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ABSTRACT

The chemical element balance receptor model is explored as
a method of determining the major contributors to the fine and total
suspended particulate in Portland, Oregon.

Its major weaknesses in previous applications are evaluated
and an attempt is made to rectify them. Aerosol source chemical com-
positions from original source tests are reported, evaluated and com—
pared with results from other source tests. A new least squares fitting
procedure which incorporates errors in the source compositions as well
as the errors in the ambient chemical concentrations is derived. The
validity of this "effective variance" least squares calculation method
is verified in a series of simulation studies comparing it to the or-
dinary weighted least squares calculations used in previous element
balance studies. These simulations show that the effective variance
least squares fit is superior in all respects. A method for identify-
ing specific sources within a source type grouping by averaging source
contributions within distinct surface windflow patterns is proposed.

To test these refinements in the chemical element balance,
filter samples of Portland's fine (<2 ym) and total suspended particulate
were taken at six locations, two background, one industrial, one urban,
one urban/industrial and one residential. Ninety-four days were sampled
between July, 1977 and April, 1978. Three or six sequential lo-vol
filter samples and one hi-vol sample of fine and total suspended par-

ticulate were taken at each site. Each day sampled was classified into



a meteorological regime based on surface windflow direction and speed.
A 32 day subset of samples was selected to represent each regime in
rough proportion to its frequency of occurrence throughout the year.
1300+ lo-vol filters were subjected to x~ray fluorescence, instrumental
neutron activation and ion chromatographic analysis for No;, 8022, F,
Na, Mg, Al, Si, s, Ci1, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Pb,
Se, As, Cd, and Ba. Volatilizable and non-volatilizable carbon concen-
trations were quantified on hi-vol filters. The data set was validated
by interlaboratory and intermethod comparisons.

Aerosol source contributions to each specimen were calculated
using the effective variance least squares fit implemented by an inter-
active computer program, *CALCEB. This routine allows the operator to
call up any set of data and to attempt fits with various sources and
concentrations.

The chemical element balance receptor model was found to be
successful in estimating major source impacts for control strategy
purposes. An average of 40-48%Z of the total suspended particulate
loading in the Portland airshed can be ascribed to geological material,
presumably the result of vehicular resuspension. 7-13%Z of the total
suspended particulate is attributed to vegetative burning (i.e. fire-
place, woodstove, slash 6r field), but this figure is somewhat suspect
because of the uncertainties in the chemical composition of emissions
from this source type. The average contributions show 1-9%Z of the
TSP coming from automobile exhaust and 2-7% due to the .intrusion of

marine background aerosol. Industrial point sources average less than



1% in their contributions; it is probable that these are upper limits.
8-14% of the total suspended particulate is due to volatilizable carbon,
3-7% is due to sulfate and 3-7%7 is due to nitrate which cannot be account-
ed for by the primary source types and could be due to secondary formatiom.
Ninety percent of the total suspended particulate is accounted for by the

balances, on the average.

The chemical element balance is compared to other receptor
models and a program of future research in the areas of source character-
ization, receptor model development, and ambient aerosol study procedures

1s presented.



CHAPTER ONE: INTRODUCTION

Anthropogenic particulate pollution of the air is a fact of
life today, just as it has been for thousands of years. It came into
being when Man 1lit his first fire, and as he discovered new ways to ap-
ply the conversion of fuel into energy, energy into sustenance and lei-
sure, and sustenance and leisure into more men, his particulate emis-
sions increased. Under certain conditions, the presence of these for-
eign species has been deemed intolerable; thus, the first royal proc-
lamation prohibiting the use of coal in London was issued in the thir-
teenth century (Halliday, 1961), though with sporadic, if any, enforce-
ment.

From then until recently the philosophy of air pollution con-
trol focused on setting standards for emissions (Halliday, 1961;
de Nevers, 1977). Much research was commissioned on fuel preparation
and combustion techniques, backyard burning was banned, industries
were required to install scrubbers, and utilities switched from coal
to low sulfur oil and natural gas. Black smoke belching from stacks,
at least in the developed countries, disappeared, the mass of emissions
was measurably reduced and air quality improvement in many areas was
noticeable.

With the advent of the U. S. Clean Air Act in 1970, the focus
switched. While not abandoning emission standards, the philosophy
changed to the establishment of ambient air quality standards, maximum

concentrations to which the general population can be exposed without



damage to life or property. The U. S. primary standard for total sus-
pended particulate (TSP) is 260 ug/m3 in a 24 hour sample not to be
exceeded more than once per year or an annual geometric mean less than
75 pg/m3 and was determined by assessing the effects of various dosage
rates through clinical, epidemiological, toxicological and laboratory
studies (U. S. Dept. of Health Education and Welfare, 1969).

Under this philosophy, even emitters meeting the emission
standards might be shut down, further controlled or prevented from ex-
panding if it could be shown that theilr discharges contributed a sub-
stantial fraction of the ambient concentration in excess of the stan-
dard.

Presently much attention is being directed to fine suspended
particulate (FSP) matter, that portion of the TSP in a size range less
than 2 ym in aerodynamic diameter (Friedlander, 1973b). Particles in
the .1 to 1 ym size range are most effective in scattering light and
are responsible for much of the haze which characterizes polluted areas.
These particles defy the impaction and interception removal mechanisms
of the human body's upper air passages because of their small size, yet
they are too massive to be eliminated by Brownian diffusion to the walls
of those passages. The result is penetration deep into the lungs
where they may cause damage. Particles of this size contain a greater
proportion of toxic substances than the larger particles. Arsenic,
lead, cadmium, sulfate and organic carcinogens have all been measured
in urban areas. Furthermore, it has been shown that most particles in

this mode are the result of anthropogenic emissions (Willeke and Whitby,




1975), mainly combustion, which might be controlled, thus foregoing
visibility degradation and possible health effects. Such controls
are costly, however, and will not be made on a specific emissions
source unless a significant amount of the fine particulate in ambient
ailr can be directly attributed to that source.

Many urban areas in the world today exceed the U. S. federal
primary standard, and even residents of those that don't violate that
standard express concern about visibility reduction and toxic sub-
stances. Leaders in these cities need to know: (1) which chemical
substances are in the fine and total fractions of the atmospheric
particulate to assess visibility and health effects and their relation-
ship to the federal primary standard, and (2) the extent to which local
anthropogenic sources impact mass loadings and how this affects the
24 hour and annual particulate concentrations in relation to the stand-
ard for the design and implementation of a control strategy.

Emissions inventories and source oriented atmospheric dis-
persion models have been used in the past to supply this knowledge.
Much uncertainty is associated with these models, however, and cor-
roborating evidence of source impacts on ambient concentrations has
been sought.

Receptor oriented models have been proposed and tested in
limited situations for this purpose, but their large-scale deployment
and the extent of their validity have not been adequatly validated.

The Portland Air Quality Maintenance Area (AQMA) has contin-

ually exceeded the federal primary standard for particulate on a 24



hour and on an annual basis. 1In 1972, Oregon adopted its Clean Air

Act Implementation Plan, as required by federal law, which set emis-—
sions standards for industrial sources and limited open burning. 'In
1974, Oregon's Environmental Quality Commission (EQC) set interim
standards limiting additional new particulate emissions to the Portland
airshed to 425 tons/year. The consequences of this limitation to the
economic growth of the region are significant, and its enforcement in
light of expanding residential area sources is difficult.

The EQC recognized the dearth of knowledge upon which this
plan was based and the Oregon State Department of Environmental
Quality (DEQ) was given a mandate to improve the data base sufficiently
to assess source emissions impact on ambient air quality. With such
solid evidence, a case could be made for the control of major contrib-
utors to TSP loadings violating the federal standard and an under-
standing of the fine particulate contributors could be gained. Since
1974, the DEQ has upgraded its monitoring facilities, refined the air-
shed emissions inventory (Seton, et.al., 1976), developed and applied
an airshed disperson model (Fabrick and Sklarew, 1975) and commissioned
the Portland Aerosol Characterization Study (PACS) application of
Friedlander's (1973a) chemical element balance (CEB) receptor model as
part of an overal data base improvement project.

The PACS progam was developed jointly by DEQ, the Oregon
Graduate Center (OGC) and Environmental Research and Technology, Inc.
(Mueller et al., 1977) and was refined substantially in progress by

DEQ and OGC personnel. The final reports for the PACS and the data



base improvement project will be available in early 1979. This doc-
ument does not attempt to answer the detailed questions they deal with.

The overall purpose of this report is to develop the concept
of receptor models in general, to evaluate and apply one, the chemical
element balance, to the task of assessing source impacts on the fine
and total suspended particulate, and to relate these impacts to federal
primary standard violations in the Portland, Oregon AQMA.

The PACS, for this purpose, should not be considered the end
product, but rather as a means of exploring the medium scale applica-
tion of the chemical element balance receptor model. Thus, emphasis
is not on the results, but on the process of obtaining those results.
Experimental design and standard operating procedures, data management
and validation, and receptor model conceptualization, applications and
limitations are examined within the context of the PACS. The inter-
dependence of these components is established, and the beginnings of
a standard methodology for aerosol characterization projects can be
discerned.

This chapter serves to put the subsequent work into historical
perspective, to point out what is to come, and to summarize the spec-
ific original contributions of this work.

Chapter Two defines a receptor model and demonstrates the
relationship to a source model. Five receptor models are identified in
the literature: the chemical element balance, enrichment factor, time
series correlation, multivariate and spatial. Their requirements,

capabilities, limitations, and similarities are discussed in a general




way and future areas of research are suggested.

In Chapter Three, one of these receptor models, the chemical
element balance, is explored in greater detail. Its limitations—-
lack of source chemical compositions, inadequate inclusion of uncer-
tainty, and inadequate validation--are reiterated and an attempt is
made to rectify them. A refined interpretation by averaging source
impact results within specific windflow patterns is proposed. This
is the first presentation of a systematic methodology to explore re-
ceptor models.

The PACS experimental design and standard operating procedures
are presented in Chapter Four. Criteria for site, filter media, samp-
ler and meteorological regime selection are laid out and the extent
to which the PACS meets these criteria is stated. Each standard
operating procedure for filter preparation, handling, and storage,
field sampling, weighing, x-ray fluorescence, instrumental neutron
activation, ion chromatography and carbon analysis is briefly summarized.
Interlaboratory and intermethod comparisons are presented to validate
the data.

Management of over fifty measurements from five standard op-
erating procedures on close to 2000 individual filters and the assoc-
iation of these measurements with sampling sites, periods and meteor-
ological conditions is not a task to be performed manually. Tha PACS
interactive miniecomputer based data management and quality assurance
system is outlined in Chapter Five.

Chapter Six contains an explanation of the application of the



chemical element balance to the PACS chemical compositions, the aver-
aged source impacts and a discussion of the implications of and res-
ervations about these results.

Finally, in Chapter Seven, the results of this work are
summarized, conclusions are drawn and areas where further research and
development are needed are suggested.

Specific orginal or unique features of this work include:

1. the explication and inter-relation of receptor models.

2. the most thorough review to date of primary aerosol
source chemical compositons and thelr uncertainties,
with many additional measurements of the fine and
coarse particulate fractions from emitters never
before sampled.

3. a new approach to least squares fitting of the chem-
ical element balance parameters which takes into ac-
count uncertainties in the source compositions as well
as uncertainties in the ambient concentrations.

4. a sensitivity test of this procedure, and more im—
portant, a methodology for performing such tests on
all receptor models.

5. averaging of source contributions within windflow
patterns for the identification of specific upwind
sources.

6. a method of selecting days for intensive analysis
that will represent the yearly mean with greater pre-
cision than a random sample.

7. an interactive, medium—-scale data management system
for implementation on a mini-computer without spec-
ialized personnel.

8. the widest application to date of the chemical element
balance receptor model for the assessment of source im-
pacts on the fine and total suspended particulate in
an urban airshed.



This is the first time that a receptor model has been verified
and applied to a large set of ambient chemical concentration data in
two size ranges. The major original contribution of this dissertation
is in beginning to systematize the understanding and application of
receptor models in this way on a routine basis. Such an undertaking
is enormous and involves an integration of data acquisition, data
management and data interpretation tasks. No single study, let alone
a moderate one (with financing an order of magnitude less than that
of the Regional Air Pollution Study in St. Louis or the Aerosol Char-
acterization Experiment in California) such as the PACS can claim to
be conclusive. Nevertheless, the work presented here represents a
major step in the synthesis and application of previous research and
should provide some guidelines for future studies, freeing more re-
sources for new explorations.

The conclusions drawn here are neither the ultimate nor the
definitive ones. Many questions remain that need to be investigated.
This document's value may be that it poses some of these questions,

and to a greater extent than before, answers them.



CHAPTER TWO: INTRODUCTION TO RECEPTOR MODELS

The relationship between particulate emissions and ambient
concentrations measured at a receptor site distant from the pollution
source is a complicated one; though a rough proportionality exists,
other variables, primarily meteorological, intervene to make the direct
correlation between source emissions and ambient concentrations a poor
one. Each of these variables is random in nature, will vary with space
and time, and may combine with other variables in a non-linear manner.
Thus, any estimation of source impact on ambient loadings is approximate
at best. The conceptualization of this admittedly complex and intract-
able "real-life" situation is a comparatively simple "model" based on
physical principles which can be used to determine the average contri-
bution of specific sources to particulate loadings.

One can begin at either end of the system: The emission rates
of a set of sources can be compiled, the appropriate transport parameters
measured and incorporated into a source oriented model which will predict
ambient concentrations at specified sampling sites and times.

On the other hand, one can start with the ambient concentration
as measured at a receptor site by a representative sampling technique,
determine some properties of this sample which are unique to specific
sources or source types and assign the origin of that fraction of the
sample possessing a property to its appropriate source. These two models,
source oriented and receptor oriented, are represented schematically in
Figure 2.0 and though it will be shown that they are theoretically equi-

valent, their practical application is quite different.
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The foundation for the formulation and application of source-
oriented models is well laid, the classic reference being Pasquill
(1974). Though often used, no unified account of receptor models, their
relationship to source models and their application presently exists.
Obrusnik, et al. (1976), Neustadter, et al. (1976) and Henry (1977a)
have presented the best summaries to date. This chapter extends Henry's
work and represents an attempt to generalize the present knowledge of
receptor oriented models in which elemental composition is the property
relating source to receptor.

First, each receptor model will be justified on the basis of
a simple, yvet physically significant source model. Second, a brief re-
view of the applications to date is made. Third, the strengths and
weaknesses of each model are enumerated. Finally, additional areas of
investigation into the use and development of the models are described.

Five chemical element receptor oriented model types present
themselves in the literature as separate entities; Table 2.0 summarizes
the major works in which they appear. The models are:

1. Chemical Element Balance (CEB): Knowledge of the

percentage elemental composition of the ambient
particulate and the source particulate allows a
mass balance to be formed for each species measured.
The contribution of each source to the atmospheric
loading is estimated.

2. Enrichment Factor (EF): The ratios of atmospheric

concentrations of elements to a reference element
are compared to the same ratios in geological or
marine material. Differences are explained in terms
of anthropogenic sources.

3. Time Series Correlation (TSC): Ambient elemental

concentrations are measured as a function of time.
Those that show the same fluctuations are associated’



Table 2.0 Examples in the Literature of Receptor
Model Applications based on
Aerosol Chemical Composition

CHEMICAL ELEMENT BALANCE

Hidy & Friedlander
Winchester & Nifong
Miller, et al.
Kneip et al.
Friedlander
Heisler, et al.

ENRICHMENT FACTOR
Rahn

Hoffman & Duce
Tsunagai, et al.
Bogen

Gordon, et al.
Zoller, et al.
Wesolowski, et al.
Bressan, et 2al.
Heindryckx & Dams
Zoller, et al.
Hidy, et al.

TIME SERIES CORRELATION
Rahn

Wesolowski, et.al.
Giaque, et al.
Wedberg, et al.
Johansson, et al.
Winchester, et al.

Rahn, et al.

MULTIVARIATE MODELS
Blifford & Meeker
Prinz & Stratmann
Laamanen & Partanen
Hammerle & Pierson
Neustadter, et al.
Hopke, et al.

SPATIAL MODELS
Blifford & Meeker
Dams, et al.
Crozat et al.
John, et.al.
Hendryckx & Dams

(1970)
(1969, 1971)
(1972)
(1972)
(1973a)
(1973)

(1971)
(1972)
(1972)
(1973)
(1973)
(1973)

(1973)

(1973)
(1974)
(1974a&b)
(1974)

(1971)
(1973)
(1974)
(1974)
(1974)
(1974 a&b)
(1974)

(1967)
(1968)
(1971)
(1975)
(1976)
(1976)

(1967)
(1971)
(1973)
(1973)
(1974)

Hidy, et al.

Hammerle and Pierson
Gartrell & Friedlander
Gatz

Henry

Kowalczyk et al.

Gordon

Struempler

Mroz & Zoller

Duce et al.
Obrusnik et al.
Paciga & Jervis
King, et al.
0'Donnel} et al.
Neustadter, et al.
Moyers, et al.
Lawson & Winchester
Buat-Menard & Arnold

Struempler
Hammerle & Pierson
Neustadter, et al.
Pilotte et al.
Moyers, et al.

Tiao & Hilmer
0'Conner, et.al.
Pilotte, et al.
Courtney, et al.

Kleinman
Henry
Gaarenstroom
Gatz

Dattner
Gordon

Gatz

12

(1974)
(1975)
(1975)
(1975)
(1977a)
(1978)

(1979)

(1975)
(1975)
(1975)
(1976)
(1976)
(1976)
(1976)
(1976)
(1977)
(1978)
(1978)

(1975)
(1975)
(1976)
(1976)
(1977)
(1978)
(1978)
(1978)
(1978)

(1977)
(1977a,1977b)
(1977)
(1978)
(1978)
(1979)

(1975)

Scott Environmental Technology (1975)

Neustadter, et al.
0'Donnel} et al.
Obrusnik, et al.
Laird & Miksad

(1976)
(1976)
(1976)
(1978)
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with a common source. Linear regression of one
elemental concentration with another provides in-
formation about their concentration ratios in
source type emissions.

4, Multivariate: An application of factor analysis
or cluster analysis to a correlation matrix formed
from a series of chemically characterized samples
yields certain "natural functions" which are iden-
tified as sources.

5. Spatial Models: Elemental concentrations at a
number of sites within an airshed are combined
with the above models and wind direction data to
zero in on specific source locations.

The first four models will be discussed in some detail while only pos-

sibilities for the spatial models will be alluded to.

2.1 THE PHYSICAL BASIS FOR RECEPTOR MODELS

A receptor oriented model must always be a representation of
reality and not just a series of equations. The relationship between a
source model and a receptor model is simple and is presented here.

In general, the aerosol mass concentration at a receptor dur-
ing sampling period k of length Tk due to a source j with constant

emission rate Ejk is

Sjk = DjkEjk 2.1.1

where
ik e x.)d 2.1.2
Djk' ¢ d@((t), o(t), xj) t .1.

-
is a dispersion factor depending on wind velocity, u, atmospheric sta-

bility, o(t), and the location of source j with respect to the receptor,

;3,'3 and o, and possibly even §3 in the case of a mobile source, will

vary with time, so the instantaneous dispersion factor, d, must be
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integrated over the sampling period. When 35;5£—1, the source of emis-
sions Ejk is not in an upwind quadrant with respect to the receptor and
d-9.

Various forms for d have been proposed (Pasquill, 1974, Benarie,
1976, Seinfeld, 1975), some including provisions for chemical reactions,
removal and specialized topography. None are completely adequate to
describe the complicated, random nature of dispersion in the atmosphere.
The advantage of receptor models is that an exact knowledge of Djk is
unnecessary.

If a number of sources, p, exists and there is no interaction
between their aerosols to cause mass removal, the total aerosol mass
measured at the receptor, Ck’ will be a linear sum of the contributions

from the individual sources

p P
c, = LD, =

ZSs 2.1.3
k =1 h| =1 ik

Similarly, the concentration of elemental component i, Cik

will be
P P
Cik = jilaijsjk = jzlaiijkEjk, i=1n 2.1.4
where aij is the fraction of source contribution Sj composed of element
i.

In the source model each Sjk is known from egs. 2.1.1 and
2.1.2, the aij are determined by chemical analyses of representative

samples from source j, and C,, is calculated from eq. 2.1.4.

ik

The receptor model starts with the measurements of cik' uses

some knowledge about the chemical composition of the sources and attempts
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to quantify Sjk’ or at least to make a statement about its variability

or significance as a contributor to the total mass concentration, Ck

2.2 THE CHEMICAL ELEMENT BALANCE

Eq. 2.1.4 looks similar to Friedlander's (1973a) chemical ele-
ment balance (CEB) which has been used in Pasadena (Miller, et al., 1972),
Chicago (Gatz, 1975), Fresno, Pomona, San Jose, Riverside (Gartrell and
Friedlander, 1975), New York (Kneip et al., 1972), Portland (Henry,
1977a) and Washington D.C. (Kowalczyk, et al., 1978) to assess source
contributions. The chemical element balance equation for each of n

elemental concentrations measured at a receptor during a period k is

p

C = T a,.S

= 1,n 2.2.1
L I &

e 1

Equations 2.2.1 are not the same as eqgs. 2.1.4 because, as
will become evident, they cannot distinguish between individual emitters
of aerosols whose chemical composition is similar. These must be con-
sidered as a "source type." If eq. 2.1.1 is thought of being composed
of an "equivalent" dispersion factor and an "equivalent" emission rate
for source type j, then eqs. 2.2.1 and 2.1.4 will be identical. Eq.
2.1,1 will be treated in this sense here.

If the Ci

k
types suspected of affecting the receptor are known, and psn, a set of

and the aij at the receptor for all p of the source

simultaneous equations exists from which the source type contributioms,
Sjk’ may be calculated.
In practice, researchers have acquired concentrations of many

trace elements on air filters by multi-element chemical analysis techniques
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and have sought source type emissions compositions from the literature
or actual measurements.
Three methods have been applied to the solution of eqs. 2.2.1:
tracer element, linear least squares fitting, and linear programming.
The tracer element method assumes that each source type pos-
sesses a unique chemical component, or 'tracer," which is not common to

any other source type. Thus, eqs. 2.2.1 reduce to

Ct
S.k =';—i 2,2.2

where {1 = tj is the tracer element for source j. This approach was
originally suggested by Hidy, et al. (1970) and has been applied by
Kneip, et al. (1972), Miller, et al. (1972), Gatz (1975), Hammerle, et
al (1976), and Hidy, et al. (1974). 1t works well if the tracer ele-
ments meet the following criteria:

1. a, j perceived at the receptor is well known and

3
invariant.
2. tj is a major component of source j.
3. Ct can be measured accurately and precisely in the
J

ambient sample.

4, The concentration of element t, at the receptor

comes only from source type j.

3

The propagated uncertainty of Sjk’ OS s assuming independ-

ik
ent measurement errors of C,,, 0. , and a,., 0_ , is (Bevington, 1969).
ik Cik ij aij
¢, og 02
9, = —d tikyp Tty 2.2.3
jk a Vi >
t 3 .C a
3 tjk tjj
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When the tracer element tg for source Sgk is also present in

another source, Shk’ which has a unique tracer, t» then the contribu-
tion to the ambient loading Shk can be estimated from eq. 2.2.2
Cthk
Shk = - 2.2.4
thh

the contribution to Ct " due to Shk can be subtracted, and eq. 2.2.2
g

can be applied to the remainder

% h
Sgk = ] Ct k" ;_8_ Ct x 2.2.5
a g t.h "h
tgg h

This argument can be extended to any number of sources whose

contributions can be determined by independent tracers. 1In general

a, j
Sgk = 1 Ct k" I g Ct " 2.2.6
a g 3*g a j
tgg tjj

Uncertainties associated with the Cik and a,, will accumulate in eq.

ij

2.2,6 to the extent that the value obtained for S,, will be meaningless

jk
1f the tracer element chosen overlaps with many other sources.

A problem arises when the same tracer is used to characterize
more than one source. Gatz used Al as the unique component for both
coal burning and soil dust (making both of these of the same source
type from a receptor model point of view). He could estimate the maxi-~
mum contribution of each one by assuming the other to be nonexistent
and he could make a "reasonable" assumption that half of the measured

Al was due to soil and the other half due to coal, but he could not

definitely resolve them.
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The linear least squares solution of eqs. 2.2.1 does not re-
quire an element unique to each source type. The looser restriction of

a set of a,. for source j which is linearly independent of the a,., sets

EN

of the other sources is imposed. This includes the unique element case

1]

as a subset. If n=p then n linearly independent equations can be solved
for n source contributions. When p<n, as is usually the case, the Sjk
are overdetermined and a different set will be calculated for each sub-
set of p equations selected. A reasonable approach justified on the

basis of maximum likelihood (Mathews and Walker, 1965; see section 3.2

of this document) is to choose the set of S Kk which minimizes the weighted

3

sum of the squares of the differences between the measured concentrations

and those obtained from egs 2.2.1

P 2
C,.. = I, a,.$5
x% = 2( ke 3=1 4] jlf) 2.2.7
i o _*
Cix

The weighting by-;jt— is consistent with the theory of maxi-
mum likelihood and gives grea%gr emphasis to those elements measured
with higher precision.

Taking the derivative of X2 with respect to each Sjk and set-
ting the results equal to zero yields the following solution

3 = xIp, 2.2
5 = BB 2.8
N Y
where Sk is a pxi column vector whose jth element is Sjk’ Pk is a pxi

column vector whose jth element is

P t Cndy 2.2.9
( k)j i=1 Tz_i

Cix




19

and %k is a pxp matrix with elements

n
X\ = zZi0%m 2.2.10
fm i=1 UCZ
1k

The uncertainty in the determination of the Sjk when the Cik are known

absolutely is (see section 3.2)

°Sjk= [,c'l];’-‘ 2.2.11
i3

It is important to note that these errors are correlated with
each other to the extent indicated by the off diagonal elements of
§k_1 and they cannot be propagated in further calculations as if they
were independent errors.

Least squares fitting of the chemical element balance equa-
tions was first introduced by Friedlander (1973a) and has since been
used by Kowalczyk, et al. (1978) for chemical element balance applica-
tions.

Though measurements for numerous elements are available in
both ambient and source samples, there are restrictions that must be
placed on those chosen for inclusion in the sum of the squares of eq.
4.2.6. These are:

1. All important sources of the element i must be
included. 1f one is missing, the other source
contributions will be overestimated to fill in
the gap in the sum of the squares.

2, The fraction of element i from the aerosol emis-
sions of source j measured at the source must be
known and cannot change by the time it reaches
the receptor. This is a problem for volatile
elements such as the halogens. Pre-suspended

source material, such as salt from seawater,
bulk soil dust and incinerator fly ash does not
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necessarily have the same composition as the
suspended matter for which it is a precursor.

3. The elemental concentration at the receptor must
be above the minimum detectable limits of the
analysis technique. An upper limit can be placed
on source contributions when concentrations are
below minimum detectable limits. When one ele-
ment in a source cannot be detected and another
can, Gartrell suggests using the minimum detect-
able concentration divided by 2 as the best esti-
mate of the unknown concentration. Kushner (1976)
offers some support for this estimate, but its use
requires further investigation.

Gartrell fitted five sources with seven elements and Kowalczyk
used six sources with eight elements, though they had ambient measure-
ments for 16 and 27 elements respectively. They chose their fitting
elements on the basis of the above criteria and included the common
tracers of V for fuel oil, Na for sea salt, Pb for automobile exhaust
and Al for soil dust plus a few extras. Kowalczyk attributed most of
the zinc to refuse incinerators without the inclusion of other zinc
sources which, though their gross emissions are small, are highly en-
riched in Zn (Huntzicker, et al. 1975) and therefore possible major
sources of that element. The effect described in criterion 1 occurs.
Kowalczyk demonstrated the advantage of the least squares over the tra-
cer method in resolving the coal and soil components by the inclusion
of As and Mn which are present in soil and coal aerosol in different
proportions.

When the calculated Sjk are substituted into eqs. 2.2.1, the
resulting Cik compare well with the measured values for the elements

included in the fit, as is eipected, but not so well for those not in-

cluded. In fact, deviations of several hundred percent, well outside
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the uncertainties that would be expected on the basis of eq. 2.2.11,
are common.

A linear programming method applied to eqs 2.2.1 was proposed,
then abandoned, in a material balance of gaseous hydrocarbons by Mayr-
sohn and Crabtree (1976). Henry (197%) first applied it to the chemi-
cal element balance equations. He observes that the following con-

straints must be met by the source contributions

g < Sjk = Ck’ j=1,p 2.2.12
p
Cik + 30Cik§ jf]_aijsjk’ i=1,n 2,2.13
0 P
< I 8, <¢C 2.2.14
= el jk— "k
Given the Cik’ O’C » and aij' the object of the linear pro-

ik
gramming is to maximize the sum of the source contributiomns,

MAX(jiE:l Sjk) 2.2.15
subject to these constraints. Algorithms for this process are somewhat
complicated (Hadley, 1962) but are well documented and widely available.

Henry (1977a) asserts that this approach is superior to the
previous two because (1) it allows the possibility that a source of a
particular element i has not been included and (2) it estimates source
contributions when the number of sources 1is greater than the number of
elements measured. These assertions probably won't hold up under closer
examination. Leaving out a source would cause overestimation of the
remaining sources because of 2.2.15. Though assertion (2) is mathematic-

ally correct, it is not clear that the results obtained would be
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physically significant.

Propagation of experimental error to the source contributions
is not clear in this instance. One possibility is to perturb each Cik
by a Gaussian distributed random number times its standard deviation
and use these values to calculate a set of Sj' Performing this proce-
dure five to ten times would yield five to ten values for a single Sj
from which an average and standard deviation could be computed.

There are three main limitations of the chemical element bal-
ance and its associlated calculation techniques:

1. Information about the number and composition of
sources affecting the receptor at the time of
measurement is inadequate. Usually sources are
included because their chemical compositions are
available and no assessment of sources for which
no chemical compositions exist is made. Source
compositions of one location at one time are ap-
plied to the source type as a whole as if they
were exact. For certain elements in certain
sources these can vary by over 100% because of
different source operating conditions, fractiona-
tion in the atmosphere, and analytical uncertain-
ty of the measurements. At the very least this
variability should be estimated.

2, Neither the linear least squares nor the linear
programming contains a provision for consideration
of the uncertainty in the a,.. a,. with higher
uncertainty should receive iéss welght in the
fitting and that uncertainty should be propagated
to the S,.

3

3. The linear least squares and linear programming
procedures need to be better understood. The
effects of large experimental uncertainties, the
exclusion of important sources, concentrations
below minimum detectable limits, similar but un~
equal source compositions and the violation of
basic assumptions on the calculated source contri-
butions need to be assessed.

The chemical element balance is, however, the only receptor
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model which allows quantification of source contributions and as will

be seen, it is basic to all other receptor models.

2.3 ENRICHMENT FACTOR .

The elemental character of the sources of ambient aerosol may
not be known or may be available qualitatively rather than quantitatively.
This is often the case in a region which has just been designated on Air
Quality Maintenance Area (AQMA) and where an initial estimation of pos-
sible impacts is desired or in a so-called "pristine" or "background"
location where the ambient loadings may result from an unknown local
source or long range transport.

For this type of study the enrichment factor model coupled
with a rudimentary knowledge of elemental "tracer" characteristics of
common sourtes is useful.

It is assumed that the "matural background" composition is
known and that it contains one unique tracer element unique to it and
it alone. The enrichment factor for element i is then defined as

Cix
£, = Ctx 2.3.1
ik .
~ib
2¢b
where t refers to the tracer of background, b. This element must satisfy
the criteria outlined for the CER tracer method.

The uniqueness of tracer t combined with eq. 2.2.]1 requires

that
c

S 2.3.2

tk -~ 2tb°bk
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so combining eq. 2.3.2 and eq. 2.2.1 with eq. 2.3.1 yields

L
E. =1+ # 2 S 2.3.3

ik i ij jk
2155bk
If no sources of element i other than background exist,

Eik = 1. Eik

to 0 and that other sources of element i have an impact on the receptor

>1 indicates that the added term in eq. 2.3.3 is not equal

location. An examination of known source compositions will offer some
guidance in narrowing down the field of possible contributors, though
the existence of some unknown unique source should never be discounted.

Normally, the a "natural background" values are chosen as
those of average crustal rock, found in the geochemical literature
(Mason, 1966, Vinogradov, 1959, Wedepohl, 1968; Taylor, 1964) or the
salt content of bulk seawater ( Vinogradov, 1959; Riley and Chester,
1971).

Tracer elements including Al, Fe, Sc, Si and Mn have been
used with the crustal rock background while Na is the invariable choice
for sea salt enrichment.

Even in urban areas, Al, Mn, Sc, la, Sm, Ce, Ti, Th, Si and
Rb do not generally experience significant enrichment over crustal
material and Na and Mg are not generally enriched over sea salt. Ca,
Fe, Cr, and Co exhibit variable énrichments while Cu, Zn, As, Se, Br,
In, Sb, C1, I, Ag, Cd, V, Ni, T1, Sn, Hg, Pb, W, Cs, Ga, and Bi show
substantial enrichments in a number of cities.

The enrichment factor receptor model cannot quantify the con-

tribution of a specific source type without recourse to the chemical
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element balance, but its use can offer insight into the definition of
those sources which do and do not affect the receptor without a know-
ledge of their chemical composition. For example, King, et al. (1976)
noticed a high Sb enrichment at one site in Cleveland, Ohio. Further
investigation revealed the existence of a nearby chemical plant produc~
ing Sb compounds. The enrichment factor model in this case pointed to
an ambient aerosol source which had not been previously considered.
Elements with equal enrichments might originate in the same source type,
adding one more piece of information that could aid in the identifica-
tion of unknown sources. In the case of assessing contributiomns to
background aerosol in remote locations with no local sources, the en-
richment factor model has been used to estimate which source types ex-
perience long range transport from urban areas; approximately 50% of the
applications listed in Table 2.0 are in this regard.

Choices of aerosol precursor material compositions as back-
ground representatives must be made with caution. Significant fractiona-
tion between certain elemental ratios in these substances and their
ambient aerosol exists (see section 3.1) which may lead to spurious
conclusions. Published values may not fully characterize the local
background aerosol. King, et al. (1976) and O'Donnell, et al. (1976)
chose suburban and rural aerosol measurements, respectively, in the
areas of interest and determined the urban enrichments with respect to
these. This normalization is advantageous from a control strategy point
of view as it shows which elemental concentrations are within the air-

shed and therefore subject to local control.
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The choice of the tracer must also be made carefully. Though
Al, Si, and Na are naturals, anthropogenic sources of these elements do
exist, and before one of them is chosen as a tracer it should be ascer-
tained that no local sources of it within the airshed exist. Enrich-
ments less than one for many of the “natural" crustal elements would
lead one to suspect an additional source of the tracer.

No provision for the propagation of uncertainty on the en-
richment factors has been made to date. ¥For large enrichments, greater
than 50, this is surely unnecessary, but for those between 1 and 50
some estimate must be made so that the enrichment may be interpreted
as real or not. Crustal elemental abundance estimates, while consist-
ent for major elements such as Al and Si, can differ by an order of
magnitude for minor constituents. The Se/Al ratio of Vinogradov (1959)
used by Heindryckx and Dams (1974) is 1.37 x 10 7 whereas the same ratio
obtained from Wedepohl (1968) by Gordon, et al. (1973) is 1.1 x 10 ©.
Many other elements exhibit similar variability depending on where they
were measured. This uncertainty alone may account for many high enrich-
ment factors unexplainable by other sources. By summing independent

errors of eq. 2.3.1 in quadrature, the enrichment factor uncertainty is

2 2 2 2
OE GC O'C .Ua Ua
ik ik tk ib tb
E = CZ + CY + az_ + ai 2.3-4
ik ik tk ib tb

The major limitations of the enrichment factor model are that
it cannot quantify source impacts and it is very dependent on the back-

ground composition chosen.
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2.4 TIME SERIES CORRELATION

To this point the impact of sources on an individual sample
taken at a receptor has been discussed. Air monitoring programs normal-
ly collect many consecutive samples at a particular location, thus offer-
ing the opportunity to examine the variation of elemental concentrations
with time. These variations are compared with each other and those
which correlate in time are then attributed to a common source or cause.
Thus the designation time series correlation.

Both a graphical and a statistical approach to time series
correlation have been made. The statistical technique will be discussed
first because it lays the foundation for interpreting the graphical re-
presentation. Cahill, et al. (1977) present a less rigorous but in-
structive summary of the statistical approach,

Suppose m samples of the aserosol at a receptor have been taken
consecutively over a period of time and that each has been characterized
for n different elements. The correlation between the concentration of

element u and element v is defined as

1 B s s
Toe = . > Cukcvk . 2.4.1
uv k=1

where the "“standardized form" of C,, is

ik
c,.-C
s ik i
Cik = % 2.4’2
vC
i
with the mean
- 1
C, =< kgl Cix 2.4.3
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and variance

- 2
Ci) 2.4.4

The m in the denominator of these expressions becomes m-1 when one de-
sires an unbiased estimator (Meyer, 1975).

In the common formulation of this receptor model, the C1k
are known, but the aij and the number of source types, p, are unknown
precluding the use of a chemical element balance.

Elemental pairs u and v for which

89 <r, . <1.9 2.4.5

CuCV

are assumed to originate in a common source. If Tc ¢ of one element
u with several other elements, v, satisfy criterionu2?4.5, then they
are all attributed to the same source type. Usually a rudimentary
qualitative knowledge of source compositions is enough to identify the
source. In the absence of this knowledge, a source with this composi-
tion is sought.

Correlations of less than v .80 can indicate more than one
source for either or both of the elemental concentrations being com-
pared. Sometimes a statistical significance test is applied to appraise

the probability of obtaining a value for r assuming perfectly random

cC
v u
variations of Cv and Cu' If the probability is high (>1-5%) the corre-
lation is rejected as insignificant and the correlated elemental con-
centrations are assumed to originate in different source types, in a

source whose contribution to the receptor doesn't vary, or in many dif-

ferent sources. Most of these tests are strictly valid only if the Cik
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are normally distributed, an assumption that has never been verified.
Negative correlations are hard to Interpret but are almost always in-
significant.

The validity of these conclusions must be tested against the
physical formulation of this receptor model. By incorporating egs.

2.2.1 into eqs. 2.4.3, 2.4.4 and 2.4.2 they become

— . m P P ;@ P _
€1 = mkf1 58181555 = 38120y [ w kEaSg | < 53121555 2.4.6

' 1 l; lz) S te. 5| = 5 5 %
c, " wkd1 [ 38121355k T 3E1%1355) T sE1 1a2520Ys Vs Ts s

i i %2 °5°
2,4.7
5
ry \'j
s _ I1a, .5, -S ) - P aij S. s
Cpe = 413K ) = 2, i8Sy 2.4.8
i i
where S;k is the standardized form of sjk’ after eq. 2.4.2.
When eq. 