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Aktrnct-Factor analysis has been used extensively to model the sources of ambient aerosol. In this study, 
simple urban- and regional-scale simulations showed that factor analysis may not always produce reliable 
rcsuhs. The accuracy of apportionments of total mass depended on the rotation scheme used to transform the 
factors. Varimax-rotated solutions were generally independent of the degree of random error in the data, but 
were sensitive to colhncaritics in pro&s, correlations of source strengths, and ~~t~~ of source 
strengths. Target-transformation factor analysis was more successful than varimax rotation when targets 
were similar to true profiics. 

In simple regional simulations, midwestem and northeastern sources were resolved qualitatively by 
varhnax-rotation and quantitatively by target-transformation factor analysis. Signatures determined from 
principalcomponent analysis of ambient data in the northeastern U.S. and the Arctic rcmmblcd those 
determined independently. 

Key word index: Factor, rotation, varimax, target. principal component, correfation, loading, sourfe 
strength, source profiles, receptor modeling. 

INTRODUCTION 

The ~un~en~l mass balance for atmospheric aero- 
sols is: 

C,i = i SfjAj, + e,i 
j=l 

where Cli, the concentration of the ich species in the Ph 
receptor sample, is the sum of the contributions of the 
it” species from p sources, & is the true mass per unit 
volume of air contributed by the jth source to the rlh 
sample, Ali is the fractional abundance of the ith species 
in thej* source profile, and e,i is the residual for the ith 
species in the @‘sample. Ideally, all possible sources are 
included and their profiles are correct. 

The two basic statistical methods used to solve this 
equation, chemiarl mass balance and factor analysis, 
were reviewed by Henry et al. (1984). Chemical mass 
balanos (CMB) uses measured signatures and ambient 
samples to solve for the source strengths by least- 
squares regression. Factor analysis involves a class of 
mu~ti~te techniques which derive both the 
strengths and compositions of sources from ambient 
samples, Factor analysis was earlier described in depth 
by Harman (19671, and has subsequently been applied 
frequently to determining sources of aerosols (Hopke 
et ul., 1976; Heidam 1982, 1984, for example). 

in classical, or ‘R-mode’, analysis, the matrix of 
correlations or covariances of C,, over the samples is 
decomposed into a smaller number of underlying 
sources of variation. In common-factor analysis, $,A,, 
represents only common, or shared, variation, while e,i 

represents unique, or random, variation. Receptor 
modelers frequently use a princi~~m~nent model, 
where both ,Qlli and e,i include common and random 
variation. In a successful factor analysis, however, 
$,A,, should contain more common than random 
variance. The principal components are generally 
rotated to attempt to give them an environmentally 
plausible interpretation. For example, Thurston and 
Spengler (1985) used varimax rotation of the principal 
components of the correlation matrix while Hwang et 
al. (1984) rotated the principal components of the 
covariance matrix about the origin to targets by a 
modified least-squares procedure. Varimax rotation 
attempts to achieve a ‘simple structure’ of independent 
factors. In environmen~l terms, a group of sources 
which emit unique suites of chemica1 species might be 
modeled as a simple structure. Target-transformation 
factor analysis, or TTFA (Alpert and Hopke, 1981), is 
based on an oblique rotation to prospective profiles, or 
targets. 

Henry (1985) discussed theoretical limi~tions of 
factor analysis for apportioning sources. For example: 
an infinite number of rotations will explain the data 
equally well; the constraint of independence imposed 
by varimax rotation may be unrealistic because of 
similarity between source profiles or correlation be- 
tween strengths of diff~ent sources; target transform- 
ation may be quite sensitive to differences bctwocn 
target profiles and true profiles. Thus, neither rotation 
automatically provides an environmentalty realistic 
solution, 

In practice, factor analysis has also been of limited 



utility. Using TTFA, Alpert and Hopke (1981) could where gji is the factor loading (correlation of the ilh species 
not distinguish between the similar profiles ofcoal and with thejth factor), the numerator in brackets is the variance 

soil. Thurston and Spengler (1985), with R-mode of the ith species multiplied by the number of observations, 

analysis followed by varimax rotation, obtained a 
and the denominator is a constant related to the source 

solution which was qualitatively plausible but which 
strengths of the jth source. Thus, one need only multiply an 
element’s loading by its standard deviation over the samples 

apportioned nearly 50 y0 of marker elements such as V to produce a relative concentration in a source profile. 

and Pb to sources other than oil and gasoline, Because total mass can also be included in the factor analysis. 

respectively. By contrast, Alpert and Hopke (1981)and whether it is a dependent or independent variable and if 

Kowalczyk et al. (1978)apportioned more than 90 %of 
including it does not unduly affect the other loadings 

the marker elements to thecorrect sources, with TTFA 
(Heidam, 1981). the fractionalabundance of the Phspecies in a 
factor is the ratio of the product of its standard deviation and 

and CMB, respectively. factor loading to the product of the standard deviation and 

To date, factor analysis has been used primarily for factor loading of aerosol mass. 

urban problems. Now that receptor modeling is being 
The varimax-rotated loadings were transformed (destan- 

applied to regional-scale problems (Rahn and 
dardized) into source profiles A,, and the source strengths S,j 
were estimated by unconstrained, weighted least-squares. The 

Lowenthal, 1984, 1985), the utility of regionai-scale solution for the source strengths is given in matrix notation 

factor analysis should be investigated as well. as: 

This study had two principal objectives. The first S = (A’WA)-‘A’WC (4) 

was to determine how sensitive varimax rotation and 
ITFA are to parameters such as: (1) random variation 

where W is a diagonal matrix of weights. The source profiles 
derived from vatimax rotation were then rotated with 

in source profiles and ambient measurements, (2) unconstrained weighted least-squares using true and ran- 

collinearity in source profiles, (3) magnitudes of source domly perturbed source profiles as targets. The TTFA 

strengths, and (4) correlation of source strengths. The 
solution for the predicted profiles is given in matrix notation 
as: 

second objective was to investigate whether factor 
analysis can be used (1) to resolve regional sources in 

A* = A(A’WA)-‘A’WB (5) 

simulated aerosol data, and (2) to determine regional where A* is the matrix of predicted profiles, W is the matrix of 

signatures from ambient samples. weights, and B is the target matrix. Source strengths were 
estimated from the predicted profiles by substituting A* for A 
in Equation (4). The weights were the inverses of the sample 

METHODS variances when no random error was introduced to the data, 
or the inverses of the mean-squared errors of the ambient data 

Synthetic data sets were generated from urban-scale source 
otherwise. 

profiles used by the Quail Roost II workshop (Currie et al., 
The derived source strengths were compared to the true 

1984) and from regional-scale signatures (Rahn and 
values by means of the average absolute percent error (APE): 

Lowenthal. 1984,1985) by Monte Carlo methods outlined in 
Watson et ol. (1984)and Currie er 01. (1984). The ‘true’source 
strengths [the S,,‘s of Equation (l)] were generated by 
randomly perturbing average values with a coefficient 01’ where True,, is the true source strength for thejthsource in the 

variation of 50% and restricting random-normal deviates to Ith sample. 

absolute values of less than two. To test the important 
assumption of all factor models that the strengths of different 
souras are uncorrelated in time, some of the simulations RESULTS AND DlSCUS!3lON 

included correlated source strengths. Synthetic urban data 
sets were composed of 100 samples, each with 20 or 21 Simple urban case 

chemical species from three sources; synthetic regional data 
sets included 100 samples with seven species from two 

Case 1. The first simulation used the Incinerator, 

souras. Random error in sources and samples was intro- Basalt and Road profiles (Currie et al., 1984), chosen 

duced to the data as follows: because they were found by Lowenthal et al. (1987) not 
to be seriously collinear, according to the diagnostic 

P 

cfe = x CtAp + CjPA,,)SIJ + 4i"C,, (2) procedure of Belsley et al. (1980). The average strength 
,= I of each source was made roughly 4000ngm-3. 

where us, is the measurement uncertainty of the ilh species in Measurement uncertainties of signatures and ambient 
the jth signature, UC,, is the measurement uncertainty of the ith samples were set to 10% and lo%, then to 20% and 
species in the tlh sample, and cli and cli are standardized 
random-normal deviates. 

10%. respectively. For TTFA, true source profiles and 

A computer program’was written to generate the corre- 
profiles generated by perturbing the latter randomly 

lation matrix from the simulated samples. calculate the (element by element) by 20 % and 50% were used. 

principal components, rotate the axes, and estimate source Table la gives the average true and predicted source 
strengths. The number of rotamd components wasalways the 
same as the number of sources used to create the data. The 

strengths and the APES for each source and each 

simple method of Lowenthal and Rahn (19gS) was used to 
rotation scheme as well as their average values over the 

transform factor loadings into conantralion profiles: tc- 
three sources. The varimax and target-transformation 

arranging Equation (20) of Henry er GIL (1984) and using the rotations will be henceforth referred to as ‘varimax’ 
notation of Equation (1) shows that: and ‘target (%)‘. where the value in parentheses 

represents the degree of perturbation in the targets. 

(3) The APE for Basalt shows that varimax predicted 
, , the source strengths to within roughly a fxtor of two 
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