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HIGHLIGHTS

» Three TSI WCPC models (9 units) were compared for one month near a major freeway.
» The 3 models’ responses were significantly different under downwind conditions.

» All units showed somewhat size dependency especially for smaller ultrafine particles.
» TSI model 3783 provides relatively consistent data among studied models.
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a major freeway that has a significant level of heavy-duty diesel traffic. The study focuses on examining
instrument biases and performance differences by different WCPC models under realistic field oper-
ational conditions. Three TSI models (3781, 3783, and 3785) were operated for one month in triplicate
(nine units in total) in parallel with two sets of Scanning Mobility Particle Sizer (SMPS) spectrometers

nggrds; for the concurrent measurement of particle size distributions. Inter-model bias under different wind
Ultrafine particles directions were first evaluated using 1-min raw data. Although all three WCPC models agreed well in
Traffic emissions upwind conditions (lower particle number concentrations, in the range of 103—10* particles cm~3), the
Freeway three models’ responses were significantly different under downwind conditions (higher particle

number concentrations, above 10% particles cm~3). In an effort to increase inter-model linear corre-
lations, we evaluated the results of using longer averaging time intervals. An averaging time of at least
15 min was found to achieve R? values of 0.96 or higher when comparing all three models. Similar
results were observed for intra-model comparisons for each of the three models. This strong linear
relationship helped identify instrument bias related to particle number concentrations and particle
size distributions. The TSI 3783 produced the highest particle counts, followed by TSI 3785, which
reported 11% lower during downwind conditions than TSI 3783. TSI 3781 recorded particle number
concentrations that were 24% lower than those observed by TSI 3783 during downwind condition. We
found that TSI 3781 underestimated particles with a count median diameter less than 45 nm. Although
the particle size dependency of instrument performance was found the most significant in TSI 3781,
both models 3783 and 3785 showed somewhat size dependency. In addition, within each tested WCPC
model, one unit was found to count significantly different and be more sensitive to particle size than
the other two. Finally, exponential regression analysis was used to numerically quantify instrumental
inter-model bias. Correction equations are proposed to adjust the TSI 3781 and 3785 data to the most
recent model TSI 3783.
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1. Introduction

Ultrafine particles (UFPs, Dp < 100 nm) are of a significant
health concern. Their small size enables them to penetrate into the
pulmonary system at a high deposition rate (Jaques and Kim, 2000),
subsequently causing inflammatory responses and chronic
cardiovascular diseases (Gilmour et al., 2004). Deleterious health
effects from UFPs also include inter-organ translocation, which may
potentially impose burdens in the liver, spleen, kidneys, and brain
(Donaldson et al., 2002; Kreyling et al., 2002; Oberdorster et al.,
2002). Although the degree of the reported particle deposition
rates varies, scientists agree that the translocation and deleterious
health effects of these particles are primarily due to their chemical
composition, small size, high surface area, and high number
concentrations.

However, the accurate and precise measurement of UFP number
concentration is still a challenge. To overcome this challenge,
a fundamental concept of condensation particle counting (CPC)
technique was first introduced in the 19th century which then
became widely adopted (Aitken, 1890; McMurry, 2000). The CPC
approach takes advantage of the heterogeneous particle conden-
sation which promotes the growth of sampled UFPs to micron-
sized particles (i.e., a size that can be optically detected by
a photodetector) under a controlled super-saturation condition.
Therefore, the particle detection efficiency also relies on particle
condensation processes in supersaturated working fluid
(Stolzenburg and McMurry, 1991). As a result, particle counting
efficiency is affected not only by design parameters (e.g., working
fluid and temperature between saturator and growth tube) but also
by different physico-chemical properties of sample particles (lida
et al., 2009; Kulmala et al., 2007; Petaja et al., 2006).

For a long time, butanol has been used as the working fluid for
CPCs. In 2003, TSI introduced the first laminar flow water-based
CPC (WCPC), TSI model 3785. Using the laminar flow water
condensation methodology (Hering and Stolzenburg, 2005; Hering
et al,, 2005), this instrument introduced a 1 L min~' sample flow
into a wet-walled tube, the second portion of which is heated (TSI,
2003). This creates a region of super-saturation that grows small
particles to supermicrometer sized droplets that are counted
optically. At low concentrations, the grown particles are counted
individually, with a correction for dead time. Above about
3 x 10* em~3, the WCPC 3785 enters into a photometric mode
whereby particle concentration is inferred from the total light
scattering from the cloud of droplets within the sensing chamber.

The TSI 3781, introduced in 2005, is a compact unit that has an
aerosol flow of 0.12 L min~!, but is otherwise based on the same
laminar flow and water condensation technology as TSI 3785, and
uses the same operating temperatures. One noted difference is that
the 3781 does not have a photometric mode; instead it only uses
dead-time corrected single particle counting (TSI, 2005).

The TSI 3783, introduced in 2011, is the first of the next gener-
ation of WCPCs. The 3783 uses a new design for the condensation
growth tube that improves instrument performance at high
particle concentrations and provides consistent lower detectable
particle size across all concentrations. The 3783 has the same
aerosol flow but different operating temperature, and like the 3781,
it does not have a photometric mode, but instead uses dead-time
corrected single particle counting throughout its concentration
range (TSI, 2011). None of the instruments tested have a sheathed
flow.

There is little information available regarding the response
differences among different WCPC models, especially in the near-
freeway environment. The present study examines and compares
the performance (bias, precision, effect of particle number
concentration, and particle size) of three different WCPCs, namely

TSI models 3781, 3783, and 3785. A detailed investigation on the
origin of the observed differences due to instrument design factors
is beyond the scope of the current work. A total of nine WCPC units
comprising three units of each model were concurrently operated
near a major freeway for one month. The most recent TSI model
(i.e., TSI 3783) has been promoted as best suited for long-term field
operation in both rural and heavily polluted environments (TSI,
2011). An accurate assessment of the performance of this up-to-
date model can provide valuable information to assist air moni-
toring organizations with planning future UFP measurement
studies. This intensive WCPC monitoring study was the beginning
of an extended monitoring effort (~6 months) aimed at evaluating
TSI 3783 for potential use in a regulatory-like monitoring network.

This paper focuses on intra-model precision and inter-model
bias. Since there is no reference instrument for particle number
concentrations, bias between instrument units is evaluated in lieu
of accuracy. Using the high-resolution data acquired, we evaluated
the effects of upwind (low particle concentrations, 10°—
10* particle cm~3) and downwind (high particle concentrations,
above 10* particles cm™3) conditions on WCPC instrument
responses in a realistic near-freeway environment and further
assessed the effects of particle number concentration and size
distribution on intra-model precision and inter-model bias. We
also investigated the effect of increasing averaging time intervals
so as to increase inter-model correlation. Finally, 3-parameter
exponential equations are proposed to provide correction factors
to adjust for differences in response between older models (TSI
3781 and 3785) and the most recent model (TSI 3783). Findings
regarding the performance and reliability of these three WCPCs
and their ability to run unattended for long periods of time will be
provided in a subsequent paper.

2. Methodology
2.1. Experimental

2.1.1. Site description

Extensive field measurements were carried out to monitor
UFPs near the 710 freeway in Long Beach, California, from May
16th to June 15th, 2011. An in situ monitoring trailer equipped
with various particle instruments was operated in close proximity
to the freeway (15 m from the eastern edge of the 710). The
surrounding area was an open flat terrain without a significant
source of UFPs other than the traffic emissions from the freeway.
The immediate east side of the freeway includes a large flood plain
area and the Los Angeles River. The sampling site was located
13 km north of the Long Beach harbor. Therefore, the freeway
traffic was the primary source of UFPs at the sampling site. Fig. 1
illustrates the orientation of the freeway and the monitoring
station. The 710 freeway generally runs from north to south but
the studied section runs 30° to the east. The wind rose chart in
Fig. 1 describes the presence of a distinct westerly wind, which is
typical for this part of the South Coast Air Basin during this time of
the year. In addition to this dominant westerly component, the
study period was characterized by the typical afternoon onshore
sea-breeze and weaker winds coming from all directions. For the
purpose of this study, downwind conditions were defined when
the wind direction was about perpendicular to the freeway center-
line and at a 300° + 45° angle. Similarly, upwind conditions
referred to time periods when the wind direction was about
perpendicular to the 710 center-line but at a 120° + 45° angle.
Upwind and downwind conditions accounted for 14% and 48% of
all observed wind directions during the study period, respectively.
The remaining 38% of the data were considered under other wind
conditions in the analysis.
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Fig. 1. A schematic of the sampling site including the orientation of the 710 freeway,
the monitoring station, wind speed (radial) and wind direction (angular) data during
the sampling period, and allocated upwind, downwind, and the other wind directions.

2.1.2. Traffic conditions

Traffic flow data near the sampling site were collected by means
of two traffic sensors that are part of the CalTrans Performance
Measurement System (PeMS): one for northbound traffic (PeMS ID
717966) and the other for southbound traffic (PeMS ID 717963)
(CalTrans, 2010). These sensors were located approximately 600 m
and 150 m from the monitoring station, respectively. Fig. 2 presents
the overall diurnal traffic pattern changes for weekdays and
weekends. The 710 freeway reached up to 1200 vehicles per 5 min
around the morning and afternoon rush hours, whereas the
minimum traffic volume was 150 vehicles per 5 min overnight. At
this site, the 710 freeway traffic includes high heavy-duty diesel
truck flow that is approximately 18% of the total daily average.

2.1.3. Sampling and instrumentation

Meteorological parameters were measured by a weather station
10 m above the ground on top of the monitoring trailer. Tempera-
ture, humidity, wind direction, and wind speed were recorded at 1-
min intervals. At the monitoring site, three units of each of the three
WCPC models (3781, 3783, and 3785, TSI Inc., Shoreview, MN) were
first synchronized and then set-up to concurrently record UFP
concentrations at a 1-min sampling interval. Before doing data
analysis, data were checked for alignment. Although all WCPCs
have been synchronized, one- to two-minute differences among
different units were found and manually corrected for better
synchronization. To meet U.S. EPA particulate matter (PM) siting
criteria while minimizing particle loss, an air intake manifold
supplied the same ambient air sample, which was immediately
distributed to each instrument through a series of conductive
tubing of the same length (i.e., 1.5 m). All the particle instruments
were calibrated by the manufacture prior to deployment and
checked for flow and other parameters once every two weeks after
deployment.

The manufacture published specifications of the three WCPC
models are summarized in Table 1. The three models have a similar
detectable particle size range with the same upper limit of 3 pm
and lower limits of 5, 6, and 7 nm for models 3785, 3781 and 3783,
respectively. Even though maximum detectable particle count
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Fig. 2. Comparison of diurnal traffic pattern changes on freeway 710 during (a)
weekdays and (b) weekends.

limits vary with different models, the highest particle number
concentration measured during this study (approximately
3 x 10° cm ) was well below any of the highest detectable limits
reported by the manufacturer for these three models (see Table 1).
It was thus reasonable to expect that the three WCPC models
should measure comparable values. However, it should be noted
that inlet flow rates are different among the tested WCPCs (see
Table 1) which may affect particle diffusion loss in the sampling
line. For the average particle size distribution observed in the study,
after considering different sampling flow rates, the disparities in
diffusion losses to the sampling lines among the tested models
were estimated to be less than 5% (i.e., 4.5% between models 3781
and 3783; 2.5% between models 3783 and 3785; and 2.0% between
models 3781 and 3785) (Hinds, 1999). These diffusion loss differ-
ences were considered negligible and were not accounted for in the
following inter- and intra-model comparisons.

Independent from the nine WCPC units, two sets of Scanning
Mobility Particle Sizer (SMPS) spectrometers also continually
monitored the UFP size distributions from the same sample air
flow. The sample aerosols were first classified by particle size with
Electrostatic Classifiers (TSI model 3080), and then by two addi-
tional WCPCs (TSI models 3785 and 3786) which quantified particle
number concentration in each particle size bin. One SMPS was set
to measure particles in the size range of 7.6—289 nm with a Long-
DMA (TSI model 3081) while the other SMPS was set to measure
2.5—79.1 nm particles with a Nano-DMA (TSI model 3085). A 90-s
sampling time and 30-s retrieval time were equally applied to
achieve temporally comparable data from the two sets of SMPS
systems. The SMPS data were used to better understand the effect
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Table 1

Specifications from manufacturer’s instrument manuals of the three tested WCPC models (TSI 3781, 3783, and 3785).
Specifications Model 3781 Model 3783 Model 3785
Year introduced 2005 2011 2003
Single particle counting with All range All range Below 3 x 10* cm—3

dead-time correction

Photometric mode nja nja Above 3 x 10* cm—3
Detectable particle diameter ranges 6 nm—3 pm 7 nm—3 pm 5 nm—3 pm
Maximum detectable (# cm~—3) 5 x 10° 1 x 108 1 x 107

particle concentrations (cm~>)
Particle counting errors
Aerosol flow rates (L min~!)
Inlet flow rates (L min~")

+10% at 5 x 10° cm ™3
0.12 + 0.012
0.6 + 0.12

+10%at 1 x 10 cm™3
0.12 + 0.012
3+03

+10% at 2 x 10* cm 3
1.0+ 0.1
1.035

of particle size on inter-model precision and intra-model bias as
discussed in the result section.

2.2. Analytical

The data analysis focused on quantifying both intra-model
precision and potential inter-model biases among three units of
different models. The collected 1-min WCPC raw data were first
classified with respect to upwind, downwind, and other conditions
as illustrated in Fig. 1. The corresponding WCPC data were used to
investigate instrument responses under different wind conditions.
In an effort to improve inter- and intra-model correlation, we
investigated the effect of using longer averaging time intervals (i.e.,
5-min and 15-min) regardless of wind directions. It should be noted
that only 15-min data resulting from averaging of 15 consecutive 1-
min data observations were considered in our analysis. This
accounts for more than 99% of the raw data used for analysis. Effects
of particle number concentration range and particle count median
diameter (CMD) on bias were then investigated. For inter-model
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Fig. 3. Comparison among three tested WCPC TSI models (3781, 3783, and 3785) is
provided 1-min averaged data for (a) downwind (300° =+ 45°), (b) upwind
(120° + 45°), and (c) other wind conditions. Arrows indicate the unit that measured
lower (i.e., 3781c) or higher (i.e., 3783a and 3785c) than the other two units of the
same model based on visual observations. Under downwind conditions (a), TSI models
3781, 3783, and 3785 showed average concentrations of 69,000 cm~3, 90,000 cm—,
and 80,000 cm ™3, respectively.

comparisons, the 15-min average concentrations from three units
of the same model were utilized to represent each model. Biases
related to the effect of particle concentration were studied for three
particle number concentration ranges: low (10°-10* cm™3),
moderate (10°-10°> cm—3), and high (10°—3 x 10°> cm~3). Using
linear regressions, the coefficient of determination (R?) of each
regression represented data variability in the corresponding
concentration range. Furthermore, the investigation of the particle
size distribution effects took into account the CMDs from each set
of particle size distributions. The particle number concentration
data were classified with respect to eight CMD ranges that were
selected to include the same number of observations each. The
Coefficients of Divergence (COD) was then used to estimate vari-
ances of WCPC data between any two compared WCPC models as
follows:

2
1 O~ (Nij — Nig
CODy, = 4|— 4 K (1)
Jk n Z:l (NU + Nik

where,

CODjy: Coefficients of Divergence between two WCPC models
(or units) j and k

n: Total number of observations

i: Individual observation

N: Particle number concentration (cm ™)

The COD is a measure of homogeneity between two different

WCPC data sets and ranges from 0 (homogeneous) to 1 (hetero-
geneous). In this study, the COD estimations were repeated for each
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Fig. 4. Comparisons among particle size distributions measured and averaged under
different wind directions (i.e., upwind, downwind, and others as depicted in Fig. 1)
during the sampling period of one month.
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CMD range and each model comparison. The estimated COD data
are presented with the average values in each CMD range. Finally,
we utilized a 3-parameter exponential regression analysis to
numerically quantify potential instrument biases with respect to
the observed particle number concentration ranges.

3. Results and discussions

3.1. Inter- and intra-model comparisons under different wind
conditions

Fig. 3 shows inter-model biases and intra-model precision using
boxplots based on 1-min raw data under different wind directions.

TSI 3781 vs. 3783

IS13783 vs. 3785

Under upwind conditions, all nine units measured an average
particle number concentration of approximately 8000 cm~>.
However, in downwind conditions one unit for each model
provided measurements which, to some extent, were different
from those recorded by the other two units of the same model.
More specifically, the 3781c underestimated values compared with
the other two units of model 3781; the 3783a and 3785c measured
higher values than the other two units of the same model. This
observation is further discussed in a later section (3.2.3. Effects of
particle size distributions). Under other wind conditions (i.e.,
when the prevailing winds were mostly parallel to the freeway),
average particle number concentrations were between the values
observed in downwind and upwind conditions. Based on visual

TSI 3785 vs. 3781
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observations, there did not appear to be any inter-model bias under
these other wind conditions.

Under downwind conditions the average particle number
concentration differed noticeably by different models. Specifically,
models 3781, 3783, and 3785 showed average concentrations of
69,000 cm 3, 90,000 cm 3, and 80,000 cm 3, respectively (Fig. 3-a).
The largest bias was observed for TSI 3781. It should be noted that
the small bias between models 3783 and 3785 was present
regardless of wind direction and, thus, for a wide range of particle
concentrations. All three TSI 3781 units recorded approximately
26% and 12% lower particle number concentrations than models
3783 and 3785, respectively. The underestimations may have

TSI 3781 vs. 3783

TSI13783 vs. 3785

resulted from TSI 3781’s poor response to particles with CMD less
than 45 nm as discussed in more details later.

To discover the underlying factors causing the observed inter-
model biases (Fig. 3), average particle size distributions under
upwind, downwind, and other wind conditions were determined
(Fig. 4). While there was a predominant mode at 18 nm under
downwind conditions, particle number concentrations were more
evenly distributed throughout the measured size range under
upwind conditions. Although particle size distribution measured
under other wind conditions was similar to that under downwind
conditions, the magnitude of particle concentration was lower and
the size distribution curve lied between downwind and upwind
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10°-3 x 10° cm~3). With increasing source particle number concentrations (i.e., from top to bottom panels), the variability in the model performances also increases to a great

extent (15-min averaged data provided).
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Summary of the linear regression results (i.e., slope (m), intercept (i), coefficient of determination (R?), and number of observations (n)) of intra-model comparisons by
averaging time intervals and concentration ranges. Taking the 15-min averaging for example, we only included data when we had 15 out of the 15 1-min observations. This
accounts for more than 99% of our available raw data.

Categories TSI model 3781 TSI model 3783 TSI model 3785
avs.b bvs.c cvs.a avs.b bvs.c cvs.a avs.b bvs.c cvs.a
Averaging time 1-min R? 0.89 0.79 091 0.74 0.98 0.73 0.83 0.83 0.94
M 0.99 0.75 1.07 0.46 0.94 1.70 0.89 1.05 0.85
i —44 7018 2257 21,670 1075 -16,350 5239 9818 —2778
n 41,848 41,848 41,848 41,847 41,847 41,847 41,848 41,848 41,848
5-min R? 0.98 0.93 0.96 0.89 0.99 0.88 0.98 0.97 0.98
m 1.02 0.83 1.09 0.58 0.95 1.59 0.97 1.17 0.83
i -1291 2987 1137 12,510 229 -10,770 887 3394 -1501
n 8348 8348 8349 8370 8367 8370 7135 6901 6624
15-min R? 0.98 0.95 0.96 0.94 0.99 0.94 0.99 0.98 0.98
m 1.02 0.85 1.09 0.64 0.96 1.5 0.97 1.19 0.82
i -1110 2389 1018 8758 19 -8515 469 2257 -828
n 2783 2783 2784 2790 2790 2790 2383 2303 2209
Concentration Low R? 0.97 0.96 0.99 0.99 0.99 0.99 0.99 0.97 0.98
ranges (15-min) m 0.95 0.95 1.06 091 0.93 117 0.96 1.09 0.91
i 44 104 79 23 -1 6 54 17 121
n 514 1851 418 537 1647 606 407 1263 334
Moderate R? 0.98 0.94 0.96 0.97 0.99 0.97 0.98 0.98 0.97
m 0.97 0.88 1.10 0.75 0.97 135 0.99 1.29 0.74
i 403 1813 358 4352 —415 —3700 299 -568 2099
n 514 1851 418 537 1647 606 439 1468 396
High R? 0.75 0.41 0.55 0.69 0.98 0.64 0.91 0.85 0.88
m 1.04 0.76 0.52 0.33 0.91 221 0.88 0.88 1.01
i -944 11,270 63,760 69,200 5530 —88,680 13,470 37,270 —22,540
n 514 1846 417 537 1647 606 402 1388 347

conditions. This agrees well with previous work that documented
the same tendency of upwind/downwind particle size distributions
near the 710 freeway (Zhu et al., 2002). Thus, the particle number
concentration and particle size might play important roles in
explaining the observed discrepancies among different WCPC
models as discussed in the following sections.

3.2. Factors affecting inter- and intra-model precision and bias

3.2.1. Effects of averaging time intervals

One approach to increasing instrument comparability may be to
increase the time-averaging period. Although all measurements
aimed to achieve high-resolution (i.e., 1-min) data, interpretation of
the data was challenging because of highly variable 1-min
responses from the three WCPC models. Increasing averaging
time intervals increases instrument precision but information
about short-term variability due to sudden increase or decrease in
particle number concentration is lost. Although increased
averaging-time could not distinctively present abrupt changes in
concentration, it may be desirable to achieve appropriate instru-
ment comparisons in a long-term sampling study. The collected 1-
min raw data, regardless of wind directions, were then post-
processed to produce data with an averaging time of 5 and
15 min(s). With 1-min data, the regression analyses found the
lowest R? of 0.77 for the comparison between models 3781 and
3783 (Fig. 5-a). Similarly, the R? from the other two regressions
with 1-min data remained at 0.83 and 0.79 in Fig. 5-b (3783 vs.
3785) and -c (3785 vs. 3781), respectively. The correlation between
models 3783 and 3785 was stronger than the other comparisons
with model 3781 (i.e., 3781 vs. 3783 and 3785 vs. 3781) for the 1-
min data. Thus, it is possible that model 3781 was responsible for
the low correlation results shown in Fig. 5-a and -c. The R? values
increased to 0.93 and higher with 5-min averaging time (Fig. 5-
d through -f). With 15-min averaging time interval, all three inter-
model comparisons clearly demonstrated correlation among the
different models with an R? 0.96 or above (Fig. 5-g through -i). In
the subsequent data analysis, only 15-min averaged data were used.

3.2.2. Effects of particle number concentrations

Fig. 6 illustrates the effect of particle number concentration on
the WCPC responses for different models. A slope greater than 1
indicates a positive bias for the instrument along the y-axis, and
a slope less than 1 indicates a positive bias for instrument on the x-
axis. The intercept also needs to be considered. The confidence of
the slope (bias) decreases as R? decreases. In particular, inter-model
correlations (R%) were consistently above 0.98 in the low particle
concentration range (10°—10* cm3; Fig. 6-a through -c). However,
the R? dropped when the particle number concentration ranged
between 10% and 10° cm 3 (Fig. 6-d through -f). Finally, all R? values
decreased further to 0.67 through 0.82 in the concentration range
of 10°—3 x 10° cm~3 (Fig. 6-g through -i). Therefore, the variability
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Fig. 7. Relationship between total particle number concentrations and corresponding
particle count median diameters (CMD) from measured particle size distributions. The
total particle number concentration increases as CMD decreases. Note that the same
number of observations is allocated to each box using 15-min average data.
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among these WCPC models increases as the particle concentration
increases.

As the figures show, the magnitude of the measured concen-
trations varies by different instrument models and number
concentration ranges. It should be noted that model 3781 repeat-
edly measured the lowest number concentrations for number
concentrations above 10* cm~3, followed by model 3785. Model
3783 showed higher number concentration readings than the other
two models in general. This is not likely due to different detectable
particle size ranges by the selected models. For example, Fig. 6
shows model 3783 measured the highest number concentrations
in spite that it has a narrower detectable size range than that of the
other two models. If detectable particle size ranges were the
reason, model 3785 should have measured the highest number
concentrations and the lowest number concentration should have
been recorded by model 3783 as indicated by the instruments’
specifications shown in Table 1. The bias between model 3783 and
the other two models also increased as the concentration increased.

Although Fig. 6-h illustrates that model 3783 had the highest
variability in particle concentration above 10° cm—3, model 3783
responded similarly to model 3785 between 10* cm >3 and 10° cm 3
(Fig. 6-e), unlike the other two model comparisons in the same
range (Fig. 6-d and -f). For particle concentration ranges below
10* cm~3, the overall response of all three models were very similar.
Another important observation is that model 3781 did not measure
particle count up to the manufacturer-claimed instrument counting
limit of 5 x 10° cm 3. As illustrated in Fig. 6-g and -i, model 3781
only measured up to 2 x 10° cm~> while the other two models
measured particle number concentrations up to 5 x 10° cm3.
Although our dataset is limited, caution should probably be exer-
cised when using model 3781 near combustion sources where
relatively high particle number concentrations is expected.

In addition to inter-model comparisons, Table 2 summarizes
linear regression results for correlations between instrument units
of the same model, sorted by averaging time and concentration
range. Using linear regression, individual instrument units were
compared to another unit of the same model. There was strong
intra-model variability among all three models indicating indi-
vidual instrument may perform differently from another unit of the
same model. In general, higher R? values were observed with
increasing averaging time intervals and at lower particle concen-
trations which corroborates findings in inter-model comparison as
shown in Figs. 5 and 6. Conversely, the higher the concentration
range, the lower the R? values.

3.2.3. Effects of particle size distributions
Differences in inter-model responses were further studied with
respect to CMD to assess the impacts of changes in particle size

distributions. Fig. 7 illustrates that the total particle number
concentration increased when the CMD decreased, especially when
the CMDs were between 20 and 30 nm. It should be noted that the
same number of observations are presented in each box in Fig. 7.
Thus, particle-counting instrument accuracy may be affected to
a great extent by particles in this size range which constitute the
majority of particles in term of number concentration near
roadways.

The observed size-dependent counting efficiency helps to
explain the considerable underestimations in particle count
measurements for model 3781. Fig. 8 presents COD (Eq. (1))
changes across measured CMD ranges among different tested
WCPC models when the particle concentrations are below
1 x 10* cm~3 (Fig. 8-a) and above 1 x 10% cm~3. The COD becomes
a measure of magnitude of divergence and the gradient of COD
value indicates a series of changes in the magnitude of divergence.
Fig. 8-a showed CODs were not only comparable (all remained less
than 0.01) but also flat across CMDs when particle concentrations
are below 1 x 10 cm~3. It suggests that there is hardly any particle
size effect on instrument bias in this low particle concentration
range. On the other hand, when particle concentrations are above
1 x 10* cm 3 (Fig. 8-b), CODs started to diverge when CMDs are less
than 45 nm. Models 3783 and 3785 demonstrated consistent
performances with a low COD of approximately 0.005. Although
there were differences in measurements between models 3783 and
3785 as discussed previously, the magnitude of these differences
(i.e., COD) was minimal and consistent throughout all considered
CMD ranges. In contrast, the COD between models 3781 and 3783
demonstrated greater divergence when CMDs were less than
45 nm. The divergence significantly increased as the particle CMD
decreased. Thereby, the high COD gradient below 45 nm might be
due to abrupt changes in performance differences between models
3781 and 3783 for particles with CMD less than 45 nm. When
considering that models 3783 and 3785 had comparable perfor-
mances and model 3783 counted more particles than model 3781,
the high COD gradient was likely a consequence of model 3781
under-counting particles smaller than CMD of 45 nm. This is further
confirmed by the COD curve from models 3781 and 3785 where the
COD also increased below the CMD of 45 nm. In this case, however,
the rate of COD changes was lower than the rate of COD changes
between models 3781 and 3783. This is presumably because model
3785, in general, counted fewer particles than model 3783.
Therefore, the particles with CMD less than 45 nm disrupted model
3781 performance and consequently resulted in underestimation of
particle number concentrations as shown in Fig. 3.

For intra-model comparisons, Fig. 9 presents COD changes
across measured CMD ranges among the three units of TSI models
3781, 3783, and 3785. As discussed in Section 3.1, units 3781c,
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Fig. 8. Inter-model comparisons: the Coefficients of Divergence (CODs) among the three TSI WCPC models are plotted as a function of particle count median diameter (CMD) and
particle number concentration ranges: (a) below 10* cm~3 (i.e., 10°~10* cm~3) and (b) above 10* (i.e., 10*-3 x 10° cm~3).
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Fig. 9. Intra-model comparisons of the Coefficients of Divergence (CODs) for the three
units of TSI WCPC models (a) 3781, (b) 3783, and (c) 3785 are plotted as a function of
particle count median diameter (CMD).

37834, and 3785c measured somewhat higher or lower values than
the other two units. This observation is also explained by the data
presented in Fig. 9. For example, Fig. 9-b shows that among the
three 3783 units, the two high overall CODs were associated with
3783a. This was because concentration readings from instrument
3783a were higher than those from the other two units of the same
model. However, the three COD curves are flat over CMD. This

pattern is similar to what has been observed in the COD curve for
models 3783 and 3785 in Fig. 8. The flat COD curves suggested that
CMD changes (i.e., particle size changes) had little impact on model
3783 readings. On the other hand, the cause of intra-model bias for
3781 and 3785 might be different from that of model 3783. Model
3781 presents significant COD increases in CMD less than 45 nm
(Fig. 9-a) and model 3785 shows similar trend with less steep
gradient of COD curves (Fig. 9-c). Since COD gradient between
3781a and 3781b seems flat and is similar for the case between
3785a and 3785b, the sudden changes in COD seem to be driven by
3781c and 3785c. These observations suggest that particle size may
affect particle counting performances not only among different
models but also among individual units of the same model. This
particle size effect also seems to impact models 3781 and 3785
more dramatically than model 3783 throughout the measured
particle size range. Considering that all three instrument units
share the similar mechanical design, it is difficult to conclude one
direct cause explaining why one instrument from each model
behaved differently.

After excluding the data from what we believe to be poorly
performed units from each model (i.e., 3781c, 3783a, and 3785c),
we repeated the analysis as shown in Fig. 5-g,-h and -i. The
magnitude of model differences was reduced by 25% for 3781 and
3783, 9% for 3783 and 3785, and 9% for 3785 and 3781. However,
models 3781 and 3785 still measured particle concentrations 16%
and 9% lower than model 3783, respectively. Therefore, the
observed measurement differences might have been caused by
inherent differences in model specific design and/or manufacturing
processes which are beyond the scope of current work. For
instance, although all three units of model 3783 were directly
supplied from the manufacturer, the manufacturer later confirmed
presence of problem with the electrical main board of 3783a.

3.3. Correction factors

The current findings lead to the development of post-data
correction factors for the older WCPC models (i.e., models 3781
and 3785) to minimize inter-model bias. It should note that
currently there is no reference standard instrument for particle
number measurement. We chose to fit data to the model 3783
simply because it is the most recently developed TSI WCPC model
and data from this study confirmed its superior stability across
a wide particle concentration/size range.

In comparison with model 3783 data, the measurement bias of
instrument models reached up to approximately 35% for model
3781 and 25% for model 3785 (Fig. 10). Because the theoretical
maximum particle diffusion losses in the sampling lines remains
less than 5%, the primary cause of model bias is thought to stem
from the instrument itself. Therefore, the correction factors were
derived from the 3-parameter exponential regression analyses
shown in Fig. 10. The correction equations for WCPC models 3781
and 3785 as follows:

Nwcpcszgs = 3.754 x 107309410 Nwcremsr _ 3 780 x 105

(2)

Nwcpczgs = 3.248 x 10236910 Nuaresnss _ 3 248 » 10°
(3)

Egs. (2) and (3) help minimize the intrinsic discrepancies from
using recent WCPC models. The developed equations adjust the
number concentration data (Nwcpc3zs1 and Nwcepcszgs) collected
from the older WCPC models 3781 and 3785 to fit the number
concentration data from the most recently developed TSI model,
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Fig. 10. Comparison between 15-min averaged data collected from TSI WCPC model (a) 3781 and (b) 3785 with model 3783. Solid lines represent 3-parameter exponential

correction equations for each model comparison with TSI 3783.

3783 (Nwcpcszss). The developed correction Eq. (3) results in good
data fitting for the one month of data collected in this near-freeway
environment. However, it is unknown how well the model would
fit under different environments. It should also be noted that Eq. (2)
is only applicable for particle number concentrations greater than
1.5 x 10* cm~3. When the particle number concentration is lower
than 1.5 x 10% cm 3, the measurements of models 3781 and 3783
match well, and no post-data processing is needed. Egs. (2) and (3)
were derived on the basis that particle number concentration and
size distribution are the primary factors affecting WCPC perfor-
mance. The derived equations may be applicable to other near-
freeway environment; however, different near-freeway ambient
air might have different site-specific factors such as particle
chemical compositions, which this study did not address.

4. Conclusions

Measurements of UFPs were conducted for one month near
a major freeway in order to compare the performance of different
WCPC instrument units. An evaluation from nine WCPC units of
three different models (i.e., TSI 3781, 3783, and 3785) found
a certain level of bias between each model, while each unit of the
same model resulted in less variability. Despite model differences,
all WCPC units responded similarly in low concentration ranges
(103-10* cm—3). However, in high concentration environments
which wusually occurred under downwind conditions, the
variability and bias of each model measurement became larger,
with the magnitude of the bias depended on the WCPC model.
Specifically, TSI model 3781 consistently recorded the lowest
concentrations among the three tested models mainly because of
underestimating particles with CMD less than 45 nm. Model 3783
recorded the highest number concentrations, followed by model
3785 for ambient particle number concentrations greater than
10* cm~3. The discrepancies between the model 3783 and 3785
measurements were minimal up to a number concentration of
10° cm 3, but found higher bias in number concentration above
10° cm3. In an effort to increase the linear relationship, we
investigated the effect of using longer averaging time intervals
and found that an acceptable data correlation could be achieved
using an averaging time of 15 min and above. Based on these
one-month data, TSI model 3783, designed for long-term moni-
toring, provides relatively consistent data with the least sensitivity
to particle size among the evaluated models. A long term evaluation
of the reliability of TSI 3783 is currently underway and will be
discussed in a subsequent paper. To minimize instrumental or

model differences, post-data correction equations were proposed
to adjust the data from TSI models 3781 and 3785 to model 3783
using 3-parameter exponential models.
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