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Ultrafine particles are associated with adverse health effects. Total Particle Number
Concentration (TNC) of fine particles were measured during 2002 at the St. Louis—Midwest
supersite. The time series showed overall low level with frequent large peaks. The time
series was analyzed alongside criteria pollutant measurements and meteorological
observations. Multiple regression analysis was used to identify further contributing
factors and to determine the association of different pollutants with TNC levels. This
showed the strong contribution of sulfur dioxide (SO2) and nitrogen oxides (NOx) to high
TNC levels. The analysis also suggested that increased dispersion resulting from faster
winds and higher mixing heights led to higher TNC levels. Overall, the results show that
there were intense particle nucleation events in a SO2 rich plume reaching the site which
contributed around 29% of TNC. A further 40% was associated with primary emissions from
mobile sources. By separating the remaining TNC by time of day and clear sky conditions,
we suggest that most likely 8% of TNC are due to regional nucleation events and 23% are
associated with the general urban background.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Due to the impacts of high particle number concentrations on
human health and climate, there is a growing interest in
understanding the sources and mechanism of the formation
of ultrafine particles in the atmosphere (Oberdörster, 2001;
Pierce and Adams, 2009). Much of the understanding of
ultrafine particle number concentrations in urban areas has
arisen from studies of the evaluation of emissions near
roadways (Zhu et al., 2002) and regional nucleation events
(Kulmala et al., 2004; Wang et al., 2013; Wu et al., 2007).
However, several studies have shown that in urban areas,
there are other sources that contribute to particle number
concentrations such as recycling concrete (Kumar and
du (Benjamin de Foy).

o-Environmental Science
Morawska, 2014), industrial sources (Bycenkiene et al., 2014),
ships (Donateo et al., 2014) wood burning and rail (Kuwayama
et al., 2013). Due to the fact that ultrafine particles can be
directly emitted from sources, can be formed in plumes in
transport from source to receptor, and can result from
regional nucleation events (Kumar et al., 2011, 2014), eluci-
dating the sources of particle number concentrations in urban
areas can be complex and is not expected to be generalizable
across cities with very different air pollution sources, clima-
tology, and weather. Nonetheless, there is a great need to
better understand sources of particle number concentrations.
Several studies have been conducted that have employed
different methodologies to apportion particle number con-
centrations to sources including the use of PMF (Kuwayama et
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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al., 2013), particle size distribution fingerprints (Hussein
et al., 2014), potential source contribution function (PSCF)
(Bycenkiene et al., 2014), and the association with source
tracers (Donateo et al., 2014).

In the current study, we examine particle number concen-
trations in East St. Louis, Missouri in the American Midwest.
The time series was analyzed by Qian et al. (2007) who focused
on regional nucleation events which occurred when sulfur
dioxide and nitrogen oxides levels were low. We are interest-
ed in analyzing the rest of the time series, specifically the
times when there were high levels of particle number
concentrations associated with sulfur dioxide plumes and
with elevated nitrogen oxides concentrations.

We focus on particle number concentrations in the
absence of speciation data, which precludes the use of
techniques such as Positive Matrix Factorization and Chem-
ical Mass Balance for source apportionment. As an alterna-
tive, we use a multiple regression model to evaluate the
dependence of the particle numbers on meteorological
parameters and gas phase concentrations. Specifically, we
examine the relationship of particle number concentrations
with ozone which serves as an indicator of photochemical
reactions, with sulfur dioxide which is present in large
concentrations in an industrial plume and with nitrogen
oxide which is a tracer for mobile source emissions impacting
the supersite. We also examine the relationship with the
following meteorological parameters: temperature, relative
humidity, wind speed, solar radiation and mixing height.
1. Measurements and methods

1.1. Measurements

The measurement site is the St. Louis — Midwest Supersite
(ESTL) which was funded by the United States Environmental
Protection Agency (EPA). It is located in East St. Louis,
approximately 3 km east of the Central Business District of
St. Louis, on the other side of the Mississippi river in a
low-density, mixed-use neighborhood impacted by industrial
point sources nearby.

Measurements of particle number concentration are de-
scribed in detail in Qian et al. (2007): particles with mobility
diameters ranging from 3 to 40 nm were measured using a
Nano-scanning mobility particle sizer (Nano-SMPS) consisting
of a nano-DMA (TSI Model 3085) and an ultrafine condensa-
tion particle counter (TSI Model 3025). Particles with mobility
diameters from 30 to 400 nm were measured with a SMPS
consisting of a long column DMA and a TSI Model 3760
condensation particle counter. Particles from 0.1 to 2 μmwere
measured using a LASAIR Model 1002 single particle optical
counter. Hourly Total Particle Number Concentrations (TNCs)
were obtained for the range of 3 nm to 2 μm for the year 2002.
The measurements were initially processed with 5 min
intervals, which were averaged to 1 hr intervals for analysis.

Hourly measurements of nitrogen oxides (NOx), sulfur
dioxide (SO2), ozone (O3), and PM2.5 were available from United
States Environmental Protection Agency via the Air Quality
System, and EC and OC were available as described in Bae et al.
(2004). Hourly meteorological observations were obtained from
St. Louis Downtown Airport (KCPS) in Cahokia, IL, 5 km south of
the measurement site, from the Integrated Surface Hourly Data
available from theNational Climatic Data Center. Meteorological
data from KCPS was used because it is in agreement with onsite
observations but had fewer missing hours.

Estimates of solar radiation and planetary boundary layer
heights were obtained at the supersite from numerical
simulations using the Weather Research and Forecasting
(WRF) model, version 3.5.1 (Skamarock et al., 2005), as
described in detail in de Foy et al. (2014).

1.2. Data analysis and multiple regression model

In order to analyze different aspects of the TNC time series,
we will use 3 different sets of groups. The first set of groups is
a simple classification into 4 quadrants according to peak
values of SO2 and TNC. The second set of groups is designed to
separate the effects of SO2, NOx and cloudiness. The final set
of groups is used in the regression analysis to differentiate
between night and day.

For the first part of the analysis we classify the TNC time
series into 4 groups based on levels of SO2 and TNC. There are
different approaches to identifying peak levels in time series.
For this case, both time series have an annual and a diurnal
signal that reduces the effectiveness of using a single threshold
to classify the data. We therefore use the regression model
described below to obtain a smoothed time series of TNC and
SO2 that includes seasonal and diurnal variations. Multiple
regression analysis was performed using as inputs sine and
cosine functionswithperiods of 1, 1/2, 1/4, 1/8, and 1/16 of a year
as well as 24, 12, 6, and 3 hr. Any hour with a TNC or SO2

concentration that has a residual that is greater than one
standard deviation of the residual of the data to theharmonic fit
was deemed a peak value.

We perform a multiple regression analysis of the TNC
time series at the supersite based on a combination of
hourly measurements and model-produced variables. TNC
is log-normally distributed, and so we carry out the model
for log (TNC) which we scale to have a normal distribution with
zero mean and unit standard deviation. Among the other input
variables, the following are also approximately log-normally
distributed: SO2, NOx, O3, Planetary Boundary Layer Height (PBLH)
and Solar Radiation (SR). For the variables with zero values, we
use an offset to obtain the best fit to a normal distribution after
taking the logarithm: the offsets used were 1 ppb for SO2 and O3,
and 10 W/m2 for solar radiation. We then took the log of the
modified variables and rescaled the output to approximate a
normal distributionwith zeromean and unit standard deviation,
as was done for TNC. We use a linear transformation for the
remaining meteorological parameters: Temperature (T), Relative
Humidity (RH) andWind Speed (WS).

This means that the regression model obtains an expres-
sion for TNC of the following form:

TNC ¼ Bkg � SO2 þ 1ð Þα1 �NOxα2 � O3 þ 1ð Þα3 � PBLHα4

� SRþ 10ð Þα5 � exp α6Tð Þ � exp α7RHð Þ � exp α8WSð Þ:
ð1Þ

The regression is performedwith a least squares inversionwhich
determines the regression coefficients αi and the background
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term Bkg, PBLH is planetary boundary layer height. Because the
least squares procedure is sensitive to outliers, we use Iteratively
Reweighted Least Squares (IRLS) to increase the robustness of the
results: after solving for the regression coefficients, we calculate
the residual of the fit and exclude points with a residual greater
than 2 times the standard deviation of the residual. This is
performed iteratively to converge on a stable set of outliers. In
some cases, it can be instructive to analyze the group of outliers
separately as described below.

The standard error of the regression coefficients can be
calculated from the least squares inversion. An alternative
method of estimating the uncertainty of the coefficients is to
use block-bootstrapping. If we assume that measurements,
errors are randomly distributed, then selecting multiple
samples at random from the existing data will sample times
with different errors. Performing separate regressions with
each random sample will therefore provide an estimate of the
impact of measurement errors on the model results.

Because pollution events may be correlated in time (they
typically last on the order of a couple of hours up to a day), we
use block-bootstrapping with a block length of 24 hr: days to
include in the analysis were selected at random with
replacement for each realization of the model. By carrying
out 100 realizations of the model, we were able to obtain the
standard deviation of the uncertainty in the coefficients, as
well as the covariation of the coefficients.
2. Results and discussion

2.1. Time series analysis

The time series of TNC and SO2 are dominated by large peaks
lasting no more than an hour or two, as can be seen in Figs. 1
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Fig. 1 – Time series of TNC (total particlenumber concentration) and
four groups used in the analysis.
and 2. Fig. 1 shows the data for the whole of 2002 and Fig. 2
shows a zoomover Jan 1-16 and July 16-30. The data points were
classified into four groups according to the levels of SO2 andTNC.
The cutoff used for the classification of each hour varied by day
of year and time of day using the results from themultiple linear
regression using the harmonic functions described in Section 1.2
above. The TNC function varied smoothly from a minimum of
10,000 #/cm3 in the summer to a maximum of 60,000 #/cm3 in
the winter. The diurnal range was 10,000 #/cm3 in the summer
and 20,000 #/cm3 in the winter. For SO2, the time series varied
smoothly from a minimum of 1 ppb in the summer to a
maximum of 6.5 ppb in the winter, and the diurnal range varied
from 1.5 ppb in the summer to 2.5 ppb in the winter. High data
pointswere the oneswith concentration residuals ofmore than
one standard deviation above the smooth temporal profiles:
TNC levels more than 44,000 #/cm3 above, and SO2 concentra-
tions more than 13.5 ppb above the smooth time series. In this
way we were able to identify peaks during the day and/or the
summer thatwould have been lost ifwehad been using a single
threshold for the entire year. We obtain the following four
non-overlapping groups: low SO2/low TNC (4757 hr), high TNC/
low SO2 (462 hr), high SO2/low TNC (564 hr), high SO2/high TNC
(289 hr).

The time series in Figs. 1 and 2 show the data points
colored by category, which highlights the fact that many of
the peaks in SO2 and TNC match each other, and that SO2 and
TNC have higher peak values in the winter months. There are
some peaks in SO2 that do not have high TNC levels which
tend to be at night, as can be seen for Jan 3–4 in Fig. 2. In July,
the SO2 peaks have much lower concentrations, and the TNC
peaks are not associated with SO2 to the same extent as in the
winter.

Fig. 3 shows the mean TNC levels by SO2 and NOx con-
centration averaged over the entiremeasurement period. This
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Fig. 2 – Zoom of Fig. 1 for 1–16 January and 16–30 July 2002 showing the time series of TNC and SO2 for the four groups used in
the analysis. Shading shows night time.
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isopleth clearly shows that peak TNC levels are associated
with high SO2 plumes that are not high in NOx. Nevertheless,
high NOx levels are associated with higher TNC levels
compared to low NOx and low SO2 conditions. Levels of TNC
decrease with both decreasing SO2 and decreasing NOx. This
suggests that the greater fraction of particles are due either to
formation in fresh SO2 plumes, or to primary emissions
alongside NOx sources.

Fig. 4 shows histograms of the TNC and SO2 levels in each
group, with the variables transformed as described in the
Measurements and methods section. For SO2, this illustrates
that there are low background levels with high peaks, but that
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Fig. 3 – Isopleths of mean total particle number concentration
(TNC) by sulfur dioxide (SO2) and nitrogen oxides (NOx)
concentrations using all available measurements in 2002.
Contour lines shown for 20, 30, 40, 50, 75, 100, 150, 200, 300,
400, 500, 600 thousand #/cm3.
there is not a clear distinction between high SO2/low TNC and
high SO2/high TNC. For TNC, the figure shows that peak levels
are much higher than background levels, but now the
histograms are different for the groups with high and low
SO2. The high SO2/high TNC group has higher TNC levels than
the high TNC/low SO2 group. Likewise, the high SO2/low TNC
group has higher TNC than the low SO2/low TNC group. Fig. 4
also shows the histograms of surface NOx concentrations for
the four groups. These are very similar to each other although
the high TNC/low SO2 and high SO2/low TNC groups are
associated with higher NOx levels. The bottom panel shows
the histogram by time of day which reveals that high SO2/high
TNC events occur most frequently in the late morning
whereas high TNC/low SO2 events occur most frequently
during the morning rush-hour. The high SO2/low TNC events
occur throughout the day but do have an increased incidence
between midnight and sunrise.

Table 1 shows summary statistics for these two datasets by
group in order to quantify the contribution of peak concen-
trations observed in Figs. 1 and 2. The average concentration
of SO2 is 6 ppb, and the average TNC is 42,000 #/cm3. This
hides very large variations between the groups. The Low SO2/
Low TNC group occurs 78% of the time and has a mean SO2

concentration of 2.7 ppb and TNC of 31,000 #/cm3, thereby
accounting for 35% of SO2 and 58% of particles at the
measurement sites. The high TNC/low SO2 group occurs 7.6%
of the time and accounts for 15% of TNC but only 5% of SO2.
The high SO2/low TNC group occurs 9% of the time and
accounts for 31% of SO2 and 9% of TNC, and the high SO2/high
TNC group occurs 5% of the time and contributes 29% of the
SO2 and 18% of TNC.

To refine the analysis of TNC levels, we split the entire time
series into a new set of groups that includes the impact of NOx

concentrations and time of day. As in the previous set of High/
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Fig. 4 – Histograms of total particle number concentration (TNC), sulfur dioxide (SO2), nitrogen oxides (NOx) and time of day
with colored symbols showing the four groups used in the analysis.

Table 1 – Number of data points, average concentrations and fraction of total contribution of total particle number
concentration (TNC) and sulfur dioxide (SO2) in each of the four groups discussed in the text.

Group Data points
(number)

Data fraction
(%)

Mean TNC
(#/cm3)

Mean SO2

(ppb)
Fraction TNC

(%)
Fraction SO2

(%)

Low SO2/low TNC 4757 78.3 30,952 2.7 57.8 34.9
HighTNC/low SO2 462 7.6 82,616 3.6 15.0 4.6
High SO2/low TNC 564 9.3 40,427 20.3 9.0 31.4
High SO2/high TNC 289 4.8 160,775 36.6 18.2 29.1
All 6072 100.0 41,942 6.0 100.0 100.0
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Fig. 5 – Contribution to total particle number concentration
(TNC) at each hour of the day for four different conditions:
peak sulfur dioxide (SO2); non-peak SO2 with high nitrogen
oxides (NOx); non-peak SO2 with low NOx and clear skies;
and non-peak SO2 with low NOx and cloudy skies. The extra
TNC associated with SO2 can be clearly seen during the day,
the TNC associated with primary emissions can be seen at
rush hour and at night. The regional nucleation events are
most likely the ones contributing to the daytime bulge in
TNC in the third group (low SO2, low NOx, clear skies).
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Low SO2/TNC groups, these new groups do not overlap and
together include all the data points. The four groups are: 1. High
SO2 (merger of highSO2/lowTNCandhighSO2/highTNC), 2. High
NOx containing the times with non-peak SO2 and higher than
average NOx (concentrations in the top 50%, above 23 ppb), 3.
Low SO2, low NOx and clear skies (i.e., non-peak SO2, NOx in the
bottom 50% and clear skies at KCPS), and 4. Low SO2, low NOx

and cloudy skies (1/8 to 8/8 cloud cover observed at KCPS). Fig. 5
shows the fraction of TNC contributed by each of the 4 groups for
eachhour of theday.While highSO2 levels are always associated
with higher than average TNC levels (see Fig. 4 and Table 1), the
figure shows that the fraction of TNC associated with high SO2 is
higher during the day when there is solar radiation. The high NOx

conditions contribute particle numbers mainly at rush hour and
during the night. The cloudy group has a fairly uniform contribu-
tion throughout the day. This is in contrast to the clear sky group
where the contribution increases during the day, which suggests
that there is nucleation during times with high solar radiation.

We estimate the contribution of each group (high SO2; high
NOx; low SO2, low NOx, clear skies; low SO2, low NOx, cloudy
skies) to the total TNC levels at the site. We calculate the
mean TNC level for each group for each hour of the day. We
then split the clear sky group into a background and a daytime
excess by using the average TNC level from 9 pm to 9 am as a
background, which came to 26,000 #/cm3. The daytime excess
can be taken to represent the extra TNC levels due to
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nucleation. Overall, this suggests that nucleation in the SO2

plume accounted for 29% of TNC levels, emissions of fine
particles associated with NOx emissions, and hence with
mobile sources, accounted for 40% of TNC levels, daytime
nucleation contributed 8% of TNC and the remaining 23%
could be considered as urban background.

2.2. Wind rose analysis

The analysis will now turn to wind roses to obtain more clues
about the origin of SO2 and TNC at the measurement site. The
same technique was used to identify possible sources of
nickel, vanadium and black carbon in Milwaukee (de Foy et al.,
2012). Fig. 6 shows the wind roses colored by time of day for
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number of calms. The time of day difference can also be seen
in these diagrams, with the high SO2/low TNC group occurring
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predominantly at night and the high SO2/high TNC events
occurring mostly during the day.

The SO2 peaks at the supersite are from a point source that
is 1.3 km away at a bearing of 215°. This is further corrobo-
rated by the long term time series of SO2 that spans the
closure of the source and by measurements from a separate
site 2.3 km south of the supersite (see Supplementary infor-
mation Figs. S1 and S2). Because this source is well charac-
terized and identified, the results show with great confidence
that there are specific SO2 plumes that impact the site at all
hours of the day, and that during the daytime there is particle
nucleation in the plumes leading to elevated TNC levels.

2.3. Multiple regression model

To refine the analysis, a multiple regression model was used to
estimate the impact of SO2, NOx, O3, wind speed, temperature,
relative humidity, boundary layer height (PBLH) and solar
radiation (SR) on TNC levels. As described in Section 1.2, for
TNC, SO2, NOx, O3, PBLH and SR, we used the log of the values to
obtain approximately normal distributions of the transformed
variables. ForWS, T, RH we used a linear rescaling of the values.
In addition to performing the regression analysis for the
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complete time series (the “All” group), we perform it for night
time only (“Night”, defined as clear sky radiation of 0 W/m2) and
for day time hours (“Day”, defined as clear sky radiation greater
than or equal to 100 W/m2). We further carry out the regression
for the outliers in the Day group that were rejected by the IRLS
procedure (“Day-High”). Note that these are non-overlapping
groups that account for most hours in the dataset except for the
twilight hours (between 0 and 100 W/m2). Finally, we also do the
regression for the four groups based on SO2 and TNC levels
described in Section 2.1.

Fig. 7 shows the probability density plots for the groupwith
All data points. Fig. 7a, b shows the distribution of the
variables in transformed coordinates. Fig. 7c, d shows the
distribution of the TNC measurements and model fit as well
as the distribution of the residuals for the points retained in
the regression model (i.e., excluding the points that were
removed by the IRLS). TNC levels follow closely the normal
distribution in transformed coordinates. The model fit does
too, but has a narrower distribution which indicates that it
fails to simulate the levels at the extremes, both for high and
low values. The residuals are normally distributed and in
addition were uncorrelated with the input variables. Fig. 8
shows a scattergram of the TNC levels and the model output
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in transformed space as well as in the original units (#/cm3).
Table 2 presents statistics and details of the multiple
regression fit: there are 5351 data points included in the fit
and 283 outliers removed by the IRLS procedure, Pearson's
correlation coefficient squared (r2) was 0.51 without the
outliers and 0.38 including the outliers. Average TNC levels
were 36,004 #/cm3 in the data and 33,583 #/cm3 in the model
fit. The Root Mean Square Error of the fit was 44,000 #/cm3

with the outliers and 16,000 #/cm3 without them, and the
coefficient of variation of the fit was 0.4 compared with 0.6 for
the data (excluding outliers). The outliers accounted for 5% of
the data points and 19% of the total particle count.
Table 2 – Results from the multiple regression model for TNC
squares standard error, uncertainty estimate based on 100 bloc
each parameter in the regression. Also shown are statistical m

Variable Regression coefficient Stand

NOx ppb 0.439
Solar radiation (W/m2) 0.051
SO2 (ppb) 0.093
PBLHb(m) 0.042
O3 (ppb) −0.026
Wind speed (m/sec) 0.044
Temperature (°C) −0.011
Relative humidity (%) −0.008

Statistics
r2 0.51
No. Obs (#/cm3) 5351
No. outliers (#/cm3) 283

a STD: standard deviation.
b PBLH: planetary boundary layer height.
To evaluate the uncertainty of the results we performed
100 realizations of the inversion using block-bootstrapping
with a block length of 24 hr. There were 271 days with data.
We therefore select 271 days at random with replacement for
inclusion in the analysis. By randomly selecting days we test
the sensitivity of the results to measurement errors as well
as to the selection of pollution events. Fig. 9 shows the
scatterplot and histograms of the regression coefficients
produced by the 100 realizations of the least squares
inversion. The histograms give an indication of the uncer-
tainty in the coefficients, and the scatterplots show that there
is limited covariance between the input variables. r2 values
for the All group showing the regression coefficients, least
k-bootstrapped realizations and the influence relation of
etrics of the fit.

ard error STDa bootstrap Influence relation

0.0122 0.031 NOx^0.44
0.0039 0.026 (SR + 10)^0.051
0.0068 0.022 (SO2 + 1)^0.093
0.0068 0.011 PBLH^0.042
0.0095 0.021 (O3 + 1)^−0.026
0.0032 0.008 exp(0.044*WS)
0.0006 0.002 exp(−0.011*T)
0.0004 0.002 exp(−0.008*RH)

Mean Bootstrap STD
Data 36004 971
Model 33583 895
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are lower than 0.05 for most pairs of coefficients. The largest
exception is the correlation of O3 with NOx (r2 = 0.33), T (0.18)
and RH (0.18). The uncertainty in the regression for O3 is
the largest of all the input parameters, and this would be
the first variable to be removed from the analysis. Sensitivity
tests were performed by excluding O3 and separately by
excluding NOx. As can be seen by comparing Figs. S5 and S6
with Fig. S4, keeping both O3 and NOx in the regression does
not change the results of the analysis. Furthermore, O3 is an
indicator of photochemical activity and hence possibly of
secondary production. We therefore decided to keep it in the
final model.
2.4. Multiple regression model coefficients

For the variables that were log transformed, the regression
coefficients correspond to the exponent of the variable in the
fit as shown in Eq. (1). For the linearly transformed variables,
the impact of the variable on the TNC model is the
exponential of the parameter multiplied by the variable (see
also Eq. (1)). These values are shown in Table 2 along with the
standard error calculated by the least squares procedure and
the standard deviation of the 100 bootstrapped realizations
of the model. From these it can be seen that all coefficients
are statistically highly significant. Note also that the uncertainties
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estimated by the bootstrapping are much larger than the
ones based on the standard error of the least squares
inversion. We believe that the least square standard errors
are underestimated and that using block-bootstrapping gives a
more robust estimate of the uncertainties in the regression
model.

The regression coefficients in Table 2 can be represented
graphically by plotting the entire term in the table versus the
values of the input variable, as shown in Fig. 10. For each of
the 8 groups, the figure shows the impact of changing levels of
the input variable (SO2, NOx etc.) to the TNC levels in the
regression model. This yields an influence relation for each
parameter. Note that the influence relations were rescaled to
have an average value of one. For SO2, for the All group, this
figure shows that the highest SO2 levels (above 300 ppb)
correspond to TNC values that are around 1.4 times the
average. Considering just the Day and high SO2/high TNC
groups, the high SO2 events lead to TNC values that are double
the average. The relationship between SO2 and TNC is lowest
for the low SO2/low TNC group and for the high SO2/low TNC
group.

Because of the importance of SO2 for particle nucleation,
we expect that higher SO2 concentrations should be associat-
ed with higher TNC levels. This is clearly seen for the high
SO2/high TNC, the Day and the Day-High groups which
confirms that SO2 during the day leads to high particle
numbers. The lower regression coefficients, and hence
weaker relationship between SO2 and TNC, at Night and for
the high SO2/low TNC group confirm that solar radiation is
needed for particle nucleation to take place and that the SO2
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relation of temperature, relative humidity and solar radiation.
plumes occurring at night do not have elevated TNC levels
(see also Fig. 4).

The regression coefficients of NOx in the model fit are
larger than those for SO2 and also more variable by group.
High NOx levels lead to a factor of 3 higher TNC levels for the
Night and for the low SO2/low TNC groups. For the Day and for
the high SO2/low TNC groups, the impact of NOx on TNC levels
is reduced to 1.5 to 2. The relationship changes sign for the
high TNC/Low SO2 group, with higher NOx leading to lower
TNC values. NOx levels at the supersite are indicative of
primary mobile source emissions (de Foy et al., 2014). This
suggests that the large factors at night especially are
indicative of emissions of fine particles from the same mobile
sources. The positive relationship for the high SO2 events
suggests that NOx in the atmosphere may be enhancing
particle nucleation in the plumes. The negative relationship
for the high TNC/low SO2 group was more surprising as this
would have been a good candidate for increased TNC levels
with higher NOx concentrations given that a significant
fraction of TNC levels are associated with mobile source
emissions. In addition to experiencing reduced TNC with higher
NOx, the high TNC/low SO2 group is also the only group for which
TNC levels decrease as wind speed increases. An additional
element to consider is the role of scavenging in reducing TNC
levels in polluted airmasses. It is possible that for this group there
are higher particle numbers for relatively cleaner and more
stagnant air, which would be in agreement with regional
nucleation events of the type described in Qian et al. (2007).

There is a very clear signal of decreasing levels of particle
number with increasing temperature and relative humidity in
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the regression coefficients in Table 2 and for all the groups
from the extra panels in Fig. S3 of the Supplementary
information. In the model, TNC levels are always lower
when the temperature is warmer, with a factor of two
differences between the minimum and maximum tempera-
tures. The impact of relative humidity is of the same
magnitude as that of temperature, with no clear pattern in
the different coefficients in each group. More mechanistic
studies would be required to explain the drivers of these
relationships.

The relationship between shortwave downward radiation
at the surface was explored using results from theWRFmodel
because measurements were not readily available. The
influence relation is shown in Fig. S3 of the Supplementary
information. As expected, higher solar radiation is associated
with higher TNC levels for most groups, although the strength
of the effect is variable. The groups with high SO2 (high SO2/
low TNC and high SO2/high TNC) are particularly susceptible
to elevated TNC with more solar radiation. The daytime
relationship is weak however. This could be related to the fact
that TNC is more strongly related to NOx than to SO2 for these
groups, which adds evidence to the suggestion that the NOx

relationship is indicative of primary emissions whereas the
SO2 relationship is indicative of nucleation in the plume.

The relationship of TNC to O3 levels is one of the least
clear-cut of the variables retained in the analysis. The scaling
factors are close to one for most groups. The high SO2/high
TNC group has increased TNC levels with increased ozone,
which could be expected from ozone as an indicator of
photochemical activity. For the Day and Day-High groups
however the relationship is reversed, with lower TNC linked
to higher ozone concentrations. This runs counter to the idea
that more particles would be associated with the more
polluted and more photochemically reactive conditions sig-
naled by higher O3 concentrations. We performed a sensitivity
test without NOx in the regression, and found that higher O3

concentrations are still associated with reduced TNC levels.
This could be related to scavenging in polluted plumes or to
multi-variable interactions which we cannot resolve at this
time.

There is a very clear positive relationship between higher
wind speeds and higher TNC levels for most of the groups.
This is particularly strong for the High SO2/High TNC group
which consists of the large SO2 and TNC peaks from the point
source close-by. This suggests that higher TNC levels are
associated with rapid, direct transport from the source rather
than from longer transport times or from stagnant conditions.
More research would be needed to identify the mechanism
leading to this relationship. There is also the possibility that
faster winds bring cleaner air masses which would have
reduced condensation sinks and hence the potential for
elevated TNC. Future research would need to consider the
condensation sink in detail, as noted in Qian et al. (2007). In
contrast, the Day-High and high TNC/low SO2 groups have a
very weak relation between TNC and WS suggesting that for
these cases stagnation does enhance particle numbers.

Finally the relationship of TNC to the planetary boundary
layer height, taken from theWRFmodel, is highly variable. For
the high SO2/low TNC and the high SO2/high TNC groups
(which are predominantly during the day), higher boundary
layer heights lead to reduced TNC levels. The regression
model already has the strongest positive relationship with
solar radiation for these two groups, suggesting that aside
from the impact of solar radiation when there is more mixing,
there is more plume dilution and hence lower TNC. For all the
other groups, higher PBLH is associated with higher TNC. This
is especially true at night and for the low SO2/low TNC group.
Further research would be needed to determine the reasons
for this, for example whether it is related to changes in the
level of condensation sinks.

On a last note, the high SO2/high TNC and Day-High groups
contain some of the largest peaks and consequently could be
expected to have similar coefficients in the regression model.
This is true for SO2 but not for O3 where the coefficients have
opposite signs, and not for solar radiation and PBLH which
have aminor impact on the Day-High group but a large impact
on the high SO2/high TNC group. Although these two groups
share some members, the Day-High group contains the times
with the largest residuals in the regression model for the Day
group. Because some of the largest TNC peaks are related to
SO2 peaks, these points do not have large residuals. Instead,
the Day-High group has members in common with the high
TNC/low SO2 group which has TNC peaks that are not easily
accounted for by SO2. This further reinforces the conclusion
that high SO2/high TNC events are related to direct SO2 plume
hits from the point source, whereas Day-High events are due
to a different source.

2.5. Multiple regression model for other species

To further explore the influence relationships, the regression
analysis was carried out for different pollutants: PM2.5, EC,
OC and NOx. Fig. 11 shows the influence for the All group for
the 4 species along with TNC (see Fig. S4 for the complete
set of species). This figure shows that TNC is the species
most strongly associated with SO2, but that higher SO2

also leads to higher NOx, OC and PM2.5 concentrations
whereas EC concentrations are not linked to SO2. In contrast,
NOx is nearly the opposite. The strongest association is
between NOx and EC, a further indication that they share
common sources. The relationship is progressively weaker for
OC, TNC and PM2.5.

One of the most surprising findings from Fig. 10 was the
increase in TNC associated with both higher wind speeds and
higher mixing heights. The regression model for the other
species in Fig. 11 shows that these have lower concentrations
associated with higher wind speeds and higher mixing, as
could be expected from a simple box model view of disper-
sion: more dilution leads to lower concentrations. This clearly
shows that there is a different dynamic taking place for TNC
which should be explored in future studies, for example by
measuring the condensation sinks.

The influence relationship shows that higher O3 is strongly
associated with lower NOx, which could be a confounding
factor in the relationship of O3 and TNC discussed above. We
see that TNC had the strongest negative relationship with
temperature and relative humidity, and that these are the
opposite of the relationships for PM2.5 and OC, both of which
have higher concentrations with higher temperature and
relative humidity.
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3. Conclusions and implications

Dataanalysis andmultiple regressionmodelswereused to study
the origin of particle numbers at the St. Louis, Midwest supersite
based on a year-long time series of hourly measurements made
in 2002. This showed that at that time the site was impacted by
an industrial SO2 plume accounting for a quarter to a third of
particle numbers at the site. Between a third and a half of
particles are likely associated with primary emissions from
mobile sources. Of the remainder, up to a tenth is suggested to
result from regional nucleation events leaving around a quarter
of the particles due to the general urban background. Although
the particular SO2 source is no longer in operation and hence the
conditions at the supersite have changed, the analysis empha-
sizes that local conditions can have significant impacts on
particle number concentrations.

The tools presented in this study can be applied to future
studies looking at nucleation events and high particle number
concentrations, and would be valuable in helping to better
understand the emissions and the meteorological conditions
that lead to high particle number concentrations. Such under-
standing is needed to develop mitigation strategies to reduce
particle number concentrations and elevated adverse impacts
on human health and climate change due to high particle
number concentrations. We would not expect that the results
of the current study can be generalizable to other locations
but the methods presented in this study could be readily
applied to other study locations to develop a better under-
standing of sources and dynamics of high particle number
concentrations and nucleation events.
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