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ABSTRACT
Because the particulate organic carbon (OC) concentra-
tions reported in U.S. Environment Protection Agency
Speciation Trends Network (STN) data were not blank
corrected, the OC blank concentrations were estimated
using the intercept in particulate matter �2.5 �m in aero-
dynamic diameter (PM2.5) regression against OC concen-
trations. The estimated OC blank concentrations ranged
from 1 to 2.4 �g/m3 showing higher values in urban areas
for the 13 monitoring sites in the northeastern United
States. In the STN data, several different samplers and
analyzers are used, and various instruments show differ-
ent method detection limit (MDL) values, as well as errors.
A comprehensive set of error structures that would be
used for numerous source apportionment studies of STN
data was estimated by comparing a limited set of mea-
sured concentrations and their associated uncertainties.
To examine the estimated error structures and investigate
the appropriate MDL values, PM2.5 samples collected at a
STN site in Burlington, VT, were analyzed through the
application of the positive matrix factorization. A total of
323 samples that were collected between December 2000
and December 2003 and 49 species based on several vari-
able selection criteria were used, and eight sources were
successfully identified in this study with the estimated
error structures and min values among different MDL
values from the five instruments: secondary sulfate aero-
sol (41%), secondary nitrate aerosol (20%), airborne soil
(15%), gasoline vehicle emissions (7%), diesel emissions

(7%), aged sea salt (4%), copper smelting (3%), and fer-
rous smelting (2%). Time series plots of contributions
from airborne soil indicate that the highly elevated im-
pacts from this source were likely caused primarily by dust
storms.

INTRODUCTION
U.S. Environmental Protection Agency (EPA) established
the Speciation Trends Network (STN) to characterize par-
ticulate matter �2.5 �m in aerodynamic diameter (PM2.5)
composition in urban areas and to assist identifying areas
out of attainment of the promulgated new national am-
bient air quality standards for airborne PM. Advanced
source apportionment studies for the STN PM2.5 measure-
ments are needed for developing effective control strate-
gies for PM2.5, as well as for the source-specific commu-
nity epidemiology to relate adverse health effects to
apportioned source contributions. Positive matrix factor-
ization (PMF)1 has been successfully used to apportion
PM2.5 sources in several Interagency Monitoring of Pro-
tected Visual Environments (IMPROVE)2 monitoring
sites.3–7

The reported particulate organic carbon (OC) concen-
trations in STN data were not blank corrected. There are
four different types of samplers used in STN. Particulate
carbons were analyzed by three analyzers, anions were
analyzed by two instruments, and cations were analyzed
by three instruments. Particulate metals were analyzed by
five instruments located in three laboratories. Because
various instruments show different method detection
limit (MDL) values and uncertainties, a comprehensive
set of error structures and MDL values that would be used
for PMF studies were required.

The objectives of this study were to estimate the OC
blank concentrations, error structures, and MDL values
for the STN data. To examine the use of those estimations
for the analyses of STN data, PMF was applied to ambient

IMPLICATIONS
Although there are major challenges in using STN data for
source apportionment, it is possible to estimate OC blank
values and errors to permit quantitative receptor modeling
to be applied to these data.
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PM2.5 speciation data collected at the STN monitoring site
in Burlington, VT, in the present study. The PMF-derived
PM2.5 sources and their seasonal trends are discussed.

EXPERIMENTAL WORK
Sample Collection and Chemical Analysis

Integrated 24-hr PM2.5 samples were collected at 54 core
STN monitoring sites and �170 other monitoring sites.
Four types of samplers were used to collect ambient PM2.5

samples in the STN: Spiral Aerosol Speciation Samplers
(Met One Instruments, Grants Pass, OR), R&P Speciation
Sampler 2300 (Rupprecht & Patashnick, East Greenbush,
NY), Mass Aerosol Speciation Sampler (URG, Chapel Hill,
NC), and Reference Ambient Air Sampler (Andersen In-
struments, Smyrna, GA). PM2.5 samples were taken on a
1-in-3 or 1-in-6 day schedule. Field blanks were collected
for 1-in-10 routine samples, and trip blanks were obtained
at 1-in-30 routine samplers.8 Unlike IMPROVE network,
the STN used multiple types of samples and multiple
analytical laboratories to produce the data. There were
also differences in the nature of the collected blanks and
the treatment of the resulting data. PM2.5 samples were
collected on Teflon, Nylon, and quartz filters. The Teflon
filter was used for mass concentrations and analyzed via
five energy dispersive X-ray fluorescence (XRF) spectrom-
eters for the elemental analysis located in three laborato-
ries: Chester LabNet, Cooper Environmental Services, and
Research Triangle Institute (RTI). The Nylon filter was
analyzed for sulfate (SO4

2�), nitrate (NO3
�), ammonium

(NH4
�), sodium (Na�), and potassium (K�) via ion chro-

matography (IC). To minimize the sampling artifacts for
NO3

�, a magnesium oxide (MgO) or sodium carbonate
denuder was included at the upstream of the Nylon fil-
ter.9,10 Two instruments for anions and three instruments
for cations in RTI were used for the Nylon filter analyses.
The quartz filter was analyzed by three instruments at RTI
via National Institute for Occupational Safety and Health/
Thermal Optical Transmittance protocol11 for OC and
elemental carbon (EC). Carbon denuders that minimize
positive sampling artifact caused by adsorption of gaseous
organic materials were not included at the upstream of
quartz filter in the STN samplers.12,13 None of the reported
STN data were blank corrected.14

OC Blank Corrections
Tolocka et al.15 in a comparison study among STN sam-
plers (i.e., Reference Ambient Air Sampler, Federal Refer-
ence Method Sampler, and Versatile Air Pollution Sam-
pler) observed that the OC concentration measured by
both STN and Federal Reference Method samplers that did
not include carbon denuder at the upstream of quartz
filter were consistently higher than the values sampled by
Versatile Air Pollution Sampler that had a carbon denuder

preceding the quartz filter. Because the reported particu-
late OC concentrations were not blank corrected and
there appears to be a positive artifact in the OC concen-
trations measured by STN samplers,15 approaches to ob-
taining an integrated estimate of the OC blank concen-
trations including trip and field blank, as well as OC-
positive artifact on quartz filter, were tested. One of the
ways for the reasonable estimation was using the inter-
cept of the regression of OC concentrations against
PM2.5.15

Figure 1 shows the location of the 13 northeastern
United States STN monitoring sites in which integrated
OC blank concentrations were estimated. To examine the
method for OC blank estimation, samples for which
PM2.5 or OC mass concentrations were not available were
excluded. The sample that showed extreme OC value on
July 7, 2002, caused by a Canadian wildfire was excluded.
Comparing colocated PM2.5 mass concentrations mea-
sured by STN and Federal Reference Method, outliers were
censored before the regression analyses between STN
PM2.5 and OC concentrations. To illustrate this approach,
PM2.5 mass concentrations were compared with OC con-
centrations in Figure 2 for the four STN sites that have the
highest or lowest intercepts of the 13 studied sites. The
intercepts in PM2.5 regression against OC concentrations
were then considered to be integrated OC blank concen-
trations that includes trip blank concentrations as well as
positive sampling artifacts by adsorption of gaseous or-
ganic matter. The results for the 13 STN monitoring sites
are summarized in Table 1. The estimated OC blank con-
centrations ranged from 1 to 2.4 �g/m3. The lower OC
blank concentrations were found at rural sites (Whiteface,

Figure 1. Location of EPA STN sites in NY, NJ, and VT. (1)
Burlington; (2) Whiteface; (3) Rochester; (4) Buffalo; (5) Pinnacle
State Park; (6) NY Botanical Garden, IS52, Canal St., and Queens
College; (7) Elizabeth Lab.; (8) Chester; (9) New Brunswick; and (10)
Camden.
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NY, Pinnacle State Park, NY, and
Chester, NJ), whereas the higher
concentrations were observed in
urban areas (Elizabeth Lab., NJ,
Canal St., NY, and IS52, NY).
The results suggest the influence
of the positive artifact from the
adsorption of gaseous organic
matter by quartz filters.13 For the
source apportionment study, the
reported STN OC concentrations
were blank corrected by subtract-
ing the estimated OC blank con-
centrations.

MDL Values and Error
Estimates

The application of PMF depends
on the estimated uncertainties
for each of the measured data.
The uncertainty estimation
based on the analytical uncer-
tainties and laboratory MDL
values provides a useful tool to
decrease the weight of missing
and below detection limit (BDL)
data in these methods. Polissar
et al.3 suggested a procedure for
estimating uncertainties for the PMF study from the anal-
yses of seven IMPROVE PM2.5 speciation datasets, in
which data uncertainties and MDL values were well de-
fined. In STN data, various instruments were used to an-
alyze samples, and they produced different MDL values

and analytical uncertainties.14 A comprehensive set of

MDL values and error structures that can be used for

source apportionment studies need to be estimated, be-

cause before July 2003, the STN data were not accompa-

nied by MDL values and uncertainties. It is not possible to

identify which instrument was used for the analysis of

any particular sample so that it is not possible to assign its

particular MDL values and uncertainties for that sample.

The filter mass loading MDL values for OC, EC, an-

ions, and cations (Table 2) are the same for the multiple

instruments at RTI.14 Table 3 presents the filter mass load-

ing MDL values for the 48 elements analyzed by the five

XRF spectrometers (Chester770, Chester771, Cooper,

Figure 2. PM2.5 mass concentrations vs. OC concentrations for four STN sites.

Table 1. Summary of EPA STN sites in NY, NJ, and VT and estimated

PM2.5 OC blank concentrations.

Monitoring Site Sampler Sampling Period OC Blank, �g/m3

Burlington, VT SASS 12/2000-12/2003 1.83

Whiteface, NY RPSPEC 5/2001-12/2003 1.02

Rochester, NY RPSPEC 4/2001-12/2003 1.67

Buffalo, NY RPSPEC 1/2002-12/2003 1.44

Pinnacle State Park, NY RPSPEC 4/2001-12/2003 1.25

NY Botanical Garden, NY SASS 4/2001-12/2003 1.41

IS52, NY RPSPEC 12/2000-12/2003 1.85

Canal St., NY SASS 8/2002-12/2003 2.44

Queens College, NY RPSPEC 4/2001-12/2003 1.57

Chester, NJ SASS 1/2002-12/2002 1.35

New Brunswick, NJ SASS 1/2002-12/2002 1.49

Camden, NJ SASS 1/2002-12/2002 1.65

Elizabeth Lab., NJ SASS 1/2002-12/2002 2.19

Notes: SASS � Spiral Aerosol Speciation Sampler; RPSPEC � Rupprecht &

Patashnick Speciation Sampler.

Table 2. Laboratory MDLs for carbons, anions, and cations (RTI, 2004).

MDLs (�g/filter)

OC, EC 2.352

SO4
2� 0.120

NH4
� 0.160

NO3
� 0.084

K� 0.134

Na� 0.290
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RTI1, and RTI2) operated by three participating laborato-
ries.14 To investigate appropriate MDL values for PMF
analyses, the min and average MDL values among five
MDL values were tested using STN data measured in the
Burlington, VT, site.

A limited set of the XRF analytical uncertainties for
13 eastern STN sites for samples collected between March
2001 and November 2003 were acquired from EPA. The
reported analytical uncertainties for sulfur, silicon (Si),
potassium (K), and iron (Fe) from the five instruments in
three laboratories were compared in Figure 3. Various
species, instruments, and laboratories show different an-
alytical uncertainty structures.

As can be seen from Figure 3, the uncertainties are
given as fractions of measured mass concentrations. To
develop a comprehensive set of errors that could be used
for PMF studies across the STN, a general fractional error
was estimated by comparing the available measured con-
centrations and their associated uncertainties. To gener-
ate the error structures, the fractional errors that are esti-
mated as a fraction of the measured concentrations are
chosen to encompass most of the reported uncertainties
as shown by the lines in Figure 3 and to provide the most
reasonable PMF solution. For the species for which ana-
lytical uncertainties were not available (i.e. OC, EC,
SO4

2�, NH4
�, NO3

�, sodium [Na�], and potassium [K�]),
the fractional errors between 5% and 30% were tested,
and the fractions that started to provide the interpretable
PMF solution were chosen. The specific values for each
element are shown in Table 4. Thus, based on the studies
of Polissar et al.,3 the error structures (sij) were calculated
using the following equation:

sij � �MDL�/3 � k � xij (1)

where xij is the jth species concentration measured in the
ith sample, and the values of k are given in Table 4. The
minimum or mean MDL values could be used, and the
specific choice of MDL values need to be determined by
the studies described below.

Multivariate Receptor Modeling
An ambient PM2.5 compositional data set of 24-hr inte-
grated samples collected at a STN site in Burlington, VT,
were analyzed through the application of PMF to examine
the estimated error structures and to investigate the ap-
propriate MDL values. The receptor modeling problem
can be expressed in terms of the contribution from p
independent sources to all of the chemical species in a
given sample as follows:16,17

xij � �
s � 1

p

gisfsj � eij (2)

Table 3. Laboratory MDLs for the elements analyzed by X-ray fluorescent

methods (RTI, 2004).

MDLs (�g/filter)

Min.
(�g/filter)

Ave.
(�g/filter)

Chester
770

Chester
771 Cooper

RTI
XRF1

RTI
XRF2

Al 0.157 0.163 0.035 0.219 0.219 0.035 0.159

Sb 0.213 0.158 0.164 0.267 0.267 0.158 0.214

As 0.036 0.037 0.005 0.014 0.014 0.005 0.021

Ba 0.850 0.601 0.022 0.099 0.099 0.022 0.334

Br 0.029 0.031 0.005 0.011 0.011 0.005 0.017

Cd 0.152 0.095 0.057 0.100 0.100 0.057 0.101

Ca 0.050 0.044 0.014 0.071 0.071 0.014 0.050

Ce 1.242 1.113 0.020 0.080 0.080 0.020 0.507

Cs 0.533 0.436 0.021 0.097 0.097 0.021 0.237

Cl 0.084 0.132 0.030 0.078 0.078 0.030 0.080

Cr 0.023 0.019 0.007 0.019 0.019 0.007 0.017

Co 0.020 0.018 0.005 0.014 0.014 0.005 0.014

Cu 0.019 0.019 0.006 0.024 0.024 0.006 0.018

Eu 0.162 0.084 0.017 0.036 0.036 0.017 0.067

Ga 0.048 0.071 0.009 0.026 0.026 0.009 0.036

Au 0.072 0.127 0.011 0.037 0.037 0.011 0.057

Hf 0.378 0.155 0.016 0.257 0.257 0.016 0.213

In 0.163 0.108 0.081 0.135 0.135 0.081 0.124

Ir 0.086 0.165 0.020 0.040 0.040 0.020 0.070

Fe 0.028 0.024 0.005 0.020 0.020 0.005 0.019

La 1.004 0.795 0.017 0.083 0.083 0.017 0.396

Pb 0.079 0.085 0.010 0.027 0.027 0.010 0.046

Mg 0.266 0.427 0.077 0.175 0.175 0.077 0.224

Mn 0.033 0.026 0.009 0.015 0.015 0.009 0.020

Hg 0.063 0.065 0.010 0.033 0.033 0.010 0.041

Mo 0.069 0.085 0.019 0.082 0.082 0.019 0.067

Ni 0.018 0.015 0.005 0.016 0.016 0.005 0.014

Nb 0.060 0.067 0.015 0.033 0.033 0.015 0.042

P 0.090 0.056 0.016 0.102 0.102 0.016 0.073

K 0.049 0.062 0.018 0.106 0.106 0.018 0.068

Rb 0.031 0.031 0.008 0.014 0.014 0.008 0.020

Sm 0.089 0.068 0.020 0.041 0.041 0.020 0.052

Sc 0.035 0.031 0.009 0.000 0.000 0.009 0.015

Se 0.031 0.033 0.005 0.025 0.025 0.005 0.024

Si 0.109 0.098 0.039 0.178 0.178 0.039 0.120

Ag 0.151 0.091 0.045 0.082 0.082 0.045 0.090

Na 0.738 1.580 0.419 0.526 0.526 0.419 0.758

Sr 0.036 0.036 0.010 0.017 0.017 0.010 0.023

S 0.095 0.204 0.014 0.085 0.085 0.014 0.097

Ta 0.282 0.255 0.016 0.074 0.074 0.016 0.140

Tb 0.109 0.073 0.014 0.042 0.042 0.014 0.056

Sn 0.258 0.131 0.114 0.192 0.192 0.114 0.177

Ti 0.030 0.034 0.010 0.048 0.048 0.010 0.034

V 0.022 0.021 0.008 0.031 0.031 0.008 0.023

W 0.199 0.208 0.017 0.059 0.059 0.017 0.108

Y 0.044 0.044 0.011 0.021 0.021 0.011 0.028

Zn 0.021 0.017 0.008 0.025 0.025 0.008 0.019

Zr 0.052 0.054 0.014 0.027 0.027 0.014 0.035
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where gis is the particulate mass concentration from the
sth source contributing to the ith sample, fsj is the jth
species mass fraction from the sth source, eij is residual
associated with the jth species concentration measured in
the ith sample, and p is the total number of independent
sources. PMF provides a solution that minimizes an object
function, Q(E), based on uncertainties for each observa-
tion.3,18

Q�E	 � �
i � 1

n �
j � 1

m �xij � �
s � 1

p

gisfsj

uij

�
2

(3)

where uij is an uncertainty estimate in the jth constituent
measured in the ith sample.

There are an infinite number of possible combina-
tions of source contribution and profile matrices to the
multivariate receptor modeling problem because of the
free rotation of matrices.19 PMF uses non-negativity con-
straints on the factors to decrease rotational ambiguity.
Also, the parameter FPEAK and the matrix FKEY are used
to control the rotations.20,21 By setting a non-zero value of
FPEAK, the routine is forced to add one source contribu-
tion vector to another and subtract the corresponding
source profile factors from each other and thereby yield

more physically realistic solu-
tions. PMF was run with differ-
ent FPEAK values to determine
the range within which the
scaled residuals remain rela-
tively constant.21,23 The optimal
solution should lie in this
FPEAK range. In this way, sub-
jective bias was reduced to a
large extent. External informa-
tion can be imposed on the so-
lution to control the rotation. If
specific species in the source
profiles are known to be zero,
then it is possible to pull down
those values toward lower con-
centration through appropriate
settings of FKEY resulting in the
most interpretable source pro-
files. Each element of the FKEY
matrix controls the pulling-down
of the corresponding element in
the source profile matrix by set-
ting a nonzero integer value in
FKEY matrix.20

Based on the studies of

Polissar et al.,3 the measured

concentrations below the MDL values were replaced by

half of the MDL values, and their uncertainties were set at

5/6 of the MDL values. Missing concentrations were re-

placed by the geometric mean of the concentrations, and

their accompanying uncertainties were set at four times

this geometric mean concentration.

For the application of PMF to STN data, only samples

for which PM2.5 or OC mass concentrations were not

available were excluded from data set measured in Burl-

ington, VT. A summary of original PM2.5 speciation data,

MDL values, and signal-to-noise ratios are provided in

Table 5. To obtain reasonable model fit, the Canadian

wildfire sample on July 7, 2002, in which PM2.5 and OC

mass concentrations were unusually high (i.e., 7 times

and 25 times geometric mean, respectively) was excluded

in the source apportionment study. Overall, 7% of the

original data was excluded from this study. XRF S and IC

SO4
2� showed excellent correlations (slope � 3.1, r2 �

0.98), so it is reasonable to exclude XRF S from the anal-

ysis to prevent double counting of mass concentrations.

Also, IC Na� and IC K� were chosen because of the higher

analytical precision compared with XRF Na and XRF K.

Chemical species that have below MDL values �90% (i.e.,

antimony, indium, samarium, and terbium) were ex-

cluded. Thus, a total of 323 samples collected between

Figure 3. The comparison between measured concentrations and associated analytical uncertainties.
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December 2000 and December 2003 and 49 species in-
cluding PM2.5 mass concentrations were used. Species
that have signal-to-noise ratios between 0.2 and 2 were
considered weak variables (i.e., EC, cadmium, europium,
gallium, cobalt, iridium, molybdenum, niobium, rubid-
ium, scandium, silver, strontium, tin, yttrium, and zirco-
nium), and their estimated uncertainties were increased
by a factor of five to reduce their weight in the solution as
recommended by Paatero and Hopke.22 The contami-
nated Na� collected between October 2001 and January
2002 were reported,8 and they were treated as missing
data.

In this study, the measured PM2.5 mass concentration
was included as an independent variable in the PMF mod-
eling to directly obtain the mass apportionment without
the usual multiple regression. The utilization of PM2.5

mass concentration as a variable is specified in detail in
Kim et al.23

Finally, to obtain physically reasonable PMF solution,
it was necessary to test different (min/average) MDL val-
ues, different numbers (5–11) of sources, and different
FPEAK values (�1–1) with the final choice based on the

evaluation of the resulting source profiles, as well as the
quality of the species fits. The global optimum of the PMF
solutions were tested by using multiple random starts for
the initial values used in the iterative fitting process.

RESULTS AND DISCUSSION
In a variety of source number solutions, FPEAK values,
and FKEY matrices, the eight-source model, a value of
FPEAK � 0, and min MDL values provided the most
physically reasonable source profiles. In the seven-source
model, the copper smelting was not deduced. In the nine-
source model, the additional source was not interpretable.
The source profiles of the best solution are presented in
Figure 4, and the corresponding source contributions are
shown in Figure 5. These results will be discussed below,
but first, the results of the study of the choice of MDL
values and PMF parameters will be assessed.

It should be noted that because actual point-by-point
errors are not being used, it is not possible to use the
comparison of the Q(E) values with the theoretical Q(E)
values as a means of estimating the likely number of
factors.21 The relative changes in the Q(E) values may still
be useful, but the absolute values may no longer be rele-
vant, because the choice of estimated MDL values and
errors precludes accurate calculation of the actual Q(E)
values for the problem.

In the results of the 7–10-source models, several trace
elements (i.e., barium (Ba), tantalum (Ta), lanthanum
(La), and zinc (Zn)) had unrealistically high concentra-
tions. These elements were down-weighted by increasing
their estimated uncertainties five times. To pull-down
concentrations in the source profiles that appear high
toward zero, a FKEY matrix was set. In the FKEY matrix,
values of all elements were set to zero, except the follow-
ing: a value of 6 for SO4

2� in gasoline vehicle and diesel
emissions. The use of FKEY is indicated by arrowheads
above the source profile values that were adjusted
through the use of FKEY.

In the study of the MDL values, the diesel emission
profile compared with the results in Figure 6 showed high
SO4

2�, NO3
�, Ba, Cerium, and La concentrations when

the average MDL values were used. The average MDL
values increased the estimated uncertainties in the PMF
analysis and resulted in several unreasonably high species
in source profiles. Because this profile of the diesel emis-
sions was not interpretable, it seems appropriate to report
the eight-source model results with min MDL values.

The average source contributions of each source to
the PM2.5 mass concentrations are summarized in Table 6.
A comparison of the measured PM2.5 concentrations with
the summations of species included in this study showed
a slope 0.67 
 0.02 (r2 � 0.82). In Figure 7, a comparison
of the reconstructed PM2.5 contributions from all of the

Table 4. Estimated fractional uncertainties for EPA STN data.

Species Uncertainty (%) Species Uncertainty (%)

OC 7 Pb 5

EC 7 Mg 5

SO4
2� 7 Mn 5

NH4
� 7 Hg 5

NO3
� 7 Mo 5

K� 7 Ni 5

Na� 7 Nb 5

Al 10 P 10

Sb 5 K 10

As 20 Rb 5

Ba 5 Sm 5

Br 5 Sc 5

Cd 5 Se 5

Ca 11 Si 10

Ce 5 Ag 5

Cs 5 Na 10

Cl 10 Sr 5

Cr 5 S 11

Co 10 Ta 5

Cu 5 Tb 5

Eu 5 Sn 5

Ga 5 Ti 5

Au 5 V 5

Hf 5 W 5

In 5 Y 5

Ir 5 Zn 5

Fe 5 Zr 5

La 5 — —
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Table 5. Summary of PM2.5 and 55 species mass concentrations in Burlington, VT.

Species
Arithmetic

Mean, ng/m3

Number of BDL
Values,a %

Number of
Missing Values, %

Minimum
MDL,b ng/m3

Average
MDL, ng/m3

Signal-to-
Noisec

PM2.5 11,043 0 0 746 NA 19

NH4
� 1,106 1.85 0.62 17 NA 96

NO3
� 1,388 0.31 0.62 8.7 NA 247

K� 70 58 0.62 14 NA 3.9

Na� 218 15 1.5 30 NA 12

SO4
2� 2,591 0 0.62 12 NA 308

OC 2,193 15 0 244 NA 12

EC 392 17 0 244 NA 1.8

Al 24 47 0 3.6 16 9.3

Sb 9.2 93 0 16 22 0.6

As 1.5 53 0 0.49 2.2 2.9

Ba 34 26 0 2.3 35 16

Br 2.2 28 0 0.57 1.8 4.5

Cd 4.5 87 0 5.9 10 0.7

Ca 34 1.9 0 1.4 5.2 30

Ce 24 55 0 2.1 53 12

Cs 11 57 0 2.2 25 4.8

Cl 18 60 0 3.1 8.3 11

Cr 2.5 33 0 0.78 1.8 8.3

Co 0.59 83 0 0.49 1.5 0.9

Cu 3.1 23 0 0.67 1.9 6.0

Eu 3.1 88 0 1.8 7.0 1.2

Ga 1.2 84 0 0.94 3.7 1.1

Au 2.9 49 0 1.2 5.9 2.5

Hf 8.9 75 0 1.6 22 4.2

In 4.7 94 0 8.4 13 0.5

Ir 3.2 67 0 2.1 7.3 1.4

Fe 40 0.93 0 0.47 2.0 114

La 20 56 0 1.7 41 11

Pb 3.7 32 0 1.0 4.7 4.0

Mg 23 79 0 8.0 23 2.6

Mn 2.2 36 0 1.0 2.0 2.3

Hg 2.2 57 0 1.0 4.2 2.0

Mo 2.5 77 0 1.9 7.0 1.2

Ni 2.0 27 0 0.52 1.5 5.4

Nb 1.7 84 0 1.5 4.3 0.8

P 6.8 74 0 1.6 7.6 4.6

K 43 1.2 0 1.9 7.1 29

Rb 0.88 79 0 0.83 2.0 0.9

Sm 2.0 94 0 2.1 5.4 0.6

Sc 1.1 86 0 0.89 1.5 0.9

Se 1.2 55 0 0.48 2.5 2.5

Si 65 1.5 0 4.1 12 22

Ag 4.8 73 0 4.7 9.4 1.0

Na 133 55 0 43 79 2.8

Sr 1.5 72 0 1.0 2.4 1.2

S 825 0.31 0 1.5 10 823

Ta 15 46 0 1.6 15 10

Tb 1.5 93 0 1.5 5.8 0.7

Sn 14 56 0 12 18 1.2

Ti 4.4 19 0 1.0 3.5 5.2
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sources with measured STN PM2.5 concentrations shows
that the PMF-resolved sources using estimated error struc-
ture effectively reproduce the measured values and ac-
count for most of the variation in the PM2.5 concentra-
tions (slope � 0.78 
 0.02 and r2 � 0.81).

Secondary sulfate aerosol has a high concentration of
SO4

2� and NH4
� and account for 41% of the PM2.5 mass

concentration. The averaged seasonal contributions from
each source are presented in Figure 8 (summer: April–
September; winter: October–March). As shown in Figures
5 and 8, the secondary sulfate aerosol shows strong sea-
sonal variation with higher concentrations in summer,
when the photochemical activity is highest. The earlier
results24,25 indicated that the sulfate was the result of
emissions from coal-fired power plants.

When compared with the studies based on IMPROVE
data,24 the selenium data was inadequate to permit the
winter-high secondary sulfate aerosol to be extracted in
this study. Secondary sulfate aerosol profiles typically

include OC that becomes associated with the secondary
sulfate aerosol,26 and this association is consistent with
previous studies that observed similar profiles.4,24,25 The
secondary sulfate aerosol had the highest source contri-
bution to PM2.5 mass concentrations (4 �g/m3). In the
previous study using 7-year measurements between 1988
and 1995 from Underhill, VT, summer and winter-sec-
ondary sulfate aerosols contributed 4.9 �g/m3 to the
PM2.5 concentrations.24

The secondary nitrate aerosol is represented by its
high concentration of NO3

� and NH4
�. It accounts for

20% of the PM2.5 mass concentration. The average con-
tribution of this source to the PM2.5 mass concentration
was 2 �g/m3. This value is similar to the secondary nitrate
aerosol contributions identified in Washington, DC (1.6
�g/m3).6 This source was not identified in previous north-
ern Vermont aerosol study, because NO3

� was not mea-
sured in the study.4,24 The secondary nitrate aerosol has
seasonal variation with maxima in winter as shown in

Table 5. Continued.

Species
Arithmetic

Mean, ng/m3

Number of BDL
Values,a %

Number of
Missing Values, %

Minimum
MDL,b ng/m3

Average
MDL, ng/m3

Signal-to-
Noisec

V 1.9 43 0 0.80 2.3 2.5

W 5.8 56 0 1.8 11 3.2

Y 1.1 85 0 1.2 2.9 0.8

Zn 8.6 11 0 0.80 2.0 14

Zr 1.5 82 0 1.4 3.6 0.9

Notes: NA � not available; aBelow laboratory MDL values based on minimum MDL values; bLaboratory MDL; cRatio of signal-to-noise based on minimum MDL

values.

Figure 4. Source profiles deduced from PM2.5 samples using min
method detection limit values (prediction 
 standard deviation). The
species that were pulled down by FKEY matrix is indicated by
arrowheads.

Figure 5. Time series plot of source contributions deduced using
min method detection limit values. The dust storm impacts are
indicated by arrows.
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Figures 5 and 8. These peaks in winter indicate that low
temperature and high relative humidity help the forma-
tion of secondary nitrate aerosols. This seasonal variation
is consistent with previous studies for Atlanta, GA,4 and
northeastern United States.6,7

Airborne soil is represented by Si, Fe, aluminum, and
calcium27,28 contributing 15% (1.5 �g/m3) to the PM2.5

mass concentration. Crustal particles could be contrib-
uted by wind-blown soil dust and resuspended by road
traffic. The airborne soil shows seasonal variation with
higher concentrations in summer. The elevated airborne
soil contributions on April 22, 2001, and July 4, 2002, as
indicated in Figure 5, were likely to be caused by Asian
dust storm and Saharan dust storm, respectively, based on
the previous backward trajectory analyses.6,7,29

Gasoline vehicle and diesel emissions are represented
by high OC and EC, of which the abundances differ
between these sources.27 Gasoline vehicle emissions have
high concentration of the OC. In contrast, diesel emis-
sions were tentatively identified on the basis of the high
concentration of EC. The averaged PM2.5 mass contribu-
tions from gasoline and diesel emissions were 0.73 and
0.69 �g/m3 accounting for 7.5 and 7.1% of the PM2.5 mass
concentration, respectively. The fraction of mass contri-
butions from gasoline and diesel emissions (14.6%) is
consistent with 16% from the fraction of gasoline and
diesel emissions contributing PM2.5 in rural Brigantine,
NJ.7 These sources do not have a clear seasonal trend.
Gasoline vehicle and diesel emissions were not identified
in previous northern Vermont aerosol studies24 because
of the lack of OC and EC data.

Aged sea salt is characterized by its high concentration
of Na, SO4

2�, and NO3
�. The lack of chlorine in the profile

is caused by chloride displacement by acidic gases. This
source accounts for 4% (0.4 �g/m3) of the PM2.5 mass con-
centration. The averaged contribution of this source in
Washington, DC,6 was 0.4 �g/m3, which is similar to the
results of this study. In contrast, a previous northern Ver-
mont aerosol study attributed 0.05 �g/m3 of the PM2.5 mass
concentration to this source.24 This source shows a winter-
high seasonal pattern. The reported Na� concentration has
high peaks between October 2001 and January 2002 because
of the filter contamination from the cleaning procedure for
centrifuge tubes.8 Those Na� values were down-weighted in
this study to reduce their effects in the solution. However,
there is the potential that this source contribution is still
contaminated by some degree of artifact.

Two metal processing sources that are characterized
by EC, Copper, Fe, and Si were resolved.29,30 These sources
do not have a strong seasonal pattern. These sources
accounts for 5% (0.5 �g/m3) of the PM2.5 mass concen-
tration. The previous Vermont aerosol study attributed
0.4 �g/m3 of the PM2.5 mass concentration to Canadian
Cu, Mn, and smelter sources.24

Figure 6. The comparison of diesel emissions profile deduced from
Burlington, VT, data. The black and gray bars are derived using
minimum and averaged MDL values, respectively.

Figure 7. Measured vs. predicted PM2.5 mass concentration.

Figure 8. The seasonal comparison of source contributions to
PM2.5 mass concentration (mean 
 95% confidence interval).

Table 6. Average source contributions (%) to PM2.5 mass concentrations

in Burlington, VT.

Average Source
Contribution (Standard Error)

Secondary sulfate 40.9 (3.1)

Secondary nitrate 20.2 (1.5)

Airborne soil 15.1 (0.8)

Gasoline vehicle emissions 7.5 (0.3)

Diesel emissions 7.1 (0.2)

Aged sea salt 3.9 (0.2)

Copper smelter 2.7 (0.2)

Ferrous smelting 2.6 (0.3)
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CONCLUSIONS
Integrated PM2.5 compositional data from samples col-
lected at 13 STN monitoring site in the northeastern
United States were used to estimate particulate OC blank
concentrations using the intercept in PM2.5 regression
against OC concentrations. The higher OC blank concen-
trations in urban areas suggest the influence of the posi-
tive artifact from the adsorption of gaseous organic ma-
terials by quartz filters. A comprehensive set of error
structures for the STN samples was estimated, and appro-
priate MDL values were chosen. They were successfully
examined through the application of PMF to STN data
measured in Burlington, VT, and identified eight PM2.5

sources. Although this study is based on STN data col-
lected in the northeastern United States, the results of this
study will provide the appropriate OC blank value esti-
mation, error structures, and MDL values for STN data
source apportionment studies at a variety of sites in the
network.
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