contribute substantially to light

absorption but not scattering.
2.4  CHEMICAL SPECIES CONTRIBUTIONS TO THE EXTINCTION COEFFICIENT

This section will discuss how chemical species in a multicom-

ponent aerosol contribute to the particle extinction coefficient. It
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will be assumed that the particles are spherical. Theoretical mass
extinction efficiencies can be computed to any desired accuracy for
spheres. 1In addition, the transformation from particle diameter to

volume 1s unique for spheres.

In the general case one must assume that chemical composition may
vary over particle size and that individual particles are not chemi~
cally pure. It will be shown that in general the chemical composition,
refractive index, and diameter of each particle must be known to
rigorously calculate the contribution of a particular species. It will
be shown that for certain simple aerosols chemical species contribu-

tions may be calculated exactly from their mass distributions.

2.4.1 External Mixture

The simplest multicomponent aerosol in which the species contri-
butions to bep can be determined exactly from their mass distributions
is the external mixture. An external mixture is an aerosol composed of
N aerosol specles which have been mixed without coagulation. Each
individual particle is chemically pure and 1s characterized by a unlque
diameter, D, chemical species 1, and refractive index m, . The particle

number distribution n(D) is then the sum of the number distribution of

each species, ni(B):

n{d) =

#f 182

ni(D) (2.10)

o
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Each particle 1s characterized by a unique single particle extinction
coefficlent, Ke{mi,x)- In this case the particle extinction coeffi-

cient is the sum of the contributions from each pure species, bepi:

N
b= ) b (2.11)
ep  ,Z, epi
where
L =fo E_(m,,x, ), (x)dx (2.12)

For an external mixture of homogeneous spheres the contribution of
species i to the particle extinction coefficient is given exactly by
Equation 2.12. Since the error in the mass extinction efficiency cal-
culation can be made arbitrarily small, the accuracy in bepi is deter-

mined by the error in the measurement of the species mass distribution.

2+4.2 General Theory for Multicomponent Aerosol

In the general case one must assume that chemical composition may vary
over particle size and that individual particles are not chemically
pure. It is assumed that the aerosol is composed of spherical parti-
cles so that the particle size may be characterized uniquely by either
the particle diameter, D, or the particle volume v = 7/6 D3. The mul-
ticomponent aerosol problem can be treated generally if it is assumed
that the chemical composition is distributed continuously over the par-
ticle size interval v to v + dv. Following the convention of Fried-
lander (1970, 1971), let dN be the number of particles per unit volume
of air containing molar quantities of each species 1 in the range

between Y4 and Yy + dyi. Then the size-~composition probability demsity



27

function, g, is defined by

J =
dN = Nog(v,yy, « « «,¥)dvdy, . . . dyg

ET is the total particle number concentration. The particle volume v

ig a linear combination of the moles of each species:

N
v= ) Y,y (2.13)

where the partial molar volume of species i is ;g = (Mﬁjf)y' . By
3,3#4

integration the following relationships are obtained:

S ). [ e dy, « . . dydv =1 (2.14)
vy ¥, :
[
n(D)dD = n(v)dv = Ny jf ... J[ g dy, . . . dydv (2.15)
N Y2

where n(v) is the particle size distribution function with respect to

particle volume.

For the multicomponent aerosol the particle extinction coeffi-

cient is obtained from Equations 2.4 and 2.15:

b = N . e T 2
ep T %r g; %g 4 D Ke(m,p) g dyz e dyNdv

g is obtained by measurements of the chemical composition of each

particle in the aerosol, a formidable task. The problem is compounded,
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however, by the fact that the refractive index of each particle is not
uniquely determined by the chemical composition. Consider a concentric
spherical particle of equal volumes of species A and species B. The
theoretical single particle extinction efficiency Ke may differ
slightly depending upon whether A has condensed on B or vice versa. 1In
general, therefore, it is necessary to obtain measurements of not only
chemical composition, but also the refractive index of each particle to
adequately characterize the aerosol for extinction coefficient determi-

nation.

Extending on the convention of Friedlander (1970,1971), it is
convenient to define the size-composition-refractive index probability
density function, h, defined by

N, = Np b (vuyys o v ey yem)dy, o .. dyydm

The function, g, is obtained by integrating over all values of the

refractive index for a given composition and size:

g(v,yz, . e e yN)= .]”h(v,yz, . e ey yN,m)dm (2.16)
m

The average single particle extinction efficiency, Kz(v,k), at a given

particle size v can be defined by

K
T
Ez;7~jr...Jf'JrKe(m,p)h(v,yz,...,yN,m)dmdyz...dyN (2.17)

Yy Yy B

K:(V,A} =
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Then the particle extinction coefficient is

= [ T p2gd = [ I p2p2 3
bep -fG i DA (v, (v av & DK2(D,2)n(D)dD (2.18)

o ~~38

which is functionally similar to the expressions for the simpler aero-
sols. Unlike the single species and external mixture aerosols, the
single particle extinction efficiency, Kz, is now a nonlinear function
of particle size and chemical composition. In general, K: would not be
an analytic function, but would be determined numerically from single

particle measurements of chemical composition and refractive index.

A simpler expression for bep results if all particles of the same
chemical composition have the same refractive index. Then h is separ-

able: -
*
h(Vyyzy“‘ﬁ’n:m) = S(ngza"'ayn) h (m,v)

*
h (m,v) is the probability that a particle of size v has a refractive
index of m. In this case single particle measurements of chemical com-

pesition are not necessary to calculate bep:

T 2 *
= —_— {
bep OI ;D U] Ke(m,p) h (m,D) dm} n(D)dD

If it is also assumed that all particles of the same size have the same

composition, then
*
h (m,D) = 6 (m-m(D))

where ¢(x) is the Dirac delta function. In this case single particle
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measurements of the refractive index are not necessary to calculate

*

h -
€p

o

=/ 0% _(@®),p)n(d)dD

C

The incremental mass concentration of species { in the interval v

to v + dv is

dMm,
i e
E;-dv = hT“i._/» . J/” gyidyz...dyN (2.19)
Yy Yy

where wi is the molecular weight of species 1. One can then express

bep in terms of the species mass distributions:

f - f (x)dx (2.20)
o

o
" 15

ep

where Kz is given by Equation 2.17. Equation 2.20 is exact for spheri-
cal particles. For hygroscopic particles, water may be considered as

one of the chemical species.

Strict application of Equation 2.20 to some aerosols may be dif-
ficult because ;g may vary with chemical composition. This is almost
certainly the case of aqueous solutions formed in aerosols under humid
conditions. When condensation and coagulation occur, aerosol mass is
conserved but volume may not be conserved. However, it is the particle

size, not its mass, that determines its optical effects.
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If the aerosol is not an aqueous or solid solution, the partial

molar volume v, may be considered a constant:

i

=

»

2+
i .
°1

where ;Biis the bulk density of pure species 1. This is equivalent to

requiring that particle volume be conserved. In this case,

3
[ o1 Kefi(x)dx (2.21)

where fi(x) is the mass distribution of species i.

One may then define the contribution of a particular species i to
the particle extinction coefficiedt as the reduction in bep due to the

removal of species 1i:

= a
bepi { D, Kefy(x)dx (2.22)
3

k|
3

i

evaluated without species i. It is seen that for a complex aerosol

where K: is the average single particle extinction efficiency

species i affects bep in two ways:
1) Most directly, through its mass distribution, fi(x)

2) Secondly, by changing the average single particle extinction

efficiency, Kz.



32

Equation 2.22 is exact for spherical particles whose partial molar

volumes are constant. If the refractive index of speciles i is not

appreciably different from that of the other species, then Kza:K:i and

the contribution of species 1 is, to a good approximation, due directly

to 1its mass distribution:

K2 £, (x)dx (2.23)
i e 1

r 3
bepi zfa 2Dp

2.4.3 Application of General Theory to Limiting Cases

2.4.3.1 Single Compound Aerosol -~

For a simple aerosol composed of one species i of refractive
index m, the aerosol volume of ag}article of volume v is made up

exclusively of species i
VIV Yy (2.24)

y. =0 for 3 =1, . ..
j#i

» N

The size composition probability density function is then a delta

function

_ n(v) v
g = N S(yi - ::—) (2.25)
T vi
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This can be checked by determining the number distribution, n(v), and

the mass concentration, M, :

n{v)

Also,

"

=
]

it

§T jf,.. “/'g dyz...dyN
Y2

]
=
~
]
~
<
S
~
v
[

[#0]
———
4

et
i
d{!d
R

]
=

Here, VT is the total aseroscl volume concentration.

Since the aerosol

is composed of only one species, the mass-volume relationship is

correcte.

The refractive index of every particle is m

i!

which leads to the



following simple expression for the size-composition refractive index

probability density function, h:

h=gdé(m ~ mi)

N

_n(v) v -
- N é(yi ;)5(111 m,)

1

Evaluating the average single particle extinction efficiency, KZ, by

Equation 2.17,

N
a N A nv) A - ,
Ke(v, )= n(v)-/:'ilm./ke(m’p) N 6(yi - )&(m mi)dmdyz...dyN

s

ﬁ(Ke(m,p)é(m~mi).£i6(yi -

1

v

_“-‘) dyidm

V.,
i

Ke(mi,p)

Then, by Equation 2.22, the contribution of species { is

e
2D, K (mi,p)fi(x)dx

o

E (mi,x,k)fi(x)dx

where Ee is the mass extinction efficilency of species i, given by
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Equation 2.7. As expected, this reduces to the required relationship

for a single species.

2e¢4¢3¢2 Internal Mixture

An internal mixture is defined as an aerosol where the chemical

species are mixed within each particle in a fixed proportion which does

not vary with particle size. The number of moles of species 1 in any

particle of volume v is uniquely given by

(2.26)

N .
Note that E ci=1. Since every particle has a fixed uniform composi-
*

i=1
tion, the refractive index of every particle is identical, say m , and

not a function of composition or size.

For the internal mixture the size-composition-refractive index

probability density function, h, becomes

C C
h:%(yz -:gv)...é(yﬁ-:gv)é(m-m*) (2.27)
T \?2 VN
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In this case the mass concentration of species i is

=
"

. n(v) .2
LAY R £(v o)y - =
Vi Y2 2 N

it

JE}'V} o {1} dv
l._.

V.
1

Wi jrn(v) {1}...
v

The average single particle extinction efficiency, Kz, becomes

K=K (m
e - e’(m 3P)

g

The contribution of species i is then

*
. K (m ,p) £, (x)dx

=°0 3
bepi -4.2Dp1

N o
3 * x-
+ 1 ) R @ e~ K g ,p)] £, (0ax (2.28)
j=1 ¢ i
j#i

rd

*

If the resultant refractive index, m; o after the removal of species i
*

is not appreciably different than m , then only the first term in Equa-

tion 2.28 is important:

(2.29)

3 %
K(m ,p) fi(X)dx

2D g,

epi
P i

R
o] \\8
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2:4+.3.3 Specific Mixture with Volume Average Refractive Index

For the purposes of this thesis let a specific mixture be an
aerosol having the property that all particles of size v have an ident~
ical chemical mix. The chemical mix is allowed to vary as a function
of particle size, however, unlike the internal mixture. For a particle

of volume v, the volume of species i is given by

Vi
v -6

N

For any size v, Z Ci(v)=ll. For the specific mixture, the number of
i=1

moles of species i in any particle of volume v is uniquely given by

C.(v)
= v (2.30)

y; %

< |

i
The size-composition probability density function, g, is then
¢, (v) Cy™

. Yo =T v }...6 N~ .
V2 N

v (2.31)

N

n{v
) 5
The mass concentration of species i becomes

Mi = ojué‘ci(v)n(v)dv

It is not assumed that the species are internally mixed in a
specific aeroscl. Even though the species composition is identical for

all particles of size v, species A could be condensed on species B, for
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example, or vice versa for different particles of the same size. This
results in generally different refractive indices for different parti-
cles of the same size, v. A simplification results if one assumes a

volume average refractive index for each particle (Kerker, 1969):

o N —
jv,m, 5 y.v,.m,
L= Lo iii

ma(v) = - = - (2.32)

Since the chemical composition of all particles of size v 1s identical,
the refractive index is identical for all particles of size v. The
refractive index becomes a function of particle size alone and the fol-

lowing relationship results:

h(vyyzﬁ v ’me) = g(V9YQ’ [ ,YN)é(m“ma(V)) (2033)

F

By substitution into Equation 2.17, the following simple expression is

obtained for the average single particle extinction efficiency, Kzz

KZ = K_(m_(v),p)

The particle extinction coefficient is then

7 av
- 2.
bep = c{ 2313 K (m (v),P) Fioop dloeD (2.34)
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Assuming a constant ;£=Wi/ﬁi s, the contribution of species 1 to bep is
7 3
Bepi ='£'2Dgi K (m (v),p)f, (x)dx
N « 3
T _ .
I 5 K, ),p) K (0 (v),p) ]E, () dx
i=lo 7]
j#i
As before, if the volume average refractive index does not change
appreciably with the removal of species 1, then the contribution of
species in a specific mixture to the extinction coefficient is
o
o 9
beps {Ee(ma(v),p)fi(x)dx (2.35)

S

The volume average refractive index may be calculated from meas-

ured species mass distributions by use of Equation 2.19. Assuming con-

stant partial molar volumes, the result is:

N mi
1 = H®
n (x) = i=1 i
a N 1
Z — £ (%)
i=1 1t

(2.36)

The validity of the volume average refractive index was tested by

Rerker (1969, p. 202) for coated spheres of varying diameters, coating

thicknesses, and real refractive indices. The single particle
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scattering efficiency, KS, was calculated using the volume average
refractive index and compared to the exact ?alue. The Ks using the
volume average refractive index was found to be within 23% of the exact
value for 0.1 < x < 2.5 (0.017 < D < 0.42 pm at X = 0.53 pm), and 1.482 <
m < 2.105. The agreement is not necessarily as good with complex

refractive indices.

2+4.4 Aerosol Species Mass Concentration-Extinction Coefficient Rela-

tionships

24441 External Mixture -

Let fi be the normalized mass distribution of species 1i:

f.(x,Mi) z‘fi(x)/Hi

%

Then the contribution of species i to the extinction coefficient

becomes b

epi - %3 MMy

i

where ai(ﬁi) _é_Ea(mi,x,l)fi(x,Mi)dx

ai is the average mass extinction efficiency of species i. If the nor-
malized mass distribution fi does not vary with its total mass concen-

tration, M,, then@i can be considered a constant and the following

i

linear relationship results:

N

P i=1
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For an external mixture with constant @i, the particle extinction coef-
ficient is simply a linear combination of the specles mass concentra-

tions.

2ebe4.2 TInternal Mixture -

In an internal mixture the chemical species are mixed within each

particle in a fixed proportion which does not vary with particle size:

Then it follows that the volume distribution of species 1 follows the

total volume distribution

B 3

dv,
i, 4 (2.37)
dlogD i dlogDh

Integrating over all particle sizes, it is seen that c; also represents

the fractional total volume of species 1:

Vi = ¢V

From Equation 2.5 it follows that

4av
dlogh

#*
Ge(m ,D,A) dlogD

1}
le]
b3

bepi i

with the result that specles 1 contributes to the extinction coeffi-

cient in the same proportion that it does to the total aerosol volume



concentration

epi V bep

The ratio bep/vT is determined by a convolution of the single particle

scattering efficiency with the normalized total volume distribution,

dV/dlogD:

b . e
ep _ * dv
VT = :£ Ge(m ,D,2) dlogD dlogD

Lo,

1f the normalized volume distribution remains constant and is not a

function of the total aerosol volume V_, then bep/vT is a constant and

the following relationship is obtained for an Internal mixture:

b . =aM

epi ii
1 b

where o, = — VER
P Y

(2.38)

Therefore, if the normalized aerosol volume distribution does not vary

at a locaticn and the aerosol is an internal mixture, the particle

extinction coefficient is simply a linear combination of the mass
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concentrations of each species

where oy is given by Equation 2.38.
2.3.4.3 Specific Mixture -

For a specific mixture the following relationship exists between

the aerosol volume distribution of species i and the total distribu-

tion:
dav, - e av
dlogh i dlogD
r av
and Vi = Jf ci(D) dTogD dlogD

e OO

No simple relationship between the aerosol volume concentration of

specieg i and the total volume concentration exists such as that found
for an internal aerosol, Equation 2.37. Equation 2.35, which approxi-
mates the contribution of species 1 to the extinction coefficient in a

specific mixture with constant @, can be rewritten

i
Pepi = ai(Mi)Mi
where
= 3 2.39
0y 04) = [ £, (m, 60,3 F ()3 (2.39)

(o]
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a, will be a constant if neither the volume average refractive index
ma(x} nor the normalized species mass distribution E;(x} varies with
total mass concentration. By inspection of Equation 2.36, ma(x} will
not vary with species mass concentrations if either the total normal-
ized volume or mass distribution remains unchanged or if all of the
refractive indices are equal. If these conditions are met, Gi will be

a constant and the particle extinction coefficient can be expressed as

a linear combination of species mass concentrations

N

= Z o.M

be i7i
Poi=

2.5  AEROSOL MASS AND EXTINCTION COEFFICIENT BALANCES

This chapter has discussed the use of measured aerosol mass and
volume distributions to determine the coantributions of various chemical
species to the particle extinction coefficient, bep' There are a
number of parameters which can currently be measured directly to pro-
vide a check on the results. This is necessary experimentally because
one does not directly measure the contribution of species 1 to bep; one

calculates it using measured mass distributions, fi(x), and theoretical

single particle extinction efficiencies, Ke(m,p).

Currently the particle scattering coefficient, bsp’ can be con-
tinuously measured with an integrating nephelometer. The MRI Model
1561 was used in the research for this thesis. It has a very sharp

wavelength response function centered at 0.53 um. All calculations of
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Ke in this thesis assume » = 0.53 uym. The aerosol volume distribution,
dv/dlogD, can be measured with sample times of 2-3 minutes using prin-
ciples of particle electrical mobility and light scattering. Filter
samples can provide time average total, MT’ and species, Hi’ mass con~
centrations as well as the particle absorption coefficient, bap'
Impactors, such as the low pressure impactor, combined with chemical
analysis can provide time average speciles mass distributions, fi(x).

The analytical techniques are discussed in Chapter 3.

A listing of the balances used in this thesis is provided in
Table 2.2. The measurement technique used in this thesis 1is given in
parentheses. These will be discussed in detail in Chapter 3. LPI
refers to the low pressure impactor, EAA refers to the electrical azero-

sol analyzer, and OPC refers to the optical particle counter.

The successful experimental meeting of these balances, particu-
larly the mass and scattering coefficient balances, will provide strong
evidence that the measured mass distribution of a species can be suc~
cessfully used to calculate its contribution to the extinction coeffi-

cient.
2.6 SUMMARY

Theoretical expressions have been derived from which one may
determine the contributions of various chemical species in an aerosol
to the extinction coefficient. It is assumed that the aerosol is com-
posed of spheres. In general, it is necessary to measure the chemical

composition and refractive index of each particle to rigorously
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Table 2.2
Chemical Species Contributions to the

Extinction Coefficient: Balances on Measured Parameters

1. MASS BALANCE
1)~£~fi(x)dx (LPI) = Mi (filter)
N
ii) ‘z Mi (filtep = MT (filter)
i=1
2. PARTICLE VOLUME BALANCE
i) Z £,(x)/p; (LPI) = dV/dx (EAA,OPC)

i=1
dav

i1) M (filter) = E'VT - g:/‘g;*dx (EAA,OPC)
o}

3. SCATTERING COEFFICIENT BALANCE
&

av {EAA,OPC) = {nephelometer)
1 ~/-Gs dx dx Sp

ii)

[ e}

Ly spi (LPI) = bsp {nephelometer)

4. ABSORPTION COEFFICIENT BALANCE

i) .4'Ga Eg‘dx (EAA,OPC) = (filter)

N
ii) .Z by (LPD) = b (filter)

Parameters defined in text
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determine the contribution of a particular species. Since this is =
formidable task, expressions were derived for different simple aerosols
where the contribution of a species may be calculated exactly from its
measured mass distribution function. Expressions were derived for an
external and internal mixture and for a so-called specific mixture with
an assumed volume average refractive index. The specific mixture is
considered to be the most general case where one may use mass distribu-
tions rigorously, since particles are not assumed to be chemically pure
and no assumptions are made regarding the form of the mass distribu-

tions of the species.

Requirements were established for each of the three simple aero=~
sols for which the particle extinction coefficient, bep’ can be
expressed as a linear cowmbination of the mass concentrations of the

&

species, Mi:

N

= .Z aiMi (2.40)
i=1

bep
In general it is necessary for the normalized mass distribution of
every épecies to remain unchanged; the shape of the distribution must
be preserved. The partial molar volume, G;, of each species 1 must
remain constant with the addition or removal of other species. This
requirement is not obeyed by hygroscopic particles which form aqueous
solutions, and thus Equation 2.40 would not be valid for such parti-
cles. In addition, the preservation of the normalized total serosol

volume distribution may be required. If the aerosol is not an external

mixture, the refractive indices of each of the major species should not
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differ significantly from each other. If these requirements are met,
multiple regression analysis may be successfully applied to measured
bep and Mi data to infer the average mass extinction efficiency, o s
for each species.

One does not measure directly the contribution of each species to
bep; it is calculated from 1ts measured mass distribution. A table of

mass and extinction balances is presented which provides the criteria

for successful application of this theory and technique.

PR
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CHAPTER 3
APPLICATION OF THEORY TO A REMOTE

ARID SITE IN ARIZONA
3.1 INTRODUCTION

Chapter 2 showed that the contributions of aercsol chemical
species to the extinction coefficient can be estimated from knowledge
of their mass distributions, densities, and refractive indices. The
theory assumed that the particles can be represented as spheres. For
an external mixture the contribution of species i to the extinction

coefficient, b » is given by Equation 2.12:

epi

o

bepi = [Ee(mi,x,k)fiegx)dx

where fi(x) = dMi/dx and x = log(D/0.01 pm). fi(x) is the mass distri-
bution of species i as a function of the dimensionless particle
diametgr Xe Ee is the mass extinction efficiency of species i, given
by Equation 2.10. X 1is the wavelength of light. For a specific mix-
ture, the contribution of species i can be approximated by Equation

2.35;:

o

bepi = *l: Ee(ma(x),x,x)fi(x)dx

ma(x) is the volume average refractive index as a function of x, given

by Equation 2.36. Equation 2.35 simplifies to Equation 2.12 if all the
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species have equal refractive indices. This is approximately true for
ambient aerosocl if water is absent and soot makes up a small fraction
of the fine mass loading. Strict application of Equation 2.35 requires

information on all species, while Equation 2.12 does not.

In Egqns. 2.35 and 2.12 the species mass extinction efficiency,
Ee’ can be theoretically determined from Mie”s classical solution to
light extinction by a sphere in an infinite medium. Computer routines
are avalilable to calculate single particle extinction efficiencies,
and, hence, Ee (Wickramasinghe, 1973). The mass distribution of each
species is experimentally measured. One would then infer an optical
property, bepi’ from measured mass distributions and theoretically
predicted mass extinction efficiencies. It should be noted that one
cannot currently directly measure ‘the effect of a particular aerosol
chemical species on the extinction coefficient. The experimental con-
firmation of the theory must come from the balances on mass and extinc-
tion coefficients as discussed in Chapter 2. Table 2.2 summarized the
balances that must be met. The experimental adherence to these bal-

ances, while not providing a direct measurement of b does insure

epi’
that all important species have been accounted for and that the sum of
the contributions is correct. 1If the balances are met for a number of
experiments with varying concentrations of aerosol species, this would

provide strong evidence that the calculations for the individual

species contributions would be correct.

This chapter discusses the application of the species extinction

balance technique to an ambient aerosol in remote northeastern Arizona.
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Measurements of aerosol and optical properties were made for a three
week period in June and July of 1979. A total of 12 sets of samples
were taken during the period. Fine serosol species mass and extinction
coefficient budgets were generated for each sample using measured
chemical species mass distributions. The budgets were then compared to
directly measured values of aerosol mass concentration and extinction

coefficient to test the theory and technique.
3.2 EXPERIMENTAL TECHNIQUE
3.2.1 Location

Aerosol sampling was conducted during June and July of 1979 at
Zilnez Mesa, Arizona. Shown in Figure 3.1, the Zilnez Mesa sampling
site is located about 70 km ESE from the Navajo Generating Station near
Page, Arizona. The measurements were made as part of Project VISTTA
(Visibility Impairment due to Sulfur Transport and Transformation in
the Atmosphere, sponsored by the Environmental Protection Agency
(Macias et al., 1979). The objective of this phase of the VISTTA pro-
gram is to quantify the contribution of coal-fired power plants to

visibility impairment, especially in Western pristine areas.

The Navajo Generating Station is a modern coal-fired power plant
similar to that which might be constructed in the future in the United
States. It consists of three 775 MW (net) units, the first of which
began operating in 1974. Particulate emissions are controlled with
electrostatic precipitators with a design efficiency of 99.5 percent.

Sulfur dioxide emissions are controlled by the use of low sulfur coal.
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The plant does not have scrubbers for removal of sulfur dioxide. The
plant is isolated from other sulfur dioxide sources. It is in the
vicinity of several Class 1 areas established by the 1977 Clean Air Act
amendments for protection from visibility impairment (Blumenthal et

al., 1980).

The Zilnez Mesa site was selected because of its remoteness from
local sources of pollution, unusually good telephotometer views, view
of the Navajo Generating Station, the good probability that the plume
would be carried to the site, good access for instrumented vans, and
the availability of electrical power. The site is at an elevation of
2322 meters (7620 £t.) above mean sea level. During sampling the

atmospheric pressure averaged 589 mm Hg, about 0.78 atm.

Participants from the University of Minnesota Particle Technology
Laboratory operated two mobile laboratories at Zilnez Mesa. These
air-conditioned vans served as a base station and support facility for
researchers from several other institutions. Measurements of optical,
gaseous, aerosol, and meteoroclogical parameters were routinely made by
the University of Minnesota. Data were collected continuously from June
26 to July 13, 1979, with exceptions due to instrument failure, loss of
power, and electrical storms. Aerosol size distributions were measured
every 25 minutes. During the two-minute interval required to measure
an aerosol size distribution, data from instruments with a continuous
analog voltage output were recorded at the rate of once each 0.6
second. For the remaining 23 minutes of each interval, the sample rate

was reduced to once each 30 seconds. During interesting episodes, such
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as plume encounters, size distributions were measured more frequently
{(Blumenthal et al., 1980). For this thesis the University of Minnesota
provided aerosocl size distribution and particle scattering coefficient
data which were averaged over the interval in which aerosol filter and

impactor sampling were done, usually every 24 hours.

3.2.2 Aercscl Sample Collection

Aerosol for chemical analysis was sampled in one of the Univer-
sity of Minnesota’s vans using the arrangement shown in Figure 3.2.
The air inlet was 1.3 m above the roof of the van, a total of about 4 m
above the ground. A screen and inverted cup assembly kept out rain and
insects. The total 1éngth of 1.7 cm inner diameter (ID) aluminum tube
was 3 m and the 1.3 cm ID tygon tube was (0.5 me The Reynolds number
for flow through the tubing was 2950. Loss of 0.1 micrometer {(pm)

diameter particles to the walls due to turbulent diffusion was calcu-

lated to be less than 1%, using the method of Friedlander (1977}.

Cyclone separators were used to separate the coarse (D > 2 pm)
aerosol from the airstream so that only the fine (D < 2 pm) aerosol
would be collected by the filters and low pressure impactors. There

are three reasons why this was done:

1. The mass concentration of dry, coarse particles in near-
pristine arid regions is usually much greater than that of submicron
aerosol. Bounceoff of the coarse particles to lower stages of the low
pressure impactor during long sample times would lead to erroneous

results.
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2. Figure 2.1 shows that coarse particles are not theoretically
efficient on a mass concentration basis in causing light extinction.
This has been shown experimentally for locations in the arid Southwest

using statistical regression techniques by Trijonis and Yuan (1978a).

3. The total particle scattering coefficient, bsp’ was measured
with an integrating nephelometer. The sum of the calculated species
contributions to the scattering coefficient was then compared to bsp'
The nephelometer, by virtue of the geometry of its viewing angle, is
not efficient in "detecting" particles of greater than about 2 um
diameter (Sverdrup, 1977). Preseparation of aercosol with the cyclone
provides a consistent basis of comparing calculated and measured parti-

cle scattering coefficient.

The cyclones in this study were constructed at Keck Laboratory using
design specifications of John and Reischl (1978) of the California Air
and Industrial Hygiene Laboratory (AIHL). They calibrated the cyclone
using solid monodisperse methylene blue particles and liquid mono-
disperse dioctylpthalate (DOP) particles generated by a Bergland-Liu
vibrating orifice aerosol generator. The cyclones were operated in
this study at 20-25 liters per minute (lpm), resulting in 50% collec~
tion efficiencies from 2.2 to 2.7 pm aerodynamic diameter. A spherical
particle of 2 g/cm3 density and diameter of 1.8 pm would be collected

with a 50% efficiency by the cyclone at 21 lpm.

The fine particle airstream from each cyclone was sampled by a

total filter and a low pressure impactor (LPI) operating in parallel.



W
~

The calibrated LPI segregates aerosol into eight stages having 50%
efficiency aerodynamic diameters of 4.0, 2.0, 1.0, 0.50, 0.26, 0.12,
0.075, 0.05 pym, respectively, when operated at 744 mm Hg ambient
pressure (Hering et al., 1979; Hering et al., 1978). The LPI s were
constructed at Keck Laboratory, Caltech. The volumetric flow rate of 1

LPI was controlled by a critical orifice.

The fine aerosol from cyclone #1 was collected by a 12.7 mm
diameter Pallflex Tissuequartz No. 25000A0 quartz fiber filter which
had been baked at 900 °C for one hour to drive off volatile contam—
inants. The Tissuequartz filters were chosen because of their suita-
bility for carbon analysis (Macias et al., 1978). The fine aerosol
from cyclone #2 was collected by a 0.4 pm pore size preweighed 47 mm
diameter Nuclepore polycarbonate filter. The stainless steel backing
plate was perforated, such that a 35 mm diameter aerosol deposit was
created on the Nuclepore filter. Nuclepore filters were chosen because

3 and SO4 (Schumacher and Spicer, 1976),

and suitability for light absorption measurements and elemental

of stable mass, low artifact NO

analysis.

In parallel with the Tissuequartz filter an LPI sampled aerosol
for sulfur analysis. In parallel with the Nuclepore filter an LPI sam-

pled aerosol for elemental analysis.

The airstream was drawn through the Nuclepore and Pallflex
filters by Gast 60 lpm~displacement carbon vane pumps. The LPI's used

Leybold-Haraeus S4A vacuum pumps. The volumetric flow rates through
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the cyclones were measured with an American DTM-325 dry test meter.
The volumetric flow rates through the LPI were measured with a Preci-
sion Scientific 10 lpm capacity wet test meter and a Matheson 603
rotameter. The stagnation pressure above each stage of the LPI was

measured with a Wallace and Tiernan vacuum gauge.

Care was taken during field sampling to minimize contamination
and sampling loss. All sample loading and unloading in the field was
done in a glove box constructed at Keck Laboratory. Positive pressure
was maintained inside the glove box by a small blower which drew air
into the box through a triple thickness Fram filter. Each arm hole inﬁ
the glove box had a sleeve with a garter to provide a snug fit.
Disposable latex gloves were worn§yhile working in the glove box. All
work inside the glove box was done on a teflon sheet which was washed

with methanol and decharged before each use.

Detailed written standard operating instructions were followed
for measuring flow rates and pressures and in loading and unloading
each of the samples. UCLA and University of Minnesota personnel
changed most of the samples following the written procedures. This
insured uniformity in sample handling and minimized contamination.
Immediately after collection each sample was placed in a plastic con-
tainer, sealed with Parafilm, enclosed in a ziplock bag, and placed in
a refrigerator in the van. The samples were stored in an ice chest

during the return trip back to Caltech.



3.2.3 Sample Analysis

3.2.3.1 Fine mass concentration -

The aerosol mass on each Nuclepore filter sample was determined
by difference with its blank value using a Mettler M5 SA microbalance.
A Nuclear Products Po 210 500 pc radicactive decharger and a tray of
Dririte dessicant were kept in the microbalance to minimize static
charge and water absorption on the aerosol and filter. Five field
blanks were obtained at Zilnez Mesa by loading preweighed Nuclepore
filters into the cyclone filter holder, drawing 50 1 of filtered air
through each, and then returning them to their containers. The average
aerosol mass on the 5 field blanks was 2.2 pg, with a standard devia-
tion of 7.6 pg. The error in mass measurement was then taken to be + 8
ug, which was between 1.5 and 9.4% of the measured field sample masses.
After the mass determination, each of the filters was cut into four
pieces for additional analyses. All field blanks and field samples

were handled identically for chemical analysis.
3.2.3.2 Elemental mass -

One-third of each Nuclepore filter was sent to Crocker Nuclear
Laboratory, University of California, Davis, for elemental analysis by
particle induced X-ray emissions (PIXE) (Cshill, 1975). Masses of many
elements from Al to Pb can be analyzed quantitatively with this tech-
nique, including 8i, S, K, Ca, Fe, and trace species such as V, Ni, and
Zn. Detection limits range from about 20 to 200 ng/cm2 area density on

each filter, corresponding to about 0.2 to 2 pg/filter. Typical
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uncertainties in the mass determination of a particular element were
+ 15-20%7 or + 2 pg/filter, whichever was larger. All elemental masses
measured on the 5 Nuclepore filter blanks were below detectable limits

except Al, with an average value of 2.98 + 1.30 pg/filter.
3.2.3.3 Elemental mass distribution -

The aerosol sampled by the LPI for elemental analysis was
impacted on coated mylar films affixed to 25 mm glass discs. The mylar
was coated with Apiezon L vacuum grease which was applied as a 2% solu-
tion in Spectrograde toluene and allowed to evaporate. The details of
the substrate prepara;ion and sample handling procedures are in Appen-~

dix A.

After being returned to Calfech, each coated mylar sample col-
lected by the LPI was peeled off the glass disc and mounted on a 35-mm

slide with a 13-mm center hole.

The LPI samples were sent to Crocker Nuclear Laboratory for ele-
mental analysis by PIXE using a focused alpha particle beam of 3 to 4
mn diameter. Nanogram sensitivities for most elements are achieved
with the focused beam. A detailed description of the PIXE focused beanm
technique applied to LPI samples is found in Appendix A. Based upon
repeated measurements of field samples, the estimated measurement error
was about + 15-207 or twice the minimum detectable limit, whichever was
larger. Average field blamk values, presented in Appendix A, ranged

from 1 te 14 ng for common elements.
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3.2+3.4 Sulfur mass distribution -~

The aeroscl sampled by the LPI for sulfur analysis was impacted
on vaseline-coated stainless steel strips backed by 25-mm glass discs.
Before coating with vaseline, each strip was wiped clean and baked at
900 °C for 45 minutes to drive off volatile contaminants. The sulfur
mass deposited on each stage was determined by the technique of flash
volatilization and flame photometric detection (FVFPD) (Roberts and
Friedlander, 1976). Each stainless steel strip was placed between two
tungsten posts and heated quickly by resistance using an electrical
discharge of 11.3 V from a capacitance of 0.31 F. The volatilized
aerosol was drawn into an airstream diluted with room air. The air-
stream was filtered with a 47 mm Teflon filter before sampling with a
Meloy 285 Sulfur Analyzer. The output voltage from the sulfur analyzer
was integrated over time using a Spectra-~Physics integrator with
automatic baseline correction. Calibration was accomplished with
(NH4)2304 standard solutions which were applied to vaseline-coated
stainless steel strips and allowed to dry. A linear relation between
integration counts and sulfur from 2 to 100 ng was obtained with corre-
lation coefficients exceeding 0.995. Uncertainty in the measurement
was + 2 ng or + 10%, whichever was larger. This analysis was per-
formed at the Page, Arizona, Holiday Inn, in a room which had been tem-

porarily converted to a field laboratory.
3+42.3.5 SOZ, NO_, NHZ mngss -

One~half of each Nuclepore filter was stored in a plastic petri
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dish, doubly wrapped, and sent in an insulated container with dry ice
to Environmental Research and Technology, Inc. (ERT), Westlake Village,
California. Their laboratory, under the direction of Dr. Kochy Fung,
determined the masses of aerosol sulfate and nitrate on each filter by
liquid ion chromatography and ammonium by colorimetry. The anions were
analyzed in aqueous extracts of filters using an automated Dionex Sys-
tem 10 Ion Chromatograph. The ammonium from the same extract was
analyzed colorimetrically with a Technicon Auto Analyzer II by reaction
with phenol and alkaline sodium hypochlorite to produce indophenol.
Based on duplicate analysis of samples and standards the uncertainty in
the various determina;ions per filter were: + 1.2 pg No;, + 22.2 pg

SOZ, and + 0.3 pg NHT The 5 Nuclepore field blanks had the following

40

+
4° *

values: 4.0 + 1.2 pg SO A

13.2 + 3.7 pg N{J;, and 0.37 + 0.09 pg NH
3.2.3.6 Particle absorption coefficient, bap -

The time average particle absorption coefficient was measured
from one-sixth of each Nuclepore filter sample using the opal glass

integrating plate technique (Lin et al., 1973).

An apparatus for this measurement was constructed at Keck Labora-
tory, and 1s described in Appendix B. The filter was held against a
piece of opal glass and was illuminated by a narrow beam of coherent
light at 0.6328 pm wavelength which had propagated through a 0.25 mm
diameter optical fiber. The forward scattered light from the aerosol
deposit was collected by the opal glass and reradiated. The light

intensity from the opal glass was detected by a calibrated
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phototransistor. The phototransistor collector current was applied
across the resistance and is measured as a voltage with a digital volt-

meter.

The opal glass is efficient in reradiating the scattered light,
so that the light extinction through the sample is due to particle
absorption. The following relation (Lin et al., 1973) was used to cal-

culate the time average particle absorption coefficient, bap:

bap = A/S ln(Io/I) (3.1)

where A is the aerosol deposit area on the filter, 9.62 cmz, and S is
the total volume of air sampled through the filter in m3. Io is the
light intensity measured through the filter blank, and I is the inten-
sity measured through the filter $ample. By varying the filter posi-
tion with respect to the beam, it was determined that the aerosol was

deposited uniformly on the filter.
3¢42.3.7 Particle absorption coefficient distribution -

The LPI mylar samples were returned to Caltech after elemental
analysis by Crocker Nuclear Laboratory. The time average particle
absorption coefficient was measured from each of the LPI mylar deposits
using the technique described in Appendix B. These measurements
resulted in a measured distribution of bap as a function of particle
size. This technique does not yet provide a strictly quantitative
measure of particle absorption. For reasons to be discussed later, it

is apparent that the filter measurement provided a more accurate



measure of the total particle absorption coefficient.
3.2.3.8 Carbon =

The aerosol collected on the Tissuequartz filters was analyzed
for total carbon by the nondestructive technique of proton~induced
gamma-ray emissions (Macias et al., 1978) and graphitic carbon (soot)
by calibrated optical reflectance at Washington University, St. Louis,
Missouri. The analyses were performed under the supervision of
Dr. Edward Macias in the Department of Chemistry. The estimated error
in measurement of total carbon per filter was + 5 pg or + 20%, which-
ever was greater. The estimated error for soot was + 1 pg or + 20%,
whichever was greater. The resultant error per filter for the computed
non-soot carbon was therefore iiéipg or + 20% of the sum of the total

and soot carbon measurements, whichever was greater.
3+2.3.9 Soot mass distribution -

The mass of soot on each LPI stage was inferred from the particle
absorption coefficient measurement. The technique is described and
evaluated in Appendix B. The technique assumes that the fine aerosol
is due only to spherical soot particles. The theoretical mass absorp=-
tion efficiency of carbon spheres of density 2 g/cm3 and refractive
index m=1.96 ~ 0.661i (Bergstrom, 1973; Hodkinson, 1964) was calculated
as a function of particle size assuming a wavelength of 0.63 pm. The
average mass absorption efficiency between the 507 efficiency cutoff
diameters for each stage of the LPI was then calculated. The soot mass

on each LPI stage was then equal to the ratio of the measured



65

absorption coefficient to the average mass absorption efficiency. The
lower detection limit using this technique is about 3 ng soot. Because
the technique has not been calibrated with aerosols of known size, it
is difficult to estimate the error in measurement. Based on the varia-
tion in possible mass absorption efficiency (Roessler and Faxvog, 1979)
and the error in the absorption measurement, it is estimated that the
inferred soot mass measurement on any stage is correct to within a fac-

tor of 2.

3.3 EXPERIMENTAL RESULTS

3+3.1 Aerosol Volume and Extinction Distributions

A total of 13 samples were obtained from June 26 to July 13,

1979, of which 12 contained suffidient data for attempting an aerosol
species extinction coefficient balance. Sample times varied from 17 to
52 hours, with an average of 26.2 hours. The long sample times were
necessary due to the very low aerosol mass concentrations. Sampling
times of one to three hours would have been sufficient for an average
urban area. The Nuclepore and Pallflex filters sampled an average of
about 34 m3 per episode. The LPI sampled for PIXE analysis during the
same interval as the filters, while the LPI sampled for sulfur by FVFED
an average of about ten hours. All values of sample volumes and conc-
entrations in this chapter are with respect to P = 589 mm Hg, the pres-
sure at Zilnez Mesa. Over a given interval, defined by the sample time
of the filters, the nephelometer and aerosol distribution instrumenta-

tion generally sampled for a shorter time, due to calibration and
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breakdown. On the average the EAA and OPC were on line for 80% of the
time the filters were sampling; the nephelometer was on line 73% of the

time.

During the three-week sampling period, wide variations in the
particle scattering coefficient, bsp’ were measured. Zilnez Mesa was
exposed to a regional haze episode of apparently urban origin from June
28 to June 30. Regional flights indicated that lightning-caused fires
had a substantial effect on visibility reduction in the area during the
first week of July. Very clean air with excellent visibility was sam-
pled at Zilnez Mesa from July 9 to July 1l. The average bsp measured
from June 27 to July 13 was 15.0 x 10~6 m-l. The average fine aerosol
mass concentration was 5.28 pg/mB, while the average computed mass
scattering efficiency was 2.80 mzfg. These values are similar to those
obtained in the 1977 VISTTA October regional flight (Macias et al.,
1979). Elevated 802 concentrations were occasionally detected at Zil-
nez Mesa. It was assumed that they resulted from the Navajo Generating
Station plume. However, the filter sampling intervals were much longer

than the plume episodes, and this precluded direct assessment of the

plume aerosol.

The time-averaged volume distribution of particles from 0.032 to
5.62 pm diameter for each episode is summarized in Table 3.1. They are
normalized with respect to the total aerosol volume concentration, VT.
As expected, the distribution was bimodal with peaks in both the fine
and coarse modes. It is seen in Figure 3.3 that the shape of the

volume distribution was not always preserved, particularly during the



67

(340} 491Une) B1oLideg [e0Lld) pue (yy3) 49z4A|RUy |0SO4BY |RILAID3LT RIOSBUULY [} AQ BpRI SIUSBANS Bl

50°§ €2°6 BUE 9VE L6 SU'v 20°b £y 801 L9 827l 00y 98 wo/urhy
(2 2yl 2L vSTL 89°L 0STL wbTL ESTL 8GTL 9690 £9°L 62l £2°L 64l 29°G-9L°€
§60° ¥ 56070 £v§° €05 46T 2297 LLST 02§ LSS 6€eT 98T 09v g2yt 88y’ 9L€-8L'L
950" 0% ¥8L™0 (L2t Glet 9L weeT LU wBLT L6l S60°  96LT 961 vl LLLT 8L L-00°L
L0L° 7 90270 L0 882" BELT  £0Z° 89l L/LT 9/LT 8OLT 2Ll 88" SSLT 9617 00°L-0SL°
060" 07 ¥52°0 L0S° 962 BYL® 122" €v2T  BOET €020 L0 €127 LS2°  [lZ°  8€2" 051" -295°
L0£° ¥ €L5°0 00pT 0SvT 09T weST  LLb 162°  8SYT €€l Ly 98670 8OLT  8bST 295 -9l
LU+ 999°0 995" €190 ¥BST  9€9° /89T 6E9T 0097  SL'L 189 09v° 8L €8S 9lE" -8/l
990" + H0OE"0 SLET L6207 pleT €6l [82°  w€Z T  p92  €62°  €6E°  6LET  €2¢° 9627 8LL -00L’
810" ¥ 650°0 180" p90°  ££0°  9v0° 090" €907 90" 020" 2507 S€0°  £40° 20 0OL 950"
§80° 7 0£0°0 6£0°  SE0° €SO WO 2SLT 9627 9ELT  OLO°  ZLOT  600° 2200 2€0° 950" -2€0°
abeaany L/e o/t 6/t 8/L /L 9/0 S/C €/L L ee/y 82/9 (2/9 wrt 4q
a3 e(]
ENEEN
6L61 ‘eSO ZAUTTZ

SUOTINGTIIST( PUNTOA [OS0IDY pozITeWION pedeiasy swy]

1°¢ °T9BL



68

-aposyda @1F]) 3Isd9103 ¢-¢ AIng

ayl 103 UOFINQTIISTP @Yyl ST weidoIsTy paysep ay] °SUOTIBTA3P pIEpPURIS
ayy eae saeq aoaay -o8eivae 661 ‘€1 A[nr-/7 dPunf dYyl s¥ we18o3sTy
PITOS ‘®BUOZYIY ‘ESDY 2ZAU[TZ ‘SUOTINGTIISTP SWNToA TOS0I38 PIZTTBUWION

(wry

pOp _.,Op

¢

‘g¢ 2and1y

~__.~.~

00|
_._ UL T jLaﬂnuﬂﬂiﬂsg_ T
) L1
N B S S
T N
1

-

.

....~_ i i ____.__ ] i *._____ 1 1

-01
0

60

QBolpPA/AP



69

July 3-5 forest fire episode. For each episode the aerosol volume
concentration of particles of diameter less than 1.78 pm was calcu-

3

lated, V. The average V.. was 2.77 pm3/cm , while the average fine

i T1
aerosol particle denslity was computed to be 2.09 gfcmS, in good agree-
ment with bulk densities of chemical species in the aerosol. A summary

of these data 1is found in Table 3.2.
3.3.1.1 Particle scattering coefficient distribution -

The bsp distribution with respect to particle size was computed
for each episode using the aerosol volume distribution and the theoret-
ical volume scattering efficiency, Gs(m,D,X), defined in Equation 2.6.
Values of m = 1.54 - 0.0151 (Macias et al., 1979) and 2 = 0.53 um were

assumed. The values of 6; , the volume scattering efficiency averaged

3
over each particle size interval measured with the instrumentation, are
given in Table 3.3. The incremental particle scattering coefficient

D, + AD_,] can be approximated over each inter-

3 73 3

for a size interval [D

val by

M /I AV/AX), G_,
(fb /)y (8V/8%) ) G

The bsp distribution averaged over the 12 episodes is plotted on
Figure 3.4. 1t is seen that particles between about 0.2 pm and 0.7 pm
diameter were responsible for the bulk of the particle light scatter-

ing. This is because the aerosol volume distribution and its scatter-

ing efficiency achieve maximum values in this particle size interval.
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Table 3.3

Values of the Aerosol Volume Scattering

Efficiency, GS, Used to Calculate the

Particle Scattering Coefficient Distribution

Particle Size G
Interval, 4D -6 -1 83 3
um 10 m /(um /em™)
0.056-0.100 0.38
0.100-0.178 1.65
0.178-~0.316 5.52
0.316-0.562 9.86
0.562~0.750 8.08
0.750-1.00 * 3.45
1.00-1.78 2.07
1.78-3.16 1.07

3.16-5.62 0.80
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This result has been found previocusly in both urban and remote loca-

tions in the Southwest (Macias et al., 1979; Ensor et al., 1972).

Summing the contributions from particle diameters between 0.032
and 5.62 pm diameter results in the total calculated particle scatter-
ing coefficient, bsp (calc+)s Summing only the contributions from
particles less than 1.78 pm provides the total fine particle scattering
coefficient, bspl (calc.). These computed values were compared with
the time average measured particle scattering coefficient, bsp (meas.),
in Table 3.2. On the average, the agreement was good between bspl
(calc.) and bsp {(meas.). The average ratio of the calculated to meas~-

ured scattering coefficient and the standard deviations are as follows:

bs (calc.)

'b—-'gm = 1.23 %= 0.43
| sp *7 Jave

- -

b l(calc.)

’B"S‘E'“Z?n’é‘é?)" = 1.08 + 0.39
| sp 7 Jave

The calculated fine particle scattering coefficient agrees better with
the measured value because the nephelometer does not view coarse parti-
cles effectively. This is due to the viewing geometry of the
nephelometer and the large forward scattering component of the coarse
particles (Sverdrup, 1977). By suppressing the effects of the coarse
particles, the nephelometer underestimates the total particle scatter-
ing coefficient. In an urban area this error may not be large, but in

a pristine, arid region where the coarse aerosol mass concentration may
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be two to ten times that of the fine mode, the discrepancy may be
substantial. Calculations using measured distributions up to 18 um at
Zilnez Mesa indicate that from 20-40% of aerosol light scattering may

be due to coarse particles during near-pristine conditions.
3.3.1.2 Particle absorption coefficient distribution -

The particle absorption coefficient distribution was measured
from eight episodes using optical absorption through LPI deposits on
coated mylar. The results are shown in Table 3.4. Although the total
absorption coefficient, bap’ varied from sample to sample, the normal-
ized distribution remgined rather constant. Absorption at Zilnez Mesa
was dominated by submicron aerosol, assumed to be soot. The distribu-
tion was broad with a peak due to Particles of 0.26 to 0.50 pm aero-
dynamic diameter. This contrasted with measured urban distributions in
Pasadena and Los Angeles, shown in Appendix B, where fresh combustion
soot having aerodynamic diameters of less than 0.12 pm dominated

absorption.

As indicated earlier, the LPI-integrating plate technique does
not provide a strictly quantitative measure of particle absorption. As
seen in Table 3.2, bap determined by summing the contributions from
each LPI stage averaged 397 of the total measured by the Nuclepore

filter.

Figure 3.4 shows the average particle scattering and absorption
coefficient distributions obtained at Zilnez Mesa. The absorption

coefficient distribution was obtained by multiplying the normalized
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distribution obtained by the LPI by the measured total bap from the
Nuclepore filter. It is obvious that light extinction and visibility

degradation at Zilnez Mesa were due primarily to submicron aercsol.

3.3.2 Aerosol Composition

343.2.1 Chemical species mass balance -

The time average mass concentrations of the fine gerosol chemical
species were computed from analysis of the Pallflex and Nuclepore
filters. The results for each episode are shown in Table 3.5. The
organic carbon concentration 1is taken to be 1.2 times the difference
between the total and graphitic carbon concentrations. This was done
to account for additional hydrogen and oxygen in the organic aerosol
(Grosjean and Friedlander, 1975). © It was assumed that the Al, Si, Ca,
and Fe were present in their oxidized forms (Macias et al., 1979).
Table 3.5 shows that organics and sulfate dominated the fine aerosol

mass at Zilnez Mesa.

The &0; masses determined from the field samples were all within
one standard deviation of the average field blank value. The average
molar ratio of [NHZ} to {SOZ} was 2.11l. The average molar ratio of
({NHZ}~[NO§)) to [SOZ} was l.91. It was therefore assumed that the

aerosol sulfate was usually in the form of ammonium sulfate, (Nﬁé)zsoé.

Using the assumed chemical compounds, the species which were
chemically analyzed accounted for almost all of the fine aerosol mass.

The average ratio of average species mass to gravimetrically measured
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mass was 0.94 + 0.19. Contrary to earlier results obtained at a
different location in the Southwest (Macias et al., 1979), SiOZ did not

contribute substantially to the fine aerosol mass concentration.

3.3.2.2 Elemental mass balances: comparison of LPI and filter data =-

303‘20291 Su}.fur —

Total fine aerosol sulfur concentrations were determined by three
techniques in addition to the ion-chromatographic determination of
sulfate. The Nuclepore filters were analyzed by PIXE for sulfur and by
liquid ion chromatography for sulfate. Each of the LPI’s provided size
resolved sulfur distributions; the total concentrations were found by
summing the contributions from each stage. 1t was assumed that all the
fine aerosol sulfur was sulfate. The results of the comparison are
shown in Table 3.6. Table 3.7 provides the average ratios and standard
deviations of the different determinations of sulfate concentration.
Agreement among all methods was good, although the LPI-PIXE sulfate
total averaged 2-97 lower than the other techniques and the LPI-FVFPD
sulfate was 4-8% high. The LPI-PIXE discrepancy was probably due to
error in the determination of the alpha beam area. Sample times for
the LPI operated for FVFPD were, in genersal, not equal to the other
techniques. Thus its comparison with the other techniques is subject

to some error.
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Table 3.6

Comparison of Different Techniques for Determination

of Total Aerosol Sulfate,

Zilnez Mesa,

. = 3
Average Concentration, ug Sﬁéjm

Start Filter, Ion Filter, LPI, LPI,
Date Chromatography PIXE IXE FVFPD
6/26 0.65 0.69 — —
6/27 1.1 0.98 0.59 —
/28 2.25 2.17 1.45 —
6/29 2.94 3.22 2.32 3.32
7/2 1.77 1.41 1.07 2.14
7/3 0.92 0.79 0.83 1.36
7/5 .90 #.590 0.60 0.85
7/6 0.37 0.45 0.47 0.45
7/7 0.45 0.46 0.59 0.42
7/8 0.79 0.77 0.74 0.64
7/9 .70 0.60 0.65 0.47
7/10 0.45 0.46 0.56 0.43
7717 0.60 0.57 0.68 —




80

Table 3.7

Ratios of Determined Sulfate Concentrations (from Table 3.8)

Bverage Ratio, Technigue A/Technigue B

Technique B

Technique A LPIFVFPD} Filter!PIXE Filter [lon Chrom.
LPI (PIXE) 0.85 ¢ .35 0.93% .25 6.91¢+ .28
LPI (FVFPD) . 1.08 ¢+ .32 1.04 + .25
Filter (PIXE) o . 0.96 ¢ .12

3.3.2.2.2 Elements by LPI-PIXE analysis -

In a manner similar to that used for sulfur, the total concentra-
tions of other elements may be found by adding the contributions deter-
mined by PIXE analysis of each LPI stage. The total was compared with
the concentrations of those species determined by PIXE analysis of the
Nuclepore filters. The results for each episode are summarized in
Table 3.8. The LPI samples consistently contained small quantities of
Al, Zn; and Pb which were below detectable limits by PIXE analysis of
Nuclepore filters. With the exception of sulfur, which was found
almost exclusively in particles of less than 2 pm aerodynamic diameter,
higher elemental mass concentrations were determined by LPI-PIXE than
by PIXE analysis of the Nuclepore filters. This is probably due to
loss of larger particles from the uncoated Nuclepore filter. The
cyclone is operated such that the fine particle airstream flows verti-
cally. Particles are collected on the underside of the Nuclepore

filter. Gravitational forces may exceed van der Waals and
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electrostatic forces for the coarse particles, resulting in their loss
by sedimentation. Handling of the filter may also result in loss of

larger particles from the filter.

It was found from the LPI-PIXE results that Si, Ca, and Fe were
found almost exclusively in particles greater than 1 pm aerodynamic
diameter, whereas a substantial fraction of K was often found in the
submicron mode, particularly during forest fire episodes. When only
particles less than 2 pm aerodynamic diameter were considered in the
LPI-PIXE results, the agreement with the filter measurement is accept-
able. Thus, it appeared that by virtue of the coated surfaces the LPI
was more efficient than the Nuclepore filter in collecting the fraction

of coarse material which passed through the cyclone.

e

3:30202.3 SODt -

The mass of soot on each LPI stage was inferred from the particle
absorption coefficient measurement, described earlier. The total soot
concentration obtained from the LPI was compared with that determined
by Washington University from the Pallflex filter. The results, shown
in Table 3.9, indicate that the agreement between the two measurements
of total soot mass concentration is good. The average ratio of the LPI

to the filter determined soot mass concentration was 1.23 + 0.39.



83

Table 3.9
Comparison of Different Techniques for Determination of

Soot Concentration, Zilnez Mesa, 1979

Soot Mass Concentration, pgfm3

Start Date
Technique 6/27 6/29 7/2 7/3 7/7 7/9 7/10  7/11
Low Pressure 0.21 0.26 0.29 0.41 0.32 0.12 0.15 0.11

Impactor

Pallflex filter 0.2 0.2 0.2 0.3 0.2 0.1 0.1 0.3

Since the soot distribution -was inferred from the absorption
coefficient, why was there a good balance on scot but not on the total
absorption coefficient? The discrepancy was probably due to the fact
that the mass absorption efficiencies used to infer the carbon mass
from the LPI absorption measurement were calculated for spheres of m =
1.96~0.661 and 0 = 2 g/cm3. This resulted in mass absorption efficien-
cies which averaged about 4 mz/g for submicron soot. This is about a
factor of 2 lower than those measured for laboratory and ambient soot
(Roessler and Faxvog, 1979; Pierson, 1978). The discrepancy is prob-
ably due to the presence of loosely packed soot agglomerates, which
introduce density and shape effects. Roessler and Faxvog (1979) sug-
gest using the values proposed by Dalzell and Sarofim (1969) of m =

156 = 04471 and ¢ = 1 g/cm3 to account for these effects. For the 12
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Zilnez Mesa epilsodes the average ratio of the particle absorption coef-
ficient measured from Nuclepore filters to the soot mass concentration
was 9.5 mzlg, consistent with Dalzell and Sarofim”s proposed values.
When these values are used the soot concentration determined from the
LPI samples averages about one-~half the value obtained from the Tissue-

quartz filters.

3.3.3 Aerosol Species Mass Distributions

3.3.3.1 Determination of mass distribution -

The LPI size segregates aerosol according to aerodynamic diameter
at the pressure in each stage (Hering et al., 1979). For display pur-

poses it is convenient to graph the distribution as &Mi/&logD where

501’

AMi is the mass concentration of aerosol collected on stage i and

4 logDh is the logarithmic particle size interval between the 50%

501
efficiency aerodynamic cutoff diameter for stage i and the one upstream
of it. The histogram that results only approximates the actual aero-
dynamic distribution due to crosstalk between stages of the LPI. An
inversion algorithm by Twomey (1975) was used to obtain size distribu-
tions from measured values on each stage and impactor calibration data.
A detailed description and evaluation of the algorithm can be found in
Appendix C. The inversion program provides a histogram distribution of
16 equal logarithmic intervals per decade from 0.0l to 6.0 pm. Values
of the inverted distribution outside the range of 0.05 to 4.0 ym may be

subject to substantial error. A more accurate determination of the

particle extinction coefficient is possible with the inverted



85

distribution from the LPI and the Twomey algorithm. The computations
were performed with a PDP-11/60 computer. To calculate the mass dis-
tribution as a function of actual diameter, the following relationship
was used to transform from aerodynamic diameter, Da, to Stokes
diameter, DS:

C \1/2
D, = <vfi*) D

S pCS

a

where £ 1s particle density and Ca and Cs are the slip corrections to
the Stokes drag for particles of diameter Da and D, respectively (Her-

ing et al., 1979). The slip factor is given by:

C=1+ %&,[1.257 + 0.40 exp(=0.55 D/2)]

where D is particle diameter and 2" is the mean free path. The

transformation from Da to DS was made iteratively.
3.3.3.2 Elemental distributions using LPI-PIXE ~

Elemental distributions were obtained with the LPI-PIXE technique
for each of the 12 samples. 1In general, S, K, Zn, and Pb were found in
submicron aerosol, while Al, Si, K, Ca, Fe, and Zn were found in the
coarse aerosol that penetrated the cyclone. Figure 3.5 shows the com~-
posite mass distribution of the major elements as a function of 50%
cutoff aerodynamic diameter. For the species measured by PIXE, sulfur
dominated the submicron aerosol distribution, while silicon was the
major coarse particle species. The presence of small amounts of Ca and

Si in the 0.05-0.075 pm interval may be due to particle bounceoff. It
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is clear from the small amounts of these species that significant
bounceocff of the coarse particles did not occur in the LPI samples col=-
lected at Zilnez Mesa. This is undoubtedly due to the cyclone separa-

tor upstream of the LPI.

The distributions of the trace species Pb and Zn obtained by the
LPI-PIXE technique are shown in Figure 3.6. Although they are averages
of the 12 episodes, the error in the measurement is estimated to be
+50%, and therefore the results are only semiquantitative. This is
because the measured values for any episode were always within 7 ng of
the detection limit. It is clear from Figure 3.6 that Pb accumulated
strongly in the submicron range. It is somewhat disconcerting to note
that even in the remote Zilnez Mesa location, the average submicron Pb
mass concentration exceeded that of both Fe and Ca, common crustal

e

species.

Inverted normalized mass distributions were obtalned by applying
the Twomey inversion algorithm to the average elemental masses measured
in each.stage of the LPI. The results for Al, Si, S, K, Ca, and Fe are
plotted in Figures 3.7a-f. The solid histogram is the distribution of
mass with respect to 50% efficiency cutoff aerodynamic diameter when
operating at 744 mm Hg ambient pressure. An arbitrary upper diameter
of 10 pm was assumed. Since the LPI was operated at 589 mm Hg ambient
pressure, the actual results may differ somewhat from these. The
dashed histogram 1s the inverted distribution as a function of asero=-
dynamic diameter. Because the useful range of the inversion routine is

from 0.05 to 4 pum diameter, results outside of this range are not
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shown. Although the cyclone separator was operated upstream of the
LPI, its cutoff effect was not included in the inversion algorithm.

The inverted mass distribution for particles greater than 2 pm is
therefore less than what would have been measured without the cyclone
upstream of the LPI. The number of iterations necessary to produce the
inverted distribution to within the assumed measurement error, + 2 ng
per stage, ranged from 1 to 24. The value of M on each graph refers to
the total average mass concentration of the element measured from the
LPI samples. The distribution of each species is normalized with

respect to the total mass concentration, M.
3.3.3.3 Sulfur measured by FVFFD -

The Twomey inversion algorit?m was applied to the average sulfur
mass measured by FVFPD on each stage of the LPI. The resultant distri-
bution is plotted on Figure 3.7g. The solid histogram is the distribu-
tion with respect to 50% cutoff aerodynamic diameter, while the dashed
histogram is the inverted distribution. The shape of the sulfur dis-
tribution obtained by FVFPD is quite similar to that obtained by PIXE
except for particles less than 0.1 pm diameter. The discrepancy is
probably due to bouncecff of particles from stages 5 and 6 of the LPI
to stages 7 and 8 in the PIXE samples. The Apiezon L coating of 45-69
pg/cmz was not sufficient to eliminate bounceoff of the dry desert
aerosol at the high jet velocities of the low pressure stages. This

problem is discussed in detail in Appendix A.
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The FVFPD technique is more sensitive than PIXE and is specific
to sulfur. The vaseline coating produces a smaller blank, 1-2 ng 8§,
than the Apiezon L coating. Because of the better sensitivity, lack of
bounceoff, and better agreement with total sulfate concentration by ion

chromatography, the FVFPD technique currently provides a more accurate

sulfur distribution than that obtained by PIXE analysis.

On the basis of the sulfur distribution comparison between FVFPD
and PIXE, vaseline was evaluated as a coating for the mylar substrate.
The results are shown in Appendix A. The recommended coating for LPI-
PIXE analysis is now 1.0 pl of 2% by weight vaseline in Spectrograde
toluene, applied 0.5 pl at a time to the center of the impaction sur-
face. This coating will prevent particle bounceoff and will produce

o

low elemental blank values.
3.3.3.4 Soot distribution -

The soot mass distribution was inferred from the measured parti-
cle absorption coefficient distribution, described previously. The
soot distribution as a function of diameter was averaged over eight
episodes at Zilnez Mesa and is plotted in Figure 3.8. Comparing with
Figure 3.4, it is seen that the bap peak occurs at 0.26~0.50 pm, while
the inferred soot mass peak occurs at 0.50-1.0 pm. This is because the
theoretical mass absorption efficiency of carbon spheres between 0.5
and 1.0 pm diameter is low, whereas an appreciable amount of absorption
was still measured in this size range. This resulted in a higher

inferred soot concentration at this size.
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The inferred soot distribution obtained at Zilnez Mesa was sub=-
stantially different than that for Los Angeles, shown in Appendix B.
Soot accumulated in particles of less than 0.2 pm diameter in Los
Angeles, consistent with measured diesel soot distributions obtained by
Kittleson and Dolan (1979) at the University of Minnesota. The dif=-
ferent soot distribution at Zilnez Mesa may result from coagulation or

from a different source, such as forest fires.

A summary of the elemental masses measured in each stage of the
LPI is shown on Table 3.10. The error in each of the average values is

about + 2 ng, except for soot, which is estimated to be + 10 ng.

3.3.3.5 Organic carbon =

Although organic aerosol was. found to be the most important con-
stituent of the fine aerosol on a mass basis, its distribution with
respect to particle size could not be measured with the low pressure
impactor. Both vaseline and Apiezon L are hydrocarbon greases. When
applied as a coating to prevent particle bounceoff in the LPI stages,
they pfoduce a carbon blank of about 10 pg per stage. This is about 10
to 1000 times higher than the mass of organic aerosol which would be
expected to impact on any stage. Until a non-hydrocarbon coating is

found, organic aerosol mass distributions will not be feasible with the

LPI.

In the absence of other data it was assumed that the organic
aerosol followed the total distribution measured with the EAA and OPC.

That is, the normalized distributions of each were assumed equal. This
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was probably a fair assumption since organics were the most important
constituent of the fine serosol on & mass concentration basis. The
organic aerosol mass distribution was then obtained by multiplying the
normalized total distribution by the total non-soot mass concentration

measured from Tissuequartz filter samples.

3:3.3.6 Nitrate agerosol -

Aerosol nitrate distributions were not measured. Aerosol nitrate
distributions had been previously attempted using the LPI in 1978 at
two other arid locations~~China Lake, California, and near Farmington,
New Mexico. 1In all cases the total nitrate concentrations measured
with the LPI were a féctor of 2-10 higher than those measured by ion
chromatographic analysis of Teflon and polycarbonate filters sampling
the same airstream. This may hav;‘been due to artifact nitrate being
produced by condensation of nitric acid vapor in the cooler, low pres-

sure stages of the LPI. Difficulties with standards and analysis may

also have been responsible for the discrepancy.

It is apparent from simultaneous nitric acid and aerosocl nitrate
measurements in non-urban arid locations such as China Lake, Farming-
ton, and Zilnez Mesa that virtually all airborne nitrate is usually in
the form of gaseous nitric acid. Since aerosol nitrate quantities were
small to nomexistent on the Nuclepore filter samples, the absence of
size distribution information is not considered to be important for

this study.



102

3.3.3.7 Balance of aserosol mass as a function of size =

The aerosol was characterized using instruments which operate on
a number of physical principles. The EAA and OPC measured total aero-
sol size distributions based on principles of aerosol mobility in an
electric field and aserosol light scattering. The LPI provided elemen—
tal aerosol mass distributions based on size segregation by inertial
impaction. An aeroscl species mass balance as a function of particle
diameter was attempted using the measured quantities. It was assumed
that the average particle density was 1.7 g/cm3 for the submicron aero-
sol, primarily sulfates and organics, and 2.3 g/cm3 for the coarse
aerosol, primarily crustal species. The measured total aerosol volume
distributions were transformed into mass distributions using these
values. The elemental distributions as a function of 50% cutoff aero-
dynamic diameter were converted to species distributions as a function
of Stokes diameter by assuming the elements were present in their oxi-
dized forms and using the assumed particle densities. The LPI~
determ%ned distributions were than apportioned to the EAA and OPC size
intervals on the basis of the 50% efficiency diameters of each instru-
ment. Only the LPI size cuts were transformed by the density correc-
tion, since the particle density does not affect the particle mobility

and optical measurements.

The results of the aerosol species size distribution balance
applied to the average of the 12 samples are shown in Figure 3.9. The
ammonium sulfate distribution obtained by LPI-FVFPD was used in this

figure. The agreement is quite acceptable for submicron aerocsol,
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particularly for the 0.1 to 1.0 pm "optically active" range. The huge
discrepancy in the coarse aerosol distribution between the LPT and OPC
measurements indicates that the cyclone successfully removed the coarse

particles from the airstream before entering the LPI.

In summary, the mass balances indicate that the chemical analyses
accounted for virtually all of the light scattering aerosol. The size
resolved mass balance indicate that the species distributions obtained
from the LPI were satisfactorily resolved for extinction coefficient

calculations.

3.4 CHEMICAL SPECIES EXTINCTIOK BALANCE

The mass distribution of each chemical species was used to com-—
pute its scattering coefficient distribution and its contribution to
the particle scattering coefficient, bspi' The assumed refractive
index and density for each species that were used in the calculations
are listed in Table 3.11. The values for Al, K, Ca, and Fe are typical
for aerosol of crustal origin (Sverdrup, 1977). Most other values were
obtained from the Handbook of Physics and Chemistry, 45th Edition. The
values for soot by Dalzell and Sarcfim (1969) assume the soot to be in
the form of a loose agglomerate and provide good agreement between
measured soot mass concentrations and particle absorption coefficient.
The refractive index for organic carbon was estimated based on values
for common urban aerosol organics such as pentanedioic acid (Grosjean,

1977)+ The model aerosol refractive index was used to calculate the

bsp distribution, Figure 3.4, from the aerosol volume distribution



Table 3.11

Chemical Species Densities and Refractive Indices

Assumed Assumed Assumed
Chemical Density, Refractive index
Eiement Species g/cms at 3=0.53 um
Z 2,0 2.3 .67
4 A Y3 z 1.62
$i Siﬁz 2.3 1.55
i Y en
S {Na4;252& 1.7 1.53
K K 2.3 1.62
Ca Cal 2.3 1.62
Fe Fe203 2.3 1.62
C{soot} C 1.0 1.56 - 0.474
Clorganic) Cquy 1.7 1.54
N§3 NHQ%G3 1.7 1.53

Model aerosol

g

1.7 {D< 1 um}
2.3 (D> 1 um)

1.54 - 0.0154
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measured with the EAA and OPC. It is a volume averaged refractive
index which accounts for the species found. The general theory allows
for the volume averaged refractive index m to vary with particle size.
Soot, by virtue of its imaginary refractive index, would have the
greatest effect on the volume average. Since the inferred soot distri-
bution at Zilnez Mesa was broad, the volume average refractive index of

the submicron aerosocl was assumed to not vary with particle size.

The contribution of a species to the scattering coefficient,

bspi’ was calculated using the external mixture model, described ear-

lier. bspi was calculated from Equation 2.12 using the inverted mass

distributions as a function of Stokes diameter. The single particle

efficiency, KS, and, hence, the mass scattering efficiency, were

o

calculated numerically for each particle size using an iterative algo-~

rithm by Wickramasinghe (1973). Defining fij as the inverted mass dis-

tribution histogram of species 1 as a function of Stokes diameter, then

the contribution of species i to the scattering coefficient is given by

N
= E L) £, Ax,
bspi 'Zl Esj(ml’ ) ij Xj

Esj is the mass scattering efficiency averaged over particle size

y + éxj]. The scattering coefficient distribution due

interval [x.,, X

3

to species 1 is

Ab .
—SB2) =E_, f
Ax i sj "1ij
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The calculated contribution of each aerosol chemical species to
the scattering coefficient for each sampling episode at Zilnez Mesa is
provided in Table 3.12. Carbonaceous and sulfate aerosols dominated
light scattering by particles during the sampling period. Even in this
remote location natural crustal species did not contribute substan-
tially to visibility degradation. Agreement between the total calcu-
lated and measured bs is satisfactory. The average ratio of the cal-
culated to measured particle scattering coefficient was 0.85 + 0.34 for
the 12 samples. The sulfate contribution to the total was obtained

from the distribution measured by FVFPD.

The calculated scattering coefficient distributions for the major
species averaged over the 12 samples are shown in)Figures 3.10a-1. It
is seen that particles between 0.2 and 1 pm diameter provided the most

light scattering for all species.

The average mass scattering efficiency of ammonium sulfate was
calculgted to be 2.6 mzlg. This was comparable to the value of 2.80
mz/g calculated for the fine aerosol as a whole. It is apparent that
at the arid Zilnez Mesa site the sulfate was not more efficient in
scattering light and causing visibility degradation that the other
major submicron aerosol species. These calculations assumed that the
aerosol contained no water, a reasonable assumption at the very low
relative humidities measured, usually less than 30% (Ho et al., 1974).
The absence of high relative humidities suppresses the relative contri-

bution of sulfate to light scattering in two ways. Gas phase
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homogeneous oxidation of 802 is likely the major aerosol sulfate pro-
duction mechanism, leading to the accumulation of mass in 0.1 to 0.3 um
diameter. These diameters are below the optimal size for light
scattering, which, according to Figure 2.1, is 0.4 to 0.5 pm for a
wavelength of 0.53 pm and refractive index of 1.54. Secondly, the
absence of water prevents the hygroscopic sulfate from growing into a

more efficient light scattering size.

A summary'of the fine aserosol balances on mass and extinction
coefficient averaged over the 12 samples is shown in Figures 3.1la-~b.
It is seen that the fine aerosol species contributed to the particle
scattering coefficient in roughly the same proportion that they contri-
buted to fine aerosol mass concentration. It should be remembered that
the mass balance was obtained from filter measurements, while the
extinction coefficient budget was generated from mass distribution

measurements.

In examining Figures 3.lla-b, the optical effects of soot are the
most striking. Soot contributed an average of only about 4% to the
fine mass concentration and 1.5% to the average total aerosol mass
concentration of 14 pg/m3, measured by the University of California,
Davis. However, soot contributed an average of 157 to light extinc-

tion. This is primarily due to soot’s high mass absorption efficiency.

The average values shown in Figures 3.1la-b may not be represen-
tative of the Zilnez Mesa location due to the forest fire influence

during the first week of July. Other sampling episodes were probably
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more typical. It appears that the June 29 sample was more typical of a
regional haze episode, while the July 10 sample was representative of
clean background. The mass and extinction coefficient balances for
these episodes are shown in Tables 3.5 and 3.12. It is clear that car-
bonaceous aerosol remained relatively important in causing visibility
degradation at Zilnez Mesa during these episodes but that the contribu-

tion of sulfate was greater during the regional haze episode.
3.5 SUMMARY AND CONCLUSIONS

Aerosol mass distribution measurements with the calibrated low
pressure impactor were used to estimate an aerosol species extinction
budget for Zilnez Mesé, Arizona. Twelve episodes from June 27 to July
13, 1979, were sampled. Theoretical mass extinction efficiencies were
calculated and numerically integréled with measured mass distributions
to determine the contribution of each species to the extinction coeffi-

cient. Species mass and extinction balances were checked by other

direct measurements.

ft was found that the particle extinction coefficient at Zilnez
Mesa was dominated by contributions from carbonaceous and sulfate aero=-
sols. The fine aerosol species contributed to the particle scattering
coefficient in approximately the same proportion they contributed to
fine aerosol mass concentration. Silicon dioxide did not contribute
significantly to light extinction, contrary to earlier findings by

Macias et al. (1979).
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The measured chemical species could account for 94 + 19% of the
fine aerosol mass concentration and 85 + 34% of the measured particle
extinction coefficient. All important species balances were met, both
in total and with respect to size. The satisfactory agreement between
the calculated and measured extinction coefficient indicates that the
technique is useful for determining the contributions of various aero-

sol species to visibility degradation at a site.

The results of this work indicate that it may be possible to
estimate species contributions to light scattering by particles in arid
locations by measuring mass concentrations from filter samples. 1If
only fine aerosol is sampled and if all the chemical species can be
accounted for, the major fine aerosol species may contribute to light
scattering in approximately the same proportion as to mass concentra-
tion. The contribution of soot to light extinction will be enhanced by

its efficient absorption of light.

Important parameters which were not measured in this study
include direct measurements of the organlc aerosol size distribution
and the particle scattering coefficient distribution. Organic aerosol
mass distributions could not be determined using current LPI substrate
anti-~bounce coatings. Calculations using the measured mass and volume
distributions indicate the importance of particles between 0.2 and 0.7
pm diameter in scattering light of wavelength 0.53 pme The LPI could
be used with a vacuum tight nephelometer to measure the scattering
coefficient distribution directly in this range. This would provide

another test of the technique that was used in this chapter.
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It was assumed in this experiment that the aerocsol contained no
water. The application of the species extinction coefficient balance
to humid locations would need to account for the presence of water in

the aerosol.
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CHAPTER 4
CHEMICAL SPECIES COWTRIBUTIONS TO LIGHT SCATTERING BY
AEROSO0OLS AT A REMOTE ARID SITE: COMPARISON OF STATISTICAL

AND THEORETICAL RESULTS
4.1 INTRODUCTION

It was shown in Chapter 2 that it is generally necessary to
determine the diameter, refractive index, and chemical composition of
each aerosol particle to rigorously calculate the contribution of each
chemical species to the extinction coefficient. If the particles are
spherical and if particle volume 1is conserved then the species mass
distributions are sufficient to calculate each species contribution
exactly if the aerosol is either 4n external, internal, or specific
mixture. For the specific mixture a volume average refractive index is
assumed. In Chapter 3 aerosol species mass distributions measured at
Zilnez Mesa were successfully used to calculate the contribution of
each sgecies to the extinction coefficient. At most air monitoring
stations, however, only the aerosol mass concentration of each species,
Mi’ is measured from filter samples. This raises three questions: Can
statistical techniques be used to ianfer chemical species contributions
to the extinction coefficient using data obtained from filter samples?
Can we place any confidence limits on the quality of the statistical

results? And, lastly, can an improved sampling technique be used to

enhance the quality of the statistical results?
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In Chapter 2 it was shown that if certain conditions are met, the
particle light extinction coefficient, bep’ at a given location can be
represented as a linear combination of the total mass concentration,

Mi, of each species 1:

For Equation 4.1 to be rigorously true for a external mixture (N pure
species which mix without coagulation), the normalized distribution of
each species must not vary with its total mass concentration. For an
aerosol in which the ;hemical composition of the particles is distri-
buted continuously in each particle size range, Equation 4.1 will apply

to a specific mixture if the following conditions are met:

a) The normalized mass distribution of each species must be

preserved

b) The normalized total aerosol volume distribution must be

preserved.
¢) Each of the species must have equal refractive indices.

d) The partial molar volume of each species must remain constant
with the addition or removal of other species. That is, par-
ticle volume must be conserved with coagulation and condensa-

tion. Aqueous solutions would not be permitted.
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Requirement (¢} will not be met for soot due to its
refractive index. In Chapter 3 and in Appendix B it was found that
soot contributes to light extinction principally by absorption. There-
fore, for a complex aeroscl one might expect to find a satisfactory
linear relationship only between the scattering due to particles, bsp’

and mass concentrations:

To test the applicability of statistical techniques to determine
the species contributions to the extinction coefficient, a one-year
study was conducted in 1979 at China Lake, California. Aerosol of
aerodynamic diameter less than 2 pm was collected on filters and
analyzed for total fine mass, all major chemical species, and the par-
ticle absorption coefficient, bap' At the same time and location, bsp
was measured with a sensitive nephelometer. A total of 61 samples were
analyzed. Multiple regression analysis was applied to the average par-
ticle scattering coefficient and mass concentrations for each filter

sample to estimate &, and its average contribution to light scattering,

i

b Supplementary measurements of the chemical-size distribution

spi’

with the LPI were used to theoretically determine each bspi and were

used as a test of the effectiveness of the statistical approach.
4.2  EXPERIMENTAL TECHNIQUE

4.2.1 Location
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For this study aerosol sampling was routinely conducted from
February through December, 1979, at China Lake, California. Shown in
Figure 4.1, the sampling site is located in the Mohave Desert within
the U.S. Naval Weapons Center (NWC), a missile research and testing
facility. The site is about 200 km northeast of Los Angeles in extreme
northeastern Kern County. It is 100 feet from a paved access road

which averages about 30 vehicles per day.

The sampling site is at an elevation of 670 m above mean sea
level. Table 4.1 summarizes the meteorology at China Lake. It is
characterized by abundant sunlight, low relative humdity, and hot day~

time summer temperatures.

The site was chosen because it is an arid site with no signifi-
cant local sources of air pollutigﬁ (Ouimette, 1974) and because the
particle scattering coefficient has been continuously measured since
1976. NWC helped support this study by providing manpower and funds
for chemical analysis. Measurements of the particle size distribution

have been made daily since 1978, providing the data base necessary to

assess the preservation of the normalized aerosol volume distribution.

4.2+2 Aerosol Measurement and Sample Collection

Aerosol was sampled in an ailr conditioned monitoring trailer
operated by NWC. The particle scattering coefficient, bS?, was con=-
tinuously measured with an MRI Model 1561 integrating nephelometer
which had been modified by Dr. Alan Waggoner of the University of Wash~

ington. The nephelometer automatically zeroced daily and was calibrated
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Figure 4.1. Location of sampling site within the Naval Weapons Center (NWC),
China Lake, California. Site is located in Indian Wells Valley

about 6 miles north of Ridgecrest, population (1979 estimate)
16,000. Highway numbers designated on map.
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1360
quarterly. The estimated error in measurement was + 2.5 x 1G_6 mal

over the range 0-250 x 1078 oL,

The number distribution of particles having diameters from 0.03~
10 um was measured twice dally on most weekdays with a Thermo Systems
Whitby Aerosol Analyzer (WAA) (Whitby et al., 1972) and a Royco Model
202 Optical Particle Counter (OPC). The WAA is an earlier version of
the Electrical Aerosol Analyzer (EAA), and operates on the same princi-
ple of particle electrical mobility. These measurements were performed
by Dr. Larry Mathews of the NWC Research Department at a site three
miles southeast of the air monitoring trailer (Mathews and Cronin,

1980). The WAA time current product n,t had been adjusted by the

i
manufacturer to be 107 ion—sec/cm3. The constants of Whitby and Can-
trell (1979) were used to convert “current changes in the WAA to parti-
cle number concentrations. The aerosol distributions obtained with the
WAA from 0.06 to 0.30 um compared favorably with those measured by a
Thermo Systems Model 3030 Electrical Aerosol Analyzer on September 7,
1979. .The OPC was used to measure particle size distributions from 0.3
to 10 pm. In the instrument overlap region between 0.3 and 0.6 pm the

calculated particle number concentration was generally higher with the

WAA than the OPC.

Aerosol for chemical analysis was sampled in the air monitoring
trailer through a 1.3 cm ID stainless steel pipe. The air inlet was
about 1 m above the roof of the trailer, a total of 4 m above the
ground. Loss of 0.1 pm diameter particles to the walls due to tur-

bulent diffusion was calculated to be less than 17 using the method of
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Friedlander (1977). As in the Zilnez Mesa study, Chapter 3, a cyclone
preseparator (John and Reischl, 1978) was used to separate the coarse
(D > 2 pm) aerosol from the airstream so that only the fine (D < 2 pm)
aerosol would be collected for analysis. The cyclone was operated at

26-30 liters per minute (lpm) and was cleaned every 8-10 weeks.

The fine particle airstream from the cyclone was sampled by two
total filters in parallel. A Millipore Fluoropore ! pm pore size 47 mm
diameter Teflon filter was used for the first seven samples. Subse-
quent samples were obtained with a Nuclepore 0.4 pm pore size 47 mm
diameter polycarbonate filter. Particle absorption measurements and
elemental analysis by particle induced X-ray emission (PIXE) were
easier and more accurate using the Nuclepore filters. 1In parallel with
the Nuclepore filter a tape samplér collected aerosol using a Pallflex
Tissuequartz tape. The tape sampler was a TWOMASS sampler loaned by
Dr. Edward Macias of Washington University. The aerosol deposit area
was 9.62 cmz on the Nuclepore and Millipore filters and (.317 cm2 on
the Tissuequartz tape. The flow was 16-~20 lpm through the Nuclepore
and Millipore filters and 10 lpm through the Tissuequartz tape. The
airstream was drawn through the each filter by a Gast 60 lpm displace-
ment carbon vane pump. The volumetric flow rate through each filter
was measured by a Dwyer 25 lpm rotameter which was calibrated at the

site with an American DTM-325 dry test meter.

Similarly to the Zilnez Mesa study, detailed written operating
instructions were followed for measuring flow rates and loading and

unloading samples. NWC personnel changed most of the samples following
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the written procedures. Flow rates, sample times, bsp’ temperature,
relative humidity, and wind speed and direction values were routinely
entered in the log book. Immediately after collection each Millipore
or Buclepore filter was placed in a labeled plastic container, sealed
with Parafilm, enclosed in a ziplock bag, and placed in a refrigerator
in the trailer. The tape in the TWOMASS sampler was advanced between
samples. The tape sample was removed about once every 8-10 weeks and
stored similarly to the Nuclepore filters. The TWOMASS was cleaned at
that time. All samples were stored in an ice chest during the return

trip to Caltech. Field blanks were handled identically to the samples.

Of approximately 100 filter samples collected in 1979, 61 were
selected for analysis. The 61 were chosen to span the variation in bsp
and to obtain representative seasoral and diurnal samples. Sample
times varied from 6 to 72 hours, with an average of 20.1 hours. All
values of the sample volumes and concentrations in this chapter are

with respect to 701 mm Bg atmospheric pressure, the average pressure at

China Lake.

Aerosol was occasionally sampled with low pressure impactors
(LPI“s) to obtain sulfur and elemental mass distributions. The tech-

niques were identical to those described in Chapter 3.

From September 5-7, 1979 gas phase nitric acid and ammonla were
sampled using, in succession, a Teflon filter, a prewashed Ghia nylon
filter, and two oxalic acid impregnated glass fiber filters. The

Teflon filter collected the aerosol and allowed the gaseous species to
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pass. It was assumed that the nylon and oxalic acid impregnated

filters collected the HNO,_, and NH3, respectively, with 1007 efficiency

3
and no interferences {(Spicer, 1979; Richards, 1979). The species were
then analyzed by liquid ion chromatography for nitrate and ammonium

ions.

4.2.3 Sample Analvsis

The filter and LPI samples were analyzed in the same manner as
the Ziinez Mesa samples in Chapter 3. Total carbon and soot were
determined from the Tissuequartz tape. The Nuclepore filter was meas-
ured for total mass; garticle absorption coefficient; SOZ; NO;; and
NHZ; and elemental analysis by PIXE. The detection limits, errors, and
field blank values are the same as for the Zilnez Mesa samples, except
for the total carbon and soot. Because the deposit spot in the TWOMASS
was about 1/4 the area of the 12.7 mm Pallflex filter used in the Zil-

nez Mesa study, the estimated error in measurement was smaller, about

+ 2 pg for the China Lake samples.

PIXE analysis was performed on the first 30 samples by Dr. Alis~
tair C. D. Leslie of Florida State University. PIXE analysis was per-
formed on the last 53 samples by Crocker Nuclear Laboratory, University
of California, Davis, resulting in 23 samples where analysis was per-

formed by both laboratories.
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4.3 EXPERIMENTAL RESULTS

The particle scattering coefficient, bsp’ was measured continu-
ously throughout 1979. A summary of the monthly hourly average bsp is
shown in Table 4.2. It seen that both seasonal and diurnal variations
in bsp occurred at China Lake. Winter had the best visibility, with
summer the worst. Nighttime bsp values were higher than those in the
afternoon; the average ratio of 3-4 AM bsp to 3-4 PM bsp was 1.77. It
is likely that the diurnal variation in bsp at China Lake is coupled to
the diurnal cycle of afternoon winds and nighttime inversions.
Polluted air from urban sources 1is evidently transported by winds in
the early evening and.trapped by a stable inversion through the night,
causing elevated values of bsp' The inversion lifts the next morning,
reducing the bsp by mixing with ciéaner air aloft. A minimum in bsp

then occurs in the midafternoon before the cycle repeats in the even-

ing.

A total of 254 particle size distributions were measured
tbrougﬁout 1979 with the WAA and OPC. The 1979 average normalized
volume distribution is plotted in Figure 4.2. The error bars are stan-
dard deviations. It 1s seen that the distribution is bimodal, with the
coarse mode dominating the aerosol volume concentrations. The average
aerosol volume concentration in each particle size range was as fol-

lows:



Hourly Average Measured Particle Scattering Coefficient, bs
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Table 4.2

by Month for China Lzake,

1979

b

Hourly Average b , 1O~6m—1

Hour, SP Ave.

PST J ¥ M A M J J A S 0 N D 197¢
0 25 16 18 23 31 34 39 33 35 40 24 28 29
1 24 16 19 22 31 33 39 33 37 37 26 25 29
2 22 16 21 24 31 33 39 34 36 36 25 24 28
3 20 15 23 25 34 35 40 34 36 38 21 23 29
4 22 15 21 22 34 38 41 36 35 36 12 21 28
5 21 15 20 22 34 33 43 39 34 36 19 20 28
6 21 15 20 22 34 33 45 40 33 40 18 19 28
7 2 16 19 23 31 33 44 40 34 40 18 19 28
8 22 16 20 22 30 30 44 38 33 44 19 18 28
9 20 18 17 20 28 27 41 34 32 45 20 19 27
10 18 19 15 20 26 22 33 30 28 38 19 19 24
11 23 16 13 18 23 19 27 25 25 33 17 18 21
12 22 15 13 17 24 19 22 22 25 27 14 17 19
13 19 11 12 17 22 16 20 20 23 24 12 14 18
14 17 11 10 16 21 15 17 19 22 23 10 i3 i6
15 15 14 9 15 22 14 18 19 21 25 12 15 17
16 14 16 12 15 21 15 20 20 23 21 14 16 17
17 21 15 14 16 22 19 23 21 24 22 17 23 20
18 21 16 17 18 23 21 25 23 26 26 17 28 22
19 23 14 21 22 26 27 31 28 31 32 30 41 27
20 24 21 21 22 27 29 34 30 34 38 35 45 30
21 28 20 21 23 28 32 37 32 35 39 29 47 31
22 23 18 20 24 29 33 38 33 36 42 28 42 31
23 23 17 22 23 31 34 38 33 35 41 24 33 30

1979 Average 25.2
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Particle Size Interval 1979 Average Aerosol Volume
um Concentrations + Standard Deviation
pmS/cm3
0.01-0.50 VI.5 = 4.2 + 3.2
0.01-2.0 VI2 = 5.6 + 3.9
0.01-10.0 VI10 = 32.4+ 44.3

From its large standard deviation, it is clear that the coarse particle
concentration, VT10, exhibited considerable variation throughout the
yvear. Records show that high coarse mode volume concentrations accom—
panied moderate to high winds. The coarse material was very likely

wind-blown dust of crustal composition.

The aerosol scattering coefficient distribution was calculated
from the aerosol volume distribution, using the method described in
Chapters 2 and 3. The resultant distribution 1s plotted in Figure 4.3.
The contribution of the fine aerosol to visibility degradation at China
Lake is seen in this figure. Over half the computed particle scatter-
ing coefficient is due to particles less than 0.5 pm diameter, although

the particles contributed an average of only 137 to VI10.

The computed scattering coefficient for each size distribution
measurement was compared to the hourly average scattering coefficient
measured during the same hour. The results are shown in Table 4.3.
Similarly to the Zilnez Mesa data, the calculated bsp overestimates the

measured bsp by an average of 52%. As discussed in Chapter 3, this is
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Table 40 3
Summary of Particle Scattering Coefficient Linear Regression

Relationships, China Lake, 1979

¥ x Yo m r
b {(calce.} b {meas.) 2.48 1.37 0.78
5p Sp
bspl {calc.) bsp (meas.) 0.5 0.92 0.88
bsp (meas.) VT10 172 0.16 0O.44
bSp (meas.) VT2 4.3 3.22 0.81
bsp (meas.) ~ VT.5 7.6 3.50 0.71

Values above are least squares best fit of form:

%

y = yo + mx r = correlation coefficient

210 measurements used for analysis
Parameters defined in text
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because the nephelometer does not effectively detect particles greater
than 2 pm diameter. When only the fine aerosol is considered, the cal-
culated scattering coefficilent agrees very well with that which was
measured. The measured scattering coefficient correlated poorly with
VriG. Trijonis and Yuan (1978a) found similar results for Phoenix,
where total mass concentration was found to be a poor indicator of
visual range. However, a correlation of 0.81 was found between the
measured scattering coefficient at China Lake and the fine volume conc-

entration VIZ2.

Because the fine aerosol was found to be responsible for the bulk
of light scattering at China Lake, this mode was examined to see of its
normalized distribution remained constant throughout 1979. Figure 4.4
shows the 1979 average fine aerosdél volume distribution at China Lake
normalized with respect to VI2. The error bars represent standard
deviations in the 254 measurements. The particle volume distribution
in the fine mode is seen to preserve its shape rather well. Over half
the fiqe particle volume is due to particles of less than 0.3 pum

diameter.

4.3.1 Aerosol Composition

The time average particle extinction and mass concentrations of
the fine aerosol chemical species for the 61 filter samples are com-
piled in Appendix D. Table 4.4 summarizes the 1979 annual average
concentrations of the species. Similarly to Zilnez Mesa, organics and

sulfates dominated the chemically determined fine aerosol mass at China
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Table 4.4
Fine Aerosol Species Concentrations,

1979 Average, China Lake

Average
Concentrﬁtion,
Species ug /m
Total mass 10.7 + 4.8
Total carbon 1.71 £ 1.26
Soot 0.39 + 0.30
= - + *
SO4 1.91 + 1.21
NO; 0.19 =+ 0.18
NH 0.64 + 0.4t
4 -
Al 0.048 + 0.069
Si 0.46 + 0.24
S 0.76 + 0.48
K 0.15 =+ 0.10
Ca 0.086 + 0.061
Fe 0.090 % 0.049
Pb 0.076 + 0.075
, T 25.4  +13.2
sp
b, 1076071 5.1 % 2.3
ap

Average of 6
Errors are s

1 filter samples
tandard deviations
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Lake in 1979. A linear least sguares fit between molar concentrations

of KHZ and SO: gave a zero intercept, a slope of 1.87 and a correlation

coefficient of 0.98. It is therefore assumed that the fine sulfate
aerosol was in the form of ammonium sulfate. Carbonaceous and sulfate
aercsol mass concentrations were, on the average, comparable in magni-

tude.

The average and standard deviation of the particle scattering

coefficient, bsp’ during filter sample collection was 25.4 + 13.2 x

10-6 m—l. This compares favorably with the annual measured average of

6 -1
m

25.2 % 10~ . The average and standard deviation of the particle

absorption coefficient, bap’ by filter analysis was 5.1 + 2.3 x 10—6

m-l. On the average, the ratio of the particle absorption to scatter-

o=

ing coefficient was 0.22 + 0.13, roughly twice the value measured at

Zilnez Mesa.

To estimate the contribution of wind-blown dust of crustal origin
to the fine aerosol concentration, elemental enrichment factors were
calculated using the method of Macias et al. (1979). The enrichment

factor, EF for an element i1 was calculated as follows:

i’

(1M,1/[Fe])
EF, =
1 = (DM 17TFeD)

aerosol

crust

Iron was chosen as the reference element because its major source is
likely to be soil and it is measured with good accuracy and precision

by PIXE. Crustal abundances were taken from Mason (1966, p. 45).
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Enrichment factors greater than 1 indicate an enrichment of that ele-
ment relative to crustal abundances; values less than 1 indicate a
depletion. The results of this calculation are shown in Table 4.5.

For this calculation it was assumed that ammonium and nitrate accounted
for all aerosol nitrogen. It is seen that Si and Ca are near their
crustal abundance, indicating a probable soil dust source. The low EF
for Al is almost certainly due to a systematic error in the Al measure-
ment rather than a true depletion. Potassium, although present in
small concentrations, 1s slightly enriched relative to crust. The
other fine aerosol species, C, N, S, and Pb are enriched by factors of
thousands over their natural crustal abundance, indicating that they

are not due to wind-blown dust.

A chemical species mass balﬁgce was calculated for China Lake
using the 1979 average measured species concentrations. The balance is
shown in Table 4.6. The organic carbon concentration is taken to be
1.2 times the difference between the total and graphitic carbon concen~

trations. This was done to account for additional hydrogen and oxygen

3

masses determined from the field samples were usually within one stand-

in the organic aerosol (Grosjean and Friedlander, 1975). The NO

ard deviation of the average blank value. The low nitrate concentra-
tions are consistent with measured gas phase nitric acid and ammonia
concentrations made from September 5-7, 1979. The concentrations of
HN03 and NH3 each averaged between 0.2 and 3 ppb at that time. At the

temperatures measured, the data indicate no pure NHéE03 should be in

the aerosol phase (Stelson et al., 1979). The crustal aerosol
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Table 4.5
Aerosol Elemental Enrichment Factors,

1679, China Lake

Element, Enrichment
: L IrE 1
% ({XJ/{FQ}}aerosol ([X]![Fej)crust Fa;;or,
C 19.1 4.0 x 1073 4.78 x 10°
N 6.03 4.0 x 1074 1.51 % 10°
Al 0.53 1.63 0.33
si 5.12 5.54 0.92
S g.51 5.2 % 10 2 1.64 x 10°
¥ 1.65 0.518 3.19
Ca 0.955 0.726 1.32
Fe loO 1-0 1-0
-4 3
b 0.848 2.6 x 10 3.26 x 10

Values computed using 1979 average species mass concentrations
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Table 4.6

Fine Aerosol Species Mass Balance

1979 Average

Species Concentration
ﬂg/m3

Organic 1.58

Soot 0. 34

50, 1.91

Nog 0.19

NHZ 0.64

Crustal 1.94

Other - 0.3

Total Accounted 7.0

Total Measured 10.7
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concentration was computed from the Si, Ca, and Fe concentrations
assuming their crustal sbundances (Mason, 1966). It includes the con-
tribution of poorly measured species such as aluminum and oxygen, and
is a reliable estimate of the contribution of wind-blown dust to the

fine serosol concentration.

It is seen that organics, sulfates, and crustal species contri-
buted approximately equally to the measured fine mass concentration.
However, the measured species accounted for an average of only 65% of
the total measured mass concentration. The most likely unmeasured

species are Na and H,0. If it were Na, however, it could not be in the

2
form of NaCl or NaZSOA since measured Cl concentrations were less than
0.1 pg/m3 and SOZ was titrated with NHZ. The low average relative

humidity, 35%Z, (Table 4.1) probably minimizes water condensation on the
hygroscopic ammonium sulfate. Although water could condense on the
filter during refrigeration, the filters were desiccated before and

during weighing.

It is assumed that the particles less than 0.5 pm had an average
density of 1.7 g/cm3 and that the average density of particles between
0«5 and 2 um was 2.3 g/cmB‘ From the value ¢f VI.5 one then estimates
an average mass concentration of 7.1 pg/m3 due to particles less than
0e5 pm diameter and 10.3 pg/m3 due to particles having diameters less
than 2 pm, which agrees well with the directly measured average fine
mass concentration of 10.7 pg/mB. If it is assumed that all the sul-
fates and organics accumulate in particles less than 0.5 pm diameter,

this would still account for only 63% of the computed mass. Similarly
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the crustal and remaining species account for 787 of the computed mass
between 0.5 pm and 2 pm. Within the accuracy of these measurements it
is apparent that the unaccounted mass is primarily due to particles

less than 0.5 pm diameter.

4.3.2 Elemental Size Distributions

Aerosol sulfur mass distributions were measured by the LPI-FVFPD
technique on three separate occasions for 3 days each during 1978 and
1979. A total of 25 distributions were obtained. It was determined
that during each 3~day period the total sulfur concentration would vary
diurnally with the sc;ttering coefficient, but that the normalized sul-
fur mass distribution was preserved. However, the shape of the distri-
bution was not preserved from per%pd to period, as can be seen in Fig-
ures 4.5a-c. As in Chapter 3, the dashed histogram in the figures is
the inverted distribution using the Twomey inversion algorithm (Appen~
dix C). During the July 2-4, 1978 and September 5-7, 1979 periods,
aerosol sulfur mass accumulated in particles between 0.05 and 0.5 pm
aerodynamic diameter. The shapes of these distributions are quite
similar to the total average volume distribution, Figure 4.4. The
average bs during each of these periods was within one standard devia-

tion of the annual average.

During the October 20-22, 1978 period, the sulfur accumulated in
larger particle sizes and in greater concentrations. This sampling
period was characterized by high relative humidity (45-100%) associated

with the aftermath of a tropical storm. It is likely that the source
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of the aeroscl was the Los Angeles Basin where sulfate usually accumu-
lates in particles between 0.5 and 1.0 pm diazmeter, shown in Figure

1.2. The particle scattering coefficient during this episode was much
higher than thekaverage, often exceeding 100 x 10”6 m-l, about 4 times
the annual average. In examining the 1979 bsp’ temperature, and rela-
tive humidity data, it is clear that the July 1978 and September 1979
sample periods were more typical of the average than the October 1978
period. The filter samples from only the September 5-7, 1979, period

were included in the statistical analysis.

Elemental mass distributions were measured using the LPI-PIXE
technique on September 7, 1979. A cyclone preseparator upstream of the
LPI removed coarse aerosol. The results are presented in Figures
4.6a-c. The concentration of coarse particles in these figures is
reduced from the ambient value because of the cyclone preseparator.
Similar to the Zilnez Mesa results, Si, Ca, and Fe accumulated in
larger particle sizes, another indication of the crustal origin of

these elements.

The distribution of organic aerosol with respect to particle size
could not be measured with the LPI because of the hydrocarbon anti-

bounce coatings used.
A PARTICLE EXTINCTION COEFFICIENT BUDGET

4ehel Statistical Estimation of Species Mass Scattering Efficiencies




153

‘wyITI08[E UOTSAIAUT (G/6T) Aauwom],
pPue® B3IEp UOTIBIQITED 47 WO1j pauyelqo uoJIngrilsip palisauy ayl sy weadoisyy paysep YL
"S133jaweTp JJOIND dTWRUAPOISE (¢ 03 109dSdA YITM UOTINQIIISIP SSBW Y3 ST weadolsty
PITOS @yl -dX1d £q pazdyeue pue (141) i1o3deduy aanssaad moy £q paledaades Tosoiay

6L6T°L "3d9S ‘1Sd 0L¥T-£780 ‘BTUIOITTED ‘oe] BUTYD ‘UOTINGTIISTP SSEW UODTTS PIzITeWION “B9'4 2in81d

(wry °Q
101 001 -0l 2-01
0

~_~_w~ i 1 - T 11 I 1 i ~—~__“. 1 I
| |
|
,
)
_ . Q.
- | X
fj w J
~ ~ =<
| | Q.
o —
. o
_ . -2 «
L ©
N
Mw VAL
| | 89¢ 0 = W
.n.p- i .ﬁ..w *._..~b 1 i m_._r- i _.m m



154

‘wy3Ta081e UOTSIBAUT (G/61) APWOM] pur BIBP UOTIBIQITED 41 Woij paurelqo
UOTINQTIIS [P polieaur a2yl s wea80oIsTy paysep SYJ I19I2WRIP JJoIind Diweudpoiar yOg o3
30adsal yITMm uolINGTaISEp ssew ayl sy weaBolsyy prios vyl "UXId Aq peziieuw
pue (1471) ao3ovdui aanssaid mol Aq paireBsaBas Tosoasy ‘4761 ‘7 adeg .
‘1Sd 0€HT-€Z80 ‘®BIUIOIFIER) ‘9jeq eulYy) ‘uOTINQIIISTP SSBW WNTOTRD pazilewloN °q9*y 2andyy

(wry o
1-01 2-01
0

.._._. ' i “__..__ V }

-

| S ——
Yo

i e
g

o
6o | PN/ WP




155

‘wy3T1081e VOTSIBAUT (G/eT) Kowom]

pue BIEp UOTIRIGITED [d1 WO1j PdUTERIQO UOTINQTIISTP palisaur ayl st weiBoisty paysep

BYJL I9JSWRIP JJOIND DIWBUAPOIIR %(¢ 03 I0adsax YITM UOTINGTIAISIP SSeuw ayl s weid

~-0318TY PITOS 8yl “AX1d &q peazdAyeue pue (Id1) aojzoeduy 2anssaid moy £q poieBaaBes [os0aay
‘66T *¢ *3dag ‘1S4 0€yT-€Z80 ‘BIUIOIITE) ‘8jeT eury) ‘UOTINGIIISTP SSBW UOIT PIzI[BWION *d9°'y 8andyy

(v °Q
101 001 -0 2-01
. 0

_.~_~ M i i -«__—L1.... i *_.___ i I
| nl
m
ﬂu 5 Q.
| | =
| N
I _ <
_ “ _ 1l o
L | -
_ ...., o
y S
] O
Lo
FEL ms\mi
8900 = W
9
-~.’ i i 1 ~.—~—~ i i i *——._~ 1 ! i H* N



156

The goal of the year-long study at China Lake was to test the
applicability of statistical techniques to determine the aerosol
species contributions to the scattering coefficient. On the average,
the requirements for application of the statistical technique to filter
data were met. Analysis of the 254 measured particle size distribu-
tions in 1979 indicates that the fine aserosol volume distribution
preserved its shape. The measured sulfur mass distribution followed
the total submicron volume distribution. By difference, it was assumed
that the organics did the same. The low relative humidity at China
Lake minimized water condensation on the particles and formation of
aqueous solutions. Therefore, it is expected that the statistical
technique can be used with some success with the China Lake filter

data.

Initially, as a first cut, univarlate regression was used to see
relationships between pairs of measured variables. The results are sum-
marized in Table 4.7. It is seen that the particle scattering coeffi-
cient ;s highly correlated with the total fine aerosol mass concentra-
tions, sulfate, and ammonium. To a lesser degree it is correlated with
the particle absorption coefficient, potassium, and the unaccounted
mass concentration, Mu. The correlations between the particle scatter-
ing coefficient and the nitrate, total carbon (CT) and crustal species
are poor. The poor correlation, r=0.63, between hap and the soot con-
centration is probably an indication of the error in the soot measure-

ment. Although the sulfate and the unaccounted mass are highly
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Table 4.7
Aerosol Mass Concentrations and bsp: Results of

Univariate Regressions for China Lake, 1979

= U . ! r = 0.86
bgp = 030 + 2.35 [
= 7. . = r = 0.86
bgp = 75+ 9:36 [SO,]
b = 8.9 + 25.8 [NH ] r = 0.85
sp 4
b = 4.2 4+ 4.13 b r=0.72
sp ap
b = 14.1 + 79.3 [K] r = 0.58
sp
b = 143 + 2.41 M ] r = 0,57
sp u
b = 18.8 + 34.1 [NO.] r = 0.47
sSp 3
= r = 0.46
by, = 17:4 + 4.80 [C]
b =15.6 + 114  [Fe] . r = 0.41
sp
b_ = 19.9 + 71.3 [Ca] r = 0.32
sp
= 18.2 + 17.1 [Si] r = 0.31
sp
b__ = 3.2 + 4.53 [Soot] r = 0.63
ap
1= r = 0.81
Mpl= 4.83 + 1.27 [ ]
M, 1= 4.3 + 3.33 [soZ} r = 0.83
= = r = 0.49
[M,]= 2.20 + 1.26 [SO,]

Values computed from 61 filter samples
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correlated with the total mass, they are not well correlated with each

other (r=0.49).

It was found that the crustal species Fe, Ca, and 81 were well
correlated with each other, as expected. On the basis of the
regression analysis, the fine aerosol was grouped into four species:
sulfates, organics, crustal species, and the unaccounted species. The
concentrations of these four speciles were calculated in the following
manner:

1. [sulfates] = [SO0,] + [NH,]

2. [organics] = 1.2 x [CT]

3. [crustal] = 21.6 x [Fe]

4. [unaccounted] = [MTI - [sulfates] - [organics] -~ [crustal]

Multiple regression analysis’was applied to the four species to

%

seek a best statistical fit of the form:

where Hi is the time average mass concentration of species i. a 1 could
then be interpreted as the average mass scattering efficiency of
species 1. The results of the technique applied to the 61 China Lake

filter samples are as follows:

bsp = (0.97 + 1.92) + (5.03 + 0.64)[sulfates] + (1.54 + 0.62)[organics]

+ (2.36 + 0.67)[crustal] + (1.00 + 0.31)[unaccounted]

r=0.905
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-1 and the species concentrations are in

where bsp is in units of 10‘6 m
units of pgfm3. The + values in the above equation represent one stand-
ard error in the coefficient estimates. The contributions to the
variance in bsp were as follows: sulfates, 68.0%; organics, 6.8%; cru-
stal, 13.9%; and unaccounted, 11.3%. The statistically inferred aver=-
age mass scattering efficiency for sulfates at China Lake in 1979 is
compared to values obtained by other investigators in Table 4.8. The
China Lake value is intermediate between those found in other desert
locations and in Los Angeles. The fine organic aerosol was not sta=-
tistically important in explaining the variance in bsp’ and its

inferred mass scattering efficiency was less than one~third of the sul-
fate value. Similar results were found by White and Roberts (1975) in
Los Angeles and Trijonis and Yuan (1978a) in Phoenix. The crustal
species in the fine aerosol are, surprisingly, more important than the

organics in explaining the variance in the bsp’ but were less efficient

per unit mass in scattering light.

In summary, the variance in the measured fine particle scattering
coefficient, bsp was dominated by sulfate concentrations. Organics and
crustal species were much less important statistically. The inferred
mass scattering efficiency for sulfates was intermediste between other
desert values and Los Angeles. The statistical results for China Lake
are quite similar to those by other investigators at other locationms,

even though only the fine aerosol was sampled at China Lake.
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Table 4.8
Sulfate Average Mass Extinction Efficiency, ai:

Comparison of Statistically Inferred Values

Source Location ai,mz/g
This study China Lake 5.0
Trijonis & Yuan (1978a) Phoenix 3.4
Salt Lake City 4
White & Roberts (1975) Los Angeles 7
Cass (1979) ) Los Angeles 16
Los Angeles 9 (nonlinear RE)

Waggoner et al. (1976) Southern Sweden 5
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4ede2 Theoretical Estimation of Species Mass Scattering Efficiencies

Using the technique described in Chapters 2 and 3, the mass dis-
tribution of each chemical species was used to compute its scattering
coefficient distribution and its contribution to the particle scatter=-
ing coefficient, bsp' The theoretical average species mass scattering

efficiency, ¢,, was then calculated from the ratio of the computed

i’
scattering coefficient to the measured mass concentration.

The sulfate mass scattering efficiency was computed using the 25
mass distributions measured in July 1978, October 1978, and September

1979. The average value for all measurements was 3.20 mzlg, slightly

greater than that of the fine aerosol as a whole, which was 2.35 mz/g.

The crustal crustal mass sc%}tering efficiency was assumed to be
the average of the calculated values for Si, Ca, and Fe. Using the
distributions measured in September 1979, the crustal average was 1.42
m2/g. The fine crustal aerosol is substantially less efficient than
the sulfate because it does not accumulate In particles which are
optimum for light scattering--between 0.4-0.5 ym diameter for a

wavelength of 0.53 pm.

The organic aerosol average mass scattering efficiency was calcu-
lated by assuming that the organic aerosol accumulated in particles
less than 0.8 pm and followed the 1979 average measured volume distri-
bution, Figure 4.4. Assuming az density of 1.7 g/cm3, the computed mass
scattering efficiency was 2.46 mzfg, between the values for sulfate and

the fine crustal material.
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The average mass scattering efficiency of the unaccounted specles
was calculated by assuming that the species followed the overall dis-

tribution. This resulted in a mass scattering efficiency of 2.35 mz/g.

The uncertainty in each of the theoretical mass scattering effi-
ciencies 1s about 30%, resulting principally from the uncertainty in

the measured species mass distributions.

4e443 Fine Aerosol Scattering Coefficient Balances: Comparison of

Statistical and Theoretical Results

The average contribution of each major aerosol species to the
1979 average particle scattering coefficient, g;pi at China Lake, was

calculated using the following relationship

e

where ﬁ; is the 1979 average mass concentration of species i and ay is
its average mass scattering efficiency. Both statistical and theoreti-
cal teghniqnes were used to calculate Ay The results are shown in
Table 4.9. It is seen that there is excellent agreement between the
average measured and calculated bSp using both techniques. Both tech-
niques show that sulfate is the most important identified light
scattering species, but that the statistical technique overestimates
the contribution of sulfate compared to the theoretical model. The
contributions of organlcs and crustal species to bsp are each 10~20%
for both techniques. The unaccounted species contribute 397 to the

theoretical scattering balance, approximately the same as its
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contribution to the fine mass concentration.

When the uncertainties in the values are included, it is found
that the statistically determined mass scattering efficiencies are not
significantly different than those calculated theocretically. For exam-
ple, representing the uncertainty as twice the standard error results
in a statistically inferred sulfate mass scattering efficiency of 5.0 +

1.2 as compared with a theoretical value of 3.2 + 1.9.

From Table 4.9 it is seen that roughly half the theoretically
unaccounted light scattering is statistically associated with sulfate.
The earlier fine mass balance indicated that not all the aercsol in the
0e05-0.5 um diameter range could be accounted for by sulfates and
organics. It is possible that the unaccounted species whose light
scattering is statistically assocfated with sulfate may also be
physically associated with sulfate in this size range. Water 1is the
most obvious candidate, but is 1is not likely to condense on (NHA)ZSOA

at the low relative humidities found at China Lake.

In summary, both techniques present a qualitatively similar pic-
ture of the contributions of aeroscl chemical species to bsp' Ammonium
sulfate is the most important measured species, while the contributions
of organics and crustal species are smaller, but not negligible. The
species which could not be identified by chemical analysis also contri-
buted to bsp’ but roughly half of this contribution is statistically

linked to sulfate.
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4.4.4 A Light Extinction Budget for China Lake

As noted in the introductory chapter, the light extinction coef-
ficient, be’ is the sum of the contributions of particles and gases to

scattering and ébsorption:

Both fine and coarse particles contribute to light extinction.
The nephelometer efficiently measures only the fine particle contribu-
tion to bsp' ¥rom Figure 4.3 it is calculated that, on the average,
coarse (D > 2 um) particles contributed approximately 13 x 10“'6 -1 to
bsp' The median valué will be somewhat less than this, since a small
number of wind-blown dust episodes contributed the most to the average

"3

coarse particle contribution.

The calculated theoretical values were used to compute the 1979
China Lake light extinction budget shown in Table 4.10. As discussed
earlier, the measured particle scattering coefficient varied diurnally,
achieving maximum values at night and minimum values in early after-
noon. For this reason Table 4.10 includes an estimated median 1 PM
extinction budget. This may more closely reflect the people’s percep=-
tion of daytime visibility at China Lake. It 1is seen that, on the
average, 517 of light extinction is due to Rayleigh scattering and
wind-blown dust. Organics, soot, and sulfates contribute an average of
327 to extinction, while the remaining 177 is unaccounted. Interest-

ingly, the carbonaceous aerosol contributes more than sulfates to light
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Table 4.10

1979 China Lake Light Extinction Coefficient Budget

Contribution to be’ Contribution to b,
10787} A
Type of Median Median
Light Extinction Average 1 PM (est.) Average 1 PM (est.)
Rayleigh Scattering, 14 14 24.6 3441
bsg
Absorption by gases, 0 0 0 0
b (est.)
ag
Absorption by fine 5.1 3.6 8.9 8.8
particles .
Soot 5.1 3.6 8.9 8.8
Absorption by coarse 0 =« 0 0 0
particles
Scattering by coarse 13 5 22.8 12.2
particles
Crustal species 13 5 22.8 12.2
Scattering by fine 25 18 43.9 43.9
particles
Sulfate 8.2 5.9 14.4 14.4
Crganics 4.8 3.4 8.4 8.3
Crustal species 2.8 2.0 449 4.9
Unaccounted 9.9 7.1 17.4 17.3
Total, 57 41 100 100
Average local visual 68 95

range, km
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extinction due to its ability to scatter and absorb light. This result

was also found at Zilnez Mess.

Using the calculated average mass extinction efficiencies, @i,
for each major chemical species, it is possible to estimate the percen=-
tage decrease in current visibility that would result from an increase
in the mass concentration of each species. For a finite change in the

mass concentration of a particular species, &Mi, the percentage

decrease, AVR/VRO in current visual range, VRO’ is given by Equation
2422

AVR ) VRO uiAMi

VRO 3.9‘+ VRO ai&Mi

The calculations were performed assuming the median 1 PM visual range
of 95 km and that 2 pg/m3 of the é;ecies were added. The results are
provided in Table 4.1l1. The reduction in visual range resulting from
the increase in soil dust would be insignificant. The visibility
reduction resulting from a 2 pg/m3 increase in each of the other
species would be significant, 11-33%. Soot, due to its efficient light

absorption efficiency, would reduce the median 1 PM visual range at

China Lake by one-third.
4.5  SUMMARY AND CONCLUSIONS

Multiple regression analysis was applied to the measured particle
scattering coefficient and fine aerosol species mass concentrations

from 61 filter samples collected at China Lake, California in 1979.
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Table 4.11
Estimated Reduction in Median 1 PM Visual Range at China Lake Due to

2 pg!m3 Increase in Aerosol Species Mass Concentration

Average % Decrease in Current
Mass Extinction Visual Range
Aerosol Efficiency, Due to, Additional
Species n°/g 2 pg/m”~ of Species
Soil dust {(coarse and
fine) 0.29 1.4

Ammonium Sulfate 3.2 13
Organics 2.5 11
Soot ) 10 33

Assumes current median 95 km visual range

o



169

Contributions of various aercsol species to the particle scattering
coefficient were estimated. The statistically estimated contributions
were compared with those determined theoretically using measured aero-

sol mass distributions.

It was found that the requirements described in Chapter 2 for
application of the linear regression technique to species mass concen-
trations in a complex aerosol were satisfied. Based on 254 particle
size distributions measured at China Lake in 1979 that the normalized
fine aerosol volume distribution remained approximately constant. The
agreement between the calculated and measured fine particle scattering
coefficient was excellent. The measured aerosol sulfur mass distribu-
tion usually followed the total distribution for particles less than 1
pme. It was assumed that organic afrosol also followed the total submi-

cron distribution.

The measured fine aerosol species were grouped into sulfates,
organics, and crustal speciles, each having annual average mass concen-
trations of about 2-2.5 micrograms per cubic meter. An average of 35%
of the measured fine mass concentration could not be accounted by chem-

ical analysis.

The results of the statistically inferred species contributions
to bsp agreed qualitatively with those calculated theoretically using
measured aerosol distributions. Within the errors in the measurements
and analysis, the statistically and theoretically determined values

were not significantly different. Ammonium sulfate was the most
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important fine aercsol light scattering species, whereas the contribu-
tions of the organics and crustal species were smaller, but not negli-
gible. Regression analysis overestimated the contribution of sulfate
relative to that calculated theoretically. Species which were not
identified chemically also contributed significantly to bsp' The
regression analysis indicated that roughly half of the bsp contribution
by the unaccounted species was statistically linked to sulfate. Water
is suspected but is probably not a significant component of the aerosol

at China Lake due to the low relative humidity.

Using measured 1979 values, a light extinction budget was calcu~
lated for China Lake. On the average, 517 of light extinction at 0.53
pm wavelength was due to Rayleigh scattering and wind-blown dust, in
roughly equal proportions. Fine c§rbonaceous and ammonium sulfate

aerosol contributed an average of 32% to extinction, while the remain-

ing 177 was unaccounted.

The quality of statistically inferred species extinction balances
can be gnhanced with proper aerosol sampling. Due to its important
role in light scattering, only the fine aerosol should be sampled. A
mass balance should account for all major fine aerosol species.

Ideally the particle scattering coefficient should be measured directly
at the location where aerosol is sampled by the filters. The impor-
tance of soot and other carbonaceous aerosol to light extinction in

arid regions should not be overlooked.
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CHAPTER 5

SUMMARY
5.1 SUMMARY OF RESULTS

This thesis describes research conducted to determine the contri-

butions of aerosol chemical speciles to the extinction coefficient.

A general theory was derived for predicting the contributions of
chemical species to the extinction coefficient for a multicomponent
aerosol composed of spheres. 1In general, the diameter, refractive
index, and chemical composition of each particle must be known to
rigorously calculate each species contribution. It is shown that
species mass distributions of the kind obtained with a perfect impactor
are sufficient to determine the species contributions exactly for three
simple aerosols: an external mixture, an internal mixture, and a
specific mixture with an assumed volume average refractive index. A
specific mixture is an aerosol in which the chemical composition may
vary with particle size. Although each particle may be composed of
many species, it is assumed that agll particles of the same size have
the same composition. A specific mixture of spherical particles with a
volume average refractive index is the most general aserosol for which
the mass distributions can be used to determine the species contribu-

tions exactlye.

An additional requirement placed on the use of mass distributions

to predict the specles extinction coefficient contributions 1is that
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particle volume must be conserved with coagulation and condensation.
The growth of hygroscopic particles by condensation of water would not
be permitted if the partial molar volume of any species changes in the
process. For each of the three simple zerosols requirements were
derived in which linear regression analysis could be legitimately
applied to historical species mass concentrations data in order to

estimate species contributions to light extinction.

Experiments were conducted at two remote arid locations to deter-
mine the contributions of aerosol chemical species to visibility degra-
dation. Desert visibility degradation resulting from future energy
development is of current national importance and of personal interest
to me. In addition, érid sites avoid the theoretical and experimental

problems of accounting for water in the aerosol.

2%

A 3-week experiment was conducted in remote northeastern Arizona
to calculate the contributions of fine aerosol species to the extinc-
tion coefficient. Theoretical mass extinction efficiencies were calcu-
lated and numerically integrated with measured mass distributions to
determine the contribution of each species to the extinction coeffi-
cient. The measured chemical species could account for 94 + 19% of the
fine aerosol mass concentration and 85 + 34% of the measured particle
extinction coefficient. Carbonaceous and sulfate aerosols were found
to be the principal contributors to visibility degradation by fine (D <
2 pm) particles. All important species balances were met, both in
total and with respect to size. The satisfactory agreement between the

calculated and measured extinction coefficient indicates that the
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technique is useful for determining the contributions of various zero-

sol species to visibility degradation at an arid site.

A one-year experiment was conducted at China lLake, California, to
determine the accuracy in using statistical analysis of filter samples
to estimate chemical species contributions to the particle scattering
coefficient, bsp' Multiple regression analysis was applied to the
measured particle scattering coefficient and fine aerosol species mass
concentrations from 61 filter samples collected during 1979. Contribu-
tions of various aerosol species to the particle scattering coeffi-
cient, bsp’ were estimated. The statistically estimated contributions
were compared with thgse determined theoretically using measured aero-
sol mass distributions. It was found that the statistically inferred
species contributions to bsp agreg? qualitatively with those calculated
theoretically. Within the errors of the measurements and analysis, the
statistically and theoretically determined values were not signifi-
cantly different. Ammonium sulfate was the most important light
scattering species, whereas the contributions of the organics and cru-
stal species were smaller but not negligible. Regression analysis
overestimated the contribution of sulfate relative to that calculated
theoretically. Using measured 1979 values, an aerosol species light
extinction budget was calculated for China Lake. Measured mass extinc-
tion coefficients were used to predict the reduction in visibility at
China Lake which would occur by increasing the concentrations of vari-

ocus aerosol species.
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The low pressure impactor {LPI) was used in this research toc size
segregate aerosol from 0.05 to 4 pm aerodynamic diameter for elemental
analysis. Two new analytical techniques were developed for analysis of
aerosol deposits collected with the LPI. The LPI~-PIXE technique was
developed and evaluated for mass determination of most elements having
atomic weights between aluminum and lead. Aerosol is size segregated
and impacted on coated mylar films which are then bombarded by a
focused alpha-particle beam at the Crocker Nuclear Laboratory, Univer-
sity of California, Davis. Nanogram sensitivities are achieved.

A He-Ne laser was used with a 0.25 wmm diameter optical fiber to
measure the light absorbed by aerosol deposited on coated mylar film.
The particle absorption coefficient distribution from 0.05 to 4 pm
aerodynamic diameter can now be calculated by using this technique with
LPI aerosol deposits. The soot mdss distribution can be inferred from
these measurements with nanogram sensitivity. This technique is only
semiquantitative at the present.

The Twomey non-linear inversion algorithm was evaluated and used
to obtain improved mass distributions using calibration data and masses
measured on each stage of the LPI. A more accurate determination of
the particle extinction coefficient distribution 1s now possible with
the distribution obtained from the LPI and the inversion algorithm.

The experimental techniques used in this research can be applied
to other areas of aerosol research. As an example, it may be possible

to evaluate different mechanisms of catalyzed SO, gas~to-particle

2

conversion through the measurement of the submicron sulfur, iron,

manganese, and soot mass distributions. The production of silicon and
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iron oxide aeroscls of less than 0.1 pm diameter in pulverized cosl
combustion can now be measured with elemental analysis of LPI samples
(Flagan and Taylor, 1980). The soot mass distribution can now be
measured for particles greater than 0.05 pm aerodynamic diameter. This
could be a useful tool in future diesel aerosol research. Using the
LPI with coated mylar as a collection substrate offers additional
opportunities for elemental analysis. For example, it may be possible
to analyze the samples by instrumental neutron activation to determine
the mass distribution of many trace species not accurately determined
by PIXE, such as cadmium and arsenic. This could be quite useful for
aerosol source resolution and toxicological studies. The prediction
and measurement of muiticomponent aerosol dynamics is now possible for
some systems with the sectional simulation technique of Gelbard and

Seinfeld (1980) and the analyticéf‘techniques described in this thesis.

5.2 SOME COMMENTS ON AEROSOLS AND VISIBILITY DEGRADATION IN PRISTINE

ARID REGIONS

Pristine arid regions such as those found in parts of the
southwestern United States are characterized by low aerosol number and
mass concentrations, abundant sunlight, and low relative humidity.
These factors affect the formation and transport of aerosols and influ-
ence the contributions of various chemical species to visibility degra-
dation.

The residence time of visibility-reducing aerosols in arid
regions may be relatively long. 1In Chapters 3 and 4 it was shown that

visibility reduction at the two experimental sites was due primarily to
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submicron aerosols. The lack of rainfall minimizes aerosol removal by
wet deposition (Liljestrand, 1979). Dry deposition is also relatively
slow for submicron aerosols in sparsely vegetated arid regions (David-
son and Friedlander, 1978), where the effects of particle sedimentation
and impaction on plant elements are suppressed. Due to low particle
number concentrations, coagulation is not a major particle growth
mechanism in the pristine areas.

The abundant sunlight and low relative humidity have important
effects on the formation and growth of sulfate agerosol. Gas-to-
particle conversion by heterogeneous droplet phase processes is
suppressed relative to gas phase homogeneous reactions. As shown in
the sulfur distribution for Troma (Figure 1l.1), this may lead to the
accumulation of sulfate mass in particle sizes less than 0.26 pm, which
are not efficient in scattering visible solar radiation. Since coagu-
lation is relatively slow for particles greater than 0.l pm, the sul-
fate aerosol does not grow by this mechanism into larger particles
which are more efficient in scattering light. The low relative humi-
dity prevents aerosol growth due to condensation of water on the
hygroscopic ammonium sulfate. The aged sulfur distributions measured
in China Lake were very similar to that found in Trona.

These results are contrasted with those found in Pasadena, where
sulfate usually accumulates in 0.5-1.0 pym diameter particles, shown in
Figure l.2. This may be due to droplet(phase conversion, which would
favor growth into larger particles (Friedlander, 1978; Gelbard and
Seinfeld, 1979a). By virtue of its mass distribution alone the

Pasadena sulfate scatters light efficiently. Its ability to pick up
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water amplifies the effect. Interestingly enough, the hygroscopic
growth of sulfate from this size range has a synergistic effect on its
light scattering efficiency. As the sulfate adds water it grows in
diameter, and the particle refractive index, m, decreases (Sverdrup,
1977). FExamining Figure 2.1 it iz seen that as m decreases from 1.54

((¥H 804) to 1.33 (HZO) the peak efficiency is achieved for larger

42
particles. Thus, a 0.50 pm sulfate particle which grows by addition of
water remains at an optimum size for scattering light.

It is apparent from this research that aerosol nitrate is found
in very low concentrations in remote arid locations. Virtually all
airborne nitrate remains as gaseous nitric acid. The gas phase conver-
sion of N0, to HNO, in the desert currently has a beneficial effect on

2 3

visibility. It removes the light-absorbing N0, and produces non-

2

absorbing HNO, in insufficient concentrations to produce pure aerosol

3

NH4R03. However, it is possible that nitric acid may increase aerosol
and soil acidity by its deposition on coarse alkaline aerosol and the
ground surface.

In this research I found the effects of soot on light extinction
in the desert to be very interesting. It is very efficient on a mass
concentration basis in reducing visibility, principally through light
absorption. Consistent with theory, the soot particles which were too
small to scatter light efficiently nevertheless caused significant
visibility degradation by light absorption. Future increases in soot

concentration would have disproportionately adverse effects on visibil-

itye.
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APPENDIX A
AEROSOL ELEMENTAL MASS DISTRIBUTIONS USING THE
LOW PRESSURE IMPACTOR AND ANALYSIS BY

PARTICLE INDUCED X~RAY EMISSIONS
A.l INTRODUCTION

It was shown in Chapter 2 that the contributions of aerosol chem—
ical species to the extinction coefficient can be estimated by numeri-
cally integrating their theoretical mass extinction efficiencies with
measured mass distributions over the particle size range. The theoret-
ical mass extinction efficiencies for common atmospheric aerosols,
shown in Figures 2.1 and 2.2, indicate the importance of the fine

(D < 2 pm) aerosol in light scatté}ing and absorption.

The low pressure impactor (LPI) is capable of size segregating
aerosol for chemical analysis through the "optically active" particle
diameter range of 0.1 to 2 pm. Until recently, routine chemical
analysis of aerosol size segregated by the LPI was limited to sulfur by
the technique of flash volatilization and flame photometric detection

(FVFPD).

This appendix describes the use of the LPI with the particle
induced X-ray emission (PIXE) technique for elemental analysis. An
appropriate LPI aercsol impaction surface was devised for the elemental
analysis of aercsol deposits by a focused alpha particle beam at the

Crocker Nuclear Laboratory (CNL), University of California, Davis.
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Nanogram sensitivities were obtained for most elements having atomic
weights between aluminum and lead. The accuracy and precision of the
technique were estimated using known standards and field samples. Ele-
mental mass balances and distributions obtained by the LPI-PIXE tech-

nique were compared with cther analytical technigques.

A2 EXPERIMENTAL

A.2.1 Sample Collection

In order to evaluate the LPI-PIXE technique amblent aercsol was
sampled at Zilnez Mesa, Arizona, from June 27-July 13, 1979, using the
sampling arrangement shown in Figure 3.2. The description of the sam-
pling and analysis can be found in Chapter 3. A total of 12 samples
were collected, each consisting of a LPI-PIXE field blank, an LPI sam~
ple for PIXE analysis, an LPI sample for sulfur analysis by FVFPD, and
a Nuclepore filter sample for elemental and ion analysis. These sam-
ples were used to evaluate the PIXE focused beam detection limit, field
blank yalues, measurement precision, elemental mass balances, and sul-

fur mass distributions obtained with the LPI-PIXE technique.

Airborne aerosol sampling sponsored by VISTTA was conducted dur-
ing the summer of 1979 in the Southwest by Dr. Susanne Hering of the
UCLA Air Quality Laboratory in cooperation with the Environmental Pro-
tection Agency, Las Vegas. The results of the experiments will be
described in a future paper by Dr. Hering. An arrangement similar to
Figure 3.2 was used to collect and size segregate fine aerosol for

chemical analysis. Sample times for the airborne samples varied from 4
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to 6 hours. The results of four of the airborne LPI-PIXE and LPI-FVFPED
samples are included in this appendix to compare the aeroscl sulfur

mass distributions obtained by each technique.

One LPI-PIXE sample was collected on the roof of Guggenheim
Laboratory at Caltech from 1127-1437 PST, February 6, 1980, under poor
visibility conditions. The mylar substrate was coated with 1.0 pl of
2% vaseline in toluene, resulting in a coating mass density of 90-140
ug/cmz. No cyclone was used upstream of the LPI to remove coarse aero-
sol. This sample was used to test the anti-bounce properties of the

vaseline-coated mylar with high aerosol loadings in the LPI.

Ambient aerosol~was sampled on the roof of Reck Laboratory at
Caltech from February 23-28, 1980. On seven occasions two LPI’s with
coated stainless steel strips samp;ed simultaneously to obtain sulfur
mass distributions by FVFPD. In one impactor the strips were coated
with 90-140 ug/cmz Apiezon L grease, which was twice the coating mass
density used in the Zilnez Mesa and the airborne samples. The strips
in the other impactor were coated with vaseline. Sample times varied

from 6 to 18 hours due to unusually clear dry conditions. No cyclones

were used upstream of the LPI“s to remove coarse aerosol.

A.2.2 LPI-PIXE Collection Surface

This section provides a general description of the LPI-PIXE col-

lection surface and detailed procedures for preparing the substrate for

sampling and analysis.
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In each LPI stage the agerosol particles impact on the center of a
3.2 pm~thick coated mylar film (Mylar Type S, 580 ug/cmz, DuPont
Nemours, Inc.}. The mylar is fastened to a 25 mm glass disc with a 25
mm circular paper self-adhesive label with a 13 mm center hole. The
resulting 13 mm diameter exposed mylar collection surface is much
larger than the sample deposits, typically 0.7 to 2.0 mm diameter. In
order to eliminate fluttering of the mylar during sampling and possible
changes in particle collection efficiency, the myvlar is adhered to the
glass disc using a thin coating of Apiezon L vacuum grease or vaseline.
An exploded view of the LPI mylar collection surface is shown in Figure

A.l.

Aplezon L was originally chosen for ccating the mylar collection
surface to prevent particles from -bouncing to the next stage of the
LPI. Weselowski et al. (1977) found it to be nonveolatile at a pressure
of 1 pm Hg for 3 hours and to have uniformly low blank values for ele-
ments measured by PIXE. They found that coatings of 65 um/cm2 were
adequate to reduce bounce~off of dry coarse and fine ambient aerosols
to less‘than 2% with multi~day impactors operating at 20 lpm and atmos-
pheric pressure. For the Zilnez Mesa and airborne LPI-PIXE samples, a
microliter syringe was used to apply 0.50 pl of a 2% by weight solution
of Apiezon L in Spectrograde toluene to the center of each collection
surface. After evaporation of the toluene, the Apiezon L coating
remaining was 4-~5 mm in diameter, 44-69 pg/cmz, and 0«3-0.5 pm thick.
It will be shown later in this appendix that this coating density did

not eliminate bounceoff of submicron aerosol in the low pressure stages
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of the LPI. The recommended mylar coating for the LPI-PIXE samples is
currently 1.0 pl of 2% by weight vaseline in toluene, applied 0.50 ul
at a time to the center of the impaction surface. It will be shown
that this coating prevents particle bounceoff and will produce low ele-

mental blank values.
A+2.2.1 Preparation of LPI-PIXE Collection Surface -

A detailed description of the technique used to prepare the LPI-
PIXE collection surface is included in this section. Although the pro-
cedure describes how to prepare 8 substrates for one LPI sample, any
number can be made in advance 1if they are stored properly to prevent
contamination. It is recommended that one field blank be prepared for

each LPI sample to be handled and analyzed exactly as the samples.

Punch out the 13 mm (1/2") diameter centers from eight 19 mm
(3/4") and eight 25 mm (1") diameter circular paper self-adhesive
labels. Spread mylar (Type S, 580 pg/cmz, DuPont Nemours, Inc.) on a
3-6 mm thick Teflon sheet and tape the edges of the mylar to the sheet
to hold it tight. Remove the backing from the 19 mm outer diameter
(OD) self~adhesive paper rings and adhere them to the mylar. Use a 19

mm hand punch to punch out the eight 19 mm OD mylar circles.

Lay the mylar circles on a clear surface with the paper ring side
down in a filtered glove box, laminar flow hood, or clean room. Using
a Q-tip, clean the bottom mylar surface with toluene. Remove static
charge with Po 210 500 pc radiocactive decharger. Turn the mylar circle

over, exposing the paper ring. Clean eight 25 mm diameter glass discs
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with methanol or ethanol. Apply a thin coating of Aplezon L vacuum
grease to the 13 mm diameter center of the glass disc. Peel the back-
ing off each 25 mm OD self-adhesive paper ring and adhere it to the top
of each 19 mm mylar circle, with the 13 mm hole centered on the exposed
mylar surface. This results in a 25 mm OD substrate with a 13 mm mylar
center and a 3 mm annular ring of exposed self-adhesive on the back-

side.

Using a pair of electron microscope (EM) tweezers, place each
mylar substrate on a coated glass disc. See Figure A.l for an exploded
view. Press the outside edge of the substrate to the glass disc to
adhere it to the disc. Clean the mylar with a Q-tip and toluene. This
will also adhere the mylar to the glass disc. Decharge the mylar.
Apply 1.0 ul of a 2% by mass solufion of vaseline in toluene to the
center of the mylar, 0.50 pl at a time. Allow the toluene to eva-

porate. After properly labeling the disc, load it into the LPI stage.

A.2.2.3 Preparation of LPI-PIXE Sample for Analysis -

After sample collection remove the glass disc from each LPI stage
inside a filtered glove box or other clean area. Remove the mylar sub-
strate from the glass disc with EM tweezers. Mount the sample on a
properly labeled 35 mm slide with a 13 mm center hole. Use a guide to
insure the aerosol deposit is carefully centered on the slide frame.
This is critical since the PIXE focused beam is only 3-4 mm diameter.

Clean the backside of the mylar with a Q-tip and toluene. Decharge the
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mylar. Examine the mounted sample carefully for extraneous lint and

other contamination and remove with the EM tweezers.

Mount the slide in a 35-mm slide tray and place in a ziplock bag.
Prepare a run sheet (from Crocker Nuclear Laboratory) listing the sam=-
ple by slide and tray number. Send a copy of the run sheet and the
samples to CNL for PIXE analysis. Certified mail with a return receipt

is recommended.

A.2.3 Sample Analysis by PIXE Focused Beam

A detailed description of the PIXE analytical system 1s given by
Cahill (1975). Alpha beams from an isochronous cyclotron, possessing
energies of 18 MeV, are used to excite X-rays in the aerosol samples,
which are mounted at an angle of 45 to the incoming beam. The target
slide changer operates under realtime computer control, providing irra-
diation times of 60~120 seconds. The beam spot is made uniform by use
of an aluminum diffusion foil. The X-rays emitted from the sample are
detectgd by a S1(Li)} X~ray detector. On-line data collection and
reduction codes generate area mass densities for elements between
sodium and uranium, with minimum detectable limits ranging from a few
nanograms per square centimeter to, when interferences are present,

several hundred nanograms per square centimeter.

Internal validation of calibration is routinely performed by
analysis of 24 thin standard foils, tests of dead time correction vs.
count rate, and routine reanalysis of previously analyzed samples. In

addition, three major external interlaboratory comparisons with CNL
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PIXE have been made (Camp et al., 1973; Camp et al., 1975; Camp et al.,
1978). Based on the results, an absolute accuracy of + 107 is

achieved.

In order to analyze aerosol deposits no larger than 2 mm in
diameter, such as those obtained with the LPI, CNL has developed small
area ion beams. A significant increase in sensitivity compared to
analysis of filters is achieved using this beam on small deposits. For
example, a nominal sensitivity of 10 ng/cm2 results in a sensitivity of
1 ng for a focused beam of 0.1 cm2 area. The beam is collimated to a
nominal 3 mm diameter and its location is verified on a phosphor. A
"burn" is made on Whatman 4] paper mounted on a 35-mm slide frame for

determination of beam area and spatial homogeneity.

%

Ae2+.3.1 Determination of focused beam area and precision -

Accurate determination of effective beam area by direct measure-
ment of the "burn" on the Whatman 41 paper is rather difficult. The
effectgve area of the beam can also be calculated by placing a known
amount of material on a clean substrate and analyzing it. Since the
mass is known, the beam area can be found. Twenty-four samples were
prepared by scientists at the Energy Related Health Research Laboratory
at Davis (Hansen, 1979). These samples contained known amounts of
H,S0

2774

with plastic to check possible losses in vacuum of sulfur species. The

(NH,).SO0,, K.S0,, and hydrated ferrous sulfate; half were coated
472774 2774

data for these analyses were used to compute the precision of the

focused beam. No volatilization of sulfur species was found.
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Precisions calculated from these samples varied from + 127 for hydrated

ferrous sulfate to + 30% for K2804.

In addition, these samples were used to calculate the effective
beam area for X-ray production for the day of the analysis. This was
found to be 0.19 + 0.01 cmz, which was about 197 higher thna the meas-
ured "burn" area of 0.16 cmz- The "burn" area of the beam used to
analyze the Zilnez Mesa field samples was measured to be 0.08 cmz.
Based on the standards, this was corrected to 0.095 cm2 for determining

elemental mass values from area densities.

Accurate determination of the beam area is critical, since the
elemental masses on each sample are computed from the product of the
elemental mass area densities (ng/mz) and the beam area. Currently the
focused beam area can be measured to within + 10-20%, resulting in a
possible systematic error of that magnitude in the determination of

elemental mass.
Ae2+3.2 Elemental detection limits and field blank values -

The use of the focused beam results in enhanced sensitivities.
Due to the X-ray spectrum produced, the detection limit of one element
is influenced by the quantities of other elements present. Lower
detection limits of elemental masses are listed in Table A.l1 and apply
to a clean sample. For some elements they may be up to a factor of

three higher for heavily loaded samples.
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Table A.1l
Detection Limits and Average Blank Values

for CNL PIXE Focused Beam

Average Average
Lower Vaseline Apiezon L
Detection Laboratory Field Blank
Element Limit, ng Blank Value, ng Value, ng
Na 21 * *
Al 6 7.0 + 3.3 6 +6
Si 4 * 14 + 8
P 5 % *
S 4 3.6 + 0.8 S+ 4
Ccl 4 * %
K 2 “4el + 2.0 *
Ca 1.4 1.4 + 0.1 2 +2
Ti 1.2 * %
v 1.2 * %
Cr 1.0 * *
Mn 0.9 * *
Fe 0.9 * 0.9 + 0.9
Ni 0.8 * *
Cu 0.7 * *
Zn 1.0 * 1.7 + 2
Se 1.4 * *
Br 1.5 2.1 + 0.4 *

Pb 3.5 * *
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Both laboratory mylar blanks and Zilnez Mesa field blanks were used in
the analysis of field samples. The field blanks were first analyzed as
samples {(lab blanks were used for blank subtraction) to see if any con=-
tamination occurred due to handling. An "average" field blank was then
used for blank subtraction in subsequent analyses. Major elements on
typical impactor field blanks were primarily soil-like particles (Al,
8i, Ca, Fe), phosphorus, probably from the mylar backing material, and
sulfur from the Apiezon L anti-bounce coatings. The Zilnez Mesa ele-
mental field blank values for a 0.095 cmz beam area and a coating of

4469 pg/cm2 Apiezon L vacuum grease are shown in Table A.l.

Three laboratory mylar blanks were coated with 125 + 30 pg/cmz
vaseline at Caltech and analyzed by PIXE focused beam with a beam area
of 0.08 cmz. The results are shown in Table A.l. Although twice the
mass area density of the Apiezon L, the vaseline had a lower sulfur
blank. This was verified by FVFPD analysis of Apilezon L applied to
stainless steel strips. The higher Apiezon L silicon blank is probably

due to contamination in handling and not to the grease itself.
A.2.3.3 Estimate of precision from field samples -

Ten samples were randomly selected from the Zilnez Mesa and air-
borne samples and reanalyzed at the end of the analysis run in August
1979 with a calculated 0.095 cm2 beam area. The same set was subse-
quently reanalyzed in September 1979 with a larger beam area of 0.19
cmz. For five major elements the ratio of the repeated run value to

the original value was calculated for each sample. For each element



the average ratioc and its standard deviation was calculated. The stan-

dard deviation for each element was used as the precision of the

focused beam measurements. The results are shown in Table A.2. Because

the samples were collected in very clean air and were not heavily

loaded, this test of precision is considered to be a rather stringent

one. The field blank precisions for the smaller focused beam were

found to be slightly lower than for the laboratory standards and

slightly higher than those determined from the 1978 interlaboratory

comparison (Camp et al, 1978).

Table Ao 2
Estimate of CHNL PIXE Focused Beam Precision

From Repeated Measurements of Field Samples

o

Precision, %

Element Beam area Beam area
0.095 cm” 0.190 cm?

Si 17 21

S 8 19

K 16 17

Ca 13 21

Fe 8 29
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A.3 RESULTS

A+3.1 Aerosol Sulfur Mass Balance

Total fine aerosol sulfur concentrations were determined from the
Zilnez Mesa field samples by three techniques, in addition to the ion-
chromatographic determination of sulfate. The Nuclepore filters were
analyzed by PIXE for sulfur and by liquid ion chromatography for sul-
fate. Each of the LPI’s provided size resolved sulfur distributions;
the total concentrations were found by summing the contributions from
each stage. It was assumed that all the fine aerosol sulfur was sul-
fate. The results of the comparison are discussed in Chapter 3 and
shown in Table 3.7. Table 3.8 provided the average ratios and standard
deviations of the different determinations of sulfate concentration.
Agreement among all methods was good, although the LPI-PIXE sulfate
total averaged 2-9%7 lower than the other techniques and the LPI-FVFPD
sulfate was 4-87 high. The LPI-PIXE discrepancy was probably due to
error in the determination of the alpha beam area. Sample times for
the LPI operated for FVFPD were, in general, not equal to the other

techniques. Thus, its comparison with the other techniques is subject

to some error.

A+3.2 Mass Balances for Other Species

In a manner similar to that used for sulfur, the total concen-
trations of other elements can be found by adding the contributions
determined by PIXE analysis of each LPI stage. The total was compared

with the concentrations of those species determined by PIXE analysis of
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the Nuclepore filters. The results for each episode are summarized in
Table 3.9, The LPI samples consistently contained small quantities of
Al, Zn, and Pb which were below detectable limits by PIXE analysis of
Nuclepore filers. With the exception of sulfur, which was found zlmost
exclusively in particles of less than 2 pm aerodynamic diameter, higher
elemental mass concentrations were determined by LPI-PIXE than by PIXE
analysis of the Nuclepore filters. This is probably due to loss of
larger particles from the uncoated Nuclepore filter. The cyclone is
operated in such a way that the fine particle airstream flows verti-
cally. Particles are collected on the underside of the Nuclepore
filter. Gravitational forces may exceed van der Waals and electro-
static forces for the coarse particles, resulting in their loss by sed-
imentation. Handling of the filter may also result in loss of larger

particles from the filer.

It was found from the LPI-PIXE results that Si, Ca, and Fe were
found almost exclusively in particles greater than 1 pum aerodynamic
diameter, whereas a substantial fraction of K was often found in the
fine mode, particularly during forest fire episodes. When only parti-
cles less than 2 pm aerodynamic diameter were considered in the LPI-
PIXE results, the agreement with the filter measurement is acceptable.
Thus, the coated impaction surfaces of the LPI are more efficient than
the Nuclepore filter in collecting the fraction of coarse material

which passed through the cyvclone.
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A.3.3 Comparison of Sulfur Aerosol Mass Distribution: PIXE vs FVFPD

A total of 11 Zilnez Mesa samples and 4 airborne samples were
used to compare the agerosol sulfur mass distributions determined by
LPI~-PIXE and LPI-FVFPD. The alrborne samples chosen had higher average
sulfur concentrations than the Zilnez Mesa samples. The FVFPD is a
somewhat more sensitive technique, with a smaller sulfur blank, 1-2 ng,
due to the vaseline coating, and is specific to sulfur. Because of its
previous agreement with other measurements of aerosol distributions in
sulfur-dominated laboratory and field experiments, FVFPD was used as
the standard in this comparison. Sample times for LPI-PIXE varied from
less than 4 hours (airborne) to over 47 hours at Zilnez Mesa. Since
different sample times were used with each technique, the results of
any one episode would not be strigtly quantitative. Because of the
generally very clean air sampled, a number of the PIXE samples had
values within a factor of two of the mean field blank value of 9 ng S.
This was almost always true for LPI stages 1 and 2 (Da > 2 pm). These
stages were not used in the comparison, except to note that both tech-~
niques agreed in the general lack of any significant sulfur in the

coarse particles.

A comparison of the two techniques can be seen in Figure A.2, the
composite sulfur distributions obtained by averaging the 15 distribu-
tions of each. It is seen that agreement is good for particles greater
than 0.50 pm, which are collected near atmospheric pressure in the LPI.
However, the distributions diverge for particles collected in the low

pressure stages (D8 < 0.50 pm). This is probably due to bounceoff of a
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fraction of particles from stages 5 and 6 to stages 7 and 8 in the PIXE
samples. Excellent agreement was obtained in the overall average sul-

fur concentrations determined by the two techniques--486 vs. 482

ng S/m3.

These results indicate that stage 8 was efficient in collecting
the particles that bounced from earlier stages but the reasons for this
are unclear. The Apilezon L coating of 45-69 ngfcmz did not eliminate
bounceoff of the submicron aerosol at the high jet velocities of up to

300 m/sec in the low pressure stages.

The collection efficiency obtained by doubling the Apiezon L
coating to 90-140 pg/cm2 was compared with vaseline. Each coating was
applied to baked stainless steel itrips which served as impaction sur-
faces for the LPI stages. Seven ambient samples using each coating
were collected in Pasadena between February 23-28, 1980, under unusu-
ally clear, dry conditions and analyzed for sulfur by FVFPD. Sampling
times for each coating were identical and were comparable to those of
the VISTTA samples, from 6 to 18 hours. No cyclones were used to
remove coarse particles upstream of the LPI“s. The results of the com-
parison are seen in Figure A.3. The increased application of Apiezon L
resulted in a composite sulfur distribution which agrees well with that
obtained with vaseline coating. No significant bounceoff of particles
to Stage 8 is evident. Excellent agreement was obtained in the average

total sulfur concentrations determined by the two coatings~--435 vs 428

ng S/m3.
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Thus, bounceoff of submicron dry particles is evident with
Apiezon L coatings of 45-69 pgfcmz but is minimized by doubling that
amount. Unfortunately the sulfur blank also doubles to about 20 ng, a

factor of 5-10 higher than that of vaseline.

A.3.3 Pasadena Elemental Mass Distributions

One LPI-PIXE sample was collected on the roof of Guggenheinm
Laboratory at Caltech from 1127-1437 PST, February 6, 1970, under poor
visibility conditions. The mylar particle impaction surface was coated
with vaseline of 90-140 pg/cm2 mass area density. No cyclone was used
t¢c remove coarse particles upstream of the LPI. This sample was used
to test the anti-bounce properties of vaseline-coated mylar with high

aerosol loadings in the LPI.

The elemental mass distributions obtained by PIXE analysis of the
sample are shown in Figures A.4 and A.5. Total elemental mass concen-
trations are shown in Table A.3. It 1is seen that bounceoff of parti-
cles to Stage 8 did not occur in the heavily loaded sample when vase-

line coating was used.

Figures A.4 and A.5 indicate the diversity in the chemical
species in the submicron Pasadena aerosol. The sulfur mass distribu-
tion is similar to that which was obtained by LPI-FVFPD from 1430-1515
PST on the same day, shown in Figure B.6. Lead is found in substantial
quantities, 3.14 pg/m3, and its mass distribution is bimodal. Unlike
the remote desert samples, iron is found in the Pasadena submicron

aerosol. The submicron distributions of zinc, potassium, and bromine
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Table A. 3
Elemental Mass Concentrations Determined by LPI-PIXE,

Pasadena, 1127-1437 PST, February 6, 1980

Mass Concentrgtion

Element ug/m
Al 0.22
Si 1.40
8 6.28
K 0.53
Ca . 1.17
Ti 0.10
v . 0.02
Mn 0.06
Fe 1.46
Ni 0.05
Cu 0.10
Zn 0.72
Br 0.43

Pb 3.14
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in the Pasadena sample are easily determined with LPI-PIXE. Many meas~
ured species accumulated in the 0.5 to 1.0 pm particle diameter range,

which is efficient for light scattering.

A.4  SUMMARY AND CONCLUSIONS

The calibrated low pressure impactor and the focused beam PIXE
technique have been used together to permit elemental aerosol analysis
at the nanogram level from 0.05 to 4 pm aerodynamic diameter. Using
prepared standards and field samples the precisions for major species
are measured to be 10-20%. Accurate determination of the beam area is
necesgsary and currently limits the accuracy of the technique. Total
aerosol sulfur concenératioas using the LPI-PIXE technique are in good
agreement with three other techniques. Coarse particles are collected
with greater efficiency using the‘lPI than with Nuclepore filters.
Using a cyclone preseparator and Aplezon L coatings of 45-69 pg/cmz, no

bounceoff of coarse particles was found in field samples collected with

the LPI.

Aerosol sulfur distributions obtained by LPI-PIXE were compared
to those obtained by LPI and analysis by flash volatilization and flame
photometric detection (FVFPD), which is specific to sulfur. Some
bounceoff of particles less than 0.5 pm diameter to lower LPI stages
was measured by PIXE analysis when an Apiezon L mylar coating of 45-69
pg/cm2 was used. Doubling the Apiezon L coating to 90~140 pg/cmz was
found to minimize the bounceoff in the low pressure stages. Vaseline

coating is recommended for future LPI-PIXE samples because of its
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better collection efficiency at the high flow rates in the low pressure

stages of the LPI, and its low elemental blank values.

It is now possible to calculate the contributions of many chemi-
cal species to the extinction coefficient from elemental mass distribu-

tions determined by the LPI-PIXE technique.
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APPENDIX B
AEROSOL ABSORPTION COEFFICIENT AND SOOT MASS DISTRIBUTIONS USING

THE LOW PRESSURE IMPACTOR AND THE INTEGRATING PLATE TECHRIQUE

B.1 INTRODUCTION

In urban areas the absorption of light by suspended particles may
contribute substantially to visibility degradation. Simultaneous
measurements of the particle absorption coefficient, bap’ and the
particle scattering coefficient, bsp’ indicate that light absorption
by aerosols may contribute from 107 of light extinction in clean back-
ground air to 50% of extinction in urban areas such as Denver (Weiss et
al.,1976; Waggoner and Charlson, 1977; Charlson et al.,1978).

As discussed in Chapters 3 and 4, bsp can be continuously measured
with an integrating nephelometer. No instrument is currently available
for routine measurements of bap' Currently the most common technique
for measuring bap is by the opal glass integrating plate technique of
Lin et al. (1973). An opal diffusing glass is used to integrate light
scattered by particles collected on the surface of a Nuclepore polycar-
bonate filter. The reduction in light intensity through the aerosol-
coated filter is assumed to be due to light absorption by the particles.
T he measurement produces a time average hap' This technique assumes that
the optical absorption properties of the aerosol suspended in air are

not changed when collected on the filter.
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Using optoacoustical techniques under controlled laboratory
conditions it is possible to measure bap due to suspended particles in
a sample chamber (Roessler and Faxvog,1979; Japar and Killinger, 1979).
Absorption of light by suspended particles generates heat and subsequently

produces a pressure rise in the chamber. Modulation of the incident

light beam at audio frequencies allows a microphone to monitor the

resultant pressure of vibrations as an acoustic signal. For dilute
samples the optoacoustic microphone response is directly proportional
to the mass concentration of the light absorbing aerosol. The average
soot mass absorption efficiencies measured in ambient air with the
integrating plate technique agree with those measured from laboratory-
generated soot by the optoacoustical technique -- 8-10 mzlg (Roessler

and Faxvog, 1979; Pierson, 1978).

In this thesis research, aerofol is collected on coated mylar

films by the low pressure impactor (LPI) for elemental analysis by part-
icle induced X-ray emissions (PIXE). The mylar is transparent and the
PIXE analysis is nondestructive. This suggests the possibility of using
the integrating plate technique to measure the light absorbed by aerosol
deposits from each stage of the LPI. Analysis of all eight LPI aerosol
deposits would then provide a particle absorption coefficient distribu-
tion as a function of 50% cutoff aerodynamic diameter -- &bap/AlogDsg.
This would be a direct measurement of the bap distribution, unlike the
bsp distributions which were calculated from the measured aerosol size

distributions in Chapters 3 and 4.

1f one assumes that all the bap is due to soot (Pierson and Russell,

1979; Rosen et al., 1977) then the soot mass distributions may be
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inferred from the measured bag distribution by means of Equations 2.6

and 2.11:
bap =J£ Ea{m,x,l)fs(x)dx
h ) =
where fs(x) dMseot/leg(D/Do) (B.1)
and X = 1og(ﬁfD0} H Do = 0.01 um

Ea is the mass absorption efficiency of soot, shown in Figure 2.2. If
one assumes histogram representations of the bap and soot distributions
with respect to particle size, then the following relation will hold for
any particle size intefval

(ébap££xi) = Eai fsi i=l, . . ., 8 LPI Stages (B.2)

E;i is the mass absorption efficiency averaged over the particle size
interval [xi, Xi+1]' In this way the soot mass concentration as a
function of particle size can be inferred from the measured Abapi’ the
known LPI 50% cutoff aerodynamic diameters DSOi’ and the theoretical
mass absorption efficiency averaged over each particle size interval.
This appendix describes and evaluates research in which the opal
glass integrating plate technique is used to measure the particle
absorption coefficient distribution from aerosol deposits collected with
the low pressure impactor. Ambient samples were collected to obtain bap
and inferred soot distributions in remote and urban locations. Balances

on bap and soot concentration were checked by filter measurements.
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B.2 EXPERIMENTAL

B.2.1 Sample Collection

Ambient aerosol was sampled with the LPI at two remote arid sites
and two urban sites to determine the particle absorption coefficient
distribution. A total of 11 samples were analyzed. A1l LPI samples used

mylar collection surfaces coated with 45-69 vg/m3 Apiezon L wvacuum grease,

Aerosol was sampled at Zilnez Mesa, Arizona, from July 27-July 13,
1979, as described in Chapter 3. Twelve LPI samples were collected.
The samples were first analyzed for elemental mass by particle induced
X-ray emissions (PIXE) at the Crocker Nuclear Laboratory, University of
California, Davis. The samples were then returned to Caltech to measure
the particle absorptiqn coefficient, bap’ from the aerosol deposited on
each LPI stage. Eight samples were analyzed. Nuclepore and Tissuequartz

filter samples were also collected

%

at Zilnez Mesa from which bap and the
soot mass concentrations, respectively, were measured.

One sample was collected at China Lake, California, from 1738-0806
PST April 2-3, 1979. The average measured particle scattering coefficient
during the sampling period was 23x10‘6m—1, compared to the 1979 annual

6 -1 .
m (Chapter 4). The soot mass concentration was

average of 25x10
determined from a Tissuequartz filter sampling during the same interval
as the LPI.

A sample was collected on February 5, 1980 in downtown Los Angeles
at the South Coast Air Quality Management District Station #87. Due to
the high soot conceptration, the sample duration was only 15 minutes,
from 0800 to 0815 PST. The site is located near a major freeway and a

railroad yard, both sources of soot. Aerosol was also collected on

Nuclepore and Tissuequartz filters for determination of bag and soot
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masgs concentration.

The last sample was collected on the roof of Guggenheim Laboratory

at Caltech from 1415 to 1500 PST on February 6, 1980, under poor visibility

conditions. Another LPI was operated during the same interval to obtain
the aerosol sulfur mass distribution by flash volatilization and flame
photometric detection (FVFPD). No filter samples were collected for
determination of 23} or soot mass concentration.
B.2.2. Sample Analysis
The time average particle absorption coefficient was measured from
light absorbed by the aerosol deposited on the coated mylar collection
sample in each stage of the LPI. The same technique was used for
Nuclepore filter samples. The experimental apparatus for making this
measurement is shown in Figure B.l. Coherent light at a wavelength of
0.6328 um is provided by a SpectralPhysics Model 135 5 mW He-Ne laser.
The light passes through a 0.25 mm diameter optical fiber (Fiber Optics
Development Systems, Santa Barbara, CA) and illuminates the sample.
Using the self-adhesive surface, the mylar sample is fastened to a 38 mm
diameter opal glass disc. Opal glass is a diffuse radiator. The aerosol
deposit faces away from the glass. The distance between the end of the
optical fiber and the aerosol deposit is about 0.76 mm (0.030 inch).
Light striking the aerosol deposit can be scattered or absorbed.
The forward scattered light is collected by the opal glass and reradiated.
The backscattered light is not collected, but Lin et al ,(1973) show
that its contribution to total scattering is small. Any reduction in
light intensity from the sample is therefore due to light absorption.

The intensity of the light radiated from the opal glass is measured with
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a Fairchild FPT 120 phototransistor 19 mm from the opal glass. The

phototransistor is mounted in a copper housing which contains a 1.4 volt

hearing aid battery power supply and a 10 ki resistor. The photo-
transistor collector current is applied across the resistance and
measured as a voltage with a digital voltmeter (DVM).

The light intensity variation across the aerosol deposit can be
determined by varying the location of the deposit with respect to the
light beam. This is accomplished with a microscope vernier attachment
which can vary the position of the deposits in the plane perpendicular
to the light beam to within + 0.05 mm.

The phototransistor was calibrated with Kodak No. 96 Wratten gelatin
neutral density filters of known opacity which were affixed to the opal
glass. The results are shown in Figure B.2Z.

Because the illuminating end of the optical fiber is about 0.76 mm
from the sample deposit, the effeégive area of the beam at the sample
is larger than the optical fiber cross sectional area. The spatial
intensity distribution at the opal glass was measured to estimate the
effective diameter of the beam. A small strip of opaque black electrical

tape was affixed to the opal glass. The strip was moved relative to the

beam with the vernier, resulting in a unit step of I/I0 =1 to I/Io 0.
The relative intensity with respect to position in the beam was measured
and plotted on a probability scale in Figure B.3. The linear behavior
between 0.1 - 1.0 mm indicates that the intensity distribution is
approximately Gaussian in this range. The effective width of the beam

is estimated from twice the measured standard deviation, which is 0.53 mm.

This is smaller than the LPI aerosol deposits, which vary from 0.7 to 2.0

mm diameter.
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Figure B.2. Voltage-intensity calibration curve for Fairchild FPT 120
phototransistor. Light source was 5 mW He-Ne laser.
Light intensity was varied with neutral density filters

which were affixed to opal glass between laser and photo-
transistor. ’
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Cumulative sgpatial light intensity distribution from laser
at opal glass surface, 0.75 mm from end of optical fiber.
Strip of black tape affixed to opal glass was moved
laterally across beam to vary the intensity detected at
phototransistor. The linear intensity plot on the prob-
ability scale between 0.1 and 1.0 mm indicates that the
spatial intensity distribution is approximately Gaussian
in this range. r=0 corresponds to the edge of the beam
where light first detected with phototransistor.
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B.2.2.1 Lower Detection Limit -

The lower bap detection limit is determined by the fluctuations in
the laser output. After 2 hours of warm-up, the He~Ne laser intensity
typically fluctuated at + 1% of its mean value. Doubling this value
results in a detectable IO/I = 1.02. The bap lower detection limit can
be calculated from bap = A/S fn (IO/I), where A is the aerosol deposit
area and S is the volume of air sampled (Lin et aly31973). The bap
lower detection values were calculated for a 1.0 mm diameter aeroscl
deposit and an LPI flow rate of 1.0 liter per minute. The bap lovwer
detection limits, which are dependent on sample time, are shown in
Table B.1. Necessary .sample times would vary from 5-60 minutes in an
urban area to 10-40 hours in clean background air.

Table B.1. Particle Absorption Coefficient Lower

Detection Limit vs LPI Sample Time

Sample time, bap Lower detection
hr limit, 10 %0t
0.01‘ 26.0
0.10 2.6
1.0 0.26
10.0 0.026

100 0.0026
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The lower detection limit for the inferred soot mass is determined
by the IO/I = 1.02 lower limit. The relationship between the mass of
deposited soot for LPI stage i, Aﬁi, the aerosol deposit area, Ai’ and

the soot mass absorption efficiency, %&, is
LM, = (Ai/Ei) n (Ioll)i i=1,...,8

Assuming a 1 mm diameter aerosol deposit and a mass absorption efficiency

of 8 mz/g, the lower detectable limit is 2 ng soot.

B.2.2.2 Dynamic Range -
The Beer-Lambert equation which relates the relative intensity over
the path length to the extinction coefficient applies only to a dilute

suspension. It is therefore estimated that the Beer-Lambert expression

will be true to within 10% if

.70 < (I/Io) <1
Given the lower detection limit of IO/I = 1.02, this results in
.36 > {bap/(A/S)] > .02

Thus a dynamic range of about 20 is possible with this technique, both

for bap and inferred soot mass.
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B.3 RESULTS
B.3.1 Particle Absorption Coefficient and Soot Mass Distributions

The results for the samples collected at Zilnez Mesa are described
in Chapter 3 and summarized in Table 3.5. Although the total particle
absorption coefficient varied from sample to sample, the normalized
distribution remained rather constant. The distribution, shown in Figure
3.4, was broad with a peak due to particles of 0.26-0.50 um aerodynamic
diameter. The soot mass distribution was inferred from the measured
particle absorption distribution using Eq. B.2., The soot distribution
averaged over the eight samples collected at Zilnez Mesa is shown in
Figure 3.8. The peak in the soot mass distribution occurs in particles

:

between 0.50 -1.0 um diameter. This is because the theoretical mass
absorption efficiency of carbon spheres between 0.5 and 1.0 uym diameter
is low, whereas an appreciable amount of absorption was measured in this
size range. This resulted in a higher inferred soot concentration at
this size.

Thé results for the Los Angeles and Pasadena urban samples are
strikingly different than those obtained at the remote Zilnez Mesa. The
particle absorption coefficient distributions measured at these urban
sites are shown in Figure B.4. The total bap measured from the LPI
samples was 48 x 10-6 mﬁl and 163 x 10—6 m.l for Pasadena and Los
Angeles, respectively. These values are about 100 times greater than
those measured at Zilnez Mesa. The particle absorption coefficient at

the Los Angeles site, near fresh combustion sources, was due almost

exclusively to particles of less than 0.2 um aerodynamic diameter.
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This contrasts with the particle scattering coefficient, bsp’ which

is dominated by contributions from particles larger than 0.2 um diameter
(Ensor et gl., 1972). The Pasadena particle absorption coefficient
distribution is somewhat broader than that of Los Angeles. The Pasadena
site at Caltech was not located as close to fresh soot sources as the
Los Angeles site. Perhaps the Pasadena distribution wag a mix of new,
smaller diameter soot and older, coagulated socot.

The Los Angeles soot mass distribution was inferred from the
measured particle absorption coefficient distribution using values of
m=1.56 - 0.471 and p = 1.0 g/cm3 and is shown in Figure B.5.

Summing the contributions from each LPI stage, the total soot mass con-
centration was 24 ug/mB. This compares favorably with a

7-9 AM average value of 20 ug/mB\seot which was measured by light
reflectance from Tissuequartz filter samples by Washington University.

On Figure B.5 the Los Angeles soot distribution is compared with an
aerosol volume distribution measured from laboratory diesel engine

exhaust (Kittleson and Dolan, 1979). The volume distribution was measured
with a Thermo Systems Electrical Aerosol Analyzer. It is seen that the
inferred ambient soot distribution obtained near fresh combustion sources
is quite similar to that measured from laboratory diesel engine exhaust.

The soot distribution obtained in Los Angeles is quite similar to
the distributions of benzo[a]lpyrene (BaP) and coronene (COR) measured by
Miguel and Friedlander (1978) in Pasadena. They collected ambient aerosol
in 1976 and 1977 with the LPI using 25 mm diameter quartz discs coated

with vaseline as impaction surfaces. After extraction with benzene,
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aerosol deposited on each stage of the LPI was analyzed for BaP and COR
by thin laver chromatographic and spectrophotofluorometric analysis.
They found that the mass distributions for both BaP and COR peaked
between 0.075 - 0.12 um aerodynamic diameter. About 757 of the BaP and
857 of the COR mass was associated with particles of aerodynamic diameter
less than 0.26 ym. The similarity between the soot, BaP and COR mass
distributions is consistent with the hypothesis that BaP and COR adsorb
on the soot at the source, rather than being emitted into the atmosphere
and being subsequently scavenged by the ambient aerosol. Indeed, Pierson
(1978) and Japar and Killinger (1979) have found that soot particles tend
to be very porous and plugged with other hydrocarbons.

As shown in Sections B.2.2.1, soot mass can be inferred with nanogram
sensitivity from aerosol deposits obtained with the LPI. This is
comparable to the sulfur sensitivity obtained from FVFPD analysis of
aerosocl collected with vaseline coated stainless steel strips in the LPI.
Simultaneous soot and sulfur aerosol distributions may now be obtained
for particles greater than 0.05 um aerodynamic diameter. A sampling
time of 0.5 to 1 hour is required for typical urban aerosol. Figure B.6
shows the results of such a measurement, made on the roof of Guggenheim
Laboratory, Caltech, February 6, 1980. The sample duration was 45 minutes.
The soot mass distribution was inferred from the absorption distribution
using values of m = 1.56 -0.471 and p = 1.0 g/cm3. The total soot and
sulfur mass concentrations were 8.9 and 8.1 ug/mB, respectively. It is
seen in the figure that the mass distribution for each species is broad,
but that the maxima in the distributions occur at different particle

sizes.
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B.3.2. Particle Absorption Coefficient and Soot Mass Concentration
Balances

By summing the contributions of each stage of the LPI, the total
particle absorption coefficient and total soot concentration can be
determined for each sample episode. The totals were also determined from
filter samples. As indicated earlier, for most samples aerosol was
collected on a Nuclepore polycarbonate filter and a Pallflex Tissuequartz
filter. The total bap was measured using the same technique for the
Nuclepore filter as for the LPI deposits. By scanning the filters with
the vernier, it was found that the aerosocl deposit was very uniform
across the Nuclepore filter. Total graphitic carbon was determined from
the Pallflex filter by Washington University using calibrated optical

reflectance.

The results of the bap and sggf balances are shown in Table B.2.
It is seen that the total bap determined from the LPI samples averaged
about one-~half the bap determined from the Nuclepore filter samples.
However, the total soot concentrations inferred from the LPI samples
agreed with those measured from the Pallflex filter samples when a
refractive index of 1.96 - 0.66i and particle density of 2.0 g/cm3 were
assumed. When m was assumed to be 1.56 - 0.4741i and p = 1.0 g/cm3, then
the LPI inferred soot values decreased by a factor of about 2, consistent
with the discrepancy in the measurements of the absorption coefficient.

It is assumed in this study that the bap measured from the Nuclepore
filter samples is the correct value.

The most probable source of the lower bap obtained with the LPI
samples is the agglomeration and close packing of the particles which

results from their impaction on the LPI collection surface. The mass



Table B.2, Particle Absorption Coefficient, bap’ and Soot

Sample

China Lake
4/2/79

Zilnez Mesa
6/27/79
6/29/79
7/2/79
7/3/79
7/7/79
7/9/79
7/10/79
7/11/79

Los Angeles
2/5/80

Pasadena
2/6/80

Concentrations:
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Comparison of Low Pressure

Impactor Results with Filter Measurements

b ,10”6m'1
ap
LPI Filter
0.43 -
0.68 1.6
0.85 2.0
0.95 3.3
©1.30 3.9
0.87 1.9
0.39 0.4
0.48 0.8
0.39 0.9
163 281
48 -

soot,ug/m3
LPI Filter
0.12 0.12
0.17 0.2
0.21 0.2
0.23 0.2
0.30 0.3
0.20 0.2
0.087 0.1
0.13 0.1
0.085 0.3
41 20
12 -

Nuclepore polycarbonate filter used for ba

Pallflex Tissuequartz filter used for soot.

LPI soot inferred using m = 1.96-0.661 and p = 2.0 g/cmB.
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Lin et al. (1973). Each deposit is illuminated using light of
A = 0.6328 um passing through a 0.25 mm diameter optical fiber.

It is assumed that carbon soot is responsible for the light absorp~-
tion by particles. Soot mass distributions were inferred from the absorp-
tion measurements assuming spheres of two different refractive indices
and densities: 1.96-0.66i, 2 g/cn® and 1.56-0.47i, 1 g/cm>. A sensitivity

of about 2 nanograms soot is achieved with this technique.

An average mass absorption efficiency of 8-10 m2/g was calculated
from the ba and soot mass concentrations measured from filter samples
collected at Zilnez Mesa and Los Angeles. This value agrees with measure-
ments by previous investigators of ambient and laboratory soot. The
value is consistent with m=1.56 -0.471 and o = 1.0 g/cmB, as suggested
by Dalzell and Sarofim (1969), seen in Figure 2.2. These values are

recommended for inferring the soot mass distribution from measurements

of bap with samples collected by the LPI.

It was found that light absorption in Pasadena and Los Angeles was
due primarily to particles less than 0.2 um diameter. The inferred
soot distributions were found to be quite similar to those measured

from laberatory diesel engine exhaust. Agreement was found between

banzo[a]pyreﬁe, coronene, and soot mass distributions taken on different
days in the Los Angeles basin.

The particle absorption coefficient measured from LPI samples was
considerably lower than that measured from Nuclepore filter samples.
Particle agglomeration on the LPI deposits is suspected as the principal
cause of the discrepancy. Because of this gystematic error, this tech-

nique is only semi-quantitative at the present time.
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density, in ﬂg/cmz, of aerosol deposited on the LPI spots is 10-15 times
higher than that on the Nuclepore filter. This could result in reduced
absorption efficiency due to the formation of larger particles by
agglomeration on the impaction surface. 1In some cases, the mass density
of absorbing particles was sufficiently high to cause transmissions
(I/IO) of less than 50%,out of the Beer-Lambert dilute range. The
measurement would underestimate the true contribution of these particles
to absorption when suspended. The agglomeration effect would be
maximized for particles originally of D > 0.2 uym. It is seen in
Figure 2.2 that the agglomeration could reduce their mass absorption
efficiency. However, for particles less than 0.1 um, the effect is not
so pronounced. Therefore, one should see the least discrepancy in total
absorption measured between the LPE and the Nuclepore filter samples
when the distribution is dominated by particles of less than 0.1 um.
This is consistent with the Los Angeles and Zilnez Mesa results. The
bap values agree more closely with the Los Angeles sample than with the

Zilnez Mesa samples, consistent with the differences in their distributions.

B.4 SUMMARY AND CONCLUSIONS

This appendix described a technique which has been developed to
determine the particle absorption coefficient distribution as a function
of aerodynamic diameter from 0.05 to 4 pm. The calibrated 8-stage low
pressure impactor (LPI) is used to size segregate aerosol on coated mylar
films backed by glass discs. The particle absorption coefficient on each

stage is measured using the opal glass integrating plate technique of
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APPENDIX C
DETERMINATION OF AEROSOL MASS DISTRIBUTIONS USING THE LOW

PRESSURE IMPACTOR AND THE TWOMEY NONLINEAR INVERSION ALGORITHM
C.1 INTRODUCTION

In order to estimate the contributions of aerosol chemical species
to the extinction coefficient, their distributions with respect to
particle size must be known. Figures 2.1 and 2.2 showed that the
theoretical mass extinction efficiency of suspended particulates is
strongly particle size dependent, exhibiting strong variations between
0.1 and 1.0 um. For example, a spherical particle of refractive index
1.54 and diameter of 0.4 um has a mass scattering efficiency at a wave-
length of 0.53 um which is 20 times higher than that of a 0.1 um
diameter sphere of the same refractive index. Most ambient aerosol dis~
tributions exhibit large variationg throughout the submicron particle
size range. Mass median diameters in the submicron range are found to
be between 0.2 and 0.5 um. The calculated particle extinction is a
convolution of the mass extinction efficiency and the mass distributions,
which are both strongly size dependent in the submicron particle size
range.

In this study the species mass distributions are determined from
samples collected with the calibrated low pressure impactor (LPI). While
the LPI is capable of size segregating particles throughout the sub-
micron range, there is "crosstalk" between stages. The mass distribution

data are typically plotted as AMi/&logD where AMi is the mass

501’
collected on stage i, and AlogDSOi is the logarithmic particle size

interval between the 50% efficiency cutoff diameter for the ith stage

and the one preceding it. The use of this distribution may lead to
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errors in the calculated extinction coefficient. There is a need for a
more accurate mass distribution which is more finely resolved over particle
size and which takes account of the calibration data of the LPI.

A variety of inversion techniques are available to obtain size dis-
tributions from measured values and calibration data. A review and
evaluation of some of the data inversion techniques applied to impactors
can be found in Cooper and Spielman (1976). More recent work on general
analytical inversions to infer particle size distributions from optical
measurements can be found in Fymat and Mease (1978). The technique chosen
for use with the LPI is a nonlinear 1terative algorithm by Twomey (1975).
Its chief advantages are that it assumes no functional form, such as
lognormal, for the solution, and that the size resolution in the inverted
distribution may be determined by ;he size resolution in the calibration
data instead of the 50% cutpoints.

This appendix discusses the application of the Twomey nonlinear
iterative algorithm to invert mass distributions obtained with the LPI.

Questions of uniqueness, convergence, sensitivity to calibration data,

and other characteristics of the Twomey algorithm are discussed.

C.2 BACKGROUND

The low pressure impactor (LPI) size segregates aerosol into eight
stages having 507 cutoff diameters from 0.05 to 4.0 um aerodynamic
diameter. The LPI has been calibrated using monodisperse spheres from
0.01 to 6 um diameter (Hering et al., 1979; Hering et al.,1978).

Because of the large range in diameter it is convenient to introduce the
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dimensionless size parameter x = 1og(D!DO}. For convenience, Do is
chosen to be 0.01 uym, the lower calibration limit of the LPI. For the
LPI the size parameter x would range from about O to 3. From the
calibration data one obtains the ¢ollection efficiency Ei(x) for LPI
stage i. Ei(X} represents the efficiency of collection of stage i for
particles of size x in the absence of the other stages. Ei(x) varies
from 0 to 1. To obtain the performance of stage i while all stages are
operating simultaneously, one calculates the fractional collection
efficiency, Ki(x), for each stage. Ki(x) may be calculated from the
measured Ei(x). It represents the fraction of particles of size x
collected by stage i. To calculate Ki(x) one determines the fraction
of particles of size x which penetrate the previous stages 1, 2, . . .,
i-1, and then multipliés this fraction by the collection efficiency
Ei(x). The fraction of particles, Fi—l(x)’ penetrating the previous

Bl

stages is

P G0 =1 - Ei_l(x){. .. [1 - B, (0 { 1-E, GO[1 - E; ()] }] : }

Then Ki(x) = Ei(x) Fi~ (x) i=2, .. .,8

1
and KI(X) = El(x).
Since monodisperse particles of only a finite number of sizes were
used to calibrate the LPI, Ei(x) and Ki(x) are not known continuously
over x. If it is assumed that the efficiencies are a continuous function

of the Stokes number then the Ei(x) may be interpolated from measured

values of Ei{xl) and Ei(xz) for xl<x<x2.The work of Marple and Lui(1974,1975)
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has shown this assumption to be good. From the measured values of Ei
at discrete values of % (Hering et 21.,1979; Hering et al.,1978)
Ki(x) has been calculated and then interpclated to provide a continuous
function. The results are shown in Figure C.1. It is seen that the
collection efficiency has a strong dependence on particle size. The
steepness in slope and the agreement with theory lead to knowledge of
Ei(x} and Ki{x) which are more finely tuned on x than the 507 cutoff
size intervals.
If the LPI is 1007 efficient in collecting particles of size x,
then
8
igl Ki(x) =1
When operating with the ATHL cyclone preseparator (John and Reischl,
1978), this is approximately true Eer aerodynamic diameters ranging
from 0.1 to 1.0 um.
The deposits on each of the LPI stages may be analyzed for elemental
mass. Let Mi be the mass of the element of interest measured on stage i.
From the known masses, Mi’ and the known kernels, Ki(X)’ one would like

dM/dx. The problem

]

to determine the unknown mass distribution £(x)

may be stated as follows:
M, =f K, () f(x)dx i=1, ...,8 (c.1)
i o i

where Mi >0, 0¢< Ki(x) <1, and f(x) > 0.
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In general this is an ill-posed problem for a continuous f(x)
because of lack of uniqueness. If we let f*(x) be a solution to Eq.
C.1, it is generally possible through the Gram-Schmidt process

(Franklin, 1968) to find another solution f**(x) such that
+
F2%(x) = £%(x) + ef (%)

where f+ is orthogonal to each of the kernals Ki(x):

_i‘K,(x)f+(X)dx = 0 i=1, ..., 8
5 i

In the limit of N » = the governing equation C.1 takes the

form of Fredholm integral equation-of the first kind:

M(y) = [R(x,y)f(x)dx
e

Even théugh the information is now much greater by M and K being known

continuously on ¥y, this equation can only be solved exactly for a

limited number of cases where K(x,y) has a particular form (Fymat, 1979).
If we relax the requirement in Eq. C.1 that f(x) be determined

continuously over x and if we are interested only in solutions on a

certain interval, say 0<x<3, then the set of all functions satisfying

Eq. C.1 over the interval may fall into quite acceptable limits.
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C.3 CASES WHERE UNIQUE SOLUTIONS EXIST

C.3.1 Discrete Distribution

Equation C.1 may be rewritten as a sum of integrals over finite

intervals:
N xj-+ij N
o= 1/ K ®Emdx= ] KT, ax; i=1,.-.,8 (C.2)
* =1 =x + i=1 J J
h|

where the overbar denotes the average over the interval {Xj’xj+ﬂxj]'
Simplifications using this form may result in unique solutions.

For example, consider the set of kernels given by

These step functions would result from an ideal impactor which sizes

perfectly. Then, from Eq. C.2, we would obtain

[}

M

1 Axi [r- f(x)}i = &xi f(x)i i=1, .. .,8

where the f(x)i is the average value over the interval. This results

in
M

- 1 -
f(X)i ~—g£-i‘ i=1, .. . ,8 (C.3)
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In this case we learn only the average of the mass distribution over

the interval -~ a histogram. There are obviously an infinite number

of functions which have the same average over each interval. This,
however, is not critical if we are satisfied only with the average.

I1f we seek the average, it is uniquely determined by Eq. C.3. It is
common to plot impactor mass distributions in the form above by assuming
the instrument response is ideal. The data are plotted in a histogram
as a function of 50% cutoff diameter assuming all particles above

D are collected by stage i. As Cooper and Spielman (1976) point out,

501
this provides satisfagtory results when the instrument resolution is

high relative to the variation in the distribution f(x). If f(x) is a
broad function the inaccuracy may Ee quite acceptable. This is generally
not the case for most aerosol distributions and impactors.

It is possible to retrieve one other unique distribution from Eq. C.2

if a different assumption is made. If we assume a histogram representa-

tion of f(x)

flx) = fj for x, < x < x, C.4)

We then obtain

where K,, is the average of the kernel function for stage i over the
1]
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interval [Xj,xj+l]:

1f we set N = 8 and choose the Xj cutpoints conveniently, such as 50%

efficiency cutoffs, then we have

=
i
Il ~100

[Eiijj] £, oi=1,...,8 (c.5)

i=1

This is a system of & equations in 8 unknowns, f. This problem is well
posed if the matrix [ingxj] has an inverse. This technique is probably
the simplest way to deal with "crosstalk" between the LPI stages. This
approach suffers from the fact thaf the assumption, Eq. C.4, may not be

good if the function varies substantially within each 50% cutoff interval.
C.3.2 Continuous Distribution

It may be possible to obtain a unique solution for f(x) if it can be

expressed as a linear combination of the kernels, Kj(x):
8
f(x) = ] a,k, (x)
j=p 33

This would result in the following simplification:
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where éij = (Ki’Kj) =.£.Ki(X)Rj(X}dX

In matrix form this would be writtem as M = $A. Since éij = ¢ji’ ¢ is
symmetric. If the Kj(x} are linearly independent, then gfl will exist.

If this is the case then the coefficients aj will be uniquely determined:

f(x) will be positive definite (>0) if ¢ is positive definite, i.e.,

8 8
Il ¢

i=1 j=1

ijuiuj >0 ifu#0
for any function u(x). This will be true if and only if the eigenvalues
of ¢ are positive.

Using the calculated values of Ki(x) for the LPI, the matrix ¢ was
calculated. It was found that the Ki(x) were linearly independent and
that the eigenvalues of ¢ were indeed positive. Thus if the unknown
distribution f(x) can be represented by a linear combination of kernal
functions, then f(x) can be determined uniquely and it will be positive
definite for Mi > Q.

If we have a perfect impactor, then Ki would be unit step functions

and would be orthonormal:

¢ij =-/’Ki(x)Kj(x)dx = SijAXi
o
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This would result in ¢ =_{§», where.{}_is a diagonal matrix:

;Jﬁk:l would then be given by

fﬁxil 0. . .0
A=1o0 axte L0

= 2
0 0 . Axgl
Since A =.é>_-l_g then we would have
M
- i L
a, = 1% i=1, s, 8
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This would result in the following form for f(x):

1

. 1 TESH™
2

MZ X, < % < %
&xz 2 3
JOR I .
ng X, <x <9
ﬁxg 8
N\ 0 x > Xg’ X<X1

Thus, for a perfect impactor the omly distribution function that would
satisfy the requirement that it be a linear combination of the kernels
would be a histogram. In the limit as the number of stages approaches
infinity, the step interval would approach zero and the value of f(x)

would be determined for each X, arbitrarily close to x, The distri-

i+l”

bution would then approach a unique continuous function

dM

f(X) = E—};

C.4 TWOMEY ALGORITHM

In Eq. C.5 the number of tabular points in x was determined by the
number of measurements —— 8. An alternative scheme is to drive the

divisions in x by the information on K and its rate of change.
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The number of divisions in x can then be made independent of the number
of measurements. We may then choose small Ax intervals such that the
kernel, Ki(x), and the function f(x) are not expected to vary sub-
stantially in this interval.

The basis for the Twomey (1975) algorithm is that the unknown
function f(x) may be approximated over the interval of interest by a
linear combination of kernel functions. The variation in Ki(x) will
drive the Ax and the number of tabular points in x,N. This permits the
evaluation of the unknown function over intervals smaller than the
50% efficiency size cuts. Assuming a histogram representation for f(x),

the problem reduces to

&

N
M, = } K f.Ax, i=1,...,8 (c.6)
1 . i1 3 3
j=1
or §
M, = $.. a i=1, .. .,8
i 0=1 i &
N s —
where ¢i£ = Zl 17 oj AXJ

The ag are unknown constants.
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Instead of solving for a, directly, Twomey (19753) used a nonlinear
iterative algorithm to obtain f(xj), The value of the function at Xj

on the n+l iteration, fn+lcxj)’ is given by

£ L(x)
s S - (c.7
D 1+ (rin D Ki(xj) (C.7)
nj
where
M, M,

1

—— 1 -~
rin—.fKi(x)f(x)dx TN (c.8)
Z Ki(xj)fn(xj)&xj
31

Assuming the histogram representation for f(x), this reduces to

F

£, n+l g
~%4~w-= 1+ (r, - 1) K,, (C.9)
. in 1]
Jsn
where
Mi
l’in = —ﬁ»-‘i—-———u————- (C. 10)
z K, .f 4%,
j=1 i3 31 ]

The subscript i corresponds to the impactor stage number, while the

subscript n is the iteration number.
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As fn(x) approaches the "correct” solution then‘rinndll approach 1 and
fn+1(xj) will converge to fn(xj). An initial distribution fo(xj) must be
provided. It is usually a "fine tuned" version of the distribution

ﬁMi/élogD obtained from the measured masses Mi and the 50%Z efficiency

501

cutpoints for each LPI stage.
C.5 CHARACTERISTICS OF THE SOLUTIONS OBTAINED BY THE TWOMEY ALGORITHM

1f fn(Xj) is within the subspace spanned by the kernals Ki(xj} then
fn+l(x} will tend to stay within the subspace for small changes (Twomey,

1975). Since Ki is positive definite and Mi > 0, then fn(x) will be

£
nonnegative. Since Ki(xj) < 1, fn+}ﬁx) will remain bounded if fo(x) is
bounded.

By the method of the calculusgof variations it can be shown that if
f(x) can be expressed as a linear combination of the kernals Ki(x) then

the optimal solution, f*(x), is that which minimizes the quadratic

deviation from the initial distribution:

_/Tf*(x) - fo(x)]zdx = minimum
o

This is shown in the following derivation. The difference function,

* . . .
u=f - fo, can be expressed as a linear combination of the kernals:

8

u{x) = z CiKi(X)
i=1

o
2 o . . .
fcry/ﬂu dx = minimum, we seek a relationship between u(x) and an arbitrary
o
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function ¥ {(x) such that
7 2 .
*/'(u+e¢) dx = minimum
o
Expanding the integral,
./hzdx + e%/&zdx + 2§/ﬁ®dx = minimum

This will be satisfied if u and ¢ are orthogonal:

oo

J u)vEdx = 0
o
8 -
Since u = ZCiKi(X), then .E C}jkiwdx = (
i=1
Since not all Ci = 0, then ¥ and each of the kernels are orthogonal:
J R GwEdax=0 i=1,...,8
o]

For our inversion problem we require that

% A
M, -—fKi(x) fi(x)dx i=1, . . ., 8 (C.11)
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We then seek a y¢(x) such that
%
My =ﬁ<i<x)[f (x) + ep(x)]dx i=1, ..., 8

Letting

M{ = M, -—fKifO(x)dx

then
M;{ =fKi(X)u(X)dX -+ ngl(x)ﬁs(x)dx

This will be satisfied if Ki(x) and Y{x) are orthogonal, as required
earlier for minimization of quadratic deviation. Thus, the function

*

f (%) which satisfies the mass relationship, Eq. C.11, also insures that

its quadratic deviation from the original function fo(x) is minimized.
C.6 TEST OF THE TWOMEY ALGORITHM

A number of tests were performed on the Twomey algorithm to determine
its effectiveness in inverting the LPI data. The tests were concerned
with questions of uniqueness, convergence, sensitivity to calibration
data, and sensitivity to initial guess distributions.

In these tests the discrete form of the conservation equation was
used:

K, .f.ax, i=1, ..., 8

M, = s
1 1373773

1

|~ 2

3'..
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Consistent in the variation in the calibration data, a logarithmic
diameter Interval éxj = 0.0625 was used, resulting in 16 data points per
decade. Upper and lower bounds on the particle size domain were chosen
to be 6.0 and 0.01 um respectively. The number of intervals, N, was
equal to 45. The initial distribution, ij, was generated from the &Ki/
&logDSOi data. A fraction of the mass measured on each of the LPI stages
was assigned to each interval and then a running average was calculated.
The initial distribution, ij’ was thus simply a "fine tuned"” version of
the data. The algorithm generated a new f from £, 1 using equations

j e J,n—

C.9 and C.10. The f, was then used to calculate the mass, M?, that

s

would be collected on each LPI stage resulting from fj :
*

K,.f, Ax, i=1, . . ., 8.
j=1 9 L d

™~

M‘;=

n s
If the calculated Mi were within an acceptable error of the measured Mi

for all i, then the f, , ¥as considered to be the "correct" wvalue,
3

C.6.1 Uniqueness

There is no mathematical assurance that the inverted distribution
obtained from the Twomey algorithm will be unique over the particle size
domain of interest. To test for uniqueness, bimodal lognormal input

distributions were generated of the, i.e.,

i ¢n D, - &n D_\2]
A 1 1
f(gnd,) = ———— exp | - ~§( %n o ')
21 i oy L 1 ]
1-A 1 in Dj - ﬁnDz 2
+ exp T2 in ¢
V2T 4n o 5 2 N
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o
The function was normalized so that jﬁ £(4nD)dinD = 1.

bl 4]

The parameters A, Dl’ Dz, ol, and o were varied over reasonable ranges.

2
Masses on each stage of the LPI were then simulated from f(%nDj) using
the calibration data Ki(xj) and the relation
N

Mi =j£l Ki (Xj) f(xj) ij
These simulated masses were then used as input to the Twomey algorithm.
The inverted distribution from the algorithm was then compared with the
input bimodal lognormal distribution.

It was found thatAthe Twomey algorithm faithfully retrieved the
correct distribution from 0.05 to 2.0 pm when the cyclone separator data
were included. The useful range e;tended up to 4 ym with the absence of
the cyclone. These limits correspond to the 50% efficiency cutoff diameters
on the first and last stages of the impactor. The inversion algorithm was
capable of resolving narrow distributions have a geometric standard devia-
tion, o, of 1.1. The algorithm did not generally produce inverted dis-
tributions which were more or less narrow than the input distribution.
Some typical results are shown in Figures C.2a-C.2f.

Twomey (1975) noted that the computation time for the algorithm was
considerably longer than for the linear inversion techniques. In this
work this characteristic was noticed in cases where the allowed error
between the calculated Mg and the measured Mi was very small. For a

0.1% error, up to 1000 iterations were sometimes necessary, requiring

substantial computation time on a PDP-11/60 computer.
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When a more realistic error is used, consistent with actual measurement
error, the computation time drops radically. The error of measurement
for elements analyzed by flash volatilization and flame photometric
detection and by particle induced X-ray emissions is about 2 nanograms.
When this + 2 ng error is prescribed the algorithm usually inverts

successfully in 4 to 40 iterations.
C.6.2 Sensitivity to Initial Distribution, fo(x)

The Twomey inversion algorithm is most successful in inverting
distributions where the function f{x) can be expressed as a linear
combination of the kernel functions Ki(x). As shown before if this
linear combination criterion is satisfied, the optimum function f*(x)
is that which minimizes the quadratic deviation between it and the
initial distribution fo(x). This would indicate the possibility that
the final inverted distribution may be dependent upon the choice of
the ini#ial distribution. This hypothesis was tested by generating
bimodal input test functions as before and using a uniform constant
fo(x) = (, instead of a smooth version of ﬁMi/AlogSOi. It was found
that for a large variety of distributions there was no appreciable
difference between the inverted distributions obtained from the two

different initial distributions.
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C. 6.3 Sensitivity to Calibration Data

The calibration data are not known with perfect accuracy. The
measurements made with the monodisperse aerosols were subject to error.
The interpolation between calibration points by means of a smooth
function was also subject to error. In order to test the sensitivity
of the inverted distribution to variation in the calibration data, the

collection efficiencies, Ei(x), were randomly varied. The
mean and standard deviation in the inverted mass distribution was then
calculated. The standard deviation was then taken to be the error in
the inverted distribufion for the chosen error in the calibration data.

The cellection efficiencies Ei(x) were randomly varied using the

o

following form:

] - = .. c.12
Ei(xj) 814+ (1+62i)Ei(xj) i=1, . ,8 ( )

1
511 and ézi were normally distributed random variables between -1

and +1. These had the effect of changing the slope and "intercept" of

the collection efficiency curve for each stage of the LPI, corresponding

to errors in measured particle size and collection efficiency, respectively,

in calibration. The ﬁew‘kernels,K;(xj) were then calculated using these

Ei(xj)' The standard deviations of éli and 621 were varied from + 0.1%

(.001) to + 20% (0.20).
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It was found that no instabilities resulted in the inverted
distributions; they preserved their shape and peak. However, the
variation in thé inverted distributions was found to be quite sensitive
to variation in the collection efficiency E;(x). Typical results are
plotted in Figures C.3a-C.3e. The accuracy in the calibration data are
probably no better than +10Zcorresponding to 511 = 521 2;0.05. For

these values the resultant error in the inverted distribution is

approximately +30%7 for typical distributions.
C.7 SUMMARY AND CONCLUSIONS

The Twomey nonlinear inversion algorithm was evaluated for inverting
mass distributions obtained with the low pressure impactor (LPI). Simu-
lations on a PDP-11/60 computer indicated that the algorithm successfully
retrieved test distributions from 0.05 to 4.0 uym, corresponding to upper
and lower 50% efficiency cutoff diameters of the LPI. The computation
time required for convergence was strongly dependent on the error criteria
prescriﬁed. For errors representative of current mass determination
techniques, the convergence was typically achieved in seconds. For
typical distributions the final inverted distribution was not sensitive
to the initial guess distribution. The inverted distribution was found
to be quite sensitive to errors in the calibration data. A1l0% error in

calibration may result in approximately 30% error in the inverted

distribution.
The inversion program developed for this research provides a histo-

gram distribution of 16 values per decade in equal logarithmic intervals
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from 0,01 to 6.0 um. Values of the inverted distribution outside the
range of 0.05 to 4.0 ym may be subject to substantial error. A more
accurate determination of the particle extinction coefficient distri-

bution is now possible with the inverted distribution obtained from the

LPI and the Twomey algorithm.
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APPENDIX D. EXPERIMENTAL DATA

Low Pressure Impactor Data

o

<

d

+ + Um o

: Eg dE 3. £ 88 £f

;.?1 t’j"fé}s gE—é E—é?gz A £ B < B
CHINA LAKE 090579 0000 PSY 16.7 S 999 Y ¢ 36 B2 266
CHINA LAKE 102078 0000 PST 16.7 5 999 0 O 446 533 403
CHINA LAKE 070278 0000 PST 16.7 5 999 0 ¢ 31 79 197
CHINA LAKE 090779 0823 PBT 16.7 13 999 8 2v 23 g ¢
CHINA LAKE 090779 0B23 PST 16.7 8 999 15 26 21 0 o
CHINA LAKE 090779 0823 PST 16.7 7 999 © 18 15 ¢ 7
CHINA LAKE 090779 0823 PST 16.7 5 999 7 12 77 76 129
CHINA LAKE 090779 0823 PSYT 16.7 4 999 &6 142 132 ? 0
ZILNEZ HMESA JUN-JU L 79 AVE 16.7 B 4% 15 31 19 10 1
ZILNEZ MESA JUN-JU L 79 AVE 16.7 7 71 7 11 ¢ 11 22
ZILWNEZ MESA JUN-JU L 79 AVE 146.7 20 36% 0 11 17 63 121
ZILNEZ MESA JUN-JU L 79 AVE 14.7 5 3469 0 S ¢ 53 89
ZILNEZ MESA JUN~JU L 79 AVE 16,7 4 167 350 115 73 11 i
ZILREZ MESA JUN-JU L 79 AVE 16.7 3 O 7 40 2¢ 4 6
ZILNEZ MESA JUN-JU L 79 AVE 146.7 13 20 10 21 15 4 1
ZILNEZ MESe 042779 1920 MST 23.1 3 0 39 2% 18 8 &2
ZILNEZ MESA 042779 1920 MST 23.1 4 443 87 96 39 ¢ ¢
ZILNEZ MESA 062779 1920 MST 23.1 5 349 4] S 13 S5 50
ZILNEZ HMESA 062779 1920 MST 23.1 7 48 4% 24 S 10 12
ZILNEZ MESA 0462779 1920 MST 23.1 8 45 45 24 o 0 0
ZILNEZ MESa 062779 1920 MST 23.1 13 14 ? 19 11 2 4
ZILNEZ MESA 042879 1947 MST 17.2 3 ¢ 0 32 43 4] 0
ZILNEZ MESA O6ZB79 1947 MBT 17.2 4 229 20 77 88 0 o
ZILNEZ MESA 04ZB7Y9 1947 MST 17.2 S5 763 0 18 22 96 164
ZILNEZ HMESA 042879 1947 MBT 17.2 7 76 < S 12 6 12
ZILNEZ MESA 042879 1947 MST 17.2 8 82 4 20 19 3 4
ZILNEZ MESA 0462879 1947 MST 17.2 13 4] 0 13 12 2 4
ZILNEZ HMESA 0462979 1402 MST 23.1 3 1 0 O 43 2 0
ZILNEZ HMESA 062979 1402 MST 23.1 4 232 14 231 185 21 0
ZILNEZ MESA 062979 1402 MEY 23.1 5 949 0 ¢ 25 258 343
ZILNEZ MESA 062979 1402 MEY 23.1 7 94 1 21 23 23 23
ZILNEZ MESA 0462979 1402 MET 23.1 8 62 7 41 41 e ©
ZILNEZ MESA 042979 1402 MST 23.1 i3 57 8 3% 40 & 3
ZILNEZ HMESA 042979 1402 MST 23.1 20 949 5 15 19 227 589
ZILNEZ MESA 070279 1326 MST 20.9 3 44 15 29 32 2 S
ZILNEZ MESA 070279 1326 MST 20.9 4 214 13 239 98 32 <
ZILNEZ MESA 070279 1326 MSY 20.9 5 589 0 & 15 84 135
ZILNEZ MESA 070279 1326 MST 20.9 7 105 6 21 12 17 2%
ZILNEZ MESA 070279 1326 MST 20.9 8 67 ¢ 57 23 8 ©
ZILNEZ MESA 070279 1326 MST 20.9 13 27 5 42 23 S 1
ZILNEZ MESA Q70279 13286 MST 20.9 20 589 ¢ 7 26 178 255
ZILNEZ MESA 070379 1154 HMET 45.8 3 0 11 152 76 S5 é
ZILNEZ MESA 070379 1154 MST 45.8 4 344 71 598 259 19 o
ZILNEZ MESA 070379 1154 MST 45.8 § 304 0 13 32 116 292
ZILHEZ BESA 070379 1154 MST 45.8 7 191 10 71 A1 64 184 .-
ZILNEZ MESA 070379 1154 MST 45.8 8 B& 46 175 76 42 L]
ZILNEZ MESA 070379 1154 MST 45.8 13 30 12 109 66 13 S
ZILNEZ MESA O70379 1154 MST 45.8 20 304 0 155 125 2461 358
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Low Pressure Impactor Data {continued)

g

(o]

opd

Aot G 4 .

3 z ﬁ % 2 «g - N M s W W P~ O

3 28 B8 &« 8= BEE B B EE E @&
ZILNEZ MESA 070579 1400 MST 22,5 3 0 22 25 21 9 11 © © ©
ZILWEZ MESa 070579 1400 MST 22,5 4 154 273 41 72 4 O 29 25 62
ZILNEZ MESA 070579 1400 MST 22.5 S 300 2 3 16 28 76 S0 28 77
ZILNEZ MESA 070579 1400 MST 22,5 7 S4 13 6 & 4 10 10 O 8
ZILNEZ MESA 070579 1400 MST 22,5 € 29 10 13 15 & 4 0 13 19
ZILNEZ MESA 070579 1400 MST 22,513 © 11 9 12 0 1 0 O 0
ZILNEZ MESA 070579 1400 MST 22,5 20 300 O 14 S6 38 118 &9 45 ¢
ZILNEZ MESA 070679 1346 MST 22,7 3 0 13 19 33 6 © © © ©
ZILNEZ MESA 070679 1344 MST 22.7 4 136 17 462 88 B 0 25 40 as
ZILNEZ MESA 070679 1346 MST 22,7 S 123 ©0 1 12 34 S2 53 34 27
ZILNEZ MESA 070479 1344 WST 22.7 7 87 4 6 12 12 31 22 14 16
ZILNEZ MESA 070479 1346 MST 22.7 8 45 9 21 34 5 ©0 0 © O
ZILNEZ MESA 070679 1346 MST 22,7 13 0 1 20 14 3 0 © © ©
ZILNEZ MESA 070679 1346 MST 22.7 20 123 0 5 4 S7 74 40 11 4
ZILNEZ MESA 070779 1326 MST 22.9 3 0 © Si1 31 14 4 ©0 O O
ZILNEZ MESA 070779 1326 MST 22,9 4 139 111 136 111 14 © ©0 © O
ZILNEZ MESA 070779 1326 MST 22.9 S 150 O 2 14 57 94 S2 35 17
ZILNEZ MESA 070779 1326 MST 22.9 7 86 14 11 18 29 &0 19 13 7
ZILNEZ MESA 070779 1326 MST 22.9 8 &6 9 21 34 S5 O0 0 0 O
ZILNEZ MESA 070779 1326 MST 22.9 13 16 1 20 14 3 O ©0 O ©
ZILNEZ MESA 070779 1326 MST 22.9 20 150 © 10 4 25 47 61 28 S
ZILNEZ MESA 070879 1402 MST 22.8 3 0 © 27 26 12 9 0 © ©
ZILNEZ WESA 070879 1402 MST 22,8 4 93 201 91 106 7 7 S1 41 38
ZILNEZ MESA O70879 1402 MST 22.8 5 263 © 8 21 S3 85 75 62 33
ZILNEZ MESA O70879 1402 MST 22.8 7 56 10 9 8 12 15 12 13 0
ZILNEZ MESA O70B79 1402 MST 22.8 8 43 15 19 17 & 4 0 0 12
ZILNEZ MESA O70B79 1402 MST 22.8 13 16 4 12 11 3 ©0 ©0 ©0 ©
ZILNEZ MESA 070879 1402 MST 22.B 20 263 ©0 1 3 S2 105 88 37 11
ZILNEZ MESA 070979 1311 MST 24.1 3 0 20 66 20 O O O O ©
ZILNEZ MESA 070979 1311 MST 24,1 4 103 85123 72 ©0 ©0 ©0 O ©
ZILNEZ MESA 070979 1311 MST 24.1 5233 3 S ¢ 34 68 72 73 S0
ZILNEZ MESA 070979 1311 MST 24.1 7 17 7 & 7 7 8 4 3 4
ZILNEZ MESA 070979 1311 #ST 24.1 8 35 70 27 18 S5 2 ©0 3 ©
ZILNEZ MESA 070979 1311 MST 24.1 13 11 9 22 16 3 ©0 ©0 2 0
ZILNEZ MESA 070979 1311 MST 24,1 20 233 ©0 S 5 17 26 81 39 9
ZILNEZ MESA 071079 1458 MST 24.2 3 0 12 49 22 7 9 ©0 5 ©
ZILNEZ MESA 071079 1458 MST 24.2 4 78 8128 50 21 ©0 © ©0 O
ZILNEZ MESA 071079 1458 MST 24.2 S 150 ©0 & 7 31 &1 85 29 54
ZILNEZ MESA 071079 1458 MST 24,2 7 © 3 12 6 7 13 10 3 4
ZILNEZ MESA 071079 1458 MST 24.2 & 25 8 38 17 4 O O ©0 3
ZILNEZ MESA 071079 1458 MST 24,2 13 11 1 23 14 S5 O©0 0 ©0 ©
ZILNEZ MESA 071079 1458 MST 24,2 20 150 © © 25 32 &7 B1 19 4
ZILNEZ MESA 071179 1700 MST 41,7 3 0 0 250 45 12 0 ©0 © 10
ZILNEZ MESA 071179 1700 MST 41.7 4 142 25 324 186 87 3 © 0 23
ZILNEZ MESA 071179 1700 NST 41,7 S5 200 © 7 13 5S4 150 148 79 95
ZILNEZ MESA 071179 1700 MST 41,7 7 22 12 26 18 17 14 7 2 3
ZILNEZ MESA 071179 1700 MST 41,7 8 38 21 101 S7? 23 3 2 0 1
ZILNEZ MESA 071179 1700 MST 41,7 13 19 10 6! 41 20 3 ©0 o0 ©

T: gample time in hours

Code: 3 = Al; 4 = Si; 5 =8 by PIXE; 7 = K; 8 = Ca; 13 = Fe;
20 = § by FVFPD

3
M: elemental mass concentration by filter, in ng/m™
EMi: blank corrected elemental mass collected on stage i of LPI, in ng

999: data missing
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