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7. DEVELOPMENT OF BACKTRAJECTORIES AND POLLUTION ROSES 

7.1 Relationship between PMF factors scores and Backward trajectories 
To gain insight into the source-receptor relationships corresponding to PMF factors, an analysis 
was done that compiles and graphically displays information on backtrajectory residence time 
weighted by PMF factor scores.  Residence time analysis of backward air trajectories 
(backtrajectories) (Ashbaugh, et al., 1985) has been used extensively as a measure of the 
potential for geographical regions to affect air quality at a receptor site (e.g. Green et al., 2002).  
The backtrajectory approach uses either modeled or measured wind data and essentially reverses 
the flow and traces a path backwards in time to estimate where an air parcel arriving at a receptor 
site (such as an IMPROVE monitoring site) has come from.  Geographic areas along and near 
these backtrajectory pathways are presumed to contribute to the air quality at the site by 
providing clean air due to a lack of pollutant emissions or dirty air due to an abundance of 
emissions. 
 
There may be considerable uncertainty associated with any individual backtrajectory, but when 
used with hundreds or thousands of such trajectories, random errors will largely cancel out and 
become of little importance.  Systematic errors due to biases in wind direction and/or wind speed 
may still occur and could be important even when large numbers of trajectories are computed.  It 
should be noted that results can vary significantly due to the choice of the wind data or model 
wind fields used, temporal duration of backtrajectories, assumptions about trajectory starting 
heights, methods of treating vertical motions and atmospheric mixing, etc.  However, general 
transport paths usually show reasonable consistency between alternative approaches. 
  
In this assessment, backtrajectories used were generated by the NOAA-ARL ATAD 
(Heffter,1980) model (trajectories kindly supplied by Kristi Gebhart, National Park Service).  
The ATAD method for computing backtrajectories interpolates upper air measurements in time 
and space to determine a transport layer averaged wind.  ATAD was used because it can easily 
be applied to data for the entire period of record at each site (1988-2002).  The NOAA-ARL 
HYSPLIT model (Draxler and Hess, 1998) is often used for backtrajectory analyses and is used 
for case studies in this report; however, NOAA-ARL maintains meteorological archives for 
HYSPLIT input beginning only in 1991 and three different models were used over the period of 
record, resulting in possible biases among the datasets. 
 
ATAD backtrajectories were run for a period of 5-days.  Latitude and longitude of the 
backtrajectories were calculated at 3-hour intervals and interpolated to one-hour intervals.  To 
compute residence time a grid of one-degree latitude by one-degree longitude cells was set up 
and the fraction of the total numbers of hours the trajectories “resided” in each grid cell was 
calculated.  Two residence time calculations were made: 

1) unweighted (as described above); and 
2) weighted by the daily factor score separately for each PMF factor. 

The PMF factor score weighted residence time weights the importance of backtrajectories by the 
strength of the PMF factor for that day.  By subtracting the unweighted residence, time from the 
PMF weighted residence time a difference from the “average” residence time for all days is 
obtained.  The spatial pattern then gives an indication of the geographic areas that are 
contributing to specific PMF factors.  The ratio obtained by dividing the weighted by the 
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unweighted residence time give a measure of the enhancement associated with a given PMF 
factor when the flow is over a particular geographic area.  This is analogous to the potential 
source contribution function used elsewhere (e.g. Poirot et al, 2001).  
 

7.1.1 Boundary Waters Canoe Area 
Figure 7-1 shows the unweighted residence time for backtrajectories from the Boundary Waters 
Canoe Area.  The shape of the isopleths of equal frequency, rather than magnitude is most useful 
to consider.  The plot shows that transport from all directions affects the area, with flow from the 
west-northwest being more frequent than other directions.  A secondary maximum in flow occurs 
from the south.  Figure 7-2b shows the difference between the PMF factor score weighted 
residence time and the unweighed residence time for each PMF factor.  A positive value 
indicates more frequent transport from a given geographic area during times that the PMF factor 
score is high.  Similarly, a negative value indicates a less frequent transport from an area when a 
particular PMF factor score is high.   
 
PMF factor 4 accounts for nearly 40% of the mass and >60% of the sulfate.  The difference plot 
for PMF factor 4 shows highest positive difference for areas to the south and southeast, 
particularly over the states of Minnesota, Iowa, Missouri, Illinois and Indiana.  Negative 
differences are associated with flow from the north.  The ratio of the weighted to unweighted 
residence time for PMF factor 4 (Figure 7-3) shows a particularly strong enhancement over areas 
to the southeast, with maximum enhancement near Chicago.   
 
PMF factor 3 accounts for over 80% of the nitrate and 18% of mass.  The difference map shows 
highest positive values over areas to the south and west, particularly the states of Minnesota, 
Iowa, Nebraska, North Dakota and South Dakota.  Areas further west also showed positive 
values.  While transport over the 5 day period was over these areas further west, this is likely a 
result of the seasonal nature of this PMF factor (winter) and its more frequent and faster transport 
from the west.  It does not necessarily imply that these more distant areas are contributing 
significantly to nitrate concentrations at Boundary Waters Canoe Area.  Areas to the north 
showed negative values, indicating little transport from these areas during periods highly 
associated with this factor.  The day with highest loading for this factor was March 13, 1996.  
HYSPLIT backtrajectories starting at 10, 500, and 1500 meters AGL at noon local time are 
shown in Figure 7-4.  Note the low level transport was over areas to the south-southwest high in 
ammonia emissions needed for generation of ammonium nitrate.  
 
PMF factors 5 and 9 account for 10% and 16% percent of the fine mass and are dominated by 
carbonaceous particles.  The have been identified as vegetative burning.  The difference maps 
show high positive values mostly to the west for factor 5 and mostly to the south for factor 9.  
Considering spatial patters of land use, this suggests that factor 5 is associated more with forest 
fires and factor 9 more with agricultural burning.   However, the day with the highest score for 
PMF factor 9, August 12, 1998, was influenced by boreal forest fires in Canada as illustrated by 
satellite data (Figure 7-5) and backtrajectories (Figure 7-6).   
 
PMF factor 6 weighted residence time is unique among the factors in its positive differences 
compared to the unweighted residence time in areas to the northwest.
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Figure 7-1.  Boundary Water Canoe Area residence time (unweighted).. 



   4

 

 

 

Figure 7-2  Boundary Waters Canoe Area  PMF weighted - unweighted residence time, PMF factors 1-9. 
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Figure 7-3.   Enhancement factor for Boundary Waters Canoe Area PMF Factor 4. 

Figure 7-4.  HYSPLIT backtrajectories from Boundary Waters for March 13, 1996, highest score for PMF factor 3. 
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Figure 7-5.  Smoke from boreal forest fires in Canada approaching the northern CENRAP region –August 
12, 1998. Highest organic carbon measured at Boundary Waters, highest PMF factor 9 score this day. 

  
Figure 7-6.  HYSPLIT backtrajectories from Boundary Waters- August 12, 1998. 
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7.1.2 Lye Brook Wilderness Area 

 
Figure 7-7 shows the unweighted residence time for backtrajectories from the Lye Brook 
Wilderness Area.  PMF factors 4 and 7 account or 44% and 18% of the mass and both are 
dominated by ammonium sulfate, although factor 7 has significant carbonaceous material as 
well.  The weighted – unweighted difference maps (Figure 7-8) show very similar patterns for 
both factors, with highest positive differences to the southwest of Lye Brook WA.   These areas 
have high levels of SO2 emissions.  Areas to the north and east show negative differences, 
indicating little contribution to this factor.  The weighted/unweighted ratio plot for PMF 4 
(Figure 7-9) shows significant enhancement for the region from Ohio southwest to northeastern 
Arkansas. 
 
PMF factor 6 is ammonium nitrate dominated, accounting for >80% of the nitrate and 14% of the 
total mass.  The difference map show positive values in an area to the west of the site.  The ratio 
map (Figure 7-10) specifically shows an enhancement over midwestern states such as Illinois, 
Iowa and eastern Nebraska, areas with high ammonia emissions.   
 
PMF factor 3, dominated by carbonaceous compounds shows elevated weighted residence time 
for areas to the northwest of the site.  
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Figure 7-7.  Lye Brook wilderness Are residence time (unweighted). 
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Figure 7-8.  Lye Brook Wilderness  PMF weighted - unweighted residence time, PMF factors 1-9. 
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Figure 7-9.  Enhancement factor for Lye Brook Wilderness PMF factor 4. 

 
 
 

 
Figure 7-10.  Enhancement factor for Lye Brook Wilderness PMF factor 6. 

 
 



   11

 

7.1.3 Shenandoah National Park and Washington D.C. 
These sites are discussed together because of their geographic proximity and similarities in some 
PMF factors. Figure 7-11 shows the unweighted residence times for backtrajectories from 
Shenandoah National Park and Washington D.C.  Due to the close proximity of these sites to 
each other, the unweighted residence time plots look virtually identical.   
 
Shenandoah factor 2 and Washington factor 9 account for most of the sulfate at the 2 sites. The 
difference maps for these factors (see Figures 7-12 and 7-13) show highest values in areas to the 
west of the sites, mainly the Ohio River Valley.  This is also quite evident in the enhancement 
factor plot for Shenandoah NP PMF factor 2 (Figure 7-14). This area has high SO2 emissions. 
 
Shenandoah PMF factor 7 and Washington PMF factor 7 account for most of the nitrate at these 
sites.  The difference maps show high values over the midwestern states for Shenandoah.  For 
Washington, the Midwest states has positive differences, but maximum values occur along the 
urban corridor to the northeast of Washington.  This suggests a urban nitrate contribution in 
Washington D.C. , whereas the Shenandoah nitrate appears to be more related to transport from 
the Midwest.  This can also be seen from the enrichment factor plot for PMF factor 7 (Figure 7-
15) showing elevated ratios along the urban corridor to the northeast of Washington, D.C. 
 
Washington PMF factor 3 and Shenandoah PMF factor 9 are associated with transport of 
Saharan dust.  The difference maps show high values over an area to the south and southwest, 
particularly over the Gulf of Mexico.  This is also emphasized by the enhancement factor plot 
(Figure 7-16).  ATAD has no data to utilize in the Gulf; however 15-day HYSPLIT 
backtrajectories for July 7, 1993 (highest factor scores for both sites) indicates transport from 
Africa (Figure 7-17).  The characteristic calcium deficiency for Saharan dust is quite apparent for 
this day as shown by the Calcium vs. Silicon concentration scatter plot (Figure 7-18).
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Figure 7-11.  Residence time plots for Shenandoah National Park and Washington, D.C. (unweighted). 
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Figure 7-12.  Shenandoah National Park  PMF weighted - unweighted residence time, PMF factors 1-9 
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Figure 7-13.  Washington, D.C.  PMF weighted - unweighted residence time, PMF factors 1-9 

 

Figure 7-14.  Shenandoah National Park enhancement factor PMF factor 2. 
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Figure 7-15.  Washington, D.C. enhancement factor PMF factor 2. 

 
Figure 7-16.  Shenandoah National Park enrichment factor PMF factor 9. 
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Figure 7-17  HYSPLIT backtrajectories from Shenandoah National Park July 7, 1993. 
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Figure 7-18.  Calcium/Silicon scatter plots for Washington, D.C. and Shenandoah National Parks. 
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7.2 Pollution Roses 
For the two sites with optical (nephelometer) data – Boundary Waters Canoe Area and 

Shenandoah National Park, we consider whether light scattering is related to surface wind 
direction.  Figure 7-19 shows average particle light scattering (Mm-1) at Boundary Waters Canoe 
Area by wind direction (wind data from Ely, Minnesota).  Winds from the south to southwest 
have highest average particle light scattering (30-40 Mm-1), while winds with a component from 
the north have average particle light scattering of less than 20 Mm-1.  This result is consistent 
with back trajectory analysis (Green et al., 2002) that shows high light scattering with transport 
from the south and low light scattering with transport from the north at Boundary Waters Canoe 
area.  Winds from the south clockwise through the north are most frequent at Boundary Waters 
Canoe Area, with winds from the north clockwise through the east relatively infrequent (Figure7-
20). 
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Figure 7-19 Average particle light scattering (Mm-1) as a function of wind direction – Boundary Waters 
Canoe Area.  

Figure 7-21 shows the average particle light scattering as a function of wind direction at 
Shenandoah National Park.  There is not a strong relation between wind direction and particle 
light scattering, except that for winds from the northeast, scattering is at a minimum.  However, 
as shown in Figure 7-22, winds from the northeast are not common.  Flow from the northwest 
dominates, indicating strong topographic channeling at the wind measurement site.  This 
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suggests that the flow is likely not representative of regional scale transport conditions. 
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Figure 7-20.  Percent of time with winds from each 10 degree sector, Boundary Waters Canoe Area. 
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Figure 7-21.  Average particle light scattering as a function of wind direction at Shenandoah National Park. 
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Figure 7-22.  Percent of time with winds from each 10 degree sector, Shenandoah National Park. 
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8. RESULTS AND IMPLICATIONS FOR CONCEPTUAL MODEL 
Information about the sources influencing the four receptor sites was developed based on 

the analyses of emissions inventories, receptor modeling, and back trajectories.  It examines the 
weight of evidence from several assessment projects, including those undertaken as part of this 
study and those previously published (Coutant, 2002).  The integrated analysis increases 
confidence in findings that are corroborated by multiple analysis methods and highlight gaps in 
our knowledge when results are not consistent. 

Although each site is analyzed individually in the subsections below, some observations 
are applicable for all sites.  The three secondary profiles, ammonium sulfate, ammonium nitrate, 
and secondary organics, in variable proportions, make up close to three quarters of all ambient 
sample sets.  The extent to which secondary sources evolve is very much a seasonal 
phenomenon.  All four monitoring sites show increases in summertime sulfate concentrations 
due to increased sunlight and more efficient photochemical conversion of SO2 to SO4.  This 
effect is also observed with the secondary organic component.  Conversely, ammonium nitrate 
forms reversibly from the combination of nitric acid gas and ammonia.  This reaction is favored 
by colder temperatures and less prevailing sunlight, consequently ammonium nitrate forms 
predominantly during the colder winter months.  In the case of Shenandoah National Park, 
secondary organics were shown to have a seasonal variation, with peak concentrations during 
July and August each year.  This can be ascribed to high concentrations of organics from 
biogenic emissions and vegetative burning during this period of the year.     

8.1 Boundary Waters Canoe Area. 
The Boundary Waters Canoe Area site is located in a remote area of northern Minnesota 

on the US/Canadian border.  The closest urban areas to the site are Thunder Bay, Canada (pop 
103,000) ~125 km to the northeast and Duluth (pop 87,000) ~200 km to the south, as well as 
Twin Cities, Minneapolis-St. Paul (pop 3,026,000) metropolitan area ~400 km to the south. 

Nearby particulate point sources include iron ore mining and pellitizing plants, within 
100 km to the southwest.  In contrast to the more eastern areas, there are few sulfur dioxides 
within 200 km of the site.  The proximity to the Canadian wilderness region, the wild fires, and 
the circulating weather patterns, makes this site susceptible to smoke, more so during the 
summer and fall.  Based on the analyses of emissions inventories, back trajectories, and receptor 
modeling, the following features observed at the site.  Analyses relevant to those expectations are 
noted below: 

• Secondary ammonium sulfate should originate from warmer southerly areas 
where SO2 sources are more plentiful and during summer when photochemical 
conversion to ammonium sulfate is more efficient.  Boundary Waters Canoe 
differs from the other three sites in that ammonium sulfate concentrations peak 
during the spring months, as is confirmed by the time series plots (PMF Source 6) 
as well as the CMB modeled results.  Back trajectory analysis of this source 
showed that ammonium sulfate measured at this site was transported from a west-
northwesterly source region in Canada.  The changing weather pattern during the 
summer months in all probability prevented ammonium sulfate being imported 
from this region, after April. 



   22

• Secondary ammonium nitrate should form and remain during the winter period, 
when the low temperatures prevent the decomposition thereof, and the short 
daylight prevents the photolysis of NO3 to NO2.  At Boundary Waters Canoe Area 
this is confirmed by the time series plots (PMF Source 3) as well as the CMB 
modeled results.  Compared to the two rural sites of Lye Brook Wilderness Area 
and Shenandoah National Park, Boundary Waters Canoe Area shows the highest 
wintertime, as well as the lowest summertime ammonium nitrate levels.  Back 
trajectory analysis of PMF Source 3 shows transport from the west and southwest, 
meaning that the ammonium nitrate had been transported from the NH3 and 
subsequent ammonium nitrate generating Midwestern agricultural regions.  

• Secondary organics should originate during dry warmer periods, when major 
organic sources such as forest fires, biogenic and evaporative emissions are more 
prevalent, and photochemical conversion is more efficient.  Biogenic emissions at 
Boundary Waters Canoe area are highest during the summer months and peak 
levels can be associated with recorded Canadian and northwestern USA wild fire 
events (PMF Sources 5 and 9).  Back trajectory analyses of both these PMF 
modeled sources illustrate that transport to Boundary Waters Canoe Area had 
been from the west and sometimes west-northwest.  

• Smoke from vegetative burning in the densely forested areas of Canada and 
northwestern USA occurs in the late summer when conditions are dry, and 
lightning could ignite fires.  Time series plots (PMF Source 5) historic data on 
events and back trajectory analysis confirmed this.  It has not been possible to 
resolve vegetative burning factors from secondary organics in all cases.  

• Iron oxides and crustal species originate from iron ore mining and processing to 
the southwest.  This could have a greater impact at this site during the dry summer 
months.  Time series plots (PMF Source 7) shows peak concentrations at all 
months of the year.  CMB modeling at Boundary Waters Canoe Area shows 
consistent contributions (3-6%) from the iron ore mining industry throughout the 
year.  Back trajectory analysis confirms transport of Fe (and As) to Boundary 
Waters Canoe Area, from the southwest. 

• Road/marine salt was identified by (PMF Source 6) and quantified by CMB 
modeling.  This is similar to the ammonium sulfate profile and back trajectory 
analysis points to a Canadian source. 

• Geological dust events from local and remote sources, such as Saharan and Asian 
dust could affect the Boundary Waters Canoe Area site, especially during the dry 
summer months.  Time series plots of PMF Sources 1 and 2 show spikes that 
correspond to recorded Asian dust events.  Back trajectory analysis shows 
transport from the south and west, and does not always support this hypothesis.  

Smelter emissions from Canadian sources could influence this site, should this be favored 
by northwesterly winds.  The PMF modeling from Boundary Waters, but also from the 
other three sites could confirm this.  Back trajectory analysis is inconclusive (PMF 
Source 8) and shows that most of these sources are to the south of the Boundary Waters 
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Canoe Area site.  There are a few high concentration areas to the west and northwest, in 
Canada. 

8.2 Lye Brook Wilderness Area 
The Lye Brook site is located in the southwestern corner of the state of Vermont.  The 

closest population centers to the site are Boston (pop 7,156,000) 180 km to the southeast, 
Montreal (pop 3,608,000) 250 km to the north, and Toronto (pop 4,558,000) and Buffalo (pop 
1,602,000) respectively ~500 and 420 km to the west.  Nearby point sources include a large 
cement kiln 100 km to the southwest and several smaller coal fired power plants to the west, 
south, and east.  The site is located ~200 km west of the coast of New Hampshire, 280 km north 
of New York and 100 km to the northeast of Albany.  Based on this information, the following 
hypotheses are constructed about the aerosol trends at the site.  Based on the analyses of 
emissions inventories, back trajectories, and receptor modeling, the following features observed 
at the site.  Analyses relevant to those expectations are noted below: 

• Marine influence should occur under easterly flow from the Atlantic Ocean and 
after winter snowstorms when salt was applied as a road de-icer.  Marine salt was 
modeled consistently at each of the sites and all seasons, and it is not possible to 
distinguish sea salt from road salt.  The back trajectory analysis of PMF8 implies 
that the marine salt was transported from the northern Pacific Ocean, across 
Canada by circulating weather patterns. 

• The influence of the cement kiln (increase in calcium) should be observed when 
trajectories are from the southwest.  This profile could not be modeled, and may 
be masked by calcium, which commonly occurs in the geological dust profiles. 

• Aside from the cement kiln influence, the lack of large nearby point sources 
should generate an ambient aerosol that has the properties of well mixed, aged 
urban emissions (i.e. road dust with motor vehicle emissions).  None of the PMF, 
UNMIX or CMB results indicated significant local urban roadway influences 
here, and back trajectory as well as time series indicate that peak dust comes from 
Sahara, and nitrate and sulfate from the Midwest.  In general the Lye Brook 
Wilderness Area data are more difficult to model and profiles are not as clearly 
resolved by the PMF model.  This anomalous situation is ascribed to the fact that 
the site is at a high elevation and not influenced by the local sources.  

• Summertime vegetative burning signatures should be observed during 
northwesterly wind flows from Canada.  Back trajectory analysis and recorded 
dates of wild fires confirmed this 

8.3 Shenandoah National Park and Washington DC. 
The Shenandoah National Park IMPROVE site is located in northern Virginia, 

approximately 150 km west-southwest of the urban Washington D.C. IMPROVE site.  The 
Shenandoah site is located in a forested area while the Washington D.C. site is in an urban 
center.  There are substantially more sources of SO2 (coal fired power plants) near these two sites 
than at the other two sites.  Several iron and steel blast furnaces, and smelters are in the region 
surrounding these two sites. 
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The following trends are expected for the Shenandoah National Park and Washington 
D.C. sites.  Based on the analyses of emissions inventories, back trajectories, and receptor 
modeling, the following features observed at the site.  Analyses relevant to those expectations are 
noted below: 

• If local motor vehicles were important contributors to organic carbon and nitrogen 
oxide, these species should be more abundant at Washington D.C. than at 
Shenandoah National Park.  Species plots and CMB modeling shows this to be the 
case. 

• Should global dust events be affecting the region, they would be equally 
represented at both Shenandoah National Park and Washington DC.  Time series 
plots and back trajectory analysis of PMF modeled sources (PMF factor 9 for 
Shenandoah National Park, PMF factor 3 for Washington DC) confirm that 
occasional but substantial Sahara dust events impacted these two sites 

• Contributions from distant forest fires should have similar contributions at 
Shenandoah National Park and Washington DC.  Back trajectory analysis of the 
PMF factors confirms this that vegetative burning, including effects from 
relatively distant sources have similar contributions to both sites, especially on the 
highest organic carbon days (CMB results seem to confirm this).   

• Contributions from Canadian forest fires should be less at these two sites than at 
the two more northerly sites, closer to the Canada/USA border.  CMB and PMF 
modeling show this to be true, being more evident during the summer months  

• Secondary sulfate and primary emissions from coal fired power plants should 
originate from distant (>300 km away) facilities, such as those in Pennsylvania, 
Ohio, West Virginia, Kentucky, Tennessee and Indiana.  The ammonium sulfate 
contributions at Shenandoah National Park and Washington DC are comparable, 
suggesting that local urban sources in and around Washington DC make relatively 
minimal contributions in comparison to more distant regional sources.  

• Marine salt from the Atlantic ocean should be more at these sites than at the more 
inland sites in Vermont and Minnesota.  CMB modeling showed that marine salt 
at Washington DC was similar to the other sites.  This can be explained by air 
movement from the Pacific Ocean across North America, from west to east.   

The urban site will have larger contributions of trace metals from poorly characterized 
sources such as motor vehicle brake and clutch wear, foundries and plating operations.  This was 
can be seen from the elevated trace metals (Zn, Cr, and Cu) contents of the ambient samples 
from Washington DC.   

 

This study contributes to a better understanding of the potential sources adversely 
affecting the visibility at the four IMPROVE air quality monitoring sites of Boundary Waters 
Canoe Area, Lye Brook Wilderness Area, Shenandoah National Park, and Washington DC.  This 
assessment was accomplished by various sub-tasks including reviewing various data sets, source 
inventories, back trajectory analysis, comparative statistical analysis, and receptor modeling.  In 
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the course of this study several as yet unanswered questions were resolved, while issues 
requiring further research were identified, as is mentioned below. 

The US EPA’s NEI99 version 200 data base provided the information on the the source 
inventories.  For point sources in some states, this data source was found to be outdated, and 
made the compilation of a source inventory less accurate.  

Although the PMF and UNMIX receptor models were able to resolve several source 
types, including vegetative burning, motor vehicle emissions, diesel vehicle emissions, coal fired 
power plant emissions, residual oil combustion, iron and steel industry emissions, geological and 
road dust as well as smelter emissions, the secondary organic profile could not be completely 
resolved.  Subsequent CMB receptor modeling was able to partly overcome this deficiency by 
identifying components thereof as vegetative burning, residual oil combustion and motor vehicle 
emissions.  Further source apportionment and chemical modeling studies, including the 
measurement of additional species such as semi-volatiles and volatiles will be required to 
address this problem.  To further improve on the source identification and apportionment, 
measured PM2.5 source profiles will be required.  These include coal and oil fired power plant 
stack emissions, iron and steel plant emissions, cement plant emissions, mobile sources such as 
gasoline and diesel vehicle emissions, as well as re-suspended geological and road dust profiles.   

The IMPROVE program allows for an every 3rd day sampling schedule.  A special study 
including a high time resolution sampling campaign of PM2.5 along with surface meteorological 
measurements may provide evidence of nearby sources that are influencing the receptor sites. 

Knowledge of seasonality of major sources including mining, wood burning, wild and 
prescribed fires, agricultural burning, and industrial sources will provide a better resolution of 
these sources.  

One source that needs to be further investigated is that of arsenic, which at Boundary 
waters canoe area, is always closely associated with the PMF modeled iron and steel profile.  
High arsenic values were previously reported from studies on river, lake and groundwater  
(http://www.epa.gov/glnpo/aoc/lowmeno/; http://www.epa.gov/glnpo/aoc/menominee.html/; 
http://www.great-lakes.net/envt/water/uses.html), but not in the ambient air.   

PMF factor score weighted backtrajectory analysis proved to be a useful tool.  Weighted 
backtrajectory analysis for PMF factors associated with high sulfate indicated major 
contributions from the general Ohio River Valley area for all 4 IMPROVE sites.  A similar 
analysis for PMF factors associated with high nitrate indicated major contributions from the 
Midwestern USA (specifically the Illinois, Iowa, eastern Nebraska areas). At Washington DC, 
nitrate was also associated with transport along the urban corridor from Washington to Boston.  
Recommendations for additional work could be investigating the differences between the 
Shenendoah National Park and Washington D.C. sites in more detail, using meteorological 
analyses to help distinguishing local urban from regional effects. 
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