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ABSTRACT
This study applies and compares results of four receptor modeling techniques to a common set of
IMPROVE-like, speciated fine particle measurement data collected at remote site in
northwestern Vermont between 1988 and 1995.  Two multivariate mathematical models -
Positive Matrix Factorization and UNMIX -  were applied to the measurement data, and
identified seven “common” sources, which have similar compositions and similar fine mass
contributions in both models.  Two ensemble backward trajectory techniques - Potential Source
Contribution Function and Residence-Time Analysis - are also applied to evaluate and interpret
the mathematical model results.  The trajectory techniques indicate a strong regional character to
the upwind locations associated with high contributions identified independently by the
mathematical techniques.  These convergent results among the multiple methods provide a
degree of confidence that each of the receptor methods can provide useful insights for air quality
management, when applied to speciated fine particle data of this nature.  Midwestern fuel
combustion (with separate seasonal source characteristics), local Woodsmoke, and East Coast
urban source influences collectively accounted for nearly 90% of the average fine mass
concentrations at the receptor.  Smaller contributions were also identified from Canadian
Smelters, Canadian motor vehicles (and/or other Mn sources), and windblown soil.
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INTRODUCTION
Concentrations of fine particles (< 2.5 microns) in the ambient air are typically composed of
complex mixtures of chemical species, originating from a wide range of natural sources and
human activities, distributed over transport distances of tens to thousands of kilometers from
their origins. Recent US EPA regulatory programs for fine particles (PM2.5) and regional haze
have led to a dramatic expansion of ambient measurements of PM2.5 mass and chemical
composition. Within the next few years, vast amounts of complex new data will become
available, with associated mandates to use these data to develop efficient emissions control
strategies to attain national health standards and to reduce regional haze in Class I federal lands.

Receptor models, which attribute pollution to sources through mathematical and/or
meteorological interpretation of ambient measurement data, should prove to be useful PM2.5 air
quality management tools, especially as the quantity and quality of speciated fine particle data
increases, and as improved methods are developed for treating secondary aerosol formation in
these models.1   The Positive Matrix Factorization (PMF) model 2, 3 and UNMIX 4, 5 are two state-
of-the-art multivariate mathematical models which have potential applicability to analysis of
speciated fine particle data.  These two models were recently applied to common data sets of
artificial data (with known sources) and ambient measurement data (with unknown sources from
the Phoenix urban area), with results compared and discussed at a recent EPA workshop.6, 7

In the current study, the PMF and UNMIX models are applied to a common set of IMPROVE-
like speciated PM2.5 data from a remote background site in northwestern VT. The mathematical
model results are compared and further evaluated by two ensemble backward air trajectory
techniques: the Potential Source Contribution Function 8 and Residence-Time Analysis.9 
Through this “4-way” comparison, some degree of confidence in the usefulness of the different
receptor modeling tools applied to this kind of measurement data can be gained in areas where
model results are convergent.  Conversely, areas of divergent model results identify topics for
future research. 

MEASUREMENT DATA
Fine particle measurements were conducted at a remote background site in Underhill, VT (44.53
N, -72.86 W, 400 m. elev.) between September, 1988 and June, 1995, as part of the NESCAUM
Regional Particle Monitoring Network.10, 11  Samples were collected on Teflon filters using one
of the four modular samplers (Module A) routinely employed in the Interagency Monitoring of
Protected Visual Environments (IMPROVE) network. Filters were subsequently analyzed at the
Crocker Nuclear Laboratory, U. California, Davis (IMPROVE analytical laboratory) for mass
(gravimetric), light absorption (Babs - by laser integrating plate - LIPM), elemental hydrogen (by
proton elastic scattering analysis - PESA), and multiple elements with molecular weights ranging
from Na through Pb (initially by proton induced x-ray emission - PIXE, and starting June, 1992,
by a combination of PIXE and x-ray fluorescence - XRF). 

Samplers were run 24 hours, midnight to midnight, every Wednesday and Saturday (IMPROVE
sampling schedule) and also every sixth day (routine EPA PM-10 sampling schedule), with a
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resultant data set of 854 samples with 28 measurement variables (see Figure 1).  These data
include reported concentrations (in ng/m3 for all variables except Babs, which is in 10-8m-1) and
analytical uncertainties for all concentrations above minimum detection limits (MDL). For
attempted measurements below (and above) MDL, a varying MDL is quantified separately for
each species and each sample. There are occasional “missing data” (no reported measurement),
for one or more species (most often mass or Babs) in 16 of the 854 daily samples. For use as
model input, Babs was reduced by a factor of 0.4 to convert from light absorption to an estimated
mass concentration (of elemental carbon). This adjustment is based on the relationship between
Babs and EC at two nearby sites in the NESCAUM network where direct measurements of EC and
Babs were conducted concurrently with the Underhill, VT measurements.  Babs analytical
uncertainty values were doubled to reflect the additional uncertainties associated with this mass
conversion.

MATHEMATICAL MODELS AND METHODS 
 “Factor analysis”, employing a traditional mass balance approach to analysis of multivariate air
pollution data, has provided useful insights on sources of gaseous hydrocarbons and speciated
aerosols over the past several decades.  No assumed knowledge of meteorology or emissions
inventories is required, and the model identifies the chemical composition of the identified
sources. However, as observed by Henry,12 the traditional factor analysis approach is ill-posed,
and can produce an large number of equally “correct” (mathematically) but different answers,
many of which are physically implausible. PMF and UNMIX are refinements of the traditional
factor analysis method, which employ different approaches to constrain results to a “best fit”
solution, which is both mathematically and physically feasible. 

In the current study the PMF and UNMIX models were run independently - PMF by the Clarkson
team, and UNMIX by the VT team - both starting with an identical raw data set composed of 854
samples, 28 variables, with associated MDLs and analytical uncertainties. PMF and UNMIX are
described in detail elsewhere2-6 and are summarized in only general terms here, with emphasis on
those differences between the models which resulted in use of different input data by the
modelers. Both models, as applied here, are intended to identify the number of discernable
sources of influence on the data, the source compositions, the daily contributions from each
source to concentrations of  fine mass (and of other species used as input to the models), and the
associated uncertainties. 

One key difference between the models is that PMF allows for weighting of individual data
points, while UNMIX does not. This weighting option allows inclusion of measurement
uncertainties, and also provides for innovative treatments of data which are missing or below
MDL.  In the current PMF application, missing data points were “filled” by using mean values as
concentrations, with associated uncertainties of ten times the mean. For data points below MDL,
half the (varying) MDL was used for concentration, with an uncertainty equal to the standard
deviation of the MDL. Using this approach, all 27 variables (excluding mass) and all 854
samples were employed as input data for PMF.  Mass attribution for the resulting PMF sources
was determined by a weighted least squares regression of the daily source scores vs. fine mass.
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Figure 1.  Underhill, VT Fine Particle Variables used as Input for UNMIX and PMF Model Runs

In UNMIX, which does not include options for individual data point weighting, missing or below
MDL data can be treated in one of two general ways: (a) by substituting specific values for
missing or below MDL data points, or (b) by removing observations or variables for which
missing or below MDL data are encountered.  In the current study, a combination of these data
censoring techniques was employed. Samples with missing data for one or more species were
eliminated, reducing the sample size from 854 to 838 observations. An average MDL was
calculated for each variable, and values below MDL were replaced with one half  this (constant)
average MDL for each species. The decision to employ a constant, rather than varying MDL
resulted from a range of sensitivity tests using alternative “hole filling” procedures, and is
explained in more detail by Poirot and Hopke .13   The general concern was that the variance in
daily (analytical) MDLs appears to be subject to analytical influences, unrelated to air pollution
sources (and often leading to “no feasible solution” in UNMIX sensitivity runs). The number of
species was also reduced to12 UNMIX input variables (including fine mass).  The selected
species were chosen using a combination of trial and error and the “UNMIX overnight” option,
which allows consideration of multiple numbers and combinations of input variables. The
general objective in choosing UNMIX input variables was to maximize the number of input
species and resultant sources, while producing physically realistic and interpretable results.

The species included as input to PMF and UNMIX and the percentage of observations with
reported concentrations above MDL are summarized in Figure 1.  Whereas 854 observations x 27
variables were employed as PMF input, less than half as many data points (838 observations of
12 variables) were employed as UNMIX input. Different approaches were also employed in the
treatment of analytical uncertainties, MDLs and mass attribution in the two models.



5

Figure 2.   PSCF and Residence-Time Analysis Trajectory Tracking Grids

ENSEMBLE BACKWARD TRAJECTORY TECHNIQUES
A set of detailed backward airmass history calculations had been previously calculated for the
Underhill, VT site for the years 1989 through 1996 - covering about 95% of the dates for which
fine particle data and mathematical model results were available. These airmass histories were
calculated using the CAPITA Monte Carlo model,14 with an NGM15 meteorological driver, and
include backward trajectory (horizontal and vertical location) positions for each of 10
hypothetical particles, released every 2 hours from the receptor location and tracked backward in
time for 5 days. Details of these airmass history calculations are described in detail in Poirot et
al. 16 and associated references.

In the current study, these CAPITA Monte Carlo trajectories were employed in two ensemble
backward trajectory techniques, the Potential Source Contribution Function (PSCF) and
Residence-Time Analysis (RTA), to evaluate and interpret the results from the multivariate
mathematical models.  As with the mathematical models, the trajectory techniques were applied
independently by the Clarkson team (PSCF) and the VT team (RTA).  The trajectory techniques
are similar in that both apply spatial grids to track and sort the trajectories as a function of
metrics derived from the ambient measurement data - in this case the daily source contributions
identified by the mathematical models. The trajectory techniques differ in: the domains,
orientations and size of the trajectory tracking grid cells, the metrics employed to attribute
trajectories to grid cells, and the metrics calculated from the gridded results.

The PSCF tracking grid
covers most of North
America with 2,966 grid cells
of 1 degree by 1 degree
latitude and longitude.  The
RTA grid is composed of
1,440 squares of 80 by 80 km
each covering the eastern
United States and
Southeastern Canada. It may
be noted that the RTA
squares are equal-area (on
this stereographic map
projection) and are smaller
than the PSCF grid cells
south of about 60 degrees
North latitude. 

The individual CAPITA Monte Carlo Trajectories were expressed as a series of latitude-
longitude coordinates with an initial location 1 hour upwind of the receptor location, followed by
additional coordinates every 3 hours backward in time for 5 days. The trajectory locations are
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only tracked within the respective domains, such that the average trajectory duration within the
RTA domain, for example, is slightly less than 72 hours.  In the PSCF approach, trajectories are
assigned to and temporally disaggregated to the grid cells in their paths by a simple count of
trajectory endpoints within each 1 degree cell.  In the RTA approach, a more computationally
intensive technique is employed to disaggregate trajectory sub-segments to each grid square and
to determine the time (in hours) that each sub-segment spends over each grid square.

In the PSCF approach as applied here, a single metric is employed to define the “potential source
contribution”.  A count of all trajectory endpoints in each grid cell for all sampling days at the
receptor defines an “all day count”.  A second count of trajectory endpoints is determined for a
“high day” subset of trajectories (in this case, the highest 40% of daily source contributions for
each of the sources identified by the mathematical models). The PSCF is defined as the ratio of
high day endpoints to all day endpoints in each grid cell.  A PSCF ratio of <0.4 would indicate
that a given grid cell is less likely to be up wind if the source contribution at the receptor was
high than it is on an everyday basis, while a ratio of 0.8 would indicate a cell is twice as likely to
be upwind on days when the source contribution is high as it is on an everyday basis. Given the
large PSCF grid domain and resultant sparse trajectory coverage of the more distant grid cells, an
inverse distance weighting function is applied to the PSCF ratios to minimize spurious results
that often result from large ratios between very small numbers in the most sparsely covered
squares.  

In the RTA approach, a variety of different metrics can be applied to the resultant counts of hours
in the equal-area grid squares.17, 18  One set of RTA metrics, referred to as “concentration-based
sorting” begins with the conversion of the gridded trajectory hours to “probability fields” in
which, for a given scenario of dates, the “upwind probability” of trajectory location in a given
grid square is defined as the fraction of hours in that square compared to the total hours in all
1440 squares.  An “everyday probability field” is calculated for a scenario of all sample days at
the receptor, and provides an indication of areas most likely to be upwind of the receptor on a
long-term or climatological basis.  A “high day probability field” can be calculated for various
definitions of “high” contributions at the receptor, for example upper 50th, 75th, or 90th percentile
days, etc. The “incremental probability” for a given high day scenario is defined as the difference
between the high day and everyday probability fields.  An incremental probability field for or an
upper 60th percentile definition of high day would be a direct analog to the PSCF, except that the
RTA metric is determined by subtraction (how much greater is the high day probability than
everyday?), while the PSCF metric is determined by division (what fraction of total trajectories
passing over a cell occur on high concentration days?).  A second series of RTA metrics, referred
to as “location-based sorting” calculates a summary statistic (mean, median, percentile, etc.) from
concentrations (or in this case source contributions) at the receptor for all days with trajectories
residing over a each grid square. The summary statistic is weighted by the hours over square of
the individual trajectories.  As with the PSCF metric, the results from location-based sorting are
sensitive to the sparse trajectory coverage of distant grid squares, and a censoring function is
applied to exclude calculations in squares with sparse coverage.
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Figure 3.  Comparison of Measured and Modeled PM2.5 Mass

MATHEMATICAL MODEL RESULTS
The UNMIX model (run with 838 observations of 12 input variables) identified 7 sources. The
PMF model (run with 854 observations of 27 input variables) identified 11 sources. The average
fine mass source contributions are summarized in Table 1 and source composition profiles are
presented in Table 2.  A comparison of the daily reconstructed fine mass contributions from all
the model sources with measured fine mass concentrations is displayed in Figure 3.

Table 1.   Average Underhill, VT PM2.5 Mass Contributions from PMF and UNMIX Models

     Sources
PMF Average
Mass (ng/m3)

PMF %
Reconstructed Mass 

UNMIX Average
Mass (ng/m3)

UNMIX %
Reconstructed Mass

MW Summer Coal 4200 53.13 4643 55.22
Woodsmoke 1205 15.24 1314 15.63
MW Winter Coal 593 7.50 1189 14.14
East Coast Oil 545 6.90 643 7.65
Can. Mn Sources 173 2.19 323 3.84
Soil 321 4.06 208 2.47
Canadian Smelter 98 1.24 89 1.05
PMF-Zn-Pb 581 7.35
PMF-Cu 122 1.54
PMF-Na-S 52 0.65
PMF-Salt 15 0.19

Reconstructed Mass 7904 100 8408 100

It may be noted that both models reproduce
the daily mass reasonably well. UNMIX,
which included mass as an input variable,
reproduced the average and daily mass
somewhat more closely (essentially
attributing all the mass among the 7
identified sources).  PMF, which
apportioned mass by regression from the
daily mass and source scores, leaves some of
the mass unexplained by the 11 sources it
identified from the 27 non-mass input
variables.

The source names indicated in Tables 1 and
2 are not produced by the models, but rather
reflect the best judgement of the modelers.
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Table 2.   PMF and UNMIX Source Compositions for Underhill, VT, 9/88 - 5/95

These interpretations are based on the source compositions, time series of the daily source
contributions and subsequent PSCF and Residence-Time analysis results to follow.  Note also
that common source names have been applied to “similar” sources that were identified by both
the PMF and UNMIX models. Again, this judgement of similarity is derived solely from
interpretations by the modelers, and is based in turn upon comparisons of the source profiles and
daily source contributions resulting from the models. These source profiles (for those elements
used as common input for both models) and daily source contributions are displayed in Figure 4.
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Figure 4.   Comparison of “Similar” UNMIX and PMF  Source Compositions and Daily PM2.5 Contributions 
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Figure 5.   Seasonal PM2.5 Contributions from PMF and UNMIX Sources

Note that in most cases the source profiles are similar, the daily source contributions are well
correlated (R2 > 0.75), and the slopes of the daily mass comparisons are generally within 25% of
1 to1.   Notable exceptions occur for the MW Winter Coal and the Canadian Mn sources, which
have similar composition profiles and highly correlated daily contributions, but show
substantially higher mass contributions from UNMIX than for PMF - hence the sources are
“similar”, but their mass attribution differs.  The Soil sources have similar profiles, but show the
poorest daily correlation (R2 = 0.73), with a daily mass contribution from the PMF Soil source
which is abuut 50% higher than from the UNMIX Soil source.  Despite these discrepancies, the
authors feel its reasonable to conclude that for the 7 sources identified by the UNMIX model,
there were “similar” counterpart sources also identified by PMF. 

Average monthly source
contributions are displayed in
Figure 5, and provide some
insights into the selected
source names for the similar
PMF and UNMIX sources. 
The largest source - named
“MW Summer Coal”
accounts for about half the
average mass and has a
strong summer maxima in
both models.  The source
named “MW Winter Coal”
displays an opposite
seasonality, with a strong
winter maxima. These two
Midwestern sources together 
account for a majority of the
Sulfur (80%) in both models,
but the “Summer” source has
a much higher S:Se ratio,
indicative of more efficient
sulfur gas to particle
conversion chemistry.  The
sources named “East Coast
Oil” and “Woodsmoke” also
exhibit winter maxima,
consistant with seasonal
increases in wood and oil
fuel combustion. The “Soil”
source peaks in Spring, while the “Canadian Mn” and  “Canadian Smelter” sources do not
exhibit strong seasonal patterns.
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Figure 6.   Comparison of PSCF and RTA Trajectory Tracking Methods, 
illustrated by Ratio of 60th % to Everyday for PMF East Coast Oil Source

Figure 7. Comparison of RTA Metrics for UNMIX Canadian Smelter Source 

ENSEMBLE TRAJECTORY RESULTS
Additional insights into the nature of the identified common PMF and UNMIX sources are
provided through a trajectory-based evaluation of the upwind locations associated with “high”
concentrations of these sources. In Figure 6, an attempt is made to compare, as directly as
possible, the difference between the PSCF and RTA trajectory tracking methods.  

Figure 6 employs the same source
(the PMF “East Coast Oil”
source), the same definition of
“high contribution” (the 60th

percentile, or highest 40% of the
source contribution days), the
same metric (ratio of high day to
every day), the PSCF inverse
distance weighting function, and
the same common grid domain
(the RTA domain) to the plots on
both sides of the figure.  On the
left side, the plotted ratio of “high
day” to everyday is based on
trajectory endpoints in 1 degree by
1 degree grid cells, and on the
right side, the plotted ratio is
based on the ratio of “high day” to
everyday hours in 80x80 km squares.  In both cases, the areas with the highest PSCF ratios are
clearly centered on the east coast urban corridor.  The similarity between the plots indicates that
for this particular metric (ratio of high day to every day) there is no substantial difference
between the PSCF and RTA trajectory tracking and gridding techniques.

Figure 7 Illustrates two
different Residence-Time
metrics as applied to the
UNMIX “Canadian Smelter”
source. The left plot is based
on calculations of an average
value of the daily source
contribution for all
trajectories passing through
each grid square. The right
plot shows the incremental
probability (high day minus
everyday) for upper 10% of
the daily source contributions.
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Figure 8.   RTA Incremental Probability Fields for Top 10% of Daily UNMIX and PMF Source Contributions

Figure 8 displays the Residence-Time Analysis upwind incremental probability fields for the
highest 10 percent of daily source contributions for the 7 similar sources identified independently
by the UNMIX and PMF mathematical models
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Figure 9.   Incremental Probability Fields for Top 10% Contributions of Common PMF & UNMIX Sources,
Showing Only Locations with Highest Probability Among All Sources and Average PM-2.5 Mass Contributions

Figure 9 attempts to summarize the comparative results of the mathematical and trajectory
techniques in a single image. Like Figure 8, it is based on RTA incremental probability fields for
the upper 10 % of daily source contributions for the 7 common sources identified independently
by the PMF and UNMIX models.  In this case, locations are only shaded if the incremental
probabilities exceed a “high” threshold (of 0.1%), and only for the source which had the highest
upwind probability among all the sources.  For clarity a “water mask” is applied to show only
locations over land areas. The indicated contributions to fine mass at the receptor (*) are based
on an average of the PMF and UNMIX results. While there is some degree of overlap between
areas of high probability among adjacent source regions, this overlap is especially strong between
the sources identified as “Midwestern Summer and Winter Coal”, and so an additional isopleth is
added to identify the common area where the probability for both these sources was especially
high (> 0.12%).  Generally these sources are associated with the same upwind source region.

DISCUSSION
The source identified as “Canadian Smelter” accounts for a majority of the elemental arsenic
apportioned by PMF and UNMIX, but only accounts for about 1% of the average fine mass
concentration at the receptor.  Its trajectory-based assessment suggests that this influence may
come from a single large smelter located near the town of Noranda near the Quebec/Ontario
border (see Figure 7). The time series for this source indicates a substantial reduction occurring
in early 1990, coincident with major revisions to emissions control processes at Noranda.
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The source identified as “Canadian Mn Sources”, which accounts for a majority of elemental Mn
but only about 3 % of the average fine mass, also appears to have a predominantly Canadian
origin. The upwind probability field in Figure 9 suggests a uniquely high probability over the
relatively nearby Montreal urban area, which is consistent with the influence of Canadian motor
vehicles, burning gasoline with a uniquely Canadian Mn additive (methylcyclopentadienyl
manganese tricarbonyl or MMT). However, a large Mn alloy production plant just southwest of
Montreal in Beauharmois, Quebec may have also been an important Mn source during the first
several years of this sampling period.16   Also, as may be noted in Figure 8, the Mn source has a
second area of relatively high incremental probability along the Great Lakes, possibly associated
with industrial Mn alloy use, MMT gasoline additive or both.  

The “Soil” source accounts for a large fraction of the crustal elements (Si, Fe, Ca, Al) and about
3% of the fine mass.  Its regional location is more ambiguous than suggested in Figure 9 (see
Figure 8), as its areas of highest upwind probability overlap with, but are less distinct than, those
of several other sources. The RTA location-based sorting for the soil source(s) indicates highest
average soil associated with locations in the extreme southwest of the RTA grid.  It seems likely
that windblown dust emissions from relatively distant arid regions to the southwest are
significant contributors, but that there are also fine soil contributions associated with dry
conditions and high wind speeds from a wide range of locations.  

The source identified as “East Coast Oil” clearly has a strong upwind orientation along the North
East Coast urban corridor (Figures 6, 8, 9), where residual and distillate oil are predominant
“fuels of choice” for utility, industrial and residential heating sources. This source accounts for a
majority of the nickel (UNMIX and PMF) and vanadium (PMF), and about 7 % of the average
fine mass at Underhill.  It is likely that this Northeast Coast source is a regional influence, rather
than specific to the (strongly “flavored”) oil combustion emissions which provide relatively
unique tracers.  That is, when VT is influenced by the oil burning sources to the South, it is likely
to be concurrently influenced by all the emissions (including motor vehicles, for example) in the
densely populated Northeast urban corridor.

The “Woodsmoke” source accounts for a high fraction of the elemental potassium and Babs and
about 15% of the fine mass.  While there were no direct measurements of carbon in this sampling
program, the high Babs fraction suggests a significant elemental carbon content, and an indirect
estimate of organic matter by the “non-sulfate hydrogen” method 10, 11 (13.75*(H-S/4)) suggests
that organics may account for about half the mass associated with this source.  The woodsmoke
time series indicates a general winter maxima (consistent with residential wood burning) but also
shows occasional summer spikes, several of which coincide with periods of known forest fire
impacts (which were coincidently located in western Quebec). Its incremental probability field is
the only one among all the sources which shows high incremental probability in the area
immediately surrounding the receptor site, indicating a strong local source influence from
residential wood combustion in northern New England and southwestern Quebec. 
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Figure 10.   Comparison of Seasonal (top) and Long-Term Trends (1 year moving average - bottom) in 
UNMIX Midwestern Sources (left) and S and Se Concentrations (right) at Underhill, VT, 1988-95

The sources identified as “Midwestern Summer Coal” and “Midwestern Winter Coal” together
account for about 80 % of the sulfur and 65% of the fine mass at the receptor.  Their incremental
probability fields indicate a large common source region extending from the lower Great Lakes
to south of the Ohio River Valley, encompassing the locations of many large, sulfur emitting
utility and industrial sources.  Despite the common regional origin indicated by the trajectory
techniques, the mathematical models both separate this Midwestern influence into two separate
sources, which are uncorrelated in their daily contributions at the receptor.  One partial
explanation for this mathematical separation may be in the seasonal changes in sulfur conversion
chemistry, which would typically result in more efficient sulfate aerosol formation in the summer
(in relation to other primary emission elements like Se).  The opposite seasonality of these
Midwestern sources is clearly evident in Figure 5, although note that even in the winter, the mass
contribution from the “MW Summer” source is often as high as or higher than the “MW Winter”
source, and so this choice of names is not ideal. 



16

Receptor models like PMF and UNMIX require an assumption of constant source composition,
and can be useful for apportionment of secondary species like sulfate only to the extent that the
secondary species is sampled at the receptor in a relatively constant ratio to other primary
emission variables from the source. Figure 10 shows (upper left) the strong seasonal differences
in the average monthly contributions for the two Midwestern source resulting from the UNMIX
model, and (upper right) similar seasonal differences in the raw sulfur and selenium
concentrations used as input for both the PMF and UNMIX models.  It can be noted that not only
does sulfur increase in summer, but selenium concentrations (relatively constant between April
and September) increase dramatically in the winter.  Thus it appears to be not just seasonal
changes in aerosol sulfur, but even larger changes in the seasonal S:Se ratios that helps break
these sources apart in the PMF and UNMIX results.

The lower half of Figure 10 shows (left) the (smoothed) long-term moving average daily
contributions from the UNMIX Midwestern sources.  The moving average is based on 120
samples, an averaging period of roughly one year, with the data points plotted at a date in the
middle of the 120 day averaging period.  The lower right plot in Figure 10 shows a (very) similar
plot of  the time trend in raw S and Se data used as input for the models. The decline in sulfur
concentrations is consistent with documented reductions in Eastern US sulfur emissions.  The
reasons for the concurrent increase in Se concentrations are unclear, but it appears that
differences in both the seasonal and long-term trends in Midwestern sulfur and selenium
emissions may be contributing to the different Midwestern sources identified by the models, and
that these different sources may be reflective of changing fuel characteristics on a seasonal and
long-term basis.

CONCLUSIONS
Despite differences in the fundamental mechanisms employed by the PMF and UNMIX models
and substantial differences in the manipulated raw data used as input for these models, both
models identified seven sources with very similar chemical compositions and daily fine mass
contributions at the Underhill, VT receptor site.  This similarity between the mathematical model
results is further illustrated by the common upwind probability fields identified by the trajectory-
based techniques.  The trajectory results, in turn, add some degree of confidence that the
mathematical models have identified sources that are physically meaningful, and also provide
additional insights into the regional nature of these sources.  Conversely, the convergence of
results among the different techniques also provides additional confidence that the trajectory
techniques can provide useful information on source locations, at least for a remote receptor site
like Underhill, which is likely to be influenced by a range of relatively distant source regions.
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