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Recent evidence links elevated ultrafine particle (UFP) con-
centrations with adverse health effects, but exposure assessments
based upon PM; 5 mass concentrations may be misleading. In or-
der to better understand and quantify intra-community variabil-
ity in UFP concentrations, a dense network of 14 monitoring sites
was set-up in Los Angeles in two clusters—San Pedro/Wilmington
and West Long Beach—in communities surrounding the Ports of
Los Angeles and Long Beach. The network measured total parti-
cle number concentrations greater than 7 nm in diameter. In this
range, UFP comprise approximately 90 % of the total. Port-related
activities—particularly goods movement associated with high vol-
umes of heavy-duty diesel vehicle (HDDV) traffic—represent sig-
nificant UFP sources. The field study was conducted from mid-
February through mid-December 2007 to assess diurnal, seasonal,
and spatial patterns and intra-community variability in total parti-
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cle number concentrations. For sites within a few km of each other,
simultaneous particle number concentrations can vary up to a fac-
tor of 10 (<10,000 cm~ up to 90,000 cm~ for hourly averages
calculated by month). The median hourly correlation coefficient
(r) across all sites was modest and varied from 0.3 to 0.56. Specific
site locations, particularly proximity to roadways used for goods
movement, strongly affect observations. Clear diurnal and seasonal
patterns are evident in the data. A diurnal pattern associated with
high HDDV volumes and goods movement was identified. Coeffi-
cients of Divergence calculated for the site pairs suggest moderate
heterogeneity overall (median study COD = 0.35). The intra-urban
variability observed in this study is comparable to and exceeds the
inter-urban variability observed in a previous study in Los Angeles.
UFP concentrations can vary considerably on short spatial scales
in source-rich environments strongly influencing the accuracy of
exposure assessments.

INTRODUCTION

The relationship between elevated ambient particulate mat-
ter (PM) mass concentrations and adverse human and environ-
mental health impacts is well established (Dockery and Pope
2006). Determining the relationship between particle size and
composition and specific health endpoints, however, is an ac-
tive area of research. Pro-inflammatory response at the cellular
level as well as increased incidence of asthma, among other
diseases, are linked to exposure to ultrafine particles (approxi-
mately <100 nm in diameter)(UFPs) (Pekkanen et al. 1997; Li
et al. 2003; Xia et al. 2004; Delfino et al. 2005). UFPs have been
shown to be more toxic than larger particles of the same compo-
sition (Gong et al. 2007; Xia et al. 2007), and deposit with high
efficiency in the lower human lung due to their size. UFPs consti-
tute a small fraction of fine PM; 5(<2500 nm in diameter) mass;
ambient particle number concentrations tend to increase sharply
as diameters decrease into the UFP range (Hinds 1999). There-
fore, number concentration is a more appropriate measurement
metric for UFPs. Readily available PM; 5 mass concentrations
from centrally located sites are often used as surrogates for UFP
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concentrations (Wilson and Zawar-Reza 2006), despite the fact
that poor correlation has been found between UFP number and
PM, 5 mass concentrations (Harrison and Jones 2005, among
others). Further, the presumption that one measurement is rep-
resentative of concentrations across the entire region of interest
may not be valid (Wilson et al. 2005; Pinto et al. 2004). These
two issues can lead to exposure misallocation and introduce bias
and considerable uncertainty into exposure assessments (Wilson
et al. 2005; Wilson and Zawar-Reza 2006).

In urban environments, motor vehicle traffic is the dominant
source of primary UFP (Kim et al. 2002; Westerdahl et al. 2005),
although other sources such as food cooking and wood burning
can also contribute (Kleeman et al. 1999; Schauer et al. 2001).
Secondary atmospheric production of new UFP and additional
UFP mass can also be important in some conditions (Kulmala
et al. 2004; Fine et al. 2004; Moore et al. 2007). While primary
UFPs should dominate on local scales, secondary production
may be an important factor on regional scales and promote spa-
tial homogeneity (Turner and Allen 2008). As their atmospheric
lifetimes are short, strong gradients in UFP concentrations can
be expected in areas with multiple sources of primary UFP
(Sioutas et al. 2005). A series of studies under many different
conditions in the vicinity of Los Angeles—area freeways (Zhu
et al. 2002a,b; 2005; 2006) show that UFP concentrations can
decrease exponentially downwind although the decay rate de-
pends strongly on factors such as source strength, wind speed,
temperature, relative humidity, and time of day. Typical scales
of impact are 100-500 m. Improved characterization of UFP
gradients requires concurrent high temporal resolution measure-
ments of number concentration at multiple sites within a limited
geographic area on the scale of the observations by Zhu and
colleagues in order to better assess intra-community variability,
potential UFP exposures and health outcomes. While observa-
tions may be city-, source-, and sink-dependent (Freiman et al.
2006; Turner and Allen 2008, and references therein), baseline
measurements like these will be useful to the development of
potential number-based UFP standards to protect against UFP-
induced or -exacerbated illness (Nel 2005).

Limited data sets exist of inter- and intra-urban variability
in particle number concentrations. During 2002 and 2003, the
USC Children’s Health Study (CHS) made extended measure-
ments of particle number and co-pollutant concentrations in
several “city center” locations primarily in the Los Angeles air
basin. Each site was separated by 10s—100s of km. The seasonal
and diurnal patterns in particle concentrations were relatively
consistent, but a comparison of particle number concentrations
between sites found weak to modest spatial correlations and
site proximity to local vehicular traffic strongly influenced the
results (Sardar et al. 2004; Singh et al. 2006). Extended moni-
toring in several European cities also found strong seasonal and
local traffic impacts on observations (Aalto et al. 2005). In a
companion study, spatial variation in particle number exceeded
that for particle mass and varied between the cities (Lianou et
al. 2007). Factors such as traffic intensity, sampling location (as
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a surrogate for proximity to and availability of UFP sources),
sources, and local meteorology have been shown to introduce
substantial differences in particle number concentrations ob-
served in intra-city studies (Lianou et al. 2007; Puustinen et al.
2007; Cyrys et al. 1998; Buzorius et al. 1999; Tuch et al. 2006;
Harrison and Jones 2005).

Here we present the results from a high-density network of
monitoring sites designed to characterize intra-community vari-
ability in UFP number concentrations in a Los Angeles—area
community. The 2007 study was conducted in the communi-
ties surrounding the San Pedro Harbor as part of the multi-
investigator and -platform Harbor Communities Monitoring
Study (HCMS). Sponsored by the California Air Resources
Board, the HCMS’ goal is to investigate temporal and spa-
tial variability in selected air quality parameters, including the
identification of “hot spots” in this “source” region of the Los
Angeles basin. The combined Ports of Los Angeles and Long
Beach are the fifth largest in the world and represent a significant
source of air pollution. For example, the most recent emissions
inventory (2005) estimates that 50% of all ambient diesel par-
ticulate matter in the air basin arises from port and port-related
activities, particularly goods movement (Port of Long Beach
2007, Port of Los Angeles 2007). There are additional indus-
trial UFP sources (e.g., refineries, power plants) near the ports,
although companion measurements performed during this same
time period and subsequent modeling indicate that motor vehi-
cle and motor vehicle-related emissions strongly predominate
(Arhami et al. 2009; Minguillon et al. 2008). Strong growth
in cargo volume and its associated goods movement are ex-
pected for the foreseeable future, giving rise to substantial local
community concern regarding the air quality impacts of the
ports (Hricko 2008). Recent studies of size-resolved particulate
matter near the ports indicate high spatial variability for the ele-
ments associated with motor vehicle and ship emissions, among
other sources (Krudysz et al. 2008; Arhami et al. 2009). Total
particle number concentrations alone are reported here—size
distribution measurements are presented in a companion paper
(Krudysz et al. 2009).

EXPERIMENTAL METHODS

This study was conducted at 14 sites in the Los Angeles
air basin from February 12, 2007 through December 11, 2007
in coordination with the other investigators participating in the
HCMS. Site information is provided in Table 1 and the relative
positions of the sites to each other are shown in Figure 1. As
mentioned above, previous work has identified motor vehicles
to be the dominant source of UFPs in the Los Angeles area. Prin-
cipal roadways, including major interstate freeways and heavily
travelled surface streets are shown in Figure 1 and criss-cross
the study area. Sites in the vicinity of the Ports—described in
detail below—were chosen in urban industrial and mixed indus-
trial/residential areas by taking into consideration meteorology
and the strength and location of probable nearby sources while
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FIG. 1.

Site locations—the exploded view of the San Pedro Harbor area in the grey box is shown on the right. Specific distances between sites are provided in

the text. Note the numerous important roadways in the study area (described further in the text). (Figure provided in color online.)

also maintaining the study goal of monitoring in a limited area.
With the possible exception of the two “harbor” background
sites in/on San Pedro Harbor itself, the mix of probable sources
at any given study site was reasonably representative of mul-
tiple locations within the Harbor communities. It is important
to recognize that distinguishing between residential and com-
mercial sites as a meaningful framework to interpret the data
presented here is of limited utility as the majority of the sites are
located in close proximity to each other and the predominant
local sources (e.g., motor vehicle or similar). Quantifying vari-
ability within this limited spatial scale is the goal of this study.
A detailed description of the atmospheric processes governing
the loss of UFPs is beyond the scope of this article. However,
given the dominant sources, the sinks suggested for urban and
near-roadway environments (e.g., evaporation of semi-volatile
aerosols following dilution) are likely (Zhu et al. 2002a,b; 2005;
2006; Zhang et al. 2004; Jacobson and Seinfeld 2004). Due to
delays in obtaining access, sampling did not start at all sites on
February 12 (see Table 1).

Site Descriptions

One site (“LA1”) was selected near downtown Los Angeles
to provide a regional context to the observations being made in
the vicinity of the Ports (Figure 1, Table 1). LAI, located ca.
32 km north of the Ports, is the Southern California Particle
Center Supersite located at the University of Southern Cali-
fornia (USC) where extensive air quality measurements have
previously been reported (Sardar et al. 2005; Moore et al. 2007;
Ning et al. 2007). It is an urban background site influenced by
traffic from the I-110 freeway located approximately 150 m to
the west. There are two clusters of sites in the Port area—San

Pedro/Wilmington and West Long Beach. With the exception
of the harbor background sites in/at the Harbor itself, the sam-
pling sites in the two clusters are all located within approxi-
mately 2000-2600 m of each other near multiple sources of
ultrafine particles. These sources include light-duty motor vehi-
cle, rail, and heavy-duty diesel vehicle (HDDV) traffic as well as
other Port and Port-related activities (see Figure 1). These sites
are shared with the concurrent particle size distribution study
(Krudysz et al. 2009) and use identical nomenclature.

Site SP1 is located at the only typically vacant berth (Berth
47) in the Port of Los Angeles (PoLA) and ships/other harbor
craft are not regularly docked there. It is a harbor background
site surrounded by San Pedro Harbor on two sides, typically
upwind of Port activities and not near significant motor vehi-
cle traffic. Sites W1-W3 are within ca. 2200 m of each other.
Site W2 is located approximately 7200 m NNE of site SP1 at
the intersection of Harry Bridges Boulevard and Fries Avenue
directly north of the PoLA and 2000 m south of the Wilming-
ton city center. Harry Bridges is a major arterial roadway with
significant HDDV traffic. Site W1 is located ca. 1300 m SE of
W2 on a rooftop at Pier 195. It is across a shipping channel and
approximately 600 m north of the PoLA. While W1 is located
in an industrial area, it is not located near heavily traveled road-
ways. Site W3 is located in a mixed residential/commercial area
approximately 1800 m NE of site W2. It is 300 m N of Alameda
Street and 300 m WSW of the intersection of Anaheim and
Alameda Streets. Both of these roadways have significant mo-
tor vehicle and HDDV traffic. Rail lines servicing the Ports also
follow Alameda Street.

The eight West Long Beach sites are primarily located within
a rectangle approximately bounded by the Terminal Island
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Freeway (SR-103) to the west, Willow Avenue to the north, the
1-710 on the east, and Anaheim Street to the south. The north-
south and east—west gradients in the site locations were chosen
to take advantage of known wind patterns (discussed below)
and sources. Site LB1 is a companion harbor background site to
SP1 located in the Port of Long Beach (PoLB). It is ca. 4300 m
south of the major arterial intersection of Santa Fe Avenue, and
Anaheim Streets with substantial HDDV traffic (Houston et al.
2008). Sites LLB2 and LB3 are located in a commercial area
50 m E and 150 m WSW of this intersection. Site LB4 is an
industrial area 10 m north of Anaheim Street, adjacent to the
Los Angeles River, 1200 m E of Santa Fe Avenue, and 400 m
east of the I-710 where HDDV traffic is up to 25% of the total
(Zhu et al. 2002a). I-710 is a major conduit for HDDV leaving
the Ports with cargo for inland locations. Site LB5 is 580 m
north of Anaheim Street in an industrial area adjacent to the
west side of the I-710. Site LB6 is 200 m north and 50 m east
of the intersection of the Pacific Coast Highway and Santa Fe
Streets. The Terminal Island Freeway (SR-103)—another major
conduit for HDDV leaving the Ports—is located another 800 m
west. Continuing 1000 m N on SR-103, site LBS8 is located
adjacent to a school immediately to the east of the roadway,
and site LB9 is located approximately 20 m to the north of
SR-103’s termination at Willow Street. Site LB7 is located on
a roof adjacent to the playground of another school approxi-
mately 1000 m west of the Terminal Island Freeway and 490 m
east of the I-710. Sites LB7 and LB are in primarily residential
neighborhoods near the commercial strip on Santa Fe Avenue.
Proximity to roadways given the results of the previously men-
tioned studies (Arhami et al. 2009; Minguillon et al. 2008) is
emphasized in these site descriptions. Additional information
specific to each Harbor Community Monitoring Study site is
available online through the California Air Resources Board’s
website.

Equipment

The standard equipment package installed at most sites in-
cluded a temperature-controlled, insulated, all-weather enclo-
sure, condensation particle counter (CPC), weather station, and
laptop computer. Fifteen identical butanol-based CPCs (Model
3022A, TSI, Inc., Shoreview, MN) were obtained for this study
and have a nominal 50% detection efficiency diameter of 7 nm
increasing to approximately 100% for particles > 20 nm. All
fifteen CPCs were returned to the manufacturer for factory
re-calibration prior to the start of the study. The CPCs were
controlled and the total number concentration recorded using
Aerosol Instrument Manager software (v7.3, TSI, Inc., Shore-
view, MN). The sampling inlet for each CPC was typically 2
m in length and 0.63 cm in diameter. At selected sites, inlets
up to 3.25 m in length were used to locate the sampling point
above local obstructions. The sampling stream was not con-
ditioned prior to measurement and the sampling flow rate was
1.5 liters min~! (Ipm). Davis Vantage Pro2 or Pro2 Plus weather
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stations (Davis Instruments, Hayward, California) were installed
at each site except LA1 where data were collected by an exist-
ing meteorological station. A single CPC was used to perform
measurements at each site as far as possible.

Both the CPC and weather station data were logged con-
tinuously at one-minute intervals using Pacific Standard Time
(PST). The standard operating protocol required weekly visits
to download data, check equipment performance, and perform
maintenance (instrument operation could not be checked re-
motely). The low and high flow rates of each CPC were mea-
sured and the flow rates adjusted if they exceeded 0.3 = 0.03 Ipm
and 1.5 & 0.2 Ipm, respectively. During the summer, the routine
CPC maintenance procedure was revised to include repeated
drain/refill cycles of the butanol reservoir to remove condensed
water.

Following factory re-calibration prior to the start of field
sampling, side-by-side operation of the CPCs was conducted
measuring ambient concentrations at site LA1. One-minute data
were collected over several days for sets of 4-6 CPCs. The av-
erage slope of an individual CPC against the “mean” CPC is
1.04 4 0.08 (mean = standard deviation, range 0.93—-1.21) with
very high correlation (r* range 0.9—1.0) (Figure S1, supplemen-
tal data). Variations in performance between the CPCs could
not be readily explained by measured differences in the low or
high CPC flow rates or the re-calibration data supplied by the
manufacturer. The side-by-side tests were repeated at the end of
the sampling campaign (Figure S2, supplemental data). There
is more scatter in the post-HCMS data, but the average slope
changes little (0.98 £ 0.16, range 0.72—1.26) and the correlation
remains high (1 is 0.98 & 0.3). The ratio of post- to pre-study
slope is 94 £ 14% (75-121% range). Given the relative consis-
tency in these results, no corrections to account for variations
in individual CPC performance were made to the mean data
reported here. Observations using the longest inlet (3.2 m) were
3% less than those using a standard inlet, consistent with theo-
retical predictions using the Gormeley-Kennedy equations and
particle size distribution data (Krudysz et al. 2009). No cor-
rections for inlet length were made, but a 10% increase for
data obtained while sampling at low flow rates (approximately
0.3 Ipm) was added in the few instances applicable. Further, the-
oretical calculations suggest inertial losses for larger particles
(e.g., 1 um in diameter) in the inlets are negligible and are also
ignored.

In this study, total particle number concentrations are mea-
sured. This is a reasonable surrogate for ultrafine particle num-
ber concentrations. Limited ambient aerosol particle size distri-
bution data obtained as part of an earlier study at LA1 (Moore
et al. 2007) and measurements during this study at W2 indicate
that greater than 80% and 95% on average of the particles from
15 nm-20 pum are <100 nm and <200 nm in diameter, respec-
tively. Additionally extensive particle number size distributions
measurements from ca. 15-700 nm in mobility diameter were
performed throughout this study with co-located equipment (re-
ported in Krudysz et al. 2009). These data also indicate that
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80-90% of observed particles were in the UFP size range. Ear-
lier studies in the Los Angeles basin (Fine et al. 2004; Singh
et al. 2006) at different locations also support this observation.
Furthermore, in contrast to observations in other cities, extensive
particle size distributions in the Los Angeles basin—particularly
in the “source” region near the Harbor—exhibit minimal multi-
modality in the UFP size range (Krudysz et al. 2009; Fine et
al. 2004; Singh et al. 2006). In the urban environment studied
here, significant concentrations of particles less than 7 nm are
likely to be present (e.g., Shi et al. 2001, among others) from
both motor vehicle/combustion emissions and possibly new par-
ticle formation events. Indirect evidence from eastern locations
downwind from these study sites in the Los Angeles basin sug-
gest new particle formation occurs (Fine et al. 2004), although to
date no direct evidence of these events has been obtained. Stud-
ies in other urban locations suggest that new particle formation
events may be likely, particularly during warm, sunny periods
(Petaja et al. 2007; Wehner and Wiedensohler 2003), although
the conditions responsible for new particle formation events in
all locations are not well known. As most observations of these
events indicate they are regional in nature (Kulmala et al. 2004
and references therein) it is possible if they are occurring that
they are affecting all study sites—with the possible exception
of site LA1—similarly. There is some evidence (discussed later)
of secondary UFP production at LA 1. In the context of the goals
of this study, it is important and relevant to note that it has not yet
been established that sub-7 nm diameter particles—particularly
given their very short atmospheric lifetimes on the order of
minutes—play a significant role in the adverse health effects as-
sociated with UFPs (Donaldson et al. 1998; 2002; Delfino et al.
2005; Sioutas et al. 2005; Li et al. 2003), although this may
well warrant further investigation (Shi et al. 2001). Therefore
we chose to use the 3022As as this allowed us to directly com-
pare our observations to earlier studies as well as to obtain data
simultaneously at 13—14 sites which is necessary for subsequent
modeling work. Despite these caveats and the differences ob-
served between CPC performance during side-by-side operation
discussed above, our assumption that the total particle number
concentration is a representative surrogate for the UFP num-
ber concentration associated with health impacts is reasonably
valid.

All one-minute weather and CPC data were reviewed and
screened for irregularities using a procedure similar to that
reported elsewhere (Puustinen et al. 2007) with comparable
data removal rates. In this paper, only hourly averages are
reported. Overall, data are available for approximately 90%
of the sampling periods at each site. For most months and
sites, data availability exceeds 90%, but water condensation
in the butanol reservoir in June and July (75% data availabil-
ity overall, 65% minimum value) reduce the campaign’s av-
erage. February and December data are not reported in this
article, but it should be emphasized that these data are con-
sistent with the trends observed in March and November,
respectively.

K. MOORE ET AL.

Statistical Analysis

The correlation coefficient (r) is a standard method used to
evaluate the (linear) relationship between paired data points.
The coefficient can vary from O (no correlation, independent
data points) to £ 1 indicating perfect positive or negative cor-
relation. In this study, the correlation coefficient is calculated
monthly between specific site pairs using hourly mean num-
ber concentration values. This analysis helps to determine what
fraction of the number concentrations at any particular site can
be explained by the concentrations simultaneously measured at
the other sites. One limitation of this method, however, is that
perfect correlation can be observed between two sites where the
concentrations vary by a consistent factor. In other words high
correlations between paired sites would only imply uniform
temporal variation (Lianou et al. 2007). Therefore, calculating
r alone would not necessarily provide sufficient information to
characterize the variability between two sites.

Another useful method to characterize the spatial variabil-
ity between site pairs is the coefficients of divergence (COD)
method. The COD is defined as:

1 (X — X\
CODj; = ;;(xij—i-xik)
where Xx;; is the ith concentration measured at site j for a given
sampling period, j and k are two different sites, and 7 is the
number of observations (Krudysz et al. 2009). By inspection,
the COD for a given site pair will vary from O—where concen-
trations are identical at both sites—to 1—where concentrations
are highly different. The COD therefore specifically addresses
the limitation to the correlation coefficient described above. A
low COD value indicates a high level of homogeneity in con-
centrations between site pairs, and a high COD, the opposite.
CODs larger than 0.2 can be considered heterogeneous (Wilson
et al. 2005). CODs have been used to quantify the variability
in PM, s and PM;o mass concentrations between specific site
pairs in several studies—for example in the Los Angeles re-
gion where CODs varied from 0.07-0.48 (Pinto et al. 2004).
Most maximum values reported in California and at other lo-
cations in the United States and the world were on the order
about 0.2 and less (Pinto et al. 2004; Kim et al. 2005; Wilson
et al. 2006). Overall, these results imply a fair amount of spa-
tial homogeneity between the mass concentrations measured.
However, while PM; 5 mass concentration CODs may be rela-
tively low, recent studies of Los Angeles-area PM; s individual
chemical components yield widely varying CODs indicating ho-
mogenous (Wongphatarakul et al. 1998) to very heterogeneous
spatial distributions (Krudysz et al. 2008), as also observed for
trace elements in St. Louis (Kim et al. 2005). Similarly, con-
current observations of PM mass and number concentrations in
four European cities using paired residential and city center sites
yield homogeneous CODs for the mass measurements (PM; 5
and PM,, 0.02-0.10 COD range), but heterogeneous values for
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particle number concentrations (0.07-0.53 range) (Lianou et al.
2007). In order to evaluate intra-community variability in total
particle number concentrations, both the correlation coefficient
and the COD for each individual site pair will be calculated.
Both values together facilitate the determination of the magni-
tude of the observed variability and help to address how dense
monitoring networks for UFP in urban “source” regions may
need to be.

RESULTS AND DISCUSSION

Given the high temporal and spatial resolution of the data
(e.g., 1 min particle number concentration, wind speed, wind
direction, temperature, relative humidity, and other parameters
collected at up to 13 sites simultaneously for approximately
10 months) it is not possible within the space available to pro-
vide a detailed description and interpretation of all observations.
Therefore we present the following data primarily as hourly av-
erages calculated by month. Consistent differences in observa-
tions between sites therefore stem from persistent differences
in sources and meteorology and may be useful from a regu-
latory perspective. A limited discussion of the typical stable
meteorological conditions at the sites provides an overview of
study conditions. More specific discussion of site meteorolog-
ical conditions is included in the interpretation of the number
concentration data where appropriate.

Meteorology

In general, meteorological conditions during the study ex-
hibited limited diurnal and seasonal variability. Table 2 shows
the mean temperature and relative humidity at 3 selected sites—
LAT1 (the regional site, 32 km inland), LB1 (on the San Pedro
Harbor), and LB8 (5 km inland from the Harbor). Tempera-
ture tends to peak mid-day, declining overnight and into the
early morning, and relative humidity (RH) follows the opposite
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pattern. At LB1, cooler mean temperatures are observed in
March (14.3°C) warming to 20.7°C in August before cooling
again in November (16.9°C). The RH (70-85% range) is rela-
tively stable and high, and variability in both the temperature and
RH is muted due to the presence of the Harbor. Moving inland
to LB8, the same seasonal pattern in temperature is observed,
although itis up to ca. 2°C warmer on average and the RH is cor-
respondingly slightly reduced (65-74% range). At LA1, mean
temperatures are another ca. 1°C warmer than at LB8 and mean
RH is also lower (51-64% range). As the sites move further
inland, the moderating influence of the Harbor is reduced, vari-
ability increases and some urban heat island effect is observed.
The conditions at LB1 and LB8 bound the observations made
at the other sites in the Harbor area.

Wind speed and direction can significantly affect observa-
tions of ultrafine particle number concentrations. A general dis-
cussion of the wind patterns observed at the study sites during
the field measurement campaign is included here. More specific
information will be provided as necessary in the presentation
of the UFP number concentration results that follow. (Selected
wind roses for September 2007 are included in the supplemental
figures for reference (Figures S3—S7).) At the regional site LA,
wind was most often from the SW (28%), WSW (15%), and S
(12%) and typically light (predominantly < 2.0 m s~!). Calms
(16%) were observed overnight with wind speed increasing into
the afternoon. Given this pattern, LA1 was usually downwind
from the I-110, particularly during daylight hours. As the study
progressed from March into the spring and summer, peak wind
speeds increased slightly (mean wind speed in March ca. 1 m
s7! and ca. 1.6 m s™! in July) and fewer calms were observed
overnight. These observations are very consistent with previ-
ous measurements reported for this site (Moore et al. 2007).
Occasionally during the fall, this consistent pattern was dis-
rupted by Santa Ana wind conditions in the Los Angeles basin
(dry persistent offshore winds driven by synoptic high pressure

TABLE 2
Temperature and Relative Humidity—monthly mean for select sites®”
LA1 LB1 LBS8
Month T (°C) RH (%) T (°C) RH (%) T (°C) RH (%)
March 16.7+44 51£25 143+12 786 155+3.0 70 £ 12
April 162 £3.2 61+ 19 143 £0.9 79+4 159+£2.6 70 £ 11
May 177+ 4.0 59+ 19 155+1.0 78 £4 173 £2.7 68 £ 10
June 19.6 £3.5 64 £+ 14 172 £ 1.1 84 +£3 19.0 £ 2.6 74 £ 10
July 22.6+3.3 62+ 14 19.6 £ 1.0 85+3 22.0+2.7 73£10
August 23.5+39 58+ 15 207+ 14 8216 229+3.0 70 £ 11
September 21.7+£4.7 56 £ 16 188+ 1.3 805 21.0£3.1 69 £ 12
October 203 £4.7 50£23 18.1£1.6 73+6 189 +£4.0 65 £ 14
November 16.9+4.0 58 + 26 15.6 £ 1.1 78 £3 159+£238 73 £10

“Based upon hourly mean data.
bMean = standard deviation.
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systems over the southwestern United States). During these pe-
riods (e.g., October 19-26), SE and SSE components in the wind
rose are observed, particularly from 8 pm through noon. In the
afternoon, the SW component is again evident. Measured wind
speeds at LA1 remain light and variable throughout the Santa
Ana conditions.

Similar to the observations at LA1, wind patterns at the study
sites near the Harbor tended to be relatively stable throughout
the study period. Overall wind speeds tended to increase into
the late summer. Calms were observed overnight, with fewer
observed in the spring/summer months. Mean and peak wind
speeds were often higher closer to the Harbor where there were
fewer obstructions to the flow. Mean monthly wind speeds over-
all, however, remained relatively light (not more than a few m
s™1), although this may in part reflect the relatively low installa-
tion height of the anemometer. Some sites (e.g., W1, W2, LB4,
LB5) exhibit a predominantly onshore/offshore (e.g., S/N) flow
pattern with the onshore flow strongest in the morning followed
by the offshore return flow in the afternoon. Many of the far-
ther inland sites in Long Beach exhibit the same general pattern
(e.g., LB2, LB3, LB6, LB7, LB8, LB9) but include the devel-
opment of a strong WNW or NW wind in the early afternoon
that persists into at least the early evening. Santa Ana wind con-
ditions generally produced somewhat lighter winds overall and
a significant overnight N component.

Total Particle Number Concentrations

The hourly average data are first presented for select in-
dividual sites by alternating month to highlight the differ-
ences/similarities between sources and observations at these
sites. Comprehensive hourly data for each cluster showing al-
ternating months follow. Alternating months only are shown to
improve the clarity of the figures. A few examples are presented
where specific impacts on total particle number concentrations
are identified (e.g., weekday vs. weekend concentrations), fol-
lowed by the monthly mean 24 h concentrations and selected
correlation coefficient and COD results calculated across all site
pairs. While not shown in each figure for clarity, the standard
error of the mean for each hour at most of the sites was about
10%. The two exceptions are the harbor background sites (SP1,
LB1) where the standard error was ca. 10-30% primarily due
to lower mean concentrations. Geometric mean concentrations
are not provided, but, where calculated, were typically 80-90%
of the arithmetic mean.

At LAl data considered to be typical of a Los Angeles urban
background site were observed (Figure 2a). In the early spring
and late fall months, a distinct early commute peak from light
duty gasoline vehicles (LDGV) between 5-10 am is evident.
As overnight temperatures and the mixing height increase into
the late spring and summer, this peak almost vanishes (e.g.,
July), but a later peak in the early afternoon (12 noon—4 pm)
slightly increases, despite the mixing height change. We inter-
pret this peak to represent secondary production of particles,
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which is consistent with earlier summertime observations of
changes in physical properties and chemical composition in
the UFP reported for the same site (Moore et al. 2007; Ning
et al. 2007). The evening peak in the data are consistent with
secondary condensation of low vapor pressure compounds into
the particle-phase growing sub-7 nm particles into the range
observable by the CPC and a decreasing mixing height, both
of which have also been observed previously in Los Angeles
(Kuhn et al. 2005; Biswas et al. 2007). At several sites in the
study area, however, the influence of HDDV traffic and the
regular goods movement patterns are starkly evident and very
different from the LA1 observations. At site LB9, only lim-
ited early morning commute peaks and no distinct secondary
afternoon or evening peaks are observed (Figure 2b). Instead,
particle number concentrations start to climb around 5 am, reach
a plateau at 40,000-50,000 cm~? from 10 am—4 pm and then
start a slow decline into the evening. Peak concentrations decline
somewhat in the summer months and the concentration gradient
in the morning is less steep due to higher mixing heights and
warmer overnight temperatures consistent with their impacts on
site LA1 (discussed above). Limited measurements at a nearby
intersection indicate up to 600-700 HDDVs per hour pass by
during the day en route to the adjacent Intermodal Container
Transfer Facility (ICTF) (Houston et al. 2008), and traffic can
become considerably backed up, particularly in the afternoon.
Therefore, this UFP concentration pattern is representative of
HDDVs and goods movement from the Ports. A similar pattern
was also observed at site W2 (Figure 2¢) where concentrations
are somewhat lower and limited data suggest this site experi-
ences comparatively lighter HDDV traffic compared to the ICTF
(Port of Los Angeles 2004; Houston et al. 2008).

Figures 3 and 4 show the hourly mean data for the San
Pedro/Wilmington and West Long Beach clusters. In both clus-
ters, the LA1 data are included for regional context. In March,
site W3—near the Alameda and Anaheim intersection—shows
a similar early morning peak as LA1 (Figure 3a). While the
available traffic data are out-of-date, this would be consistent
with the relatively large fraction of LDGV at this intersection
compared to others (e.g., W2) in the Harbor area (Port of Los
Angeles 2004). Site W2 shows relatively constant concentra-
tions throughout, as it is immediately adjacent to traffic sources.
Concentrations at both sites are not appreciably different from
those observed at LA1. As the sampling campaign progresses
(Figures 3b-3d), sites W2 and SP1 come on-line showing im-
pacts from HDDV traffic (discussed previously) as well as the
lower harbor background concentrations. Total particle num-
ber concentrations at site W3 in the mixed residential/industrial
area remain comparable to or larger than site LA1, downwind
of the I-110, although site W3 is much further away from free-
ways. The morning commute peak returns to site W3 as the fall
progresses. Even site W1—at least a 1000 m from high traf-
fic roadways—shows concentrations comparable to LA1 with
observations roughly double those observed at the harbor back-
ground sites. Given W1’s location across the channel from the
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FIG. 2. Hourly average concentrations shown by alternating month (standard error of the mean shown) for site (a) LA1, (b) LB9, and (c) W2.

Ports, this suggests that Port-related activities are primarily re-
sponsible for the change in concentrations.

In the West Long Beach cluster (Figure 4a—e), total particle
number concentrations at many of the sites are higher than at
LAL, particularly in the afternoon. While this is expected at site
LBS5, immediately adjacent to the I-710, this is also true at LB2
due to the high LDGV and HDDV traffic volume (Houston et al.
2008; Port of Los Angeles 2004) and the other sites with the
exceptions of the harbor background site, LB1, and LB6 where
particle number concentrations are comparable. Of particular
note is the persistent HDDV signal at LB9 during the day, ap-
parent at many of the sites. The prevailing westerly winds that
affect the West Long Beach cluster in the afternoon may well be
responsible. While the morning commute signal remains evident
at LBS5 throughout the study period, it is stronger in the early

spring and fall as observed at LA1. As the fall progresses, con-
centrations at LB1 increase and are no longer distinctly lower
than observed at the other sites as shifting wind patterns cause
LB1 to be consistently downwind of the PoLB.

The two harbor background sites—SP1 and LB 1—generally
yielded the lowest total particle number concentrations of the
study sites as they were mostly upwind of the nearby UFP
sources (Figure 5 includes monthly data not shown in Figures 3—
4). Concentrations were generally comparable between the two,
although in the fall, LB 1 concentrations (as discussed above) be-
came consistently higher than SP1’s. SP1 total particle number
concentrations were occasionally relatively elevated than LB1’s
during summer afternoons where the wind shifted and the site
was downwind of downtown San Pedro (not shown). Overall
concentrations increased in the cooler months but consistent
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FIG. 4. West Long Beach site cluster—hourly average concentrations shown by alternate month (a) March, (b) May, (c) July, (d) September, and (¢) November.

Site LA1 is shown for context.
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FIG. 5. Harbor background site comparison: hourly mean number concentra-

tion data at sites SP1 and LB1 shown for selected alternate months (“August—
SP1” excludes August 5-13, which are included in the “August plume-SP1”).

diurnal patterns were infrequently observed. There was one
distinct event, however, during early August where SP1 was
strongly impacted each afternoon by a ship’s plume. The bulk
carrier Xiamen Sea was docked at Berth 47 while undergoing
engine repairs intermittently through June—August. The ship’s
buoyant plume—even if present and upwind of the sampling
site—was above our sampling site and no evidence for signif-
icant plume impacts from this source were observed prior to
August 5. On August 513, highly elevated UFP concentration
plumes were measured every afternoon, with hourly concentra-
tions occasionally exceeding 140,000 cm™3. Concurrent notes
indicate the plume was from the ship. These observations sug-
gest the potential for near-field impacts from strong sources such
as ship plumes.

Day-of-the-week differences in PM mass concentrations
have been routinely observed where motor vehicle traffic is the
dominant source of PM (Motabelli et al. 2003; Aalto et al. 2005;
among others). We observe similar differences in the number
concentration at the selected study sites representative of the
overall study (Figure 6, Table 3, Figures S8—S9). Saturday con-
centrations follow a similar pattern to the mean weekday con-
centrations, if somewhat lower in overall amount and Sunday’s
are lower yet. There is a larger relative reduction in total parti-
cle number concentration during the weekend at the sites near
the Ports (70% and 60% on Saturday and Sunday, respectively,
Table 3) than there is at LA 1 near downtown Los Angeles (90 to
80%). This again indicates the importance of commercial traffic
in the Port area. As observations in European cities show (Table
3), the amount of change depends very strongly on the measure-
ment location, including the proximity to industry, roads and
traffic. In the last few years, the Ports have begun to implement
aprogram (“Pier Pass”) to shift container movement via truck to
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FIG. 6. Site LB2: Day-of-the-week diurnal concentration profile comparison
calculated using all available monthly mean data.

off-peak hours (evenings and weekends). As more HDDV move-
ment is shifted, these day-of-the-week patterns may well change.

Wind patterns can have a strong effect on total particle num-
ber observations as sources shift upwind of the fixed monitoring
sites. Occasionally during this study, we encountered relatively
extended periods with different meteorology—the warm, dry
off-shore winds known as the Santa Anas (discussed previ-
ously). These occurred over approximately 20 of the 61 days in
October and November 2007, including several large wildfires
on October 20-21. Visibility was poor in the Los Angeles basin
for several days following the start of the fires and elevated CO
concentrations consistent with the impact of a fire plume were
observed October 23-26 in northern Long Beach. We observe
differences in total particle number concentration on these four
fire days as well as on all of the twenty Santa Ana wind condi-
tion days. At site LB1 (Figure 7), for example, Santa Ana wind
conditions—with or without the specific fire days—produce rel-
atively elevated total particle number concentrations in the early
morning (12 midnight—4 am) with a strong peak apparent from
6 am—12 noon. This peak appears to be consistent with traffic
sources, although the sampled air travels over the Port of Long
Beach during these periods. Fire-impacted concentrations are
not noticeably different from the rest of the Santa Ana days
indicating that these events did not strongly affect total parti-
cle number concentrations. As the study area was hundreds of
km downwind from the fires, this is not surprising. While some
sites show similar strong changes in total particle number con-
centrations during the Santa Ana wind conditions (e.g., LAI,
LBS5, LB7, B47), not all sites did (e.g., LB2, LB4) (see Figures
S10-S11). Strong local UFP sources in close proximity to the
monitoring station (e.g., LB9) appear to overwhelm additional
signals, if any, associated with the wind shift.

The 24 h daily mean concentrations are as low as 5,000 cm >
(SP1, LB1) to over 40,000 cm~> (LB2, LB5) (Figure 8). These
concentrations are similar to those observed elsewhere for
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FIG. 7. Site LB1: October and November 2007 (“all”’) hourly mean number

concentration data with fire impacted days and days with Santa Ana wind
conditions separated out (standard error of the mean shown).

primarily urban locations (20,000-80,000 cm> (Buzorius et
al. 1999), 13,000-26,000 cm™> (Tuch et al. 2006), 12,500—
20,300 cm—? (Puustinen et al. 2007), 10,000-45,000 cm—>
(Aalto et al. 2005)). A distinct seasonal pattern, with relatively
higher levels observed in the fall/winter, is also consistent with
prior observations (Singh et al. 2006; Aalto et al. 2005; Harri-
son and Jones 2005; Buzorius et al. 1999). Many of the sites
in Wilmington and West Long Beach have similar concentra-
tions to those observed at LA1 near downtown Los Angeles.
There are substantial differences, however, between sites only
several hundred meters apart due to differences in proximity to
traffic and other strong UFP sources. During 20022003, the
CHS studied different cities within the Los Angeles air basin
(Singh et al. 2006). Data from the CHS Long Beach site (farther
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inland than the Long Beach sites here and influenced by the
[-405) are consistent with those obtained from this study (Fig-
ure 8). Note, however, that the inter-urban variability observed
between cities in the Los Angeles basin appears to be less than
the intra-urban variability observed between sites in this study.
Clearly, this stems from study site locations chosen specifically
because of their proximity to UFP sources. However, this ob-
servation confirms how relevant spatial scales and a detailed
knowledge of likely sources are to understanding variability in
total particle number concentrations between sites. It is also
useful to be able to quantify the degree of variability between
sites.

Figure 9 shows the overall hourly CODs and correlation co-
efficients calculated across all site pairs for all of the study
data. (Additional correlation coefficient and COD data for all
sites pairs at each site are shown in Figures S12—-S25 and Table
S1, supplemental data.) The hourly CODs for the entire study
are shown together (Figure 9a) because the month-to-month
variations were small. The median COD was approximately
0.30-0.35 for the entire study, and the range between the 1st
and 3rd quartiles was mostly on the order of 0.20 units (mean
CODs of approximately 0.05 were calculated from the Decem-
ber 2007 side-by-side testing for context). This suggests that
overall the total particle number concentrations are moderately
heterogeneous for the sites chosen. The correlation coefficients
(Figure 9b) are shown to match the COD data, although some-
what more seasonal variability was observed with the correla-
tion somewhat better during the summer than in the spring or
fall. The median correlation coefficient varied from 0.30 to 0.56
and there is considerable scatter in the data for every hour with
values spanning the entire range. The correlation between site
pairs is modest, particularly considering the close proximity of
these sites to each other. The diurnal patterns in the correlation
coefficient and COD data vary (Figure 9). They do not exactly
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locations, data from Singh et al. 2006).

24 h daily mean number concentrations by month and selected sites including data from the 2002—-2003 Children’s Health Study in California (named



INTRA-COMMUNITY PARTICLE NUMBER CONCENTRATION VARIABILITY

1.0 7
0.8 1
o 063. .-
o ] -
(o= A e s A A A A e A A A .
j@copb, o
0.0 T+ttt
- - N
c 1
2 ]
L 0.5 1
= ]
o ]
o ]
© 0.0 A1
c 1
0 ]
T _05:
T T
o 1(b) correlation coefficient
SR QQQQQQQRALLLL QD
A%0%00h06T6TA Tl 0 0 T A IR0 6% ReRaSon S &
NN DTN 6 A R NN N 0 0T Ry
ININS NS
& AQ
N N
time of day (PST)

FIG. 9. Coefficients of Divergence (CODs, (a)) and the correlation coefficient
(r, (b)) calculated for the entire study based upon all hourly mean number
concentration data and using all site pairs. In both (a) and (b), the 1st quartile,
median, and 3rd quartile are represented by the box. The whisker/cross represent
the 10%/5%, and 90%/95% values.

mirror each other, although overall relatively higher correlation
coefficients tend to be associated with relatively lower CODs.
No fixed numerical relationship, however, between COD and r
values is observed, in general, from site pair-to-site pair. Figure
9 indicates that meaningful variability occurs over the limited
geographical area investigated (the LA1 site pairs are included in
Figure 9, and do not yield appreciably different results when sep-
arated out (Figure S12), although the specific UFP sources/sinks
were different than those in the Harbor area).

A representative sample of the diurnal variation for an indi-
vidual site pair (LB5-LB8) provides COD results that vary from
a median value of approximately 0.2-0.55 during the study in
a consistent diurnal pattern, but the variability observed for any
specific hour was relatively limited (Figure 10a). The consistent
diurnal pattern in COD values for specific site pairs reflect the
influence of particular sources (e.g., HDDV activity at W2) and
their relative persistence throughout the study. The correlation
coefficients for this site pair (Figure 10b) exhibit more scatter
than the COD values and vary from —0.1 to 0.56. The relatively
low/near homogeneous CODs calculated in the later afternoon
for this site pair are associated with relatively high correlation
coefficients. However, correlation coefficients of similar value
(>0.4) are associated with median COD values that are clearly
heterogeneous (approximately 0.4) in the late evening. In gen-
eral, the maximum COD values (up to 0.88) were associated
with site pairs including one of the harbor background locations
(either LB1 or SP1, not shown) where the paired number con-
centration data exhibit the largest difference as has been noted
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by others (Pinto et al. 2004). Minimum COD values (<0.1) im-
plying spatial homogeneity were associated with pairs located
close together or with similar sources (the LB2-L.B3 pair, Fig-
ure 11). The LB2-LB3 site pair yields the lowest overall CODs
and highest correlation coefficients and they are the two sites
in closest proximity to each other (approximately 200 m) and
are impacted to the same degree by nearby UFP sources. The
uniformly higher correlation coefficients and low CODs shown
in Figure 11 were the exception in this data set, however. Only
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FIG. 11. Median Coefficients of Divergence (CODs) and correlation coeffi-
cient (r) calculated for the LB2-LB3 site pair only (March—-May data).
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for this site pair with virtually identical sources could the cor-
relation coefficient or the COD alone express the variability
between sites.

Daily mean number concentration data (Figure 8) averages
over profound differences in hourly concentrations (Figures 2—
8). Diurnal concentration patterns vary widely due to changes
in sources, wind speed and direction, and other factors. These
patterns affect the hourly variability expressed by the COD and
correlation coefficient calculations between specific site pairs,
although averaging over all pairs yields moderate heterogeneity
and modest correlation both near the Ports and at the regional
site 32 km inland subject to different UFP sources, with lim-
ited exception. There is no fixed relationship observed between
site pairs for calculated COD and r values, although both meth-
ods are useful tools in assessing observed differences between
sites. The correlation coefficients may well be modest due to
the multiplicity of factors affecting concentrations even in this
limited area. The pre-dominant UFP source is motor vehicles
and similar (e.g., rail) emission sources. Different motor vehi-
cle types (e.g., HDDV and LDGV) and traffic patterns strongly
influence the observations. Without having detailed knowledge
of all of these factors a priori, it is difficult to estimate either
inter-urban (as in the CHS) or intra-community (as in this study)
variability in total particle number concentrations. Site selection
is critical and a sufficient number of sites located in proximity
to strong sources are required to capture their effect on to-
tal particle number concentrations, observed intra-community
variability, and, ultimately, exposure assessments. These results
suggest that considering distance between sites alone without
also considering the proximity of nearby UFP sources and sinks
as well as wind patterns is inadequate.

CONCLUSIONS

Significant intra-community variability in total particle num-
ber concentrations was observed near the San Pedro Harbor.
Extreme spatial heterogeneity, as characterized by the CODs,
was driven by the inclusion of two harbor background sites with
relatively low ambient concentrations of UFPs. Correlation be-
tween most site pairs was weak. Considerable differences in
concentration were observed between sites in close proximity
to each other due to multiple factors including proximity to
sources, source strength, and traffic patterns. Diurnal patterns
varied between sites, and a pattern associated with high HDDV
fractions/goods movement was observed at several of the sites.
The intra-community variability observed in this study was on
the order of the inter-community variability observed during the
Children’s Health study conducted earlier in Los Angeles.

In view of these observations, the documented concern re-
garding the applicability of centrally located PM, s mass con-
centration measurements in estimating exposure to UFPs ex-
pressed in the Introduction is warranted. Although the cost
of commercially available CPCs has been reduced in recent
years, the routine deployment of dense CPC networks measuring
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particle number concentrations remains prohibitively expensive.
Therefore for the foreseeable future, data such as presented here
will not be regularly available. The potential importance of ex-
posure to UFPs to adverse health effects suggests that it would
be useful to develop models capable of simulating ambient UFP
concentrations for typical meteorological conditions and knowl-
edge of local UFP sources and sinks including aerosol processes.
While this is also a more expensive option than using PM; s mass
concentration data, there is a growing number of data sets—such
as reported here—available for model validation.
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