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Application of a Diffusion Charger for the Measurement of
Particle Surface Concentration in Different Environments

L eonidas Ntziachristos, Andrea Polidori, Harish Phuleria, Michadl D. Gédller,

and Constantinos Sioutas

Department of Civil and Environmental Engineering, University of Southern California, Los Angeles,

California, USA

Particle surface area has recently been considered asa possible
metricinan attempt tocorrelateparticlecharacteristicswith health
effects. In order to provide input to such studies, two Nanoparti-
cle Surface Area Monitors (NSAMs, TSI, Inc.) were deployed in
different urban siteswithin L os Angelesto measurethe concentra-
tion levels and the diurnal profiles of the surface area of ambient
particles. TheNSAM sprincipleof operationisbased on theunipo-
lar diffusion charging of particles. Results show that the particle
surface concentration decreases from ~150 pm? cm~2 next to a
freeway to ~100 pm? cm~—2 at 100 m downwind of the freeway,
and levels decline to 50-70 pm? cm~—2 at urban background sites.
Up to 51% and 30% of thetotal surface area corresponded to par-
ticles <40 nm next tothefreeway and at an urban background site,
respectively. The NSAM signal was well correlated with a recon-
structed surface concentration based on the particle number size
distribution measured with collocated Scanning Mobility Particle
Sizers (SMPSs, TSI, Inc.). In addition, the mean surface diameter
calculated by combination of theNSAM and thetotal particlenum-
ber concentration measured by a Condensation Particle Counter
(CPC, T, Inc.) wasin reasonable agreement with the arithmetic
mean SM PS diameter, especially at the urban site. This study cor-
roborates earlier findings on the application of diffusion chargers
for ambient particlemonitoring by demonstrating that they can be
effectively used to monitor the particle surface concentration, or
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combined with a CPC to derive the mean surface diameter with
high temporal resolution.

1. INTRODUCTION

An increasing body of scientific evidence suggests that the
surface concentration of inhaled particles may be asuitable met-
ric for the association of particulate matter (PM) with observed
health effects. Tran et al. (2005) showed that the level of in-
flammation by different dustsin the lungs of rats could be better
explained when the lung burden was expressed as total particle
surface areainstead of PM mass. Brown et al. (2001) found that
ultrafine particles caused more inflammation, expressed as in-
creased protein and lactate dehydrogenase in bronchoal veolar
lavage, than the same mass of fine particles when instilled into
rat lungs. In addition, inflammation was highly correlated with
thetotal surface of the particlesinstilled. These resultswerefur-
ther supported by the study of Elder et al. (2005) who showed
that particle surface areais an important parameter affecting in-
flammatory and histopathol ogical effects of inhaled particleson
thelung tissue of rats. Oberdorster (2001) suggested that aerosol
surface chemistry appears to play an important role in ultrafine
particletoxicity, more so than any other mechanistic pathway for
interaction of particles with lung cells. More recently, Stoeger
et a. (2006) demonstrated that the PM surface area concentra-
tion was best correlated with lung cell inflammation in mice
when they were exposed to six different vehicle exhaust-like
aerosols. The correlation of health effects with surface areawas
more significant than the correlation with either particle size or
organic carbon content at the same mass dosage. In addition to
the above animal toxicology studies, at least two studies have
associated human health effectswith variablesrel ated to surface
area. In Atlanta, the geometric surface area of particles in the
10-100 nm diameter range has been associated with acute res-
piratory visits to an ambulatory medical facility (Sinclair and
Tolsma 2004). In a study of Austrian school children, the parti-
cle surface concentration measured with a diffusion charger has
been associated with lung function and pulmonary symptoms
(Moshammer and Neuberger 2003). The above studiesindicate
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that the surface concentration of ambient particles in different
environments may be a very useful PM property in our efforts
to associate health effects with exposure.

The quantification of particle surface areafrom ambient sam-
ples depends on the instrument used because the variable chem-
ical character (organic or elemental carbon, crustal materials,
salts, etc.) and morphol ogy (agglomerates, volatiledroplets, etc.)
of particles affect the instrument’s response. Instruments that
have been used so far include the photoelectric aerosol sensor
(PAS), the epiphaniometer, and different models of diffusion
chargers. Inthe PAS (Matter et al. 1999), particlesareirradiated
with ultraviolet light and photoelectrons are emitted from the
particle surface, which then becomes positively charged. The
particle charge is determined by an electrometer after particle
collection on afilter. PAS response largely depends on the sur-
face chemistry and it ismainly used for qualitative characteriza-
tion of aerosol concentrations. In the epiphaniometer (Gaggel er
et al. 1989) radioactive lead atoms attach to particles by diffu-
sion. The particles are then collected on afilter and the “ Fuchs’
surface area (Pandis et al. 1991) is determined by measuring
the w-activity of the attached atoms. The “ Fuchs” surface corre-
spondsto the epi phaniometer signal (neglecting particlelossesin
theinstrument) andisdirectly proportional to the particlesurface
areathat is available for diffusion. Thisis a particularly useful
PM metric because it corresponds to the actual particle surface
areaexposed to the environment and can be used to quantify, for
example, the area available for adsorption of gaseous species or
for interaction with the epithelial tissueinthelungs. In diffusion
chargers, ionsinstead of atoms attach onto the particles. Rogak
and Flagan (1992) showed that the probability for ion attachment
scaled with the projected area of a particle, which, for low frac-
tal dimension aggregates, scales with the total particle surface
area. Therefore, the use of ion instead of neutral molecule diffu-
sion is also acceptable to determine particle surface. However,
the surface areafor ionic diffusion is slightly different than the
Fuchs surface dueto electrical forces (imageforcesfor particles
with Kn>>1 and repulsion forcesfor particlesin the continuum
regime—-Kn< ~0.2) aswell astheion tendency to form clusters
that may change their mean free path, depending on the carrier
gashumidity (Pui et al. 1988). To differentiatethetwo, Siegmann
and Siegmann (2000) used the term “active” to characterize the
surface arearecorded by diffusion chargers. Ntziachristos et al.
(2004) showed that, for practical applicationswith polydisperse
aerosolsin the size range found in the atmosphere (10-300 nm),
thereisasmall difference between the so-called “ active” and the
Fuchs surface metrics. In addition, diffusion chargers have the
advantage of providing much faster response (~s) compared to
the epiphaniometer (~30 min). Therefore, the diffusion charger
signal can be used as a quasi real-time measure of the particle
surface concentration.

Diffusion chargers have been used in the past to characterize
ambient aerosols. Bukowiecki et a . (2002) combined adiffusion
charger, a PAS and a CPC to derive a mean surface-weighted
particle diameter, and they used the information on the particle

surface properties to study aerosol ageing in the atmosphere.
Woo et al. (2001) used a diffusion charger together with a mass
concentration monitor and a CPC to reconstruct ambient parti-
cle sizedistributions based on two moments of particle diameter
and the particle number concentration, respectively. Imhof et al.
(2005) utilized a diffusion charger, a CPC, and a NO analyzer
to monitor the vertical profile of particle surface and number
concentration above amajor motorway. Diffusion chargershave
been al so used to directly characterize vehicle exhaust aerosols.
Ntziachristos et al. (2004) showed that a diffusion charger cal-
ibrated with diesel aerosol can be used to obtain real-time par-
ticle surface recordings of exhaust emissions. Kittelson et al.
(2005) combined two different models of diffusion chargers, a
PAS and a CPC in asimilar manner to Bukowiecki et al. (2002)
to characterize vehicle exhaust instead of ambient concentra-
tions. Finally, Mohr et a. (2005) evaluated 16 instruments of
different operation principles, including two different diffusion
chargers, as candidates for vehicle PM emission certification.
They concluded that, if atype-approval test can be based on any
metric other than just particle mass, the instruments of choice
would be the CPC or the diffusion chargers due to their excel-
lent sensitivity, simplicity (compared to the other instruments),
repeatability and dynamic range. These studies make clear that
diffusion chargers have a strong potential to be used aone as
particle surface monitors or in combination with other instru-
ments to provide information on particle properties, such asthe
mean surface diameter (combined with a CPC) or qualitative
surface chemistry characteristics (in combination with a PAS),
inrea time.

Based on these promising results, we apply two diffusion
chargers of the same model in this study (NSAM, TSI Model
3550) to monitor the particle surface concentration in urban en-
vironmentswheredifferent particlelevelsand characteristicsare
expected. These environmentsinclude: (a) aretirement commu-
nity (where both indoor and outdoor PM was monitored), (b) a
typical downtown urban site, and (c) a freeway with significant
heavy-duty diesel vehicle traffic. All sites were located in the
Los Angeles Basin. The NSAM signal was aso combined with
the CPC number concentration to come up with a mean surface
diameter.

2. METHODS

2.1. Instrumentation

Thetwo diffusion chargersused in thisstudy were of the same
model (NSAM; Model 3550, TSI Inc., Shoreview, MN), devel-
oped by Fissan et al. (2007). Particle number concentrations
were measured with either water-type (W-CPC; Model 3785,
TSI Inc., Shoreview, MN) or butanol-type (CPC; Model 3022-
A, TSI Inc., Shoreview, MN) CPCs. These instruments count
particles down to 5 nm and 6 nm, respectively. The W-CPCs
have been shown to satisfactorily correlate with butanol-type
CPCsat ambient background number concentrations, e.g., up to
40,000 cm~3 (Biswas et al. 2005). Finally, a Scanning Mobility
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Particle Sizer (SMPS, model 3936L, TSI Inc., Shoreview, MN)
was used to measure particle size distributions in the mobility
range 16-638 nm every 120 s, with a sample flowrate of 0.3
| min~* and a sheath flowrate of 3.0 1 min—?.

In the NSAM a corona discharge produces ions, which are
swept by a by-pass flow. A subsonic orifice accelerates the
flow and forms a turbulent jet, which opposes a similar jet of
aerosol particles formed by a second subsonic orifice. Particles
are charged inthe mixing zone of thetwo opposing jets (M edved
et al. 2000). After charging, particlesare collected on afilter and
an electrometer measures the current produced as they release
their charge. An electrostatic precipitator upstream of the filter,
operating at moderatevoltage, trapsionsthat escapethe charging
zone. For amonodisperse aerosol of concentration N (cm~3) the
current produced as particles are collected on the filter is given

by:
| =eQNnngq [1]

In Equation (1), e is the electronic charge (e = 1.6 x 107%°
coulomb), Q = 1.51 min~! is the aerosol sample flowrate, 1 is
the particle penetration through the device and ng is the mean
number of elementary charges per particle.

For a polydisperse aerosol, Equation (1) needs to be inte-
grated over the NSAM size range, substituting the number con-
centration (N) with the number size distribution as a function
of particle diameter. Both 1 and nq depend on particle size and
are determined by instrument calibration (Shin et a. 2007). For
NSAM operating in the so-called “aveolar” mode used in this
study, apower fit to the experimental data above 10 nm leadsto
(where dy, is expressed as mobility-equivalent in nm):

n(dp)ng(dp) = 0.01d;%® [2]

The NSAM response is similar to a previous version of the in-
strument (EAD; Kaufman et al. 2002) and similar tothecharging
efficiency as a function of particle size measured by Jung and
Kittelson (2005), Marjamaki et al. (2000), Ntziachristos et al.
(2004), and Biskos et al. (2005) for particles in the transition
regime (roughly 50-300 nm). Obviously, the exact response de-
pends on a number of factors, including ion concentration, res-
idence time of particles in the charger, particle losses and par-
ticle agglomeration. However the response of al instruments
follows the theory of ionic diffusion in the transition regime
(Fuchs 1963), which associates el ementary charges per particle
and particle diameter with a power law in the form nq o df,
wherel < X < 2.

The upper size limit of NSAM is determined by an inlet
cyclone with dsp, = 1 wm aerodynamic diameter. The lower
limit cannot be explicitly defined, as both » and nq are func-
tionsof particlesize, approaching zero as particle size decreases.
According to the instrument specifications, the lower detection
limit is 10 nm. Assuming that the response in Equation (2) is
accurate down to 10 nm, the limit of detection of the NSAM

electrometer (0.1 fA) corresponds to ~130 cm~2 particles at
10 nm.

The total particle surface concentration is calculated by
means of Equation (3), where k an instrument-specific calibra-
tion constant (Shin et al. 2007).

Sa = ki (3]

Based on Fissan et a. (2007), the surface cal culated by Equation
(3) corresponds to the geometric surface of particles depositing
in the alveolar region of the human respiratory tract (Wilson et
al. 2004).

As Bukowiecki et a. (2002) demonstrated, the diffusion
charger response and the total particle number concentration,
measured for example by a CPC, can be combined to estimate
the mean surface diameter (ds). This can be done by combining
Equations (1) to (3), to obtain:

Su 1/1.285
ds=(=——n 4
S <0.0lkeQN) (4]

Following the definition of each moment average, ds corre-
sponds to the mobility diameter of a monodisperse aerosol with
the same surface and number concentration of the actual aerosol.

The two NSAMs and the two W-CPCs were tested at the
University of Southern California (USC) lab before being de-
ployed in the field and showed high internal precision (R? of
0.99 and 0.98 for surface area and particle number concentra-
tion, respectively). In addition, the absolute levels measured by
the two NSAMs agreed within 1% while CPC levels differed by
8%. No correction was applied to their signals, though, sincethis
differencewaswithinthemanufacturer’serror margins (4 10%).

2.2. Sampling Sites and Periods

Particle surface and number concentration were monitored in
various environments in order to provide information for expo-
sureto PM surfacein different urban locations. Table 1 provides
asummary of the sampling periods and the instruments used in
each location.

Thefirst sitewasaretirement community (RC) located about
5 miles east of downtown Los Angeles, approximately 0.1 mile
south of a major freeway (1-10) and represents a typical resi-
dential location. Two identical sampling stations were installed
here, oneindoors and one outdoors. Theindoor station was situ-
ated in the dining room of the community’s main building where
cooking activities, which regularly occurred between 6:00 and
9:00 in the morning, were shown to be the major indoor sources
of PM3 5 throughout the year (Polidori et a. 2007). The average
air exchange rate was quite low at thislocation (0.31 h—* £+ 0.10
for winter), whichisconsistent withthe structural characteristics
of the sampling site (adining hall inthe middle of the retirement
homes), the low number of open windows and doors, and the
presence of central air conditioners. The outdoor station, set-up
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TABLE 1
Sampling sites, time periods and instrumentation available at
each site

Sampling site  Time period (Year 2006) Instruments

RC Indoor Jan. 5-Jan. 31 Model 3550 NSAM
Model 3785 CPC
RC Outdoor Jan. 5-Jan. 31 Model 3550 NSAM
Model 3785 CPC
usc Mar. 14-Apr. 19 Model 3550 NSAM
Model 3785 CPC
Model 3936L SMPS
1-710 FWY Feb. 21-Apr. 4 Model 3550 NSAM
Model 3022A CPC
Model 3936L SMPS
I-710 BG Feb. 22-Mar. 9 Model 3550 NSAM

RC = Retirement community; USC: University of Southern
California; FWY = Freeway; BG = Background.

inside a mobile trailer, was located within 300 m of the indoor
sampling area. Two NSAM devices and two W-CPC (operating
flowrate = 1 | min~t —dsgy cutpoint at 5 nm) were operated
concurrently indoors and outdoors.

The second sitewaslocated at the campusof the University of
Southern California (USC). This siteis about 100 m downwind
of amajor (mainly gasoline vehicle) freeway and just south of
downtown Los Angeles. Theambient air at thissite representsa
typical urban mix of mobile, industrial, and construction sources
(Sardar et al. 2005). Here, an NSAM, a W-CPC, and an SMPS
operated continuously. All instruments were installed inside a
stationary trailer and ambient samples were drawn from inlets
located on the trailer roof.

Finally, particle number and surface measurementswere con-
ducted at two different locations, influenced by the I1-710 free-
way. This is a 26 m wide, eight-lane highway connecting the
ports complex of Long Beach and San Pedro to the shipping
yards in east Los Angeles. The vehicle density during the sam-
pling period was 10,000-11,000 vehicles h— with a heavy-duty
diesel vehicle fraction of ~18% on average. More information
on the traffic profile during sampling is provided by Ntziachris-
tos et al. (2007). The first location was directly adjacent to the
I-710 with the sampling probeinlet located approximately 10 m
from the freeway shoulder. The sampling station was set-up in-
side atruck that was driven to the site daily, while samples were
typically collected between 11:00 and 19:00. Copper tubeswere
extended approximately one meter above the truck’s roof to col-
lect aerosol samples. An NSAM, an SMPS, and a CPC were
deployed at this site. A similar measurement station was also
set up approximately 100 m downwind of the freeway on a
bike path paralld to the Los Angeles River, to sample a more
atmospherically “aged” aerosol. This site was thus considered
representative of background particle levels that are still influ-
enced by the freeway. Its location/distance with respect to the

freeway was based onthework of Zhu et al. (2002), who showed
that particle levels reached almost urban background levels at a
100-150 m distance downwind of a freeway.

3. RESULTS AND DISCUSSION

3.1. Particle Number and Surface Concentration in
Different Locations

Table 2 presents the mean particle surface and number con-
centrations measured with the NSAM and CPC, respectively,
at the five different sampling sites. The total number of hourly
samples is also reported for each location. Mean values corre-
spond to continuous 24 h sampling for all locations, except the
site in proximity of 1-710, where sampling took place only be-
tween 11:00-19:00. The variance in the mean concentration is
expressed by means of the standard deviation over the entire
sampling period. The highest number and surface levels were
recorded next to the 1-710 freeway, due to the proximity of this
site to vehicle emissions. Surface concentrations remained rela-
tively high at the I-710 background site, which islocated about
100 m downwind of the freeway. On the other hand, surface and
number concentrations at the urban background (USC) and the
RC sites were much lower than at locations directly affected by
emissions from the I-710 freeway.

The ranges of variance presented in Table 2 are better ex-
plained by examining the diurnal profile of surface and particle
number concentrationsin Figures 1 and 2, respectively. Wefirst
focus on the time evolution of surface and number concentra-
tions next to the I-710 freeway. Both surface and number con-
centrations increase as the day progresses from late morning to
the afternoon. In particular, the surface concentration peaks at
16:00 whilethe number rather monotonically increasesinthe af-
ternoon. Ntziachristos et al. (2007) demonstrated that black car-
bon and particle volumein the accumul ation mode (40-638 nm)
also peaked at 16:00. During this time, the mean vehicle speed
in the freeway reachesitslowest value (75 km/h compared to an
average of 83 km/h), as aresult of the afternoon rush hour. As
traffic density decreases later in the evening, the surface (along
with black carbon and volume of particles) decreases. Therefore,
thelocal peak in particle surface concentration can be associated
torelatively heavy traffic conditions. However, the number con-
centration continues to grow through the early evening hours,
as a result of the decrease in ambient temperature (e.g., from
an average of 22.7°C at 13:00 to 13.4°C at 18:00), which pro-
motestheformation of nanoparticlesby condensation of organic
vapors from vehicle exhaust.

In all siteswhere 24 h sampling was conducted, alocal peak
appears between 6:00-8:00, which coincides with the morning
rush hour. The surface concentration then drops during mid-
day and increases again in the evening, forming a second local
peak between 23:00 and 1:00. The particle number concentra-
tion seems to follow a similar pattern for both urban outdoor
(RC and USC) sites. In the absence of any known urban sources
whose activity becomes maximum during the overnight time
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TABLE 2
Mean particle surface (NSAM) and number (CPC) concentrations measured at different sampling sites

NSAM Surface (um? cm=3)  CPC concentration (cm~2)

Sampling site  Daily sampling duration ~ Total hourly samples Mean  Standard deviation Mean  Standard deviation
RC Indoor 24 h 557 452 26.1 12938 4094

RC Outdoor 24h 630 68.9 38.7 18448 6049

usc 24h 356 53.0 275 14676 5808

[-710 BG 24h 124 105.8 48.3 Not measured

[-710 FWY 11:00-19:00 159 153.4 55.2 93015 56607

period, the surface increase is likely due to new particle forma-
tion by nucleation as well as condensational particle growth as
the temperature drops and the atmospheric mixing height de-
creases during that period.

It is also interesting to compare the diurnal profile of sur-
face and number concentrations between the outdoor and the
indoor RC sites. The morning rush hour event seems to affect
the outdoor site. However, at the same time (6:00-9:00 in the
morning), substantial peaks appear both in number and surface
of indoor particle concentrations, which by far exceed the out-
door increase. Those peaks are a strong indication of an indoor

210

180 -E
150 *
120 ~
90 + &
60 -

30 +

S, (pmzcm'i)
=

180 +

150 +

L [ 1 1

LI DL T

0 246 810121416182022
Hour of the day

FIG. 1. Tempord variation of the particle surface concentration measured
with the NSAM at (a) Indoors (IN) and outdoors (OUT) of a retirement com-
munity and, (b) an urban background site (USC) and a proximal (FWY) and a
distant (BG) siteto the I-710 freeway.

source, and most likely arerelated to morning cooking activities
in the kitchen adjacent the indoor sampling site where all meals
of the day were cooked at this time by using gas stoves/ovens.
With the exception of theselocal peaks dueto cooking, the mag-
nitudes and trends of indoor and outdoor particle concentrations
closely track each other, with indoor levels always lower than
outdoor levels, which suggest that the majority of indoor parti-
clesin that site originate from outdoors. Thisis aso confirmed
by the findings of arecent study conducted at the same RC and
during the sametime period (Polidori et al. 2007), which showed
that outdoor sources of PM, 5 and its carbonaceous components
(e.g., organic and elemental carbon) arethe most important con-
tributors to the indoor PM levels.
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FIG. 2. Temporal variation of the particle number concentration at different
sampling sites, measured with the CPC. Acronyms in legend are similar to
Figure 1.
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3.2. Mean Surface Diameter

The diurnal profile of the mean surface diameter (ds), cal-
culated according to Equation (4), is shown in Figure 3 for the
different sampling sites. At the RC sites, the mean diametersin-
doors and outdoors track each other well during the day, except
when cooking activities were taking place (6:00-9:00). During
that time, alarge number of small particlesis produced indoors,
which leads to an increase in the surface concentration. In gen-
eral, dsincreases both indoorsand outdoorsin the evening asthe
temperature drops, which, as argued earlier, is probably due to
condensational growth of the particlesat that time. However, the
mean indoor diameter is always slightly lower than the outdoor
(except between 3:00-5:00), which may be due to some particle
evaporation as the agrosol is transported in the warmer indoor
environment (Kuhn et al. 2005; Lunden et al. 2003; Sarnat et al.
2006). For example, particulate compounds such as ammonium
nitrate and organic species, which may account for 35-60% of
outdoor PM, 5 massin the Los Angeles basin (Kim et a. 2000;
Tolocka et al. 2001), volatilize as they entrain indoors (Lunden
et al. 2003).

The comparison between the freeway and the urban back-
ground site reveal s that the mean surface diameter is somewhat
smaller next to the freeway, but there is generally very good
agreement between the trends of the background and the free-
way concentrations. During late afternoon (after 17:00) ds next
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FIG. 3. Temporal variation of the mean surface diameter obtained by com-
bination of the NSAM and the CPC concentrations. Acronyms in legend are
similar to Figure 1.

to the freeway decreases to below 40 nm, indicating the forma-
tion of asignificant number of fresh nanoparticlesby nucleation.

3.3. NSAM Performance Validation

The comparison of the mean surface diameter calculated by
NSAM and CPC with the arithmetic average (d ) obtained from
the SMPSdistributionsmay beused asavalidation of theNSAM
operation and a measure of consistency between NSAM/CPC
and SMPS. The surface mean diameter is the 1.258-moment
average of mobility diameter and one should expect it to be in
the same range, but larger, than the arithmetic mean. This com-
parison is shown in Figure 4 for the two locations where SMPS
measurementswere available. It should berestated that the USC
site is representative of urban background aerosol while the |-
710isrepresentative of fresh vehicular aerosol, including alarge
fraction of diesel exhaust. It should also be noted that d, corre-
sponds to the 16-638 nm mobility range while ds, although ex-
pressed as mobility equivalent, corresponds to the more vaguely
defined size range of NSAM, i.e., to particles between ~10 nm
in mobility diameter to 1 m in aerodynamic diameter. Despite
the different size ranges and surface definitions, there is a good
correlation (R?> = 0.67) between the two diameter expressions
at USC (Figure 44) for the 356 hourly samples considered. The
grand average of al mean surface and arithmetic diametersis
86 nm and 59 nm, respectively. This is consistent with the ex-
pression of surface as a larger than one moment of mobility

160

e e
| d, = 0.44d + 21 (a) ]

[ R?=0.67 1
120 + -

d (nm)
=)

120 + - ]

L
+ —— .
0 40 80 120 1600
dg (nm)

FIG. 4. Correlation between the arithmetic average (d}) and mean surface
(ds) diameters at (a) the USC and (b) the I-710 FWY sampling sites.
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diameter. Therefore, these results suggest that the mean sur-
face diameter is a good indicator of the average aerosol size at
an urban background location. In addition, this parameter can
be derived in much faster time intervals than the SMPS mean
diameter.

The correlation was not as satisfactory (R? = 0.21) next to
the freeway (Figure 4b), with dj varying in the range ~50-
90 nm and ds reaching sizes as low as 20 nm for the 159 hourly
samples collected in total. Sinceit is physically impossible that
the mean surface diameter be smaller than the mean arithmetic
diameter, this reveals some inconsistency between the NSAM
and SMPS measurements. To further investigate the reasons for
this inconsistency, we compared the absolute levels of surface
concentration measured by NSAM tothetotal equivalent surface
corresponding to the SMPS distributions. The latter can be cal-
culated by using the SMPS number size distribution as an input
to Equation (1) and summing up over all SMPS size binsto cal-
culate the total equivalent current assumed by the distribution,
and then estimate the equivalent surface (Sa smps) by means of
Equation (3). Thecorrelation of Sy and Sa smpsisshowninFig-
ure5 for the two sampling locations. The correlation coefficient
(R?= 0.94) and the slope (0.87) at USC are both indicative of
very good agreement between the two methods, consistent with
the good correlation observed for the mean diameters shown in
Figure 4a. On the other hand, the slope of the linear regression
of Sa smpsVS. Sa is0.42 and the correlation coefficient ismuch
lower (R?= 0.64) next to the 1-710 (Figure 5b) than at USC.
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FIG. 5. Correlation between the equival ent surface concentration correspond-
ing to the SMPS size distribution (Sa sm ps) and the NSAM surface (Sa) for (8)
the USC and (b) the I-710 FWY sampling sites.

The reasons for the discrepancy between NSAM and SMPS
equivalent surfaces, and in particular the difference in the de-
gree of correlation at the two locations, could be explored by
studying the surface distribution as a function of particle size
in each location to determine whether the different levels are
due to the surface of particles outside the SMPS size range
(16-638 nm). Figure 6 compares the surface distribution as a
function of size next to the 1-710 and at USC for two different
hours of the day (13:00 and 18:00). The late afternoon hour was
selected because, as discussed in Figure 2, a large number of
nanoparticles forms next to the I-710 as the temperature drops
in the evening, and this leads to a bi-modal number distribu-
tion with large particle concentration below 40 nm (nucleation
mode) (Ntziachristos et a. 2007). The NSAM particle surface
decreased from 65.5 1m? cm—2 to 41 um? cm~3 between 13:00
t0 18:00 at USC (Figure 1b). Integration of the size distributions
in Figure 6 reveals a similar drop in SMPS equivalent surface,
from 51 pm? cm~3 to 28 um? cm—2. The ~30% higher NSAM
levels could be attributed to the particle surface missed by the
SMPS below 16 nm and above 638 nm.

Next to the I-710 freeway, the NSAM surface concentration
increases from 133 um? cm~2 at 13:00 to 153 um? cm™2 at
18:00 (Figure 1b). However, the SMPS equivalent surface de-
creases from 93 m? cm~3 to 76 um? cm~3. The SMPS equiv-
alent surface at 13:00 is ~30% lower than the NSAM, as in
the case of USC. However, the SMPS surface area at 18:00 is
at least 50% lower than the corresponding NSAM. Figure 6b
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FIG. 6. Hourly average surface size distributions at the USC and I-710 FWY,
corresponding to (a) 13:00 and (b) 18:00.
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shows that there is a significant particle surface concentration
associated with sub-40 nm particlesat 18:00 next to the freeway.
Therefore, the surface of nanoparticles (<16 nm) not sampled
by the SMPS might be responsible for this deviation. In an ef-
fort to reconcile the SMPS-equivalent with the NSAM surface
concentrations, Table 3 shows the SMPS (16-638 nm) and the
CPC (>6 nm) number concentrations in the two locations and
different sampling hours, including the casesdiscussedin Figure
6. It is reasonable to assume that the difference in the CPC and
SMPS number concentrations is due to particles smaller than
16 nm and nanoparticleslost in the DMA by diffusion (Birmili
et a. 1997). Using adifferent SMPS configuration that allowed
particle measurements down to 6 nm in mobility diameter, Zhu
et a. (2004) showed that the peak in the number concentration
next to the I-710 freeway was at about 10 nm in the wintertime.
We thus assumed that the size distribution of particles not cap-
tured by SMPS is centered around 10 nm mobility diameter,
which is also the lower NSAM detection limit considered by
the manufacturer. This diameter value and the difference in the
CPC and SMPS concentrations were used as inputs to Equation
(2) to calculate the NSAM current carried by these particles.
Their equivalent surface is then calculated by means of Equa-
tion (3). According to the NSAM calibration provided by Shin
et a. (2007), the assumption to use an average instrument re-
sponse at 10 nm is a reasonable approximation for sub-16 nm

particles. The exact response depends on the size distribution
below 16 nm, which is not available.

Theresultsof this procedure are shownin Table 3 for both the
PIU and |-710 sites. The table al so distinguishes between parti-
clesin the sizeranges 1640 nm and 40-638 nm, which are both
measured by the SMPS. Finally, the last column gives the ratio
of the SMPS-equivalent and sub-16 nm surface concentration
over the NSAM surface concentration. The mean contribution
of thethree particle classes (<16 nm, 16-40 nm and 40-640 nm)
is 22%, 11%, and 67%, respectively, at the freeway and 10%,
19%, and 71%, respectively, at USC. Theseresultsnot only show
that the surface area concentration next to the freeway is larger
than in an urban background site, but that the relative contribu-
tion of nanoparticles to the total aerosol surface is much higher
aswell.

Thelast column in Table 3 shows that the reconstructed sur-
face concentration, with the inclusion of particles less than 16
nm, can explain 70-90% of the NSAM concentration next to the
freeway and 84% of the concentration at the urban background
site. Obvioudly, alarge fraction of the unexplained surface area
may originate from particles >638 nm. Additionally, the calcu-
lation of the surface concentration in the <16 nm range is con-
founded by the uncertainty in the estimation of the mean particle
size in this range. Assuming a somewhat larger mean particle
diameter for these particles would further reduce the difference

TABLE 3
Comparison of the NSAM and reconstructed hourly average surface concentrations next to the 1-710 freeway and at an urban
background site (USC)
Reconstructed surface
concentration (um? cm~3) Total
reconstructed/NSAM
Hour NSAM (um?cm=3) SMPS(cm=3) CPC(cm=®) <16nm 16-40nm 40-638nm Tota Surface ratio
1-710 FWY
11:00 106 16567 49745 14 12 71 96 0.90
12:00 130 14809 50699 15 10 86 111 0.85
13:00 133 16349 67764 22 10 83 115 0.87
14:00 155 18155 72187 23 12 88 123 0.79
15:00 165 20057 94090 31 12 83 126 0.76
16:00 183 22661 91695 29 16 89 134 0.73
17:00 169 19907 105382 36 14 70 120 0.71
18:00 153 18235 112418 39 14 62 115 0.75
usc

11:00 68 10583 14164 3 9 46 57 0.84
12:00 71 12034 16999 4 11 44 59 0.83
13:00 65 11717 17362 5 11 40 56 0.85
14:00 59 10772 17156 5 11 34 49 0.83
15:00 47 9057 14841 5 9 27 40 0.87
16:00 40 7327 13331 5 7 23 35 0.86
17:00 38 6680 11929 4 6 22 33 0.85
18:00 42 6765 11944 4 6 22 33 0.79
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betweenthereconstructed concentrationandtheNSAM. Finally,
part of the difference could be associated with uncertaintiesin
the NSAM response (Equation [2]). Thisis particularly impor-
tant for soot agglomerate particles next to thefreeway inthe size
range above ~200 nm, which may be charged with even higher
efficiency than what Equation (2) suggests. Nonethel ess, thefact
that the absol ute val ue of the reconstructed/NSAM ratioisclose
to unity and that it varies only within the range of 0.7-0.9 isa
very good indication of the consistency in the measurements of
the NSAM, SMPS, and CPC.

4. SUMMARY AND CONCLUSIONS

Two NSAM units were used to measure the ambient parti-
cle surface concentrations and their diurnal profilesin different
environments. The sampling sites included a freeway heavily
influenced by heavy-duty diesdl traffic, an urban background
monitoring station and aretirement community. At the freeway
location, samples were taken immediately next to the freeway
shoulder and at a station located 100 m downwind. At theretire-
ment community, both outdoor and indoor measurements were
concurrently conducted. The NSAM surface and CPC number
concentrations were combined to derive the mean surface diam-
eter, which was then compared to the mean arithmetic diameter
obtained by SMPS distributions.

Measurements show that the particle surface concentration
decreased as we moved from the proximity of the freeway to
the freeway background, then to the urban background sites
and, finally, indoors. The diurnal profile of the particle surface
concentration shows that in al sites (except next to the 710
freeway whereno datawere avail abl €) the concentrati ons peaked
in the early daytime hours (7:00-8:00), reflecting the effect of
increased traffic activity. For the indoor concentrations, indoor
sources (mainly cooking) aso become a significant contributor
to the particle surface areain these morning hours. Next to the
freeway, data were only available between 11:00 to 18:00 and
showed that the peak surface concentration was observed during
the afternoon rush hour (16:00).

The mean surface diameter at the retirement community
shows a strong diurnal profile both indoors and outdoors. The
largest mean surface diameters appear in the late night—early
morning hours, presumably asaresult of condensational growth
during these relatively low temperature conditions. The mean
surface diameters were significantly lower both outdoorsand in
particular indoorsin the early daytime hours dueto fresh aerosol
produced by a nearby freeway and indoor (cooking) activities,
respectively. Theindoor mean diameter remained lower than the
outdoor throughout nearly the entire 24 h sampling.

The mean surface diameter in the range 10 nm—1 pm mea-
sured by the NSAM-CPC was satisfactorily correlated (R? =
0.67) to the arithmetic average diameter determined by the
SMPS (range 16-638 nm) at the urban background site but was
much less correlated (R> = 0.21) next to the freeway. Com-
parison of the NSAM with the equivalent surface concentration

of SMPS size distributions revealed that the lack of correlation
next to the freeway should be at least in part attributed to the
surface area of sub-16 nm particles, which are not measured by
the SMPS. We estimated that the surface area of these smaller
particles could be as much as 34% of the total surface concen-
tration, which has significant implications to particle exposure
next to the freeway.

This study confirms earlier evidence that diffusion charg-
ers are useful and reliable instruments for measuring ambi-
ent aerosol concentrations in different environments and that
their signal can be combined with the CPC number concen-
tration to provide an estimate of the mean particle diameter in
real time.
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