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Abstract-h this paper, source apportionment techniques are employed to identify and quantify the major 
particle pollution source classes affecting a monitoring site in metropolitan Boston, MA. A Principal 
Component Analysis (PCA) of particulate elemental data allows the estimation of masscontributions for five 
fine mass particle source classes (soil motor vehicle, coal related, oil and salt aerosols), and six coarse particle 
source classes (soil, motor vehicle, refuse incineration, residual oil, salt and sulfate aerosols). Also derived are 
the elemental characteristics of those source aerosols and their cont~butions to the total recorded eIementa1 
concentrations (i.e. an elemental mass balance). These are estimated by applying a new approach to 
apportioning mass among various PCA source components: the calculation of Absolute Principal 
Component Scores, and the subsequent regression of daily mass and elementat concentrations on these 
scores. 

One advantage of the PCA source apportionment approach developed is that it allows the estimation of 
mass and source particle characteristics for an unconventional source category: transported (coal combustion 
related) aerosols. This particle class is estimated to represent a major portion of the aerosol mass, averaging 
roughly 40 per cent of the fine mass and 25 per cent of the inhalable particle mass at the Watertown, MA site. 
About 45 per cent of the fine particle sulfur is ascribed to this one component, with only 20 per cent assigned 
to polIution from local sources. The composition of the coal related aerosol at this site is found to be quite 
different from particles measured in the stacks ofcoal-fired power plants. Sulfates were estimated to comprise 
a much larger percentage of the ambient coal related aerosol than has been measured in stacks, while crustal 
element percentages were much reduced. This is thought to be due to primary particle deposition and 
secondary aerosol accretion experienced during transport. Overall, the results indicate that the appIication of 
further emission controls to local point sources of particles would have less influence on line aerosol and 
sulfateconcentrations than would thecontrolofmoredistant emissionscausingaerdsols transported into the 
Boston vicinity. 

Key word index: Aerosols, dichotomous sampler, elemental composition, inhalable particles, particles, 
pollution sources, pollution transport, principal component analysis. selenium, source apportionment, 
sulfur, trace metals. 

I. fNTRODUC7’lON 

In the air pollution field, Principal Component 
Analysis (PCA) and other related multivariate tech- 
niques such as Factor Analysis (FA) have been applied 
to arrays of pollution variables, to aerosol eiementai 
composition data, or to spatial polIutant distributions 
in order to derive information about pollution sources 
influencing the data. Blifford and Meeker (1967) 
applied rotated FA to both particle elemental com- 
position and mass data from 30 U.S. cities, thereby 
identifying inde~ndent components of particle vari- 
ance as due to spec%c source classes (e.g. automotive 
exhaust). Hopke et al. (1976) applied FA to Boston 
total suspended particle elemental composition data in 
order to identify particle contributors in that city. 
Alpert and Hopke (1980) reanalyzed these Boston data 
using target transformation factor analysis to derive 
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quantitative estimates of the source contributions to 
total particle mass. Henry and Hidy (1979, 1982) have 
applied PCA to a mixture of air quality and meteoro- 
logical variables in order to explain sulfate variations 
over time in four U.S. cities. Peterson (1970) used 
eigenvectors to determine characteristic occurrences of 
spatial sulfur dioxide patterns in St. Louis, while Cox 
and Clark (1981) have similarly identified spatial ozone 
patterns over the Eastern U.S. using FA. 

In this work, PCA is applied to inhalable particle 
(IP) fine and coarse elemental concentration data 
collected over a two year period in Watertown. 
Massachusetts (a suburb of Boston). Based upon these 
PCA results, fine and coarse particle pollution sources 
affecting the monitoring site are identified. The particle 
mass contribution of each identified source is then 
estimated using a new technique: the computation of 
Absolute Principal Component Scores (APCS) for 
each sample, followed by the regression of sample 
particle mass concentrations on these APCS to derive 
each identified source’s estimated mass contribution. 
The pollution source elemental profiles implied by the 
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estimated source impacts are then deriysd (using Imear 

regression) and compared with hterature profiie~ 
Subsequently applying the derived source elemental 
profiles to the source mass contributions at the 
monitor allows an elemental mass balance to be 
estimated. This indicates the contribution of each 
source to the ambient concentrations of each element 
considered in the analysis. As an aid to the reader. the 
overall PCA regression source apportionment and 
source profile determination procedures are dem- 
onstrated using a simple synthetic data set created 
using two hypothetical sources and tracers (see 
Appendix). Conclusions are drawn regarding the 
PL”A,‘regression technique employed in this work, as 
weil as concerning the quantity and character of 
particle pollution sources affecting the Watertown. 
Massachusetts monitoring site. 

The tine 2nd codrsz tnh&blc part& I IPI samples r,xam- 
med m this work were collected using a Beckman virtual 
impactor dichotomous sampler [Cat. Xo. 67j9oOj. Fine 
fraction aerosols collected had an aerodynamic diameter (tf,, 
less than 23 pm. while coarse particles had 3 jitn <: iI+ 
< 1 j pm. These samples were analyzed for ii3 elements by X- 
rav fluorescence (XRF) spectrometry (Dzubay and Stevens. 
]$7 j). Fine and coarse masses were determined by Be:a-gauge 
( Jaklevic e’t ul.. 1981). The 337 fine and coxss samples 
analyzed here were 24-h samples collected at !east ever? other 
day between 4 June 1979 and 5 June 1981. The Watertour? 
sampling site is situated in a high school athletic field located 
in a suburban neighborhood. As shown m Fig. I. Watertown 
is within the Boston metropolitan area, approximatelv IO km 
WNW of downtown Boston. MA. This particle sampling was 
conducted as part of the Harvard School of Public Health’s 
ongoing prospective epidemiologic Air Pollution Respirator? 

Key @ Monitoring SI!~ 

A IJf~i~ty- Residual 011 Combustion 
o Industrial or lnst~tutlonai. Residual 011 Combustion 
0 lnduslrial Other Emissions 

$& and TSP em,ss,ans ar* nated in 1ans per year ITPY: !a :hti left 376 ‘gk1 i’ ;.r-;ZlS, 

respectively. Only poln! source em,ss,ons greater than 100 TPY SO, or 50 TPY TS? are i~s!ed 

Fig. 1. Map of Metropolitan Boston noting major icrai air pollution sources and Watrrroun monitoring stir 
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Health Study (Ferris et al., 1979). The health study particle 
sampling network and analysis techniques have been de- 
scribed in detail previously (Spengler and Thurston, 1983). 

Prior to statistical analysis of the elemental and mass data, 
the samples were checked for validity. The sample records 
from this site were checked and flagged (where appropriate) 
for sampling problems including inappropriate flow rates, 
inappropriate sampling duration, and samples noted as 
suspicious by the operator. The dichotomous sampler quality 
control process, results, and criteria employed have been 
described in detail previously (Br,iggs er al., 1982). As a result 
of eliminating select samples Bagged by the quality control 
procedures, the number of sample days was reduced from a 
total of 389 to the 332 measurement days (m = 332) consid- 
ered in this analysis. 

Elements thought to be unreliably determined by XRF at 
this site were also eliminated from the data set. This 
determination was made on each size fraction independently, 
and was based upon a qualitative knowledge of XRF 
elemental interference problems and a quantitative determi- 
nation of the significance ofelemental concentrations relative 
to their reported uncertainties. For the latter of these two 
criteria, elements having a mean concentration less than 1.65 
times their reported mean standard deviation of measurement 
uncertainty were eliminated from the analysis, as they were 
deemed not able to be measured at the site (i.e. P > 0.05 that 
p = 0.0). Based upon these assessments of the reliability of 
measurement of the various XRF elements, 14 elements were 
selected for analysis of the fine data, while I5 were selected for 
the coarse fraction analysis. The elements selected, their 
respective mean concentrations, standard errors of the mean 
(SE.) and mean standard deviations (S.D.) of measurement 
uncertainty are presented, by particle size fraction, in Table 1. 

Since the time when the samples considered in this paper 
were collected and analyzed, one apparent bias in the coarse 
mass and elemental concentrations has been documented: the 
loss of coarse particles from filters during shipment from the 
field to the E.P.A. in North Carolina. A recent paper by 
Dzubay and Barbour (1983) has revealed that repeated 
dropping of packaged Teflon filter trays results in coarse 
particle mass losses of 10-53x, but no measurable losses 
from fine mass samples. In our own analysis of hand-carried 
coarse and fine samples, preliminary results confirm that the 
masses of shipped coarse particle samples average 30-35 % 

less than hand-carried samples. However, no such effect was 
found for fine mass samples (Thurston. 1983). To the extent 
that coarse particles have been lost during shipment. the 
results reported herein will understate the concentrations of 
the coarse aerosol. although fine aerosol results are ap- 
parently unaffected. 

2.2. Statisrical methods 

Pollution sources affecting the Watertown site were stat- 
istically identified using varimax rotated Principal Com- 
ponent Analysis (PCA) of the XRF elemental concentration 
data. PCA is a statistical technique which can be applied 
to a set of variables in order to reduce their dimensionality. 
That is, to replace a large set of intercorrelated variables with 
a smaller number of independent variables, These new 
variables (components) are derived from the original vari- 
ables, and are simply linear combinations of those variables. 
The first step in this analysis is to transform the elemental 
data into a dimensionless standardized form 

Z 
ill 

= (C,-Ti) 
ci ’ (1) 

where i = 1.2,. . n, the total number of elements in the 
analysis; !i = I, 2, . m the total number of observations; Z, 
(often termed the Z-score) is the standardized value of 
element i for observation li; C, is the concentration of that 
element for that observatiomc is the mean concentration for 
the ith element over all observations, and; cri is the standard 
deviation of the distribution of concentrations of the ith 
element. It is important to note at the outset that, for 
multivariate analyses such as proposed in this work, sufficient 
degrees of freedom should beavailable in the model. Thus, the 
dataset employed must have many more observations than 
variables (e.g. m 2 n + 50) if stable results are to be derived. 

The PCA assumes that the total concentration of each 
element is made up of the sum of elemental contributions 
from each ofj pollution source components. Hence, 

z, = i Ki,Pj,, (2) 
j=* 

where Pjk is the jth component’s value for observation k; 
j=l,... , p. the number of pollution sources influencing the 
data and 4j is the coefficient matrix of the components. 

Table 1. Mean Watertown, MA fine and coarse aerosol elemental and mass concentrations (ng rnM3) 

Fine aerosol Coarse aerosol 
(m = 332) (m = 332) 

Mean S.D. Mean S.D. 
SE. of of meas. S.E. of of meas. 

Mean mean uncert. Mean mean uncert. 

Al l l 17.1 366. 25.6 51.7 
Si 104. 6.96 13.7 1021. 66.2 158. 
S 1840. 74.6 108. 201. 9.53 120. 
Cl 86.2 11.1 7.12 306. 45.8 66.2 
K 76.2 2.74 3.94 112. 6.62 10.3 
Ca 41.9 2.29 2.31 214. 15.2 13.2 
Ti l * 4.29 25.9 2.08 5.22 
V 22.1 1.10 2.89 3.34 0.33 2.46 
Mn 3.61 0.17 1.14 5.81 0.403 1.29 
Fe 74.7 3.87 4.15 281. 17.1 15.5 
Ni 8.57 0.39 0.86 2.44 0.13 0.66 
cu 16.1 1.01 1.40 10.4 0.69 1.28 
Zn 26.5 1.05 1.71 12.2 0.64 1.30 
Se 0.595 0.016 0.273 l . 0.208 
Br 85.7 4.39 4.18 25.7 1.55 1.94 
Pb 326. 13.2 15.6 75.6 4.57 5.95 

Mass bgrn-‘) 17.4 0.52 1.60 8.57 0.45 1.60 

* Mean concentration below detection (1.65 x mean S.D. of measurement uncertainty). 



Henry and Hidy t1979) have noted that Equation 17) may 
be inverted, yielding (in matrtx terms) 

where 

[PI,,, = [Bl,,,[Z! .\ 0) 

[Bl,<, = ['+'I,,, ;. 
and A, 1s the etgenvalue associated with P,. 

The PC scormg matrix [B] is dertved so that the tirst 
pnncipal component (PCl) explains as large a per cent of the 
ortginal variables’ total variance as possible. The coeficients 
for the second principal component (PC2) are. in turn. chosen 
so that it explains as large a per cent of the remaining variance 
tn the original variables (i.e. not explained by PC]). subject to 
the restriction that PCI and PC2 are uncorrelated. In general, 
the coefficients for PC(j) are chosen so that PC(j) explains as 
much of the remaining variance (i.e. not explained by 
PCI--PC(j- I)). subject to the constramt that PC(j) be 
uncorrelated with PCI-PC(j - 1). 

The PC equation coetlictents [B] are mathematically 
dsrtved from the correlation matrix 

[RI, x, = [zl, .,[zl:. , (51 
Since the objective oi PCA is to find orthogonal (uncor- 
related) components. the correlation matrix [R] 1s diag- 
onalized. The diagonalization finds a matrix Q such that, 

[Q-'l,x,CRl,,,[QI,,, = [~'l,.,. (6) 
where [A] IS a diagonal matrix (i.e. a matrix with no off 
diagonal cross-correlation terms) of eigenvalues arranged in 
descending order of magnitude; and Q contains the cor- 
responding eigenvectors which diagonalize the correlation 
matrix. By definitton. these eigenvectors are the matrix [B], 
which can be used in (3) to derive the PC score matrix [P] 
from the [Z] matrix. 

The primary objective of applying PCA is to derive a small 
number of components which explain a maximum of the 
variance in the data. Initially, the PCA results in as many PCs 
as there are original variables (n). Usually, however, only a 
limited number of these uncorrelated PCs (e.g. five or six) are 
required to explain virtually all of the variance in a data set of 
fifteen or more original (intercorrelated) variables. In order 
for this reduction in the dimensionality to be useful, the new 
variables (components) must have simple substantive inter- 
pretations. Empirtcally. it has been found that unrotated PCs 
are often not readily interpretable since they each attempt to 
explain all remaining variance in the data set (Harris. 1975). 
This calculation results in a number of sources of variance 
being grouped together. For this reason, a limited number of 
components (p < n) are usually subjected to rotation using a 
criteria such as varimax. After PCA rotation, the resulting 
components have been found to often be more representative 
of individual underlying sources of variation (e.g. Walsh and 
Richman. 1981). This. tn turn, results in more interpretable 
and useiul PCs. The merits of PCA rotation in analyzing air 
pollution data have been discussed in the literature by 
Thurston (1981). Henry and Hidy (1981) and Hopke (1982). 

Based on the above considerations, the varimax rotated 
PCs of the fine and coarse data hav,e been used in this 
determination of the fine and coarse particle sources affecting 
our Watertow-n site. The p components rotated had, as 
recommended by Hopke (1982). eigenvalues greater than 1.0 
after rotation. The varimax rotation constitutes a maximiz- 
atton of the variance of the communaltty-normalized load- 
ings (correlations) presented in the columns of a PC pattern. 
Such rotations tend to drive variable loadings toward either 
zero or one on a given component. They preclude the 
emergence of a strong general component by making the 
variance explained by the individual components more equal. 
resulting tn orthogonal components which are often more 
readily Identifiable as specific source components. 

An examination of the rotated component loadings on the 
original elements allowed the identification of the PCs as 

pOilutlOIl sources aifect~r~ !th: ddi.3 i:‘; i)ll Ci’C3’_jiiOn. 

automotive emtssions. ctc Subsequenrl>. the mass contra- 
button (in fig m -‘i of each sour;5 componen: :o the 
Watertown site‘s total parrtc!: pollution !e:els was es::mated 
The first step in the derivatton of source Impacts is to ::dlcula:s 
component scores for each sample. Rota:ed PC coe:tic:ents. 
B*. are calculated by appl)rng the rorzrlon transi~:matton 
matrix [7] to [B]. 

LB];,_ = [s],,<pjrj,, _ t-1 

Rotated PC scores are computed ustng thus transiorm.ed [B] 
matrix, 

IPI ,'<,=[~l:<~c4~~ 141 
These PC scores are c.>rr:Ltted wt:‘h their respective 

pollution sources impacttng the site II e 3 higher componen! 
score. P;, imphes a higher pollutton Impact by the pollu!ton 
source j durtng observatton LJ. However. because the) Are 
computed from the normalized elemental concentra:tons. Zti, 
they too are normalized. Each component indicates de\]- 
ations from the mean source impact. with each having 3 mean 
of zero. Thus, while the PC icores are correlated atth the 
identified pollutton source impacts. they .tre not proportional 
to these pollution impacts. 

Henry and Hidy (1979) showed that the regresston of d 
dependent variable Yk on the dally scores oicomponsnts P,, 
gives the formula 

y;=-i- 6 ;,p,,. 
-j 

19! 

whereYequals the mean oi 1; It‘ the dependent cartable Ii I\ 
the total mass (in /cg rn~ ‘I. then ;, 1:: the con\:rston 
coefficients of the non-dimenstonal PC score deviattons Into 
mass deviations from the mean source impact. Srnce the 
components are not scored as deviations from zero. bur 
instead as deviations from the mean, this. results in th: 
presence ofyin the equatton Thts, in turn. prevents 1 dlrsct 
apportionment of the total particle mass 3t the it:’ to the 
normalized pollution source components. 

Previous work by Alpert and Hopke (1980) has addressed 
the problem of deriving components related to absolute zero 
by initializing a correlation about the origin (instead of about 
the mean) and normalizing the data to the mean oi all 
elements in each sample (Q analysis) instead of to the mean oi 
all samples for each element (R analysis]. This allsiied a 
retention of the information regarding the relative stze of each 
element in absolute terms (i.e. distance from ze:ol. The 
resultant veciors were then target transformed to ahgn I!O a 
least-squares fit) with known pollution source e!emental 
profile vectors. Henry 119771 also attempted to targs: factor; 
to assumed single element trace compostt:ons. but the data 
employed were very limited 114 obsenartons). However. 
existing Target Transformatton Factor .Analysts ITTF.L 
techniques are not readily executed with conventional statI\- 
tical packages. which do not provide for target rota:tons. 

In this work, we have apphed a simple PCA pollution 
apporttonment procedure -.vhtch can be executed on conven- 
tional, generally available statistical packages, such as SAS 
(Barr er al.. 1979). The PCA has been conducted using ,I 
conventional R analysis of elemental correlations about then 
means. However, the ‘absolute zero’ PC score has sub- 
sequently been estimated ior each PC by separately sconng an 
extra ‘day’ wherein all the elemental concentrations are zero 
This is accomplished by deriving the Z-score for absolute zero 
concentrations, 

0 -- C, i 
{%(,I, - = (Iii1 

(i 6 

and then calculatmg the rotated absolute zero PC scores. Pt. 
for each of p component\. 
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These estimates of the PC scores for each component at 
absolute zero are then used to estimate Absolute PC Scores 
(APCS) for each component on each day as follows 

WY;., = [pl;xj-[pOl;xj (12) 

where the j columns of [PO]* are all identically equal to the 
values calculated in (11). It can be proved in a straight forward 
manner that the calculation of [APCS]* according to (12) 
gives the exact score which would be achieved had the originai 
scoring been executed using unnormalized data. 

Regressing daily fine and coarse mass data on these APCS 
gives estimates of the coefficients which convert the APCS 
into pollutant source mass contributions (in pg mm-‘) for each 
sampling day, as follows 

Mt=;a+ i (jAPCS$, 
j=* 

(131 

where MI, is the particle mass recorded (in fig rne3) during 
observation k; APCS$ is the rotated absolute component 
score for component j on observation k; {,APCS$ is the 
particle mass contribution on observation k(in pgrn-‘) made 
by the pollution source identified with component j; and Co is 
the particle mass contribution (in pg m-‘) made by sources 
unaccounted for in the PCA. If the PCA is successful. co 
should tend toward zero. This regression approach to source 
apportionment is analogous to previous work by Kleinman 
et al. (I 980), except that multi-element, orthogonal PCs are 
used as tracers of pollution impacts, instead of single element 
tracers, 

For each of the pollution sources identified in the fine and 
coarse mass PCA, it is possible to derive information 
regarding the elemental composition of particles from that 
source. As shown by Dattner et nl. (1982), the individual 
weighted regression of each element’s recorded daily concen- 
trations on the predicted mass contributions from all sources 
during those days yields estimates of the content of that 
element in each source’s mass, as follows 

C, = a,+ i CljSjx, 
j=1 

(14) 

where C, is the concentration of an element i during 
observation k; Sj is the mass concentration of source j on day 
k[ = cjAPCS$ from Eqn. (I 3)]; and uj is the mean mass 
fraction of source j’s particles represented by the element. 
Repeating this weighted least square regression for each of the 
i=i,2,... n elements considered in this analysis, by size 
fraction, allows an estimation of the elemental source profiles 
of each pollution source identified in each particle size 

category (clij). Moreover, the product of these estimates of the 
mean elemental mass fractions and the prior estimates of the 
mean component mass impacts yields estimates of the 
contribution by thejth source to the ambient concentrations 
of element i during observation k ( = aijS,). Thus, estimates 
can be derived for both the elemental composition of the 
identified source particles and their contributions to the 
ambient elemental concentrations. 

3. RESULTS 

3. I. Principal Companent Analysis 

3.1.1. Fine muss ele~enfal PCA. Varimax rotated 

PCA was applied to the fine elemental data, yielding 
the components presented in Table 2. This component 
pattern contains the correlation (r) of each element 
with each component. These six components account 
for 87 per cent of the variance in the data set, with 
roughly 30 per cent (3.8/13 variables) accounted for by 
the first component. 

The first component appears to represent soil aero- 
sol impacts at this site, since it is highly correlated with 
the crustal elements Si, Fe and Ca. The interpretation 
of the second component is still clearer, since it is 
correlated with both Br and Pb, two elements highly 
enriched in emissions from leaded automobiles (e.g. see 
Cooper and Watson, 1980). 

The third component in Table 2 is most dependent 
upon selenium and sulfur, and appears to incorporate 
the influence of coal combustion transport products. 
In the U.S., coal combustion is the primary anthropo- 
genie source of atmospheric selenium emissions, and 
Se is found in higher ambient concentrations where 
coal is burned (NAS, 1980) (Spengler and Thurston, 
1983). Indeed, emission inventories of anthropogenic 
Se emissions indicate that coal combustion emissions 
account for between SST4 (Eimutis et al., 1978) and 
62% (NAS, 1976) of U.S. Se emissions with smelters 
accounting for most of the remainder (9-26x). 
Residual oil also contains Se, though roughly an order 
of magnitude less than coal (NAS, 1976; Hashimoto 

Table 2. Varimax rotated Principal Component Analysis of Watertown fine mass elemental data 
(m = 332) 

Element 

Si 
S 
Cl 
K 
Ca 
V 
Mn 
Fe 
Ni 
Zn 
Se 
Br 
Pb 

Eigenvalue 

Soil 
aerosols 

0.97 
0.05 
0.26 
0.66 
0.92 
0.18 
0.68 
0.95 
0.20 
0.18 
0.11 
0.16 
0.06 

3.8 

Motor Coal Residual 
vehicle related oil 

aerosols aerosols aerosols 

0.05 -0.01 0.03 
0.04 0.86 0.08 
0.06 - 0.09 o.i4 
0.33 0.24 0.34 
0.02 0.00 0.14 
0.33 0.14 0.86 
0.40 0.33 0.19 
0.10 0.14 0.14 
0.27 0.13 0.89 
0.48 0.56 0.32 
0.10 0.88 0.08 
0.93 0.00 0.24 
0.90 0.20 0.29 

2.2 2.1 2.0 

Salt 
aerosols 

0.12 
-0.11 

0.93 
0.26 
0.11 
0.17 
0.03 
0.10 
0.04 
0.23 
0.01 
0.10 

- 0.05 

1.1 



and Winchester, 1967), and the emission inventories 
noted above indicate oil to contribute only l-5 a<, of 

U.S. anthropogenic Se emissions. This Se factor has 
appeared both in past work with Boston area aerosols 
(Hopke et ul., 1976) and in analysis of rural New York 

State aerosols (Parekh and Husain, 1981). For the 
former of these two references, the actual observations 
were obtained from the authors. During the high Se 

days, high values were uniformly recorded at sites 
throughout the Boston metropolitan area, and five of 
the six highest days occurred during days of winds 
from the west or southwest, according to surface 
observations at Boston’s Logan Airport. These results 
would indicate the source not to be localized within 
Boston, and a source who’s pollution impacts the 

Boston area during W-SW winds. In the latter of these 
references, the Se-S factor was shown to also be 
associated with arsenic and to be highest during days 
when the sampled air parcel had passed over the Ohio 
Valley region. The authors further identified this 
component as coal combustion related. Navarre t=t ul. 

(1981) also noted an S-Se-As association in aerosols 
collected in rural Belgium, identifyin~~oal combustion 
as one possible source. However, there was essentially 
no coal combustion occurring in the local Boston 

metropolitan area during the Watertown sampling. In 
light of all of the above insights, this Se-S component 
seems likely to be associated with transported fine 
particles of coal combustion origins. 

The final two components in Table 2 can be 
interpreted, based upon their correlations with key 

trace elements, as residual oil combustion (Ni, V) and 
salt (Cl). It is interesting to note that the residual oil 
component clearly separated itself from the Se-S 
component, indicating these element groups to orig- 
inate from separate sources. Both seienium and sulfur 
are poorly correlated with vanadium within this data 
set (r = 0.25 and 0.19, respectively). In traditional PCA 
applications, components 4 and 5 would often be 
eliminated from consideration, as they had unrotated 

sigenvaiues less than I.0 t1.e. evplain less $ariarxc than 

the average single original variable). However. they arz 
displayed here because they attain 2igenvalues exceed- 
ing 1.0 after rotation. Originally. elemental copper 
concentrations bvere also included in the PCX. result- 
mg in another component (loaded on copper alone). 
This element was eliminated from the tine aerosol PCA 

analysis, however, as it was deemed overly influenced 
by an ‘artificial’ Cu source previously documented by 
Patterson (1980): the routine wearing of copper motor 
brushes in collocated high-volume samplers. 

Before progressing to a consideration of the coarse 

mass source components. tt is important to note tha: 
not all of the mass attributable to th?s? SOUTW 

components need be derived solely from the source t’or 

which an elemental tracer is measured. For example. 
although the motor vehicles component was identified 
based upon tracers for leaded fuel combustion. it is 
recognized that other motor vehicle emissions will 
likely impact the monitor simultaneously, so the Pb 
and Br concentrations become tracers for all motor 
vehicle impacts. Similariy. sources which impact thr 
monitor simultaneously with the tracer thought :o be 
derived from coal emissions (Se) will have their mass 
impacts assigned to this component. .?ls a result. the Se 
associated component has been ca!led coal related 
aerosols in this analysis. rather than primary coal 

combustion aerosols. 
3.12. Coors? tn~lss rirmentui K.-t. The l.arima\ 

rotated coarse mass elemental data PCA component 
structure is presented in Table 3. The six components 
noted account for over 95 per cent oi:he total variance 
in the original fifteen variables. The interpretation of 

many of these components is similar to that for the fine 
data, as indicated by the column headings. In this case. 
copper from the hi-volume sampler brushes may be a 
smaller percentage of coarse Cu. as the PCA is able to 
differentiate a coarse Cu-Zn particle component 
which appears to be refuse incineration, 3. sourx 
known to be enriched in Zn (Greenberg er oi.. 19X) 

Table 3. Varimax rotated Principal Component Analysis of Watertown coarse mass elemental da:1 im = 3’11 

Element 
Soil 

aerosols 

Motor Refuse Residual 
vehicle burning oil 

aerosols aerosols aerosols 
Sillfate 

xrosols 

Al 
Si 
s 
Cl 
K 
Ca 

;i 

Mn 
Fe 
Xi 
CU 
Zn 
Bl 
Pb 

Eigenvalue 

0.97 
0.98 
0.1: 
0.00 
0.97 
0.94 
0.97 
0.X 
0.97 
0.97 
0.35 
0.00 
0.21 
0.05 
0.08 

6.9 

0.06 
0.04 
0.19 
0.M 
0.05 
0.05 
0.04 
0.20 
0.M 
0.07 
0.27 
0.06 
0.16 
0.97 
0.96 

2) 

0.06 
0.06 
0. IO 
o.rio 
0.M 
0.05 
0.05 
0.07 
0.07 
0.09 
0.21 
0.95 
0.87 
0.09 
011 

1.5 

(5.07 
0.05 
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and to be a major source of atmospheric Zn emissions 
(,Nriagu and Davidson, 1980). Both Cu and Zn have 
been suggested as elemental tracers for incineration 
particles in New York City (Kleinman er nl., 1980). A 
Zn component was previously identified in Boston 
aerosol by Hopke et ai. (1976). Since incineration is not 
now permitted in the Boston area, it was surprising to 
still find evidence of this practice. However, conver- 
sations with local pollution inspectors revealed that 
refuse incineration is still conducted at a number of 
housing projects in the Boston area (DEQE, 1982a). 
Finally, the coarse sulfate component is identified as 
such since there are no other detectable trace elements 
associated with coarse S. However, it is known that a 
fraction of fine mass aerosol “crosses over” to the 
coarse mass filter in a dichotomous sampler (e.g. see 
McFarland et al., 1979). Since Table 1 indicates coarse 
S to average only one tenth the fine S value, it is 
suspected that cross-over contamination of fine sulfur 
onto the coarse filter sample may be a major portion of 
the noted “coarse” sulfur. 

3.2. PCA Source apportionment of particle mass 

For each fine and coarse elemental component 
identified above, the PC score was computed for each 
sample. These were then adjusted to Absolute 
Principal Component Scores (APCS)as detailed above 
[Eqns (lo)-(12)]. Mass loadings for the samples (in 
pg m-‘) were then regressed on the APCS according 
to (13). The resultant regression coefficients were then 
employed to convert the daily absolute factors 
scores to estimates of the PC mass contributions 
( = <,APCS$ in pg mm3). 

The weighted least squares regression of the coarse 
masses on the elemental APCS yielded significant 
regression coefficients (P < 0.05) for all components 
considered. The model yielded an intercept (i.e. impact 
of unidentified sources) of 0.7 pg me3 and an overall 
correlation (r) of 0.97. A similar analysis of the fine 

fraction aerosol indicated that this aerosol was not fit 
quite as well by the identified sources, having an 
unexplained mass of 3.8 pg mb3 and an overall r of 
0.90. The salt component in the fine aerosol was not 
found to contribute significantly to the aerosol mass. 
Inserting the mean APCS for each dataset into these 
regression equations results in the mean source contri- 
butions noted in Table 4 for the fine, coarse and total 
IP masses. 

It should be noted that the estimated standard errors 
(S.E.) of the mean source impacts presented in Table 5 
are likely to underestimate the true standard errors. 
This is because these SE. estimates are derived in 
standard statistical regression packages by assuming 
that the independent variables (the APCS) are known 
without error. However, they are estimated quantities 
derived from the elemental concentrations, and are 
indeed subject to uncertainty. Thus, the SE. estimates 
should be considered estimates of the minimum poss- 
ible standard errors. The estimation of the standard 
errors of PCA score calculations and their incorpor- 
ation into the calculation of subsequent regression 
coefficient standard errors is a step which would yield 
larger, more accurate, estimates of the confidence 
intervals around these source contribution estimates. 

The results in Table 4 indicate that a majority of the 
IP mass is in the fine fraction (67x, on average). It 
must be remembered that, as discussed above, initial 
investigations of particle losses during shipping in- 
dicate that the coarse particle losses may range from 10 
to 53 y/,, Of the fine mass, the largest portion is 
indicated as being attributable to the coal related 
component (40 “/, of fine mass, 27 7: of IP). As shall be 
determined later, this mass impact is primarily due to 
the sulfates associated with this component. Soil, auto 
emissions, and oil combustion each average between 
10 and 15 per cent of the fine mass. The estimated 
coarse mass impacts noted in Table 4 are dominated by 
the soil component. Soil makes up 57 per cent of the 

Table 4. Mean fine, coarse and inhalable mass contributions from PCA 
identified sources (m = 332) 

Mean particle mass source contributions 
(/lgm-’ + SE. of the mean) 

Fine Coarse IP 

Soil 
Motor vehicles 
Oil 
Refuse burning 
salt 
Coal related 
Coarse sulfate 
Unexplained 

Total predicted 
Total observed 

Pred.-Obs. 
mass correlation 

1.9 (kO.1) 4.9 (+ 0.4) 6.8 ( + 0.4) 
2.5 (20.2) 0.6 ( k 0.05) 3.2 ( kO.2) 
2.1 (kO.2, 0.2 ( + 0.08) 2.3 ( f 0.2) 

l 0.5 ( * 0.03) 0.5 ( * 0.03) 
t 0.4 ( k 0.08) 0.4 ( k 0.08) 

6.9 ( f 0.4) l 6.9 ( + 0.4) 
* 1.2 (kO.1) 1.2 (kO.1) 

3.8 ( + 0.5) 0.7 (If: 0.2) 4.5 (*OS) 
17.3 (kO.5, 8.5 ( f 0.4) 25.8 ( * 0.7) 
17.4 ( + 0.5) 8.6 ( kO.4) 25.9 ( + 0.8) 

0.90 0.97 0.94 

l Not identified by the PCA as a particle source for this size range. 
t Not statistically significant contributor (at P = 0.05) to mass regression. 
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coarse mass. The next largest contributor is sulfates, 
which averages 14 per cent of the coarse mass. All other 
sources each contribute 8 per cent or less of the coarse 
mass. The possible problem of coarse particle losses 
would not be expected to drastically change these mass 
source contribution percentages. 

3.3. Estimation of source particle characteristics 

The percentage elemental compositions resulting 
from the weighted regression of elemental concen- 
trations on the source mass contributions [i.e. Eqn 
(14)] are displayed in Table 5. The profiles were 
esimated for both the fine and coarse size fractions. 
Elements missing from a profile were not found to 
have statistically significant regression coefficients 
when regressed on that sourcecategory’s mass impacts. 

Comparing the fine and coarse motor vehicle pro- 
files in Table 5, it is seen that the coarse profile has 
significantly higher percentages of the crustal elements 
(e.g. Si, Ca and Fe). Since the source impacts input into 
(14) were also derived via regression (131, they also 
reflect any mass impacts correlated with the identified 
source component. In this case, it seems probable that 
coarse road dust suspended by trafEc is correlated with 
the motor vehicle impacts, increasing the total pre- 
dicted auto impact and raising the crustal element 
percentages. 

The Pb : Br : Cl ratios for the derived fine and coarse 
motor vehicle profiles are 1.0: .26 : .03 and 1.0 : .39 : .45, 
respectively, as compared to typical leaded auto ex- 
haust ratios of 1.0:.38:.17 (Biggins and Harrison, 
1979). The relativeIy Iow fine Cl and Br values are likely 
due to volatilization of these elements off particIes 
after emission (Robbins and Snitz, 1972). 
Volatilization occurs especially rapidly in this size 
fraction because fine particles have a higher surface to 
volume ratio than coarse particles. In contrast, the 
coarse automotive component appears to contain 
excess Cl, which may reflect an impact of road salting 
similar to that previously noted for road dust. Coarse 
Cl has been shown to be seasonal at this site, with the 
highest impacts during the winter (road salting) 
months (Spengler and Thurston, 1983). 

Comparison of the derived fine and coarse road 
vehicle elemental profiles with those in the published 
literature indicate qualitative and quantitative agree- 
ment. For example, total particle data by Pierson and 
Brachaczek (1983) in Table 6 indicate a Pb : Br : Cl 
ratio of 1 .O : .34 : .03, which lies between that derived for 
the fine and coarse fractions for Br, and equals the 
value derived for fine fraction CI/Pb. Moreover, the 
motor vehicle Pb fraction indicated by the literature is 
7 per cent, very close to the average 7.4 derived in this 
work. These values are considerably less than the 
per cent of Pb indicated in Table 6 for leaded gasoline 
burning automobiles (21 per cent). These differences 
are due to the influences of fugitive road dust, diesel 
vehicles, and unleaded gasoline fueled autos (which 
collectively generate a mixture of road dust and 
exhaust particles enriched in carbon and sulfates. but 

no Pb, Br or Cl). This tends to lower the percentages of 
Pb. Brand Cl in the total motor v-chicle related aerosol 
(while raising others, such as “,SL in agreement with 
the results in Table 5 (except coarse Cl, as discussed 
above). It is interesting to note that analogous tracer 
regression work by Kleinman rr al. (1980, on New 
York City ambient aerosols indicated a total auto- 
motive particle lead content of 9.0 per cent in 1973. The 
quantitative differences which are noted between the 
results of this analysis and leaded auto exhaust litera- 
ture data are attributable to the fact that this statistical 
approach incorporates all aerosol mass generated by 
vehicular traffic, not just the primary leaded auto 
exhaust for which we have a measurable elemental 
tracer. 

The oil component profiles shown in Table 5 
indicate lower percentages of V and Ni (residual oil 
tracers) than reported in literature profiles (Table 6). 
The V:Ni ratio for both coarse and fine profiles is 
1.0:0.35, which is higher than that reported by Mroz 
(1976) (1.0:0.17), but lower than that reported by 
Watson (1979) (1.0: 1.6 for fine aerosol, and 1.0:0.78 
for coarse). The absolute V percentages reported by 
these two sources are 7.0 per cent (Mroz, 19761 and 3.4, 
1.8 for fine, coarse emissions (Watson, 19791. These 
values are higher than the 0.54 %, 0.35 y0 V for tine and 
coarse particles found in this work. Similarly, the Ni 
percentages reported in Table 6 are higher than the fine 
and coarse percentages for Ni estimated here. Thus, the 
estimated percentage values for the primary residual 
oil tracers (V and Ni) appear low, but the Si V ratio 
appears to lie within the range of values reported, and 
the shift in per cent V and Ni from fine to coarse agrees 
with the literature trends. 

The reason for the low percentages of V and Ni was 
investigated. Discussions with the Massachusetts 
Department of Environmental Quality Engineering 
revealed that the majority of residual fuel burned in 
Eastern Massachusetts during the study period was 
low sulfur fuel (OS-1.0% S) (DEQE, 1982bl. Fuel oil 
desulfurization lowers not only the fuel sulfur content, 
but also reduces trace element concentrations in the 
fuel (NAS, 1974). Analyses obtained for fuels burned in 
Boston indicated that 2.2% S residual has roughly a 
290 ppm V content, whrle I.Oo/, S has an average 
44 ppm V (DEQE, 1982b). Thus, for a 55 per cent 
reduction in sulfur content, there is about an 8.5 per 
cent reduction in V content. Kleinman er oi. (1980) 
note this reduction in fuel oil V with reductions in S 
content, and derive a regression coefficient indicating a 
0.97 % V content in oil particles in New York City in 
1975. The removal of trace elements during fuel 
desulfurization would appear to explain the low trace 
element percentages estimated for residual oil particles 
in the Boston area. 

A comparison of the tine and coarse soil com- 
ponents’ elemental profiles in Table 5 with the litera- 
ture values in Table 6 indicates that the coarse profile 
agrees with expected values better than the tine profile 
does. Size separated soil data by Watson (1979) 
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indicate the highest mass percentages to be in the 
crustal elements (e.g. Si, Al, Fe, K, Ca and Mn). The 
estimated coarse soil profile in Table 5 shows a similar 
trend, though the estimated crustal percentages are 
lower for all noted elements but Ca and Mn. In the fine 
mass fraction, lower crustal element percentages are 
estimated than for the coarse profile, but significantly 
higher S, Br and Pb percentages are estimated. The 
reason for these high values [orders of magnitude 
higher than those reported for the fine soil fraction of 
Watson (1979)] is not clear, but they may, in part, be 
manifestations of collinear road dust impacts at this 
site. Indeed, the fine particle road dust profile reported 
in Table 6 indicates enrichments of S, Br and Pb above 
fine soil levels, with percentages closer to (though still 
less than) the percentages estimated for the fine soil 
component. These results concur with a separate 
meterological analysis of this data set (Thurston and 
Spengler, 1985) which indicated that the coarse soil 
component correlated with the effects of precipitation 
and season (as expected), but the fine fraction soil 
component did not. The source of the fine aerosol 
component initially identified as soil requires further 
investigation, as it neither appears or behaves exactly 
like a ‘typical’ soil aerosol. 

The profile for the source tentatively identified in 
Table 5 as coal combustion related aerosols has a 
chemical composition quite different from particles in 
primary coal combustion emissions. This is true with 
regard to the crustal elements (such as Al, Si, Ca and 
Fe), which are indicated to be much lower percentages 
of the total mass than has been reported based on stack 
testing (e.g. Lee et al., 1975; Gladney et al., 1976), as 
well as volatile elements such as S, Zn and Pb, which 
have higher percentages than indicated by the litera- 
ture. These trends were expected, however, since 
Natusch er al. (1974) have shown that certain volatile 
elements such as Se, As, Zn and Pb (gaseous in the high 
temperature flues of coal fired power plants) rapidly 
condense onto fine particles as the plume cools down- 
wind. Moreover, since there was little coal combustion 
in the Boston area during the study period, it is 
believed that this pollution component represents 
particles transported into the vicinity. During trans- 
port, the character of the pollution would modify due 
to particle deposition and the addition of secondary 
aerosols generated in the atmosphere (for example, by 
photochemical processes) from gaseous pollutants (e.g. 
sulfur oxides, nitrogen oxides and hydrocarbons). As 
the pollution ages, these aerosols (including sulfates, 
nitrates and particulate carbon) would, therefore, 
represent an ever increasing percentage of the plume’s 
remaining particle mass, in turn reducing the par- 
ticulate mass percentage accounted for by the primary 
emission elements. Thus, an aged coal combustion 
aerosol might reasonably be expected to have charac- 
teristics qualitatively similar to those found for this 
coal related’ component profile. 

In their seminal work regarding Chemical Mass 
Balance (CMB) aerosol apportionment techniques, 

Miller er a[. (1972) recognized that source profiles 
would be modified between source and receptor. In 
their original model, they stated 

Ci = i Zijf;jSj, (15) 
j=l 

whereJj is the mass fraction of element i in particles 
from source j at the source, and zij is the coefficient of 
fractionation of element i between the source and the 
receptor. In practice, most users of (15) assume that, 
within an airshed, aij = 1.0 andAj = aij, where Uij is the 
mass fraction of element i in particles from source j at 
the receptor. However, for transported aerosols this 
will clearly not be the case, with some primary 
pollution elements being depleted by deposition while 
other secondary aerosol elements experience accretion 
in the plume. 

Comparison of the Coal Related’ profile in Table 5 
with other aerosol analyses indicates support for the 
identification of this component as aerosols trans- 
ported to Boston. In a comprehensive trajectory 
analysis of this data set (Thurston et al., 1982), air 
masses which had passed over the Ohio 
Valley/Midwest were found to record the highest mass 
fraction of Se. These Ohio Valley/Midwest air masses 
recorded an average Se percentage of 0.006%, ap- 
proaching the 0.0089 % value derived in this work for 
the coal related component (Table 5). Also, plots of the 
highest and lowest 10 impact days by this pollution 
component show a strong directionality, with the 
highest days’ trajectories enveloping the industrialized 
Midwest, while the lowest days’ trajectories passed 
primarily over Eastern Canada (Thurston and 
Spengler, 1984). Moreover, ambient aerosol measure- 
ments made between May 1980 and August 1981 at 
three rural sites located within the Ohio Valley Region 
revealed elevated Se contents in those aerosols when 
compared to typical Watertown contents (Shaw and 
Paur, 1983). The measurements, which were collected 
and analyzed in a manner similar to those employed in 
this work, indicated that the rural quarterly mean Se 
mass percentages ranged from 0.0082 to 0.021%. 
Considering our results in light of these independent 
data, it would appear that the coal burning Ohio Valley 
Region is characterized by an aerosol enriched in Se 
and, when air masses are transported across this region 
to southern New England, the Se (and its associated 
sulfate pollution) is also transported into southern 
New England. 

Only limited data are available for comparison to 
the refuse incineration profile. Data presented in Table 
6 for refuse incinerators would indicate a higher Zn 
concentration, lower copper percentage, and much 
higher chlorine percentage than reported here. The 
higher estimated Cu percentage may, in part, be due to 
errors induced by Cu emissions from the collocated 
high-volume samplers at this site. It is reassuring to 
note, however, that regressions by Kleinman et nl. 
(1980) indicated a 1.9% Cu content for incineration 
aerosols, a value identical to that reported in Table 5. 



The salr profile presented in Table 5 is no doubt 
influenced by road salt and marine aerosols impacring 
this coastal metropolitan location. The salt component 
profile agrees qualitatively with the limited available 

data on profiles for salt aerosols. Kowalczyk er ai. 

( 1978) present a profile derived from sea water data 
which indicates an aerosol dominated by Na (31 0,) 
and Cl (56 “,). Similarly, Taback (1979) indicate sea salt 

to have 31 O0 Na and 55 o,O Cl (see Table 6). Although 
Na data are not available from X-ray fluorescence, the 

estimate of46 per cent Cl content for salt aerosols does 
appear to be in reasonable agreement with the limited 
‘source’ composition data available. 

Of special note with respct to the comparisons of 
the results in Table 6 with literature data are com- 
parisons between the elemental profiles derived in this 
work and those statistically derived by Alpert and 

Hopke (1980) for particle samples collected in Boston 
in 1970. The Alpert and Hopke target-transformed 
factor analyses results were very nearly identical to the 
literature values input (which were themselves the 
same or similar to the literature values reported in 
Table 7). Since the Alpert and Hopke data were total 
suspended particle samples collected before the advent 
of Clean Air Act emission changes (e.g. the extensive 
use of low sulfur fuel oil) and before the increase in 
non-leaded gasoline, the noted discrepancies with our 
results may, in part, be due to real changes in aerosol 
characteristics over time. However, the nearly exact 
agreement between the Alpert and Hopke profiles and 
the target literature values input into the analysis has 

caused researchers to question the practical advan- 
tages of TTFA over conventional CMB approaches 
(Cooper and Watson, 1980). Thus, the present analysis 

may represent not only a technique more readily 
applied by available statistical packages, but also some 
improvement, in that it is not biased by prior assump- 
tions about the quantitative nature of local source 
profiles. Recent target transformation factor analyses 

by Roscoe and Hopke (1981) and Alpert and Hopke 
(1981), however, have addressed the above noted 
problem by targeting the factors to unique vectors (all 

elemtntj jet equal to zrro CXEPL one. u hich is jet squsl 

to 1.0) and iteratively converging on estimares oi 

source protiles. This approach L\X not applied to the 
Boston aerosol data, hohcber, and II 15 not known hou 
dlfferenr the resultant protiles wouid be from the 
originail> calculated profiles. Oni) b> conducting 
proper source sampling in analyzed air sheds can such 
questions regarding source profitlcs 3s resolved with 

more cerraint). 

As discussed in Section 7. once the mean source 

impacts and elemental protiles are estimated, the 
elemental mass balances can be calculated by taking 
their product. Table 7 contains the tine elemental 
impacts distributed among the sources, as calculated 
from the mass contribution estimate< in Table 1 and 
the elemental profiles in Table 5 For the fine elemental 
data. Cl and Cu are the elements mos: underpredicted. 
on average. by the source apportionment. This result 
could be anticipated, in light of the Cu impacts 
associated with collocated high-volume sampler oper- 
ations, and the fact that the Cl component failed to 
achieve significance in the mass re_grsssions (131. The 
correlations of the predicted and observed values (r’) 
are quite high, except for Cl and Cu. Taken as a whole. 
these components account for 75 pr cent of the 

elemental variance, close to the 87 per <ent accounted 
for by rhe original rotated components (which in- 

cluded the salt component). As can k seen in Table 7. 
the largest contribution of sulfur mass is associated 
with the coal component. but near& 25 per cent of the 
sulfur mass, on average, is unaccounted for by the 
sources identified here. *As might be expected. ;t 
majorit>- of the fine V 1s associated with ihe oil 
component. while most of the Br and Pb are con- 

tributed by the motor vehicle compnent. The soil 
component dominates the crustal element impacts ISi. 
K, Ca, Mn and Fe). 

Table 8 indicates rhat the source components ac- 

Table 7. Mean source contributions to fine elemrntdl concentrations tns m -‘I 
__~__I 

Sum ol Ohberrhi 
Motor Coal estimated msan mean Es:im.-Obj. 
vehicle Oil Soil related contributions concentration r2 

Ni 1.73 
CU 7.13 
Zn 3 04 
se 
Br 47.1 
Pb is.;. 

3.95 
I17 

6.42 
6.34 
3.14 

11.5 
0.35 
5.X 
4.05 

3.06 

11.9 
47.7 

53.6 
74.6 
l2.i 
16.9 
29.5 

2.46 
I.61 

45.3 
1.1’ 
0.96 

7.12 

21.6 

34-l 

I a.9 
I.55 
’ ‘9 _._ 
03' 
9.60 
IO1 
2.02 
Y.32 
0.61 
77. 1 ’ 1 

31.7 
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Table 8. Mean source contributions to coarse elemental concentrations (np. me3) 

Motor 
vehicles Oil Soil Sulfate Refuse Salt 

Sum of Observed 
estimated mean Mean Estim.-Obs. 
contributions concentration 72 

A! 11.5 11.2 
Si 33.0 20.8 
S 24.0 6.33 
Cl 21.7 14.3 
K 5.16 2.67 
Ca 
Ti 

7.95 4.52 
0.47 0.83 

V 0.79 0.85 
Mn 0.24 0.13 
Fe 14.3 6.93 
Ni 0.42 0.26 
cu 0.37 
Zn 1.16 0.41 
Br 19.4 0.66 
Pb 48.7 2.93 

282. 
719. 

19.8 

80.6 
147. 
23.2 
0.90 
4.62 

200. 
0.53 

1.65 1.10 
0.87 2.26 
4.96 6.92 

23. 
55.1 

134. 
33.1 
10.8 
12.2 
0.62 
0.56 
0.25 

16.8 
0.37 

17.1 
62.9 
11.6 3.78 

183. 
5.5 1.94 

12.8 
0.94 
0.19 
0.44 

21.1 
0.41 0.06 
9.41 
6.10 
2.07 0.22 
7.79 0.40 

345. rt 23. 
891. i 59. 
199. & 9. 
252. + 36. 
107. + 7. 
i84.k 12. 
26.1& 1.9 
3.45 2 0.31 
5.69 5 0.38 
x0.+ 17. 
2.06+0.11 
9.79 It 0.64 
10.4Io.5 
25.5 f. 1.6 
71.8 k4.1 

366. + 26. 0.86 
1021.+66. o.s9 
201.+9. 0.89 
306. t 46. 0.93 
112. + 6. 0.97 
214. f 15. 0.91 
25.9 + 2.i 0.95 
3.34io.33 0.92 
5.8 1 * 0.10 0.95 
281.k 17. 0.94 
2.44&0.13 0.87 
10.4io.7 0.93 
12.2 + 0.6 0.80 
25.7 + 1.6 0.99 
75.6 k 4.6 0.97 

count for the coarse elemental concentrations better 
than was the case for the fine aerosol. All elements are 
accounted for, on average, within 20 per cent (the 
worst being Cl, averaging 17 % underpredicted), and 
the predicted-obse~ed correlations rz all equal or 
exceed 0.80. As was true for the fine aerosol, the coarse 
soil component dominates the crustal element impacts, 
a result consistent with our prior knowledge of the 
elemental composition of these sources. Surprisingly, 
however, the coarse oil component is not estimated to 
be the predominant V and Ni contributor, with the soil 
component equaling its V impact and exceeding the 
coarse oil component Ni impact. Both of these coarse 
V and Ni impacts are small, however, compared to the 
V and Ni impacts by the oil component in the fine 
mass. As expected, coarse Zn and Cu are contributed 
primarily by refuse incineration, while automotive 
emissions are estimated to be the largest contributor of 
ambient coarse Pb and fir, 

While the major features of the results in Tables 7 
and 8 are confirmed by known information regarding 
the possible elemental sources, a careful scrutiny of the 
results reveals that some of the less major sources of 
elements are larger than expected. One such problem 
was noted above for the V and Ni coarse concen- 
trations. Also, the estimate in Table 7 that motor 
vehicles account for half as much fine V as oil 
combustion appears suspect. Although the content of 
V has dropped in residual oils in recent years, and oil 
constitutes a smaller portion of the fine mass than 
motor vehicles, this estimate seems large. The likely 
reason for this result is tied to the fact that these 
sources are of local origins, and their mass impacts at 
the Watertown site are not totally independent of one 
another (all local sources tending to rise during poor 
local dispersion). Indeed, a separate evaluation of this 
elemental data set with respect to meteorological 
interactions (Thurston and Spengler, 1984) showed 
that both oil and motor vehicle impacts are moderately 
correlated with poor local dispersion. It seems likely 
that this shared covariance is manifesting itself in the 

elemental profile regressions by distributing the el- 
emental masses (e.g. V and Pb) between these sources, 
causing some bias. This secondary statistical effect 
aside, however, the major features of the elemental 
profiles (Table 6) and elemental contributions (Tables 
8 and 9) do agree with available information regarding 
their expected values. 

4. CONCLUSlOlVS 

This analysis has presented a particle source ap- 
portionment technique which requires a minimum of 
inputs regarding source characteristics, yet provides 
quantitative information regarding both source par- 
ticle characteristics and impacts. While the theoretical 
aspects of the technique are somewhat complicated, it 
is a simple technique to execute in practice, requiring 
only Principal Component and regression procedures 
routinely available on standard statistical computer 
packages. 

In this particular application, the absolute PCA 
source apportionment approach has indicated that 
traditional local primary emission sources such as 
automotive, oil and refuse incineration emission con- 
tribute only roughly one fourth ofthe 26 pg me3 mean 
inhalable particle (IP) mass at the sampling site in 
Watertown, MA. Fugitive particle sources (soil and 
salt aerosols) account for nearly 30 per cent of the IP 
mass. Almost half the IP mass was not attributable to 
identified sources in the local area. Indeed, nearly 30 
per cent of the IP mass was ascribed to a coal 
combustion related component believed to be trans- 
ported into the Boston area. 

The identification of a major coal related aerosol 
which is apparently transported to this site (primarily 
from the industrial Midwest) completes a chain of 
evidence leading to this conclusion. This component is 
strongly correlated with S and Se. Selenium is known 
to be highly concentrated in air pollution emissions 
from coal combustion (Natusch et ai., 1974) (Klein et 



cri., 1975) (Wangen. 1981). Also, analyses of particle 
samples collected within the Ohio Valley coal burning 
region indicate that ambient aerosols in that region are 

highly enriched in selenium (Spengler and Thurston. 
1983: Shaw and Paur, 1983). Statistical and wind 

trajectory analyses of aerosol samples collected in rural 
New York State have indicated that ambient selenium 
and sulfur concentrations increase at sites in that state 

during air mass transport from the coal burning 
Midwest to those sites (Parekh and Husain, 1981). The 
results contained in this and related papers (Thurston 

et ai., 1982; Thurston and Spengler, 1984) document a 

similar pattern for this Eastern Massachusetts site. 

These results indicate that, using trace elements, the 
particle pollution resulting From emissions in the 
industrial Midwest can be detected as Far away as the 
East Coast of the U.S. 

The apportionment of sulfate aerosol mass among 
possible sources is of special concern from both human 
health and environmental standpoints. Of the mean 
1.8 ,ug me3 FP sulfur mass measured, only 20 per cent 

was attributable to local emission sources, while 45 per 
cent of the sulfur mass was ascribed to the pollution 

com~nent identi~ed as coal related aerosols trans- 
ported into the Boston area, on average. It seems 

unlikely that the 35 per cent of sulfur left unap- 
portioned by the regressions is due to some large 

unconsidered source(s). Instead, it is more probable 
that fluctuations in sulfur dioxide to sulfate transform- 
ation rates cause day to day variations in the sulfate 
portion of the source elemental profiles. During the 
sulfur regression procedure, such variations (random 

errors) tend to frustrate the apportionment process, 

causing the model intercept to be increased dis- 
proportionately. Thus, attempts to apply source ap- 
portionment techniques to sulfate aerosols might well 
be improved by incor~rating such variations in the 
sulfur portion of source aerosol elemental profiles. 

We were encouraged by the consistency found 
between the elemental profiles derived separately for 
the fine and coarse components, as well as the qualitat- 
ive agreement between derived profiles and literature 

profiles. In general, there were moderate quantitative 

differences between these profile values. as might be 
expected given the limited nature of the avaitable 
literature data, the effects of aerosol fractionation on 
source elemental profiles, and the errors which may 
exist in statistical derivation techniques. However, the 
nature of the coal-related component’s elemental 
profile was estimated to be appreciably ditferent from 
the character of primary coal combustion emissions. 
Elements dominating primary emissions were found in 
much lower concentrations, while secondary pollution 
elements (e.g. S, Se which are released primarily as 
gases in high temperature exhausts) are found in much 
higher concentration. This result implies that there is a 
substantial influence of fractionation between source 
and receptor in the case of transported (aged) aerosols. 
If such changes in the composition of aerosols are 
ignored, significant errors can be expected in the source 

identification and qudnnfication il ! transported 
aerosols. 

Source apportionment technique5 appear, in gen- 
eral, to represent Fiablc: and cost-elTes::\e public pohcy 
decision making tools. The absolu:: principal rom- 
ponent regression approach pressn:<d here is seen to 
be a useful hypothesis generating tool: one which 

makes few emissions or dispersion assumptions, but 
which deduces quantitative estimates of air pollution 

characteristics and culpabthty. Moreover, this multi- 
variate source ap~rtionment and characterization 

technique apparentiy represents a pramising means of 

assessing the composition and impacts of aerosols 
which have experienced considerable transport and. 
hence, fractionation. After conducting such analysiz. 
the decision maker would have ar: indication as to 
which sources need further elemental emission charac- 
terization, as well as an estimate of rhs extent to which 
controlling various source classes ma) achieve ambient 
particle concentration reductions. This initial appli- 
cation would appear to indicate that, m the case of 
Metropolitan Boston, MA. the control of traditional 
local particle sources would have less influence on fins 
aerosol and sulfate concentrations Than would the 
control of emissions causing seconds:> aerosols tmns- 
ported to the Boston vicinit;;. 
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-\PPESDiX: A DE~iO~STR.~TfO~ OF THE ABSOLIXE 
PC.4 SCORE SOURCE IMPACT AND ELEMENTAL 

PROFILE ESTIMATION TECHNIQCES USING A TWO 
ELE\lENT SYNTHETIC DATASET 

In this appendix. the source apportionment techniques 
developed in this paper are applied to a two element 
concentration dataset in which the concentrations for 100 
observations art generated from two predefined source 
Impact distributions and elemental proiiles. The analysis 
techniques are then employed to back calculate the originai 
‘known’ source impacts and source elemental profiles used to 
create the datasct. 

The first step in the development of this example is the 
artilictal creation of source mass and elemental impact 
distributions. Two normal mass distributions having the 
characteristics: 

S, = UOpg mm3 os, = 1.07 m= loo (Al) 

r2 = 11.S9~gm“ os2 = 0.937 m = 100 (AZ) 

ha%e been generated using the SAS statistical package (Barr 
rr a(., 1979). The first distribution has been assigned to 
represent crustal mass impacts and defined as having a 13 per 
cent Al content and a 0.53 per cent V content. The second 
drsrribution is assigned as representing residual oil impacts. 
and defined as being 0.04 per cent Al and 3.44 per cent V. 
Thus, the generated ‘ambient’ total mass, Al and V concen- 
tration distrtbutions ti, = 1. 7. 100) are defined to be 

ZrZass, = S,, T S2ir tA3) 
and 

.A& = 0.13S,1, +OOOj3Sz, (A4) 

and 
V, = 0.0004s*, io.0344s21,. iA5) 

Inserttn~ the ltH)~aluesot‘S~,~rd Sli>te2; thzdtsrr:bu:ton> 

Ltdlj$ = i 6.- :cg m ’ ST4,* = I A_’ Ir! = lllti !.Ahl 

-\I = d.tj~- ;,e m ’ ii: =: 4-i : ; ; m = 11ri /.\^I 
t’=i‘i.-ill tigm ’ 7\ =f11t323 m= lilt) iii>1 

The only mformarton entered into tr.< jbnthettc &tasr;‘t 
source apportionment is the rinaf :otzi mass, Al. And L 
concentration distributions above: da:t ~~~lo_eous to rhd~ 
routinely available irom ambient mom~oring. The totAl .Al 
and V concentrations .tre tirst dnalyzsd ‘~1 isrimax rotated 
PCA. yielding 

Table ;\I. Rotated PCA ol’ the skn:h::tz elem:ntJi 
data set tm = i(H)) 

-- -___- 

Element PC PC7 

Al 0.9999? 0.00493 
L O.NU33 13.99999 

Eigenvalue j i? : 0 
____~_._ 

Based upon their high correlations a::? 11 and V. re,pcct. 
ively, the rotated components arc ident:2ed as crustal par- 
ticles (PCI) and residual oil particles vPC3). The rotated 
component scores for these li obsenattorl- r: = I, 2. lr)cll 
are then calculated (as per Equation (91 IT? the texr~ 

and 

The absolute zero oieach PC 1s ssttmarti by msertrng the 
absolute zero 2 values [as in I iOt] 

.ii - 0.63-3 
% ‘04; = - -- - 3 .J 7 1 

0.1392 
.A I .: , 

GA! 

into the PC scoring equations [1.49), t.4isjrj above. yirldmo_ 
[as in (ii)> 

PCI,’ = l.ua?ojt -1.937)-(J.N4Y3\- :I.-64) = - -:,\:o 
Iii51 

PC2,’ = -O.c04?3( -4.937)+ i.tX!M4( - i_‘.‘M) = -- iZ.‘37. 
1.416) 

Using these estimates of absolute zero o:’ the PC <core 
distributions. the Absolute Principal Camponent Scores 
(APCS) are calculated [as in I 1711 

APCSi: = PCI; -f -.I.?-61 !.4l?i 

APCSZ: = PC?: -i - i :.:;‘I I-\l‘il 

Estimates ofthc IOOcrustal and residual SII source Impacts 
(in big mm’) can be derived from these .APCS by rcgrsssiny 
total mass on these .%PCS [as tn I1 311. yslding 

.X1&s* = - 5 * II) ” _- I.O6!r,APCS:‘l iI 
f 0.9@4(APCSfl* I I 
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Thus. inserting the absolute PC scores for each of the 
k = 1.2. 100 observations into the followmg equations: 

EIS,I) = I.O63(APCSl;) (AZO) 

EISZk) = 0.904(APCS2;) (AZl) 

yields estimates of the source impact distributed 

E(S,) = 5.18 E(as,) = 1.06 m=lOO (A22) 

E(&) = 11.51 Elas,) = 0.904 m = 100 (A23) 

and 

EtMass) = 16.7 E(u,,,~) = 1.40 m = 100 (A24) 

which are in reasonable agreement with the original distri- 
butions presented in IAl), (A?) and (A6). 

The results summarized in Equations (A22) and A23 can be 
employed to estimate the elemental profiles (i.e. “,Al. “,V) of 
the particle sources they represent. This is accomplished be 
regressing the 100 total Al and V concentrations [created via 
(A4) and (A5)] on the 100 estimates ofcrustal and residual oil 
impacts. This yields the regression equations 

Al =4x IO-“+.131(E(S,,))+.000759(E(S,k)) (A25) 

and 

V = I x IOeJ + .000149(E(S,,)) + .0356(E(S,,)), (A26) 

which compare well with the true values in (44) and (Aj) for 
the Al fraction of crustal courses (ElS, fraction) = 0.131 vs 
true value of 0.13) and the V fraction for residual oil 
(E(& fraction) = 0.0356 vs true value of 0.034-t). The es- 
timates for elements not primarily concentrated in these 
sources (V fraction for crustal sources and Al fraction for 
residual oil), however. are seen to be less accurately predicted, 
in both cases being underestimates of the true elemental 
fractions presented in (A4) and (As). 

This synthetic dataset analysis has provided an example of 
the steps involved in the use of absolute PC.4 score analyses to 
derive source impacts and elemental profiles. Further, this 
example indicated that, in this simple case, the estimated 
source impacts and source profiles approximated the major 
features of the true distributions used to generate the dataset. 
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