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1. INTRODUCTION

Most of the ambient particles in urban
atmospheres are in the ultrafine size range (Peters et
al., 1997; Woo et al., 2001), that is, with diameters less
than 100 nm (=0.1 um). Ultrafine particles have been
observed during photochemical and nitrate radical
reactions in outdoor smog chambers (c.f., Heisler and
Friedlander, 1977; McMurry and Friedlander, 1979;
Flagan et al., 1991). Wehner et al. (2000) observed
high levels of ultrafine particles during the millennium
fireworks display in Germany. Ultrafine particles have
also been measured in remote areas such as the
tropical boundary layer (Clarke et al., 1992) and in polar
areas (Pirjola et al., 1998). On average the chemical
composition of fine airborne particulate matter in East
Tennessee in summer was approximately 56%
ammonium sulfates, 30% organic carbon, 6% elemental
carbon, 0.4% ammonium nitrate, and the remaining
fraction (= 7%) undetermined (Tanner and Parkhurst,
2001). The Great Smoky Mountains National Park
(GSMNP) in eastern Tennessee is a Class | region, and
has been visited annually by more than 10 million
people during the past few years, making it the most
popular national park in the continental United States.
Mobile source emissions from nearby urban areas (e.g.,
Knoxville) and interstate highways (1-40, I-75, 1-81), and
stationary source emissions from industrial activities and
coal-fired power plants are potential contributors of
pollutants to the park. These sources emit precursor
gases such as nitrogen oxides (NOy), sulfur dioxide
(SO>), carbon monoxide (CO), and possibly hazardous
air pollutants. Forested areas in the GSMNP give off a
series of biogenic organic compounds (principally
isoprene) as well as water vapor. The combination of
man-made and biogenic emissions and abundant
sunshine and water vapor leads to summertime
production rates and levels of ultrafine particles that are
relatively high in the vicinity of the GSMNP.
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2. DESCRIPTION OF DATA

During a 4-week intensive field campaign in the
summer of 2000, a number of measurements were
made continuously at Look Rock, Tennessee, a
sampling site operated by the Tennessee Valley
Authority (TVA) and collocated with the IMPROVE
network site operated by the National Park Service
(NPS). The Look Rock air quality monitoring station is

located in a rural area in Blount County, TN (see Fig. 1)
at 35.6°N, 83.9°W, and 793 M above mean sea level.
The land use pattern at the site is predominantly mixed
deciduous forest. On-site meteorological
measurements during the field campaign included wind
speed, direction, solar radiation, temperature, and
precipitation. TVA measurements included the following
gaseous species: nitrogen oxide (NO), NO2, NO,, SO,
O3, and CO. Aerosol mass composition was measured
on filter samples collected using 2 collocated Federal
Reference Method (FRM) samplers, and by a PC-BOSS
sampler (Modey et al., 2001; Ding et al., 2002) which
quantified semi-volatile as well as non-volatile organic
aerosol components. A TEOM continuous PM; s mass
monitor was also operated by TVA personnel during this
period. The size distribution of particles of diameter
between 15 and 626 nm was taken continuously using a
TSI Scanning Mobility Particle Spectrometer (SMPS)
equipped with a long differential mobility analyzer and a
ultrafine condensation particle counter. The SMPS was
operated by Oak Ridge National Laboratory (ORNL)
personnel. The observable parameters are listed in
Table 1, and the sampling frequencies of these
measurements are also described in the same table.

3. RESULTS

Analyzing the relationship of variables in a
large multi-variate data set typically requires the use of
a technique such as factor analysis (Anderson, 1984).
Our intent was to resolve the complex relationships
among the measured number concentrations as a
function of particle size (from 10 to 626 nm) and the
mass concentrations of gaseous species and
meteorological variables. A classical factor analysis
using the varimax rotation technique was performed
using StatGraphics® for Windows® (version 4.0) on the
30-min averaged concentration data from JD230 to
JD252. The 8 summed number concentrations [X(15-
30), £(31-40), £(41-50), £(51-60), £(61-100), =(101-
200), £(201-400), %(401-626)], CO, NO2, NOy, O3, SO,
radiation, mean wind speed and PMz s mass were used
in the factor analysis. As shown in Table 3, six (6)
factors were resolved using this data set, in which each
factor has an eigenvalue greater than 1.0, a cutoff value
chosen for distinguishing signal from noise embedded in
the measurement data. The 6-factor model accounts for
79.7% of the total variance embedded in the data.
Additional tests showed that there to be no advantage in
explaining the relationships among the 17 variables by
including additional factors in the analysis.

The factor-loading matrix is shown in Table 2
where significant loadings are in bold. The number
concentrations of ultrafine particles are grouped into
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Factor 1. The loadings for particles smaller than 60 nm
were greater than 0.8; the loading for £(61-100) was
0.71 statistically significant. Statistically, this factor is
independent of the gas variables (i.e., carbon monoxide,
nitrogen species, ozone, and sulfur dioxide) included in
the factor analysis. The reasons why variability in the
concentrations of ultrafine particles (D, < 100 nm)
appears in a single factor are unclear at this point
without, for example, additional data such as the
chemical composition of the ultrafine particles. This
issue should be pursued in future studies, especially if
ultrafine particles are shown conclusively to cause
adverse impacts to human health. Factor 2 has
significant loadings in CO, £(101-200), £(201-400) and
PM_ 5 mass (see column 3 of Table 4). PM,s mass and
number concentrations of accumulation mode particles
[i.e., £(101-200) and £(2011-400)] show up most
strongly. The loading for CO was only 0.66—lower than
that associated with particles. The variables,
accumulation-mode particles, PMz 5 and CO, are
signatures for regional transport of pollutants. Based on
these significant loadings, we assigned this factor to
regional transport. Ozone is known to be a regionally
transported secondary pollutant, especially in summer
and at higher altitudes, but its mean transport distance
is not as large as secondary particles. Since its regional
transport is not as dominant, it has a lower and
statistically not significant loading on this factor.
Significant loadings of Factor 3 were found to be
associated mainly with gaseous species that included
NO2 and NOy, both of whose values were > 0.8. There
was also a mild CO loading (0.51) and another smaller
loading from SO, (0.59). Strong loadings in nitrogen
species and a mild loading on SO- indicated that Factor
3 is associated with the primary gaseous emissions.
These emissions likely include point and "immediate
area" sources of NO2, NOy, and SO>. It was interesting
that CO has mild loadings in Factor 2 (an assigned
regional transport factor) and this Factor 3 (an assigned
local primary emission factor). Tropospheric CO mixing
ratios are ranging from 40 to 200 ppbv (p. 86, Seinfeld
and Pandis, 1998). However, the minimum and
maximum CO values observed in our campaign were 79
and 441 ppbv, respectively, with a median of 169 ppbv.
The median concentration of our CO data is at the
higher end of the mixing ratio range reported by Seinfeld
and Pandis (1998) indicating possible source
contributions additional to the Tropospheric background.
Note that ozone is completely absent (loading = 0.00) in
Factor 3, and that neither the particle number
concentrations nor PM s mass has significant loadings.
Hence, variability in primary gaseous emissions
including point sources and mobile sources in the East
Tennessee valley could be the primary contributing
sources of Factor 3. A significant loading in Factor 4
includes mean wind speed (loading = 0.85) and a mild
loading (0.62) for ozone. This loading pattern suggests
that variability in the 30-min mean wind speed could not
explain any variability of the particle variables. The
ability to use mean wind speed to explain ozone
variation was moderate as seen in the loading values.
As previously discussed for Factor 2, ozone is a

secondary species transported over a sub-regional
scale compared to secondary particles (in the
accumulation mode).

In Factor 4, ozone was decoupled from particle
loadings and other primary gaseous emissions. Since
mean wind speed was the single “statistically” significant
factor loading, this factor was assigned as a unique
factor of mean wind transport, possibly responsible for
the ozone variation observed at the site. A single strong
loading for Factor 5 is solar radiation (loading = 0.90).
Note that although the loading for SO» on Factor 5 was
0.44, the second largest on this factor, this loading is
statistically insignificant. With the low factor signal on
SO, and all other variables except solar radiation, we
attribute this factor to the variation of solar variation
alone. Interestingly, NO (loading = 0.95) was the single
significant loading on Factor 6. We think that this was
associated with the data quality of this particular
variable. Note that from Table 2 the data recovery rate
for this variable was 48%, about 30% lower than other
variables. Thus, it is likely this factor simply isolate the
variable from others and we should attribute this factor
as a unique factor meaning it could not be explained by
any physical relationships with other variables we have
included.

4. SUMMARY

A varimax-rotation factor analysis was
performed to explore the relationship of the fine and
ultrafine particle number concentrations, the gaseous
species concentration, the mean wind speed, and the
solar radiation. A 6-factor model was found to best
resolve 79.7% of the variability embedded in the data.
The model suggests that 31.4% of the data variability
could be explained by ultrafine particles (the diameters
smaller than or equal to 100 nm). It was difficult to
further elucidate this factor without chemistry
information of the ultrafine particles. However, no gas
species were loaded on Factor 1, indicating that
ultrafine particle concentrations observed in this study
were not associated with primary source emissions of
NOx and SO;. The decoupling of the ultrafine particles
from the fine particles also implies that the former ones
might have been produced and transported to the site
by separated mechanisms from those of fine particles.
The second factor included the PM, s mass
concentration and the number concentrations of
particles in the diameter range of 101 to 400 nm.

The loading pattern on Factor 2 led to the
conclusion that this factor was contributed by regional
transport. The third factor includes CO, NOg, reactive
odd nitrogen (NOy), and SO: that were contributed by
primary source emissions. The mean wind speed and
ozone (with a mild loading) were loaded in Factor 4 that
was tentatively labeled as mean wind transport.
Identification of this factor led to an observation that
ozone transport to the site may be in part decoupled
from the regional transport factor of fine particles (i.e.,
Factor 2). Solar radiation was singly included in the fifth
factor indicating this is a unique factor. The quality of



NO data was marginal and this variable was placed by
the model into Factor 6.
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Table 1. Summary of Continuous Measurements

PARAMETERS INTERVAL INSTRUMENT COMMENTS

Ozone, O3 1 min. avg. TEII 49 Full scale range: 0 - 200 ppb; Zero: Clean, dry air;
Span: 160 ppb; Precision: 40 ppb;
Time Constant: 30 sec

NO/NO; 1 min. avg. TEIl 42S Full scale range: 0 — 50 ppb; Span (W/NO): 20 ppb;
Addition (Ww/NO) 3x: 5 ppb; Zero: Night readings;
Time Constant: 10 sec

NOy 1 min. avg. TEIl 428 Full scale range: 0 — 100 ppb; Span (w/NO): 40 ppb;
Addition (w/NO) 3x: 10 ppb;
Addition (w/NPN)3x: 50 ppb;
Zero 4x: Clean dry air; Time Constant: 10 sec

CcO 1 min. avg. TEIl 48S Full scale range: 0 - 1000 ppb; Span: 800 ppb;
Addition (w/CO) 2x: 200 ppb;
Zero 12x: Ambient native zero gas
Time Constant: 20 sec

SO, 1 min. avg. TEII 43S Full scale range: 0 — 100 ppb;
Addition (w/SO2) 2x: 20 ppb;
Zero 2x: Clean dry air; Time Constant: 20 sec
Full Scale Voltage Output: 10V

Wind Speed 1 min. avg. R.M. Young 10 Meters above ground

Wind Direction 1 min. avg. R.M. Young 10 Meters above ground

Air Temperature 1 min. avg. Platinum RTD 10 Meters above ground

Humidity 1 min. avg. Rotronics 10 Meters above ground

Total UV 1 min. avg. Eppley 9 Meters above ground

Radiation

Particle size 6 min. average | TSI SMPS Inlet at 10 Meters above ground, data in # cm™.

distribution 3080LDMA

PM2.5 mass 5 min. average | RP TEOM

concentration




Table 2. Factor Loading Matrix after Varimax Rotation

Variable F1 F2 F3 F4 F5
F6 Communality

Cco 0.00 0.66 0.51 0.12 0.09 -0.21 0.75
Mean Wind 0.04 0.00 0.14 0.85 -0.09 0.01 0.75
Speed

NO 0.00 -0.06 0.05 -0.01 0.08 0.95 0.91
NO, 0.17 -0.07 0.91 -0.09 -0.18 -0.01 0.90
NO, 0.19 0.17 0.81 0.26 0.13 0.22 0.85
Ozone 0.15 0.48 0.00 0.62 0.24 -0.18 0.73
Radiation -0.06 0.02 0.02 -0.03 0.90 0.09 0.82
SO, 0.18 0.21 0.59 0.05 0.44 -0.09 0.63
>(101-200) 0.33 0.86 0.14 -0.05 0.06 -0.01 0.88
>(15-30) 0.81 -0.07 0.12 0.11 0.12 -0.06 0.71
¥(201-400) 0.08 0.94 0.02 0.11 -0.01 0.02 0.91
3(31-40) 0.94 -0.02 0.08 0.06 0.04 -0.04 0.90
>(401-600) -0.02 0.49 -0.06 0.44 -0.03 0.20 0.48
>(41-50) 0.96 0.06 0.06 0.03 -0.05 0.00 0.92
%(51-60) 0.91 0.13 0.10 0.00 -0.10 0.04 0.86
>(61-100) 0.71 0.41 0.21 -0.09 -0.04 0.07 0.73
PM25 Mass -0.06 0.90 0.03 0.08 0.03 -0.06 0.82




Fig. 1. Map of the Great Smoky Mountains National Park, surrounding areas, and location of the Look Rock
Sampling Station
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