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Abstract

The main objectives of this study are to develop a systematic approach for the identification
and classification of ultrafine particle (UFP) events and to analyze the events for implications of
sources and meteorological conditions conducive to elevated UFP number concentrations. UFP
events are prolonged periods with elevated UFP number concentrations. Particle number size
distributions, gas pollutants, and meteorological parameters were concurrently measured during
the summers of 2003 to 2005 in Detroit, Michigan, USA. Among the 74 identified UFP events,
40 (54%) are Aitken mode particle events and 34 (46%) are nucleation mode particle events.
Correlation results show that 65 out of the 74 UFP events were associated with plumes of
combustion sources, including all the Aitken mode events and 25 out of the 34 nucleation mode
events. These in-plume particle events were positively correlated with elevated NO, CO, particle
surface area, and occasionally high levels of SO,. The remaining 9 nucleation mode events,
however, showed no such correlations, and hence referred to as secondary nucleation mode
particle events. These secondary nucleation events occurred under relatively clean (i.e., low
preexisting aerosols) and sunny conditions shortly after the breakup of nocturnal inversion and
during midday. Overall, the results indicate that motor vehicles and industrial plumes are the
major sources of elevated UFPs in urban/industrial air. Under favorable conditions, atmospheric
secondary nucleation can occur in rather polluted urban/industrial air and become a major
contributor of UFPs. The formation mechanisms, hence chemical composition, are likely
different between the in-plume and secondary UFPs. Therefore, exposure assessments to ambient

UFPs need to take into account the contributions from both types of particles.
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INTRODUCTION

As a subset of ambient particulate matter (PM), ultrafine particles (UFPs; < 0.1 um) are
attracting increasing attention in recent years due to their potential adverse effects on human and
environmental health. Their large surface-to-volume ratio and ability to deposit deep in the
respiratory tracts make UFPs potentially more toxic than their larger counterpart (Nel, 2005; Nel
et al., 2006). They can also affect Earth’s radiation budget directly by light absorption and
scattering and indirectly by becoming cloud condensation nuclei (Lohmann and Feichter, 2003;
Bellouin et al., 2005). UFPs nominally consist of two sub-modes: nucleation (0.003—0.02 pm)
and Aitken mode (0.02-0.1 um). These particles are either emitted directly from combustion
processes (i.e., “in-plume” particles) or formed by nucleation from precursor vapors (i.e.,
secondary particles).

The major source of UFPs in urban/industrial areas is combustion processes. Many ambient
studies have shown that elevated UFP number concentration (Nyrp) correlates with local traffic
pattern, particularly the morning rush-hour traffic, and increases with increasing traffic volume
(Alam et al., 2003; Jeong et al., 2004; Sardar et al., 2004; Young and Keeler, 2004; Harrison and
Jones, 2005; Virtanen et al., 2006). Emissions of stationary combustion sources also contain high
number concentrations of UFPs (Brock et al., 2003; Maguhn et al., 2003; Chang et al., 2004).
The characteristics of these in-plume UFPs is that the maximum number concentration typically
occurs near the point of emission and decreases further downwind (Brock et al., 2003; Zhu et al.,
2006). Nevertheless, highly concentrated particles in polluted plumes can have regional-scale
impact. For example, particle numbers of up to 12 x 10* 1/cm® have been measured from a single
industrial plume at a downwind distance of 18 km (Brock ef al., 2003).

Atmospheric nucleation (or new particle formation) is typically favored under conditions of
low preexisting aerosols, of which the surface area serves as a condensation and coagulation sink
of ambient vapors and small particles; high particle surface area suppresses nucleation. With that
in mind, nucleation is not necessarily accompanied by high levels of co-pollutants typical of
direct source emissions. A review by Kulmala et al. (2004) shows that nucleation events occur in
various environments, including polluted urban areas (Woo et al., 2001; Stanier et al., 2004a;
Young and Keeler, 2004) industrial plumes (Brock et al., 2003) coastal regions (O’Dowd et al.,
1999) forests (Aalto et al., 2001) and the free troposphere and lower stratosphere (Lee et al., 2003;
Young et al., 2007). In polluted environments, the extremely high concentrations of precursor
gases (e.g., SO,, NHj and organics) potentially can overcome the nucleation barrier imposed by
the high preexisting particle concentration. In particular, the involvement of vapor-phase H,SO4
in the nucleation processes has been widely implicated due to its low vapor pressure (< 0.001 torr
at 300 K) (Curtius, 2006). The production of vapor-phase H>SOj is initiated by the reaction

between SO; and *OH. Because *OH is produced from the photolysis of O3, nucleation events
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are often correlated with solar radiation, i.e., photochemically-driven (Boy and Kulmala, 2002;
Stanier et al., 2004Db).

In addition to the source strength, the sizes and concentrations of UFPs are strongly
dependent on the source characteristics and meteorological conditions. On-road and laboratory
source studies have shown the Nyrp varies with engine operating conditions, fuel composition,
and after-treatment (Maricq et al., 2002; Kittelson et al., 2006). In addition, higher particle
number concentrations and emissions are often attributed to the lower temperature and mixing
height in the winter (Jeong et al., 2004; Harrison and Jones, 2005). Wind direction and speed also
play an important role in the transport and dilution of ambient particles (Harrison and Jones, 2005;
Hussein et al., 2006). All of these potential modifying factors underscore the dynamic and
transient nature of ambient UFPs.

UFP events are prolonged periods with elevated Nyrp. These events therefore potentially pose
the greatest impact on human and environmental health. Studying these events would allow us to
identify potential cause-effect relationships and develop effective control strategies. Here we first
present a systematic and quantitative approach for the identification and classification of UFPs
events, based on earlier studies of atmospheric nucleation events (Mékelad ef al., 2000; O’Dowd et
al., 2002; Alam et al., 2003; Birmili ef al., 2003; Vehkamaéki et al., 2004). Second, we present
case studies of the resultant 74 UFP events for implication of sources and meteorological

conditions conducive to elevated UFP number concentration in Detroit, Michigan, USA.

EXPERIMENTAL METHODS

Sampling campaigns

The sampling site is located in a southwest Detroit community (42.316 °N, 83.094 °W), on top
of a mobile air research laboratory constructed inside a 16.2 m long trailer (Fig. 1). The site is in
proximity to an interchange of two heavy-traffic interstate highways, 1-96 and 1-75, and the
Ambassador Bridge, a major crossing between Canada and the US. Typical average daily traffic
(ADT) volumes on nearby highways range from 73,000 to 121,000 vehicles/day (MDOT, 2005).
Traffic backups are a common sight on the Ambassador Bridge (ADT =~ 14,000 vehicles/day) and
its connecting highways. The distances to the nearest highway (I-75) and the Ambassador Bridge
are about 0.4 and 1.6 km, respectively. A number of major industrial sources are located to the
southwest of the site. The second largest SO, point source is approximately 5 km to the southwest
(Fig. 1). Therefore, the study area is impacted by not only traffic emissions but also industrial
plumes in the summer when the prevailing winds are from the southwest. Three intensive
sampling campaigns were carried out in the summer months of July 12-23, 2003, August 12—
September 2, 2004, and July 28—August 4, 2005.
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Fig. 1. A map of the sampling site (star) and major SO, point sources (circles) in Wayne County,
MI. The size of the circles corresponds to the amount of SO, emissions. The number next to the

circles is the rank of emissions.

Instrumentation

An ambient ultrafine particle sampling system was used to measure the particle number
concentrations and size distributions in the size range of 0.01-0.41 um at 5 min intervals (Fig.
2(a)). The system consists of a conductive tube that draws sample air into the mobile laboratory,
an L-shaped inline sampling probe that isokinetically transports a small fraction of the sample air
to a Scanning Mobility Particle Sizer (SMPS; TSI Model 3936), the SMPS for particle sizing and
counting, and a pump. The SMPS system comprises a differential mobility analyzer (TSI Model
3081) and a butanol-based condensation particle counter (TSI Model 3010). The flow rates in the
sampling system were maintained laminar and pre- and post-calibrated with an air flow
calibration system (Gilian Gilibrator, Sensidyne). The flow residence time in the system was less
than 2.5-s to minimize particle interactions. Furthermore, the effects of electrostatic attraction,
thermophoretic and diffusiophoretic depositions on particle losses were minimized by using

conductive tubes, insulator, and a temperature-controlled room. Particles in the size range of
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0.001-10 um were evaluated for entry, bend, and transport losses according to loss equations
from published experimental studies (Baron and Willeke, 2001). The maximum sampling loss

was estimated less than 10% for the smallest measurable particles of 0.01 um (Fig. 2(b)).
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Fig. 2. Ultrafine particle sampling system: (a) a schematic diagram and (b) the modeled sampling
efficiency; the product of inlet and transport efficiency.

A suite of gaseous species (O3, SO,, CO, and NO) were concurrently monitored at 5-min
intervals by means of uv photometry (TEI 49C), pulsed fluorescence (TEI 43C),
chemiluminescence (TEI 42C), and gas filter correlation infrared radiation (TEI 48C),
respectively. The gas monitors were calibrated against zero air and multi-points of known
concentration of standard gases with a dynamic multi-gas calibration system (TEI 146C). A
Tapered Element Oscillation Microbalance (TEOM; Model 1400a, Rupprecht & Patashnick) with
inlet line heated to 40°C was used to measure the PM, 5. Meteorological parameters including
ambient temperature, relative humidity, wind speed, wind direction, rainfall, and solar radiation

flux were also monitored on-site atop a 10-m tower.

Particle event parameters and criteria
A common feature of particle events is a substantial increase of the number concentration (N)
from background level. Such an increase can be quantitatively characterized by the following

parameters: (1) the minimum number concentration and the time when it occurred, Ny and £y,
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respectively and (2) the Ny and #,14x. According to these parameters the characteristics of a

peak can be derived as follows. The net change of Nyrp during an event is

AN = NUFP[MAX] - NUFP[MIN] (1)

The “intensity” of that net increase in relation to the background concentration can be expressed

as a ratio
av @
N, UFP[MIN]
The characteristic time for Nyrpvang to reach Nypprax 1s defined as
At=t,, —tn 3)

Using these parameters we developed a set of criteria for identifying and classifying major
UFP events. It aims to identify prolonged periods with relatively high particle number
concentrations. Fig. 3 shows a flow chart and criteria for the selection and classification of
particle event. As shown, the data was first smoothed using centered moving arithmetic averages.
Here, an UFP event satisfies all the following: (1) the Nyrpaux; > the daily 75™ percentile
concentration (N yrpr7sm); (2) the Nyrpmaxy > the overall median concentration (Nurpssomy); (3)
the ratio of AN/Nugp/vany > 0.5; and (4) the A7 > 1 hr. The 1** and 2™ criteria are a measure of the
strength of the event, and take into account the temporal (daily and annual) variation. In specific,
the 2™ criterion sets the lower-limit concentration to exclude situations where the daily Nurp/7sm
< the overall Nygpssomy during low-background (clean) days. The 3" criterion is a measure of
intensity. The 4™ criterion is a crude measure of the spatial extent of the event to exclude number
concentration “spikes.” The whole process was repeated for each summer intensive.

Identified UFP events were then classified as nucleation mode particle events if they satisfy
the following criteria: (1) the Nyueymax; > the overall Nwyeyrsmy; and (2) the ratio of
Nyueirmaxy/Nuep > the overall 75" percentile value. Both criteria are to ensure only intense
nucleation events are selected. UFP events that do not satisfy the above criteria are classified as
Aitken mode particle events. Furthermore, if a nucleation mode particle event is correlated with
elevated total particle surface area and CO, NO, or SO, it is categorized as “in-plume” nucleation

mode event; otherwise, as a “secondary” nucleation mode event.
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Fig. 3. A flow chart and the criteria for particle event identification and classification.

385



Young and Keeler, Aerosol and Air Quality Research, Vol. 7, No. 3, pp. 379-402, 2007

Meteorological conditions

The on-site meteorological conditions and their correlation coefficients () with the N, and
Nyrp are summarized in Table 1. During the summer months, the mean temperature, RH,
absolute humidity, wind speed, and solar radiation were 21.8°C, 64.4%, 12.1 g/m3 , 1.3 m/s, and
205 W/mz, respectively. The N, and Nyrp showed little correlations with the meteorological

parameters. The highest » values are between the solar radiation and the particle numbers (7. =
028, rurp = 025)

Table 1. Summary statistics of the meteorological parameters in the summer months of 2003-
2005 in southwest Detroit.

Variable Unit Mean SD?* Min Medium Max vl FURP

Temperature °C 21.8 46 124 21.5 35.7 0.18 0.18
Relative humidity % 644 177 247 67.1 919  -020 -0.20
Absolute humidity —g/m®  12.1 2.8 4.9 11.9 19.8 -0.04  -0.04

Wind speed m/s 1.3 0.7 0.4 1.3 4.1 0.15 0.05
Wind direction ° Prevailing wind - Southwesterly
Global radiation ~ W/m*> 205 278 1 38 1073 0.28 0.25
Precipitation mm 0.0 0.1 0.0 0.0 5.3 -0.03  -0.02

a. Standard deviation.
b. The correlation coefficients between the meteorological parameters and number
concentrations of nucleation mode (Ny,.;) and ultrafine particles (Nyrp), respectively.

Although we experienced sporadic periods of rainfall, the dominant synoptic weather during
the study was high-pressure system originating from the west and northwest. The prevailing wind
direction was from the southwest. About 40% of the time the winds were below 1 m/s. Fig. 4
shows the diurnal pattern of the average wind speed and mixing height during the study. As
shown, the atmospheric condition is typically very stable in the early morning. The wind picks up

shortly after sunrise at ~ 0530 EDT, followed by the breakup of the nocturnal inversion at ~ 0800
EDT.

386



Young and Keeler, Aerosol and Air Quality Research, Vol. 7, No. 3, pp. 379-402, 2007

3.0 2000
Wind speed — T - 1800
=== Mixing height
2.5 -
- 1600
_—

’tT _—
» T - - 1400 &
c 2.0 - 4 =
= L1200 ©
8 D

i - 4 L o
8 1.5 1000 &
2 800 2
2 10 oy =
g - - i =
- 400
0.5 4 § T
hg - 200
0.0 T e S — A — 0
00 04 08 12 16 20 00

Hour of day (EDT)

Fig. 4. The mean wind speed and mixing height during the entire study. The error bar is one

standard deviation around the mean.

RESULTS AND DISCUSSION

In the following, “total” particles refer to those within the SMPS measurable size range of 0.01
to 0.41 pm. In this range there are three sub-modes: nucleation (0.01-0.02 um), Aitken (0.02—
0.1 wm), and accumulation mode (0.1-0.41 um). The first two modes combined represent the

ultrafine particles; 0.01-0.1 pm.

Pollutant concentrations

The summary statistics on the UFP number Nygp, surface area Syrp, and volume concentration
Vurp during the 2003—-2005 campaigns are given in Table 2. The particle summary statistics for
each campaign are remarkably consistent with each other, including those obtained at the same
sampling site in 2002 (Young and Keeler, 2004). The overall averages of Nyrp, Surp, and Vygp
were 2.0 x 10* 1/em’, 119 um?*cm’, and 1.3 um’/cm’, respectively. On average, the UFPs
contribute 88% of the total particle number, 40% of the total particle surface area, and 20% of the

total particle volume. The large standard deviation (SD) values indicate strong influences from
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local sources. The particle statistics in Table 2 are comparable to that in other urban areas (Jeong
et al., 2004; Stanier et al., 2004a; Harrison and Jones, 2005).

Table 2. Summary statistics of the UFP number, surface and volume concentrations in the

summer months of 2003 — 2005 in southwest Detroit.

Year n* Mean SD® Min Median Max Ratio®
UFP number, Nygp X 10* (1/cm3)

2003 3290 2.1 1.3 0.2 1.9 11.5 0.89

2004 6305 1.8 1.0 0.2 1.6 12.2 0.88

2005 2287 2.4 1.8 0.5 2.0 16.6 0.90
Overall 11882 2.0 1.3 0.2 1.7 16.6 0.88
UFP surface?, Sypp (nm*/cm’):

2003 3290 114 74 11 98 595 0.38

2004 6305 117 72 10 101 540 0.41

2005 2287 135 84 26 117 604 0.43
Overall 11882 119 75 10 104 604 0.40
UFP Volumed, Vurp (um3 /cm3):

2003 3290 1.2 0.8 0.1 1.0 5.7 0.18

2004 6305 1.3 0.8 0.1 1.1 52 0.20

2005 2287 1.4 0.9 0.3 1.2 6.4 0.21
Overall 11882 1.3 0.8 0.1 1.0 6.4 0.20

a. Sample size.

b. Standard deviation.

c. Ratio of ultrafine particles (0.01-0.1 um) to total particles (0.01-0.41 pum).

d. The mobility-equivalent S and V were derived from the N, assuming spherical particles.

The size-resolved particle number, PM; s, gas pollutants concentrations, and their correlation
coefficients are given in Table 3. The highest particle number concentration (0.9 x 10* 1/em’)
resides in the Aitken mode size range of 0.02—0.05 um. The increasing relative standard deviation
(RSD) with decreasing particle size again underscores the transient and “localized” nature of the
nucleation mode particles. In contrary, the accumulation mode particles are relatively stable,
averaging 0.2 x 10* 1/cm’. The low r values (< 0.14) between the nucleation mode particles and
particles larger than 0.05 pm are indicative of the differences in their origins. The UFPs,
particularly the nucleation mode particles, showed virtually no correlations with the PM, s and the
gas pollutants (r < 0.2), except SO, (Fnuer = 0.34, ryrp = 0.52). Clearly, in the present study, these
pollutants are poor predictors of the particle number concentration and their relationships with
UFPs cannot simply be described by a bi-variate linear relationship. Contrasting to our results,
the hourly particle number concentration showed moderate correlations with CO and NO in

several urban cities of Los Angeles (» value up to 0.66) (Sardar et al., 2004).

388



Young and Keeler, Aerosol and Air Quality Research, Vol. 7, No. 3, pp. 379-402, 2007

Table 3. Summary statistics of the concentrations of size-resolved particle number, total surface

area, total volume, PM; s, and gas pollutants in the summer months of 2003—2005 in southwest

Detroit.
Variable Unit Mean SD* Min Median Max RSD® syl  rues
Nooroo: Nwwe)  x10° I/em® 059 054 003 045 708 092 1.00 0.79
No.02-0.05 x10* 1/em® 089 071 0.07 074 10.84 079 0.61 0.93
No.05-0.1 x10* 1/em® 051 036 0.04 041 302 071 014 0.60
No.1-0.42 x10* I/em® 024 0.14 0.02 021 142 061 006 029
Nooiog (Nugp)  x10* 1/em®  1.99 129 0.18 1.72 1758 0.65 0.79 1.00
Stotal’ um’cm’ 301 163 32 272 1317 054 0.17  0.50
Viotal um’/em’ 7.0 41 0.6 7.1 37.7 059 0.06 026
PM 5 ng/em’ 179 104 bdl® 147 847 061 001 0.11
05 ppb 247 217 bdl 195 989 088 0.05 0.04
Cco ppm 096 051 bdl 08 730 053 0.01 020
SO, ppb 72 103 bdl 39 1559 144 034 052
NO ppb 115 241 bdl 31 3031 210 000 0.16

a. Standard deviation.
b. Relative standard deviation.

c. The correlation coefficients between the variables in the 1% column and the number
concentrations of nucleation mode (Ny,.;) and ultrafine particles (Nygp), respectively.
d. The subscript “total” refers to particles within the SMPS measurable size range: 0.01-0.41 pm.

e. Below detection limit.

Ultrafine particle (UFP) events

A total of 74 UFP events were identified in all but two sampling days in southwest Detroit
during the summer months of 2003, 2004, and 2005. Among them 40 (54%) are classified as

Aitken mode particle events and 34 (46%) as nucleation mode particle events. The average

occurrence rate of UFP events was ~ 2 1/day. The particle number concentration characteristics

during these events are summarized in Table 4. The maxima Nygp values during these events

were, on average, two times higher than the overall mean Nygp value. The mean duration (Az) for

the Nyrp to reach a maximum was 2.4 hr. This translates to a spatial scale of ~ 11 km assuming

constant wind direction and wind speed of 1.3 m/s (Table 1). The mean UFP appearance rate

(AN/Af) was 4.3 1/cm’=s.
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Table 4. Particle number concentration characteristics during ultrafine particle events (n = 74).

Nurppmax' Nurppvany” AN ¢ AN/Nurppayy A AN/At

Unit x10* 1/em®  x10* I/em®  x10* 1/em’ ratio hr  1/em’-s
Mean 4.0 1.2 2.8 2.6 2.4 43
SD¢ 1.9 0.4 1.9 2.1 1.8 3.6
Min 1.9 0.4 0.7 0.6 1.0 0.6
Median 3.6 1.2 2.4 1.8 1.8 3.2
Max 14.5 2.1 13.0 10.3 10.1 22.8

a. The maximum number concentration of ultrafine particles (0.01-0.1 pm).
b. The minimum number concentration of ultrafine particles (0.01-0.1 um).
c. AN = Nurpmaxy — Nurppving-

d. Ar= Tvax — tvn.

e. Standard deviation.

Fig. 5 shows the temporal variation of the average nucleation mode, Aitken mode, and UFP
number concentrations during (a) non-event days, (b) Aitken mode event days, and (c¢) nucleation
mode event days. The particle number concentrations on non-event days were considerably lower
than on event days and showed no distinct features. On the other hand, the Aitken and nucleation
mode event days each had two peak UFP number concentrations during the daytime. The first
peak at 0830 EDT, appearing on both the Aitken and nucleation mode event days, shows that
there is a common source responsible for the elevated concentrations. The second peak, however,
occurred at a different time of day; at 1600 EDT for the Aiken mode events and at 1330 EDT for
the nucleation mode events. This indicates the sources and/or meteorological conditions
responsible for the respective particle events were likely different.
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Fig. 5. The temporal variation of nucleation and Aitken mode particles on (a) non-event days, (b)

Aitken mode event days, and (c) nucleation mode event days.
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Aitken mode particle events

The Aitken mode particle events in southwest Detroit are characterized by a significantly
higher fraction (> 0.57) of 0.02-0.1 pum particles in the UFP size range, as expected from the
present identification and classification scheme. Fig. 6 shows the time series plots of the size-
resolved particle number concentrations, gas pollutants, PM, s, total particle surface area (Szoa),
wind direction, and the number size distributions during two typical Aitken mode particle events
on August 31, 2004. In the first event at 0800 EDT the particle number concentrations coincided
with high levels of CO (3.4 ppm), NO (194 ppb), PM,5 (39 pug m’), and Srrw (990 pm?/cm’). In
addition, it closely followed the morning rush-hour traffic pattern. These correlations suggest
those UFPs were resulted from morning traffic emissions. The combination of increased traffic
volume and stable surface meteorological conditions in the early morning (Fig. 4) favors the
buildup of pollutant concentrations. In the second event at 1600 EDT the particle number
concentrations coincided with not only CO, NO, PM; s, and Sr,., but also with a high level of
SO,. The maximum SO, concentration was about 45 ppb, which is considerably higher than that
from traffic-related events (< 10 ppb) (e.g., see the 0800 EDT event). The prevailing south-
southwesterly winds during that period come directly from where the major SO, point sources are
located. Also noted is the anti-correlation between O3 and all other pollutants; a common feature
of fresh plumes of local origin, where the O; is consumed by the primary pollutants in the plume
(e.g., NO). All these observations suggest that industrial plumes were the main contributor to the
UFPs. The traffic contribution to the 1600 EDT Aitken mode particle event was considered minor
because of the higher wind speed and mixing height in the late afternoon (see Fig. 4). Advection
of industrial SO,-enriched plumes to the sampling site is common during the summers because of
the prevailing southwesterly winds (Fig. 1). At the same sampling site, Keeler ez al. (2005)
showed a strong association between elevated SO, and southwesterly winds.

In both events, the simultaneous increase of Nygp and Sz, Suggests a substantial presence of
particles larger than 0.1 um. Recall that the accumulation mode particles on average account for
approximately 60% of the total particle surface (Table 2) and are typically attributed to long-
range transport because of their long atmospheric lifetimes. In this case, however, it is indicative
that the measured Aitken mode particles were part of local polluted (particle-laden) plumes, such
as traffic emissions and industrial plumes.

Without exception, all the identified Aitken mode particle events in this study coincided with
elevated particle surface area and at least one of the primary gas pollutants (i.e., CO, NO, or SO;)
from combustion sources. This highlights the strong association between the Aitken mode
particle events and fossil fuel combustion. Here we illustrated that with the aid of SO, and wind

direction data it is possible to differentiate SO,-enriched industrial plumes from traffic emissions.
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Fig. 6. Time series plots of the pollutant concentrations, wind direction, and particle number size
distributions during two Aitken mode particle events on 8/31/04. The event at 0800 EDT is
associated with morning rush-hour traffic and the one at 1600 EDT is associated with SO,-plume.
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Nucleation mode particle events

The nucleation mode particle events are characterized by a significantly higher fraction (>
0.34) of 0.01-0.02 um particles in the UFP size range. An analysis for correlations with co-
pollutants showed that there are in fact two distinct types of nucleation mode particle event. One
type shows characteristics similar to the Aitken mode particle events, i.e., fresh plumes from
fossil fuel combustion. Therefore, these events are referred to as “in-plume” nucleation mode
particle event. Conversely, the other type shows no such correlation with CO, NO, and S, but
occasionally SO,. These events are referred to as “secondary” nucleation mode particle event. Of
the 34 nucleation mode particle events, 25 were classified as in-plume events and 9 as secondary

events.

In-plume nucleation mode particle event

A pronounced nucleation mode particle event on July 31, 2005 is shown in Fig. 7 (a). A burst
of Nyyer (6.0 x 10* 1/cm’) at 1230 EDT was accompanied by a sharp increase of SO, (106 ppb),
PM; s, and S7.:2. The NO increased as well but to a lesser extent. A decrease of Oz concentration
and prevailing southerly winds were observed during the event. These features are very similar to
one of the Aitken mode event discussed previously. Therefore, the nucleation mode event was
likely a result of SO,-enriched industrial plumes. The elevated S7,.,; suggests the nucleation mode
particles co-existed with a large number of larger (i.e., Aitken and accumulation mode) particles
despite the high surface area that can act upon these small particles as a sink. The evolution of the
number size distributions shows an intense and continuous burst of particles smaller than 0.07 pm
over a period of ~ 4 hr. An inspection on the individual size distributions reveals that the newly
formed particles were growing to larger sizes. The particle growth is not visible from the present
contour plot because the concentrations of the new particles and larger particles were of similar
magnitude.

Motor vehicles also emit nucleation mode particles. Fig. 7 (b) shows another in-plume
nucleation mode particle event on August 30, 2004. The elevated Ny, at 0800 EDT coincided
with high levels of CO, NO, PM; s, S7,ws and morning rush-hour traffic. Noted is the considerably
low St7o prior to the morning rush hour, in which favors the survival of nucleation mode
particles. The low Sz was largely due to the two rainy days earlier and the prevailing
northwesterly winds as a result of a passing cold front. Air masses from the north (Canada and
the Arctic) are typically cleaner and cooler. The number size distributions reveals that particles
initially in the nucleation mode size range grew into the Aitken mode range over the course of 4
hr, from a mode diameter of 0.017 to 0.031 um (0.004 um/hr). This shows the number size
distribution of UFPs is not a static property, but evolves with time. It also implies the number size

distribution alone cannot be used as a source signature.
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Fig. 7. Time series plots of the pollutant concentrations, wind direction, and particle number size
distributions during an “in-plume” nucleation mode particle event on (a) 7/31/05: SO,-plume and
(b) 8/30/04: morning rush-hour traffic.

Secondary nucleation mode particle event

Here we present another type of nucleation mode particle event that exhibits characteristics
distinctly different from the in-plume (or combustion-related) events described previously. A
pronounced secondary nucleation mode particle event on September 1, 2004 is shown in Fig. 8
(a). The burst of Ny, at 1100 EDT was not correlated with elevated CO, NO, and Sz, but only
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SO,. This suggests the nucleation mode particles were not directly emitted from local combustion

sources and the potential involvement of H,SOj in the nucleation processes. The low initial Sz,

and its subsequent gradual increase from 0930 to 1630 EDT imply that the nucleation event was

not associated with polluted plumes. The number size distributions show the growth of the

nucleation mode particles from 0.01 pum to 0.07 um over a 6 hr period (0.01 pm/hr) was

responsible for the gradual increase of the Sz,
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Fig. 8. Time series plots of the pollutant concentrations, wind direction, and particle number size

distributions during a “secondary” nucleation mode particle event on (a) 9/1/04 and (b) 8/15/04.
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Another secondary nucleation mode event on August 15, 2004 is shown in Fig. 8 (b). The
burst of Ny, at 1100 EDT was not accompanied with simultaneous increases of any gas
pollutants, including SO,. The S7,» again was at a minimum at the start of the event and
increased gradually over the event period. A SO, peak concentration was observed 3-hr after the
onset of the event, suggesting the event probably took place at the outskirt of a SO,-enriched
plume. The number size distributions show the particles grew from 0.013 to 0.05 um in 3.5-hr
(0.01 pm/hr). Unlike the previous secondary event, the peak concentration in the size
distributions at the start of the event was at a size slightly above the smallest measurable size,
resulting in a “closed” contour plot. This implies that the actual nucleation did not take place
locally but some distance away from the sampling site or the growth of nucleation mode particles
is non-linear (Birmili et al., 2003). During transport toward the sampling site the particles
therefore had grown to larger sizes. After the particles grew into the Aitken mode size range they
maintained there throughout the evening, from 1500-2400 EDT, regardless of changing wind
directions. This indicates that the spatial extent of the event was likely on the order of regional
scale.

Two noticeable features among the secondary nucleation events are (1) all of them took place
shortly after the breakup of the nocturnal inversion or near solar noon and (2) the drop of Sz to
a minimum prior to the events. These two features are in fact coupled as atmospheric dilution due
to the breakup of the inversion layer lowers the Sz, as well as other ambient pollutants (e.g., Fig.
6, 7, and 8). The majority of nucleation events observed globally took place between sunrise and
noon (Kulmala ez al., 2004), suggesting a connection between nucleation and photochemistry. Fig.
9 shows the time series plot of the solar radiation and RH on non-event, primary and secondary
nucleation event days. As shown, the secondary nucleation event days were associated with
stronger solar radiation and lower RH. Also noticeable is the higher RH before sunrise and
sharper drop of RH after sunrise on secondary nucleation event days. Fig. 10 shows the ranges of
the Sz, for Aitken, in-plume and secondary nucleation mode event days. Nucleation events,
especially secondary ones, showed clear preference for low particle surface area conditions.
Strong solar radiation and low pre-existing particle surface area together, however, did not
always warrant secondary nucleation mode particle events, and therefore they are necessary but
not sufficient factors. These findings are consistent with the classical nucleation theory; stronger
solar radiation results in stronger photochemical activities, hence more condensable species (e.g.,
H,SO4), and lower particle surface represents conditions of weaker competition from vapor

condensation, both of which favor nucleation.
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CONCLUSION

A total of 74 ambient ultrafine particle (UFP) events were identified and classified during the
summer months of 2003, 2004, and 2005 in southwest Detroit. These events were analyzed for
source and meteorological implications. According the characteristics of the particle size
distributions, 40 (54%) were classified as Aitken mode particle events and 34 (46%) as
nucleation mode particle events. Sixty-five out of the 74 events were classified as “in-plume”
particle events due to their strong associations with elevated CO, NO, and total particle surface
area. This implies that fossil fuel combustion, such as traffic emissions and industrial plumes, is
the dominant source of elevated UFPs in southwest Detroit. The remaining 9 UFP events, on the
other hand, showed no correlation with the CO, NO, PM; s, and total particle surface area, hence
are referred to as ‘“secondary” events. These events are characterized by the gradual, not
simultaneous, increase in the particle surface area due to the ensuing particle growth. On occasion
these events were correlated with SO,, suggesting the potential involvement of H,SO4 in the
nucleation processes. Furthermore, all the secondary events took place several hours after the
breakup of the inversion layer or near solar noon. It is indicative that atmospheric mixing/dilution
and photochemistry play an important role in the nucleation processes. The former reduces the
pre-existing particle concentration whereas the latter results in the formation of condensable
species (e.g., HoSOy). It is noted that the in-plume nucleation mode particle events could also take
place at noon time. Without the aid of co-pollutant measurements one could easily mistake the in-
plume events as secondary nucleation events. Such misclassification can lead to the
mischaracterization of exposure because the physical and chemical properties are likely different

between the in-plume and secondary UFPs.
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