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Analysis of indoor particle size distributions in an occupied

townhouse using positive matrix factorization

Abstract From late 1999 to early March 2000, measurements of particle number
(particles 0.01-20 pum in aerodynamic diameter) concentrations were made inside
of a townhouse occupied by two non-smoking adults and located in Reston, VA
(approximately 25 miles northwest of Washington, DC). The particle size
measurements were made using an SMPS™ and an APS™ as well as a Climet
optical scattering instrument. In this study, positive matrix factorization (PMF)
was used to study the indoor particle size distributions. The size distributions or
profiles obtained were identified by relating the obtained source contributions to
the source information provided by the occupants. Nine particle sources were
identified, including two sources associated with gas burner use: boiling water
and frying tortillas. Boiling water for tea or coffee was found to be associated
only with the smallest particles, with a number mode close to the detection limit
of the SMPS (i.e., 0.01 um). Frying tortillas produced particles with a number
mode at about 0.09 ym while broiling fish produced particles with a number
mode at about 0.05 um. A citronella candle was often burned during the study
period, and this practice was found to produce a 0.2-um modal number distri-
bution. Other indoor particle sources identified included sweeping/vacuuming
(volume mode at 2 um); use of the electric toaster oven (number mode at

0.03 um); and pouring of kitty litter (volume mode over 10 um). Two outdoor
sources were also resolved: traffic (number mode at about 0.15 ym) and wood
smoke (major number mode at about 0.07 um). The volume distributions
showed presence of coarse particles in most of the resolved indoor sources
probably caused by personal cloud emissions as the residents performed the
various indoor activities.
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This study has shown that continuous measurements of indoor particle number and volume concentrations together
with records of personal activities are useful for indoor source apportionment models. Each of the particle sources
identified in this study produces distinct size distributions that may be useful in studying the mortality and morbidity

effects of airborne particulate matter because they will have different penetrability and deposition patterns.

Introduction

Human activity studies have shown that humans spend
an average of at least 85% of their time inside buildings
(66% in residential buildings) and another 5% inside
vehicles (Klepeis et al., 2001). While present indoors,
personal exposure to airborne particles arises either
from indoor sources or penetration of ambient parti-
cles present in outdoor air. For an occupied residential
building, indoor particle sources such as cooking,
sweeping, resuspension from clothes, etc., are often
prevalent while outdoor particles are often from both
mobile and stationary (natural or anthropogenic)
sources. Each of these particle sources produces
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different size distributions that may be useful in
studying the mortality and morbidity effects of air-
borne particulate matter (PM) because they will have
different penetrability and deposition patterns.

In a residential building, indoor sources such as
cooking tend to elevate ultrafine and fine particle
concentrations, whereas mechanically generated
sources (sweeping, dusting, resuspension from clothes
and carpets) tend to elevate concentrations in the
coarse fraction (Howard-Reed et al., 2003). A study
conducted in residential houses in Brisbane, Australia
found that indoor activities such as frying, grilling,
stove use, toasting, cooking pizza, candle vaporizing
eucalyptus oil and fan heater use, could elevate the



indoor sub-micrometer particle number concentration
levels by more than fivefold, while PM, 5 concentra-
tions could be up to 3, 30, and 90 times higher than the
background levels during smoking, frying, and grilling,
respectively (He et al., 2004). In contrast, fine particles
found in office buildings and other non-residential
buildings were mostly of outdoor origin. When low or
no activity was present in the building, such as when
the house was unoccupied, Kopperud et al. (2004)
observed that up to 60% of the observed PM;
originated indoors.

Outdoor air has also been identified as an important
source of indoor fine particles in homes without
apparent indoor sources (Monn, 2001; Wallace, 1996).
The penetration of outdoor particles into the indoor
environment thus provides an additional mechanism
for indoor exposure to PM in residential buildings.

Following recent reports on the potential health
effects of ultrafine particle numbers vs. fine and coarse
particle mass (Ibald-Mulli et al., 2002; Nygaard et al.,
2004; Peters et al., 1997, Wichmann et al., 2000), it has
become essential to carry out studies aimed at identi-
fying particle size modes of different emission sources.
Such efforts would enable the resolution of sources
with potentially the greatest health impacts, thereby
providing a strong basis for controlling those sources.

In this study, positive matrix factorization (PMF;
Paatero, 1997) is used to apportion the observed
indoor particle size distributions to sources. The size
distributions or profiles resolved through this analysis
are identified through comparison with the source
information provided by the occupants. As number
concentrations tend to be very dynamic in the presence
of indoor sources, such as cooking, PMF enables the
individual down-weighting of some extreme data
points that would otherwise distort the analysis.

The present study thus aims to show that the PMF
model can be employed to elicit indoor source infor-
mation based primarily on particle size distribution
data. Because PMF mainly relies on measurements
made at the receptor site, this approach may be
valuable especially in situations where the indoor
sources are unknown beforehand.

Data and sampling site description

The sampling site was a three-level (basement, first
floor, second floor), four-bedroom residential town-
house located in Reston, VA (latitude 38° 55" 37” N,
longitude 77° 20" 38” W), approximately 25 miles
northwest of Washington, DC (Figure 1). The house
consists of a total estimated mixing volume of ~400 m’
(~135 m® per level) with a total floor area of 155 m?
(~52 m? per level). This study home set-up has been
extensively described by Howard-Reed et al. (2002,
2003), Wallace et al. (2002, 2004a,b), and Wallace and
Howard-Reed (2002). The house was heated using a
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gas furnace, gas hot water heater, and a vented gas
dryer. Central air conditioning was also provided
through an outdoor compressor near the patio. In
general, the home’s heating, ventilation and air
conditioning (HVAC) system uses 100% recirculated
air and its ductwork does not enter the attic, resulting
in minimal duct leakage to the outdoors. Sampling for
the present study was conducted from November 12,
1999 to March 11, 2000.

During the study period, two active non-smoking,
employed adults lived in the townhouse. The two
adults frequently cooked using a gas stove with four
top burners each rated at 2600 W (9000 BTU/h) and
an oven consisting of an upper gas burner (2900 W;
10,000 BTU/h) and a lower gas burner (5200 W;
18,000 BTU/h). An electric toaster was also used for
making toast in the mornings. The two residents kept a
log book of their activities throughout the study
period. Some of the activities reported during this
period were broiling fish, baking potatoes, frying
tortillas, use of the gas clothes dryer, frying eggs,
boiling water for tea or coffee, burning of citronella
candle in basement, pouring kitty litter, among others.
A range hood vented to the outdoors, though present,
was not used during any of the cooking episodes listed
above. In addition, the house’s windows were some-
times opened, allowing for influx of outdoor air into
the building. The wind direction observed during the
period of this study is given in Figure 1 (inset).

The particle data used in this study were obtained
using a scanning mobility particle sizer (SMPS®) and
an aerodynamic particle sizer (APS®) (Models 3077
and 3320, respectively; TSI Inc., St Paul, MN, USA)
from November 12, 1999 to March 11, 2000. The
application of these instruments (used separately or in
tandem) for size characterization of laboratory, resi-
dential, occupational, or ambient aerosol has been
broadly described by many authors (e.g., Chen et al.,
1998; Kamens et al., 1991; Kinney et al., 1991; Long
et al., 2000; Peters et al., 1997; Shen et al., 2002; Smith
et al., 1987; Wallace and Howard-Reed, 2002).

The SMPS and APS were located in the recreation
room (basement) with their intakes about 0.5 m from
an outside wall. The SMPS system consisted of a
differential mobility analyzer (DMA, TSI Model 3071)
and a condensation nuclei counter (CNC, TSI Model
3010) joined together to provide particle counts of
0.01-1 pm particles. Two inlets of 0.432 and 0.508 mm
diameter were interchangeably used, corresponding to
particle size ranges of 0.01-0.45 and 0.018-0.95 um,
respectively. Samples were taken every 5 min at a
sheath air flow to sample air flow ratio of 10:1 for each
inlet (sheath and sample air flow rates were 6 and 0.6
LPM, respectively, for the smaller inlet; and 2 and 0.2
LPM, respectively, for the larger inlet). Because the
SMPS has previously been reported to be significantly
affected by multiple charging of particles at higher
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Fig. 1 Location of the residential townhouse used in this study. Inset shows the overall wind profile observed in Reston, VA, during

the study period (November 12, 1999 to March 11, 2000)

particle sizes (McMurry, 2000), only data from the first
inlet (0.01-0.45 pum), consisting of 107 logarithmically
spaced size bins, were used for the study described here.

The APS uses a time-of-flight particle sizing tech-
nique in which the aerodynamic diameter is directly
calculated from the time of flight between two laser
beams of the accelerated aerosol particles. The aero-
dynamic diameter is the diameter of a spherical particle
of unit density (i.e., p = 1 g/em’) with the same settling
velocity as the particle of interest. Number concentra-
tions for 52 logarithmically spaced size bins are
obtained, with the smallest size bin designated as
<0.523 um and the highest size bin being 20 um. The
lower limit of the ‘<0.523 pum’ bin is uncertain, but is
thought to extend as far as 0.3 um (Wallace and
Howard-Reed, 2002). For this reason, the <0.523 um
size bin was omitted when the APS data were
combined with the SMPS measurements. The APS
was operated on a 1-min averaging time. As this model
of the APS has previously been reported to especially
overestimate the volume/mass of particles >5 um
(Armendariz and Leith, 2000), a comparison was made
between particle volume (proportional to mass) meas-
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urements by the APS and the Climet® optical scatter-
ing instrument located in the basement (Model 500-I;
Climet Instruments Co., Redlands, CA, USA). APS
measurements for the size bins 0.54-1, 1-2.5, 2.5-5, 5-
10, and 10-20 um for which there were corresponding
Climet values, were considered (n = 7081).

In this study, the volume concentrations by these two
methods were in agreement for <10 um particles, but
the correlation coefficient was significantly lower for
particles in the range 10-20 um. Spearman rank
correlation coefficients were 0.76, 0.88, 0.83, 0.73, and
0.51 (P < 0.00001 in all cases) for the size ranges 0.54—
1, 1-2.5, 2.5-5, 5-10, and 10-20 um, respectively.
Although this observation was not expected to greatly
affect the objectives of the present study, the reader
should treat volume concentrations for 10-20 um
particles with caution, because these concentrations
are likely to have been overestimated.

The statistical characteristics of the overall data used
in this study are provided in Table 1 and graphically
represented in Figures 2 and 3. A total of 158 size bins
were used. It can be noted that the overall average
distribution shows most of the particles <0.1 um, with



Table 1 Statistical characteristics of the data used in this study

Particle Arithmetic Standard

size (um) mean deviation Minimum Maximum
Number concentrations (per cm®)

0.01-0.05 5250 10,700 7.95E+01 1.36E+05
0.05-0.1 2020 4970.0 6.13E+01 1.37E+05
0.1-0.5 801.0 1580.0 4.40E+01 3.51E+04
0.5-1.0 1.940 2.4400 8.6 IE-03 5.78E+01
1.0-25 0.315 1.1400 1.46E-03 5.12E+01
2.5-10.0 0.079 0.8530 1.63E-03 4.26E+01
0.01-25 8070 15000 2.05E+02 2.13E+05
10.0-20.0 0.004 0.0177 1.23E-04 6.98E-01

Volume concentrations (pm3/em?)

0.01-0.05 0.0797 0.173 6.93E-05 2.28E+00
0.05-0.1 0.3980 0.986 1.29E-03 2.92E+01
0.1-0.5 2.2100 5.990 8.91E-03 2.18E+02
0.5-1.0 0.3300 0.438 1.48E-03 9.50E+00
1.0-2.5 0.6730 3710 3.58E-03 1.85E+02
2.5-10.0 3.7300 36.40 5.26E-02 1.73E+03
0.01-25 3.6900 8.260 1.92E-01 2.44E+02
10.0-20.0 6.9000 27.50 1.72E-01 1.06E+03

The input data comprises of half-hourly averages from November 12, 1999 to March 11,
2000 (n = 4417).
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Fig. 2 Average number and volume distributions for the input
data. Sample dates from November 12, 1999 to March 11, 2000.
All data were averaged to 30 min resolution

the major number mode at about 0.04 ym (Figure 2).
In addition, particle concentrations generally peaked at
about 7 pM, coinciding with cooking times by the
residents, as well as the tail end of the evening traffic in
Reston. The day-time peaks were generally smaller.

Data analysis

All data obtained by the SMPS and APS were averaged
to 30 min resolution so as to eliminate very wide
changes in concentrations that could severely distort
results of any source apportionment study. As size
distributions from a specific source are expected to
remain reasonably stable over a short time interval,
averaging the number or volume concentrations in this
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way was not expected to considerably affect the
outcome of this study. Moreover, the experimental
time was limited to late fall and winter months
(November 12, 1999 to March 11, 2000) as there
would otherwise be too large changes in temperature
and photon intensity that the underlying profiles of
some sources could change.

In order to provide the inputs needed for this study,
missing number concentrations were replaced by
interpolated values of the determined concentrations
within the same size bin. These values were then down-
weighted by setting their measurement uncertainties as
twice the interpolated concentration values. Further-
more, as no measurement uncertainties were available,
the required measurement uncertainties for the deter-
mined concentration values were estimated from the
empirical equation:

oy = 0.01(Ny + N)) (1)

where ¢;; is the calculated (estimated) measurement
error for size bin j and sample i; N; is the observed
number concentration, and N; is the arithmetic mean
of the reported values for N;. Equation (1) is based on
the method introduced by Ogulei et al. (2006). The
factor 0.01, appearing in Equation (1), was empirically
determined through a trial-and-error approach.

Positive matrix factorization

Positive matrix factorization is a factor analysis tool
that has been comprehensively described by Paatero
(1997). The underlying assumption in factor analysis is
that the measured concentrations are linear sums of
constant profiles from all of the contributing sources
(Hopke, 1985, 1991). This implies that the size distri-
butions must be stationary or quasi-stationary. The
two-way formulation of PMF, or PMF2 (Paatero,
1997) was used in this study. The program PMF2
solves approximately (in the least squares sense) the
component equation:

)4
Nj=) gufij + e (2)
k=1

where N;; is the measured number concentration of the
Jjth size bin in the ith sample, f; is the concentration of
the jth size bin in material emitted by source k,g; is the
contribution of the kth source to the ith sample and e;;
represents the residuals. The task of PMF2 is then to
minimize the residual sum of squares, Q, given by:

szz(f o)

The uncertainties (s;) were computed from the
measurement errors according to the equation:
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Fig. 3 Diurnal variation of particle number (top) and particle
volume (bottom) for the input data

S,‘j = GU‘+C3NU (4)

where oj; is the estimated measurement error (Equa-
tion 1), and Cj3 is a constant. Equation (4) is an error
model equation used by PMF2 to compute heuristic
error estimates based on the data points and their
original error estimates (Chueinta et al., 2000). In this
study, different values for C3 between 0.1 and 0.5 were
tested. A value of C; equal to 0.4 provided the best
calculated value for Q (closest to the theoretical value)
as well as the most physically interpretable model
results. Consequently, C; was chosen as 0.4. The
PMEF2 program was run in the robust mode, allowing
for a decrease in the weights of the outlying data points
during the iteration sequence and leading to a statis-
tically robust factorization (Huber, 1981; Paatero,
1997). In the robust analysis, Equation (3) is trans-
formed into:

n m 2

€jj

0=> > [h—} (5)
i=1 j=1 g2y

where

if |ej/syl < o
otherwise

2 1
iy = { e/ sil/ (6)

with o = 4.0, the program’s default outlier distance.
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PMF2 wuses a non-zero rotational parameter,
FPEAK (Paatero et al., 2002) to impose rotations to
the emerging solutions throughout the iteration
sequence. The appropriate value of FPEAK is that
value that corresponds to the global minimum value of
0. By plotting the various Q-values against the
corresponding FPEAK values (from —0.3 to 0.3), the
minimum @ value was found to correspond to an
FPEAK value of —-0.1.

The results of PMF2 analysis were scaled to the
measured concentrations using a scaling constant, sy,
obtained by regressing the measured total number or
volume concentrations against the estimated source
contributions, g; (Hopke et al., 1980), or in parametric
form,

P
Nj=> g (7)
P

The volume distributions are obtained by assuming
spherical particles, such that:

foy = JijiN (”df/6) -~ fk./‘-,Ndj3 (8)
T Shsun(ndfe) - S Gn)

where fi;v and f;;n are the volume and number
fractions of size bin j in source k, respectively, and d;
the particle diameter.

Results and discussion

Choosing the right number of factors is often a difficult
task in PMF analysis because too few factors may lead
to the combination of sources, and too many factors
may essentially lead to split up of a true source into
two or more non-existing sources. In practice, one
usually examines the frequency distributions of the
scaled residuals (e;;/s;;) as well as changes in the O-value
given by Equation (5). The value of Q must be a
minimum and stable. This method of determining the
‘correct’ number of factors has been described by Lee
et al. (1999) and Yakovleva et al. (1999). After the
appropriate number of factors have been included in
the model fit, additional factors will not result in
significant further improvements in the Q-value.

The derived size distribution profiles were con-
strained by the system’s fundamental natural physical
constraints similar to those provided by Henry (1991),
namely: (1) the original data must be reproduced by the
model; the model must explain the observations, (2) the
predicted source size distributions must be non-negat-
ive; a source cannot have a negative percentage of a
size bin, (3) the predicted source contributions to the
total number concentrations must all be non-negative;
a source cannot emit negative particle numbers, and (4)
the sum of the predicted contributions for each source
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Fig. 4 Sample residual plots for the nine-factor model

must be less than or equal to the total measured
number concentrations; the whole is greater than or
equal to the sum of its parts.

If the error estimates are good approximations to the
true error values, then the theoretical Q-value should
approach the total number of degrees of freedom, or
approximately equal to the number of input data
points minus the number of the solution values
(Polissar et al., 2001). However, in the presence of
missing or outlying data points, it may be difficult to
ascertain the true Q-value. In this study, four to 12
different factors were tested, but only nine factors were
found to obey all of the constraints listed above. An
incorrect number of factors for the model resulted in

negative values for the multiple linear regression
coefficients defined by Equation (7) and/or a physically
meaningless solution. Scaled residual plots of 18
randomly selected size bins for the nine-factor model
are shown in Figure 4. All of the residuals were
randomly distributed between —2 and +2 and were
generally normally distributed around zero. The opti-
mal Q-value obtained with this model was 406,637
(FPEAK = —0.1), which compares reasonably well
with the theoretical value of 656,711 for the nine-
factor model. The observed difference between the
theoretical and calculated Q-values (factor of 1.6) is
reasonable given the empirical nature of the equations
used for estimating the input error values. Polissar
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Fig. 5 Number distributions for nine sources. The profiles were
identified by relating source contributions (Figure 7) with the
known residents’ habits during the study period

et al. (1998, 2001 have reported 1.5-3.5 factor differ-
ences between calculated and theoretical Q-values for
elemental composition data.

Nine sources were successfully identified: gas burner
use (boiling water), deep-frying tortillas and miscella-
neous cooking of dinner, burning of citronella candle,
combined gas burner and gas oven use (broiling
salmon), sweeping/vacuuming, use of electric toaster
oven, traffic, wood smoke, and pouring of kitty litter.
The sources were identified by relating the obtained
source contributions to the source information provi-
ded by the occupants. The number and volume
distributions associated with each of the nine sources
are presented in Figures 5 and 6. Volume contributions
(Figure 6) showed the presence of coarse particles in all
the resolved sources probably due to personal cloud
emissions as the residents performed various indoor

210

0.01 0.1 1 10
0.20 ! ! :
0.16 TFactor 1:; Gas burner use: boiling water

AT, ﬂyl ” H.

0.04 IFactor 2: Deep-frying tortillas & miscellaneous dinner
0.03 :

..nu;uIHII

n||n|;|||”|‘

Factor 5: Sweeping/Vacuuming

Normalized volume fraction

0.00 T
0.08 -
0.06 . Y

0.04 [Factor 6: Electric toaster oven

0.02 I I ‘

0.00 4 il BB
0.04
0.03
0.02 . ' . .
0.01 ‘ : : I
399 - e —
0.16 1 : ‘
0.12 {Factor 8: Wood smoke :
0.08 1 . : :
0.04 : : . “|
0.00 : T muH;””
0.10 _ i
0.08 :
0.06 {Factor 9: Pouring of kitty litter
0.04 4 :

o2 f il

0.01 1

0.1
Particle size, Dy (um)

[Factor 7: Traffic-relatedf

Fig. 6 Volume distributions for the nine sources. The presence
of coarse particles in most of the resolved indoor sources is
probably due to personal cloud emissions as the residents per-
formed the various indoor activities, and/or the APS model used
overestimating the volume of particles > 10 ym

activities, and/or the APS model used overestimating
the volume of particles >10 um. Pearson’s product
moment correlations between the resolved source
contributions and different size ranges are provided
in Table 2.

Factor 1 is associated with only the smallest parti-
cles, with a number mode close to 0.01 um (Figure 5,
and Table 2) and negligible volume. The source con-
tribution series (Figure 7) suggests a frequent activity,
with concentration peaks occurring nearly every morn-
ing. This factor is suggested to represent use of the gas
burner to boil water for tea or coffee. There is more
activity on weekends, suggesting perhaps that the two
residents spent most weekends at home during the
study period. At the time of taking these measure-



Table 2 Pearson's product moment correlation coefficients between the PMF-resolved
source contributions and the various size ranges

Size range (um)
0.01-0.05 005-01 01-05 05-1.0 1.0-25 25-10.0 10.0-20.0

Factor 1 0.81 0.24 0.10 0.07 0.05 0.00 0.02
Factor 2 0.35 0.88 0.88 0.29 0.07 0.01 0.06
Factor 3 0.01 0.08 0.46 0.35 0.32 0.03 0.13
Factor 4  0.72 0.83 0.47 0.22 0.06 0.01 0.04
Factor 5 0.12 0.11 0.22 0.30 0.36 0.15 0.23
Factor 6 0.91 0.37 0.15 0.10 0.05 0.00 0.02
Factor 7 0.15 0.47 0.76 0.35 0.06 -0.01 0.05
Factor 8 0.14 0.26 0.31 0.94 0.16 0.01 0.13
Factor 9 0.00 0.01 0.02 0.1 0.90 1.00 0.94

Correlation coefficients >0.70 are indicated in bold (n = 4417).
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Fig. 7 Source contributions

ments, activities involving making tea, tea and toast,
breakfast, and gas clothes dryer were observed to have
peak concentrations close to 0.01 um. It is thus
possible that this factor may in fact represent a
combination of all of these activities.

Factor 2 has a number mode at around 0.09 um and
a volume mode at 0.15 um. The source contribution
shows peaks at times when dinner was being prepared.
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Fig. 8 Average hourly contributions over the entire study per-
iod

The diurnal pattern shows high concentrations in the
evening, peaking at about 7 pm (Figure 8) with a
relatively low, flat contribution during the day. During
the study period, dinner was usually prepared at this
time. The strongest contribution occurs on Fridays, the
day that tortillas were normally cooked (Figure 9). The
tortillas were deep-fried in peanut oil on a gas burner
followed by baking them at 450°F in the oven for
8 min. As other days also show some contribution to
this factor, it is believed to represent both frying of
tortillas as well as miscellaneous cooking of other
dinners. Previous studies on cooking activities using
gas burners or electric stove-top heating elements in
residential houses have reported most particles result-
ing from cooking to be 0.2-0.5 yum in diameter
(Dennekamp et al., 2001; Wallace et al.,, 2004a).
From their studies in residential houses in Brisbane,
Australia, He et al. (2004) report that particle number
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Fig. 9 Average number concentrations for each day of the week. Error bars are standard errors

size distributions resulting from cooking were always
unimodal with the number median diameter ranging
from 0.022 to 0.94 um. Wallace (2006) reported that
the dinner involving deep-fried and baked tortillas
alone had a number mode of 0.064 yum. The present
findings are thus within the broad range reported by
He et al. (2004).

Factor 3 has been identified as burning of a citronella
candle. A citronella candle was burnt at the balcony
during the times corresponding to the peaks in Figure 7.
The number distribution is heavy-tailed with the major
mode at 0.2 um. This profile supports the observations
at the sampling site (Wallace, 2006).

Factor 4 has a number mode at about 0.05 ym and a
volume mode at about 0.07 um. This factor has its
strongest contribution on Sunday nights, when a
typical meal involved baking a potato for about
50 min and broiling a salmon filet in the oven. As
other days also show some contributions to this factor,
it probably represents a combination of the salmon
dinners together with other dinners. The size distribu-
tion obtained here is in agreement with observations
during sampling, and with the estimate of a mode at
0.046 um for this meal (Wallace, 2006). Table 2 indi-
cates a strong correlation between this factor and
particles in the range 0.01-0.1 um.

Sweeping and vacuuming are usually expected to
involve particles of nearly all sizes. Although Figure 5
suggests a tri-modal number distribution for factor 5,
Figure 6 shows that these particles in fact form a
largely unimodal coarse volume distribution with a
volume mode at about 2 um. The contribution from
this source is very low (Figure 7), suggesting the
relatively limited frequency of this activity. Most
particle emissions from vacuum cleaner motors during
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routine operation are below 0.3 ym in diameter (He
et al., 2004), which is in agreement with the present
findings. The number mode at approximately 1 um
may be resulting from mechanical resuspension during
sweeping or vacuuming.

The electric toaster oven source was identified by
relating the obtained source contribution to the oven
usage information provided by the occupants. The size
distribution shows a number mode at 0.03 um. A peak
at this diameter due to electric toaster ovens has been
previously reported by Wallace (2000) and Wallace
et al. (2004a,b).

Factor 7 has a number mode at about 0.15 ym and
a volume mode at 0.23 um. This factor is suggested
to represent traffic particle emissions that have grown
to accumulation mode sizes and are therefore capable
of penetrating inside a residential building. The
townhouse used in this study is located approxi-
mately 1.5 miles south of the Dulles toll road (a six-
lane highway enclosing the four-lane Dulles airport
access road) (Figure 1). The nature of the wind
pattern observed during the course of this study
(Figure 1, inset) suggests that it is reasonable to
expect considerable contribution from traffic. The
evening peak (Figure 8) falls close to 7 pM, coinciding
with the observed evening traffic in Reston (5:30—
7:00 pm). The timing of this peak also coincides with
the time when the house’s residents were probably
preparing dinner. However, it is possible that the
lateness of the peak is likely to be due to the
‘capacitance’ behavior of the house with respect to
the air exchange rate — the observed air exchange
rate on the order of 0.65 h™' would mean an outdoor
peak occurring at 6 pM would translate into an
indoor peak at about 7 pm.



Table 3 Average source contributions (per cm®) from the nine factors

Standard Percent

Source type Average error contribution
Gas burner use: boiling water 1697.7 62.1 204
Deep-frying tortillas and 1760.5 69.3 212

miscellaneous dinner
Citronella candle 111.5 12.2 13
Combined gas burner/gas oven 1978.0 86.9 238

use: broiling salmon
Sweeping/vacuuming 59 0.3 0.1
Electric toaster oven 2143.9 792 258
Traffic-related emissions 254.4 6.0 31
Wood smoke 375 0.8 0.4
Pouring of kitty litter 8.2 14 0.1
Unapportioned 3176 18.9 38

Factor 8 is mostly associated with particles in the
range 0.5-1 ym (Table 2), but consists of a major
number mode at 0.07 um. This factor shows a late
evening peak at about 9 pm (Figure 8). This time
corresponds to the observed peak for wood smoke
during the study period. The timing of the peak is too
late for traffic or other major indoor sources. Wood
burning in Reston and surrounding area reaches its
peak in the winter months. The coarse fractions
obtained in this factor may suggest that the primary
combustion particles have had sufficient transit time
to grow to bigger sizes. It thus seems reasonable to
suggest that factor 8 is related to wood burning.
Hedberg et al. (2002) report a bimodal distribution
from wood combustion with most particles having
sizes ranging from 0.02 to 0.3 ym. In their wood
combustion experiment, Hueglin et al. (1997) found
that the count mean diameter (CMD) shifted from 0.3
to 0.05 um as burning proceeded, and the distribution
was largely unimodal. Kleeman et al. (1999) have
reported number modes between 0.1 and 1 um from
wood combustion. All these reports support the
present findings.

Pouring of kitty litter (factor 9) is characterized by
large particles occupying most of the volume.
Although factor 9 indicates presence of small parti-
cles as well, Figure 6 shows that the particle mass or
volume is in effect dominated by coarse particles
even if fine particles are superior in terms of
numbers. Furthermore, Table 2 illustrates the strong
dependence of this factor on the super-micrometer
particles.

Average source contributions from each of the nine
resolved sources are provided in Table 3. It can be
observed that cooking activities, including gas burner
use and use of the electric toaster oven were the
dominating sources of fine particles. Sweeping/vacu-
uming and pouring of kitty litter had the lowest
contribution to the measured total particle number
concentration (0.1%). The unapportioned fraction
(3.8% of total particle numbers) represents the fraction

Analysis of size distributions in a townhouse

that could not be resolved by the model. It is possible
that this fraction may represent background levels and/
or other unresolved sources.

Conclusion

A bilinear factor analytic model, PMF2, has been
successfully employed to study particle size distribu-
tions from an occupied townhouse. Nine size distribu-
tion profiles were resolved.

The profiles were identified using information kept
in log books by the two non-smoking adult inhab-
itants as well as through observations made during
sampling. In general, the profiles are in agreement
with both literature and observations at the sampling
site.

The nine profiles include seven indoor sources (gas
burner use: boiling water, deep-frying tortillas and
miscellaneous cooking of dinner, burning of citronella
candle, combined gas burner and gas oven use (broiling
salmon), sweeping/vacuuming, use of electric toaster
oven and pouring of kitty litter), and two outdoor
sources (traffic and wood smoke). Gas burner use was
mainly associated with the smallest particles, with
boiling water for tea or coffee producing particles with
a mode close to the detection limit of the SMPS (i.e.,
0.01 pm). Frying tortillas produced particles with a
number mode at about 0.09 um while broiling fish
produced particles with a number mode at about
0.05 ym. Burning a citronella candle produced parti-
cles with a major number mode at 0.2 yum. Although
sweeping/vacuuming was found to be associated with
small particles as well, the volume distribution showed
a mode at 2 um. Use of the electric toaster oven
produced particles with a number mode at 0.03 um
while pouring of kitty litter was associated with
particles with a volume mode over 10 um.

Outdoor sources were mainly associated with accu-
mulation mode particles probably because those par-
ticles can persist in the air since they are too small for
inertial deposition and too big for diffusive removal
processes and, hence, are capable of penetrating into
buildings and remaining airborne for longer periods of
time. The outdoor sources included traffic and wood
smoke with major number modes at about 0.15 and
0.07 um, respectively.

Finally, the volume distributions showed presence of
coarse particles in most of the resolved indoor sources
probably due to personal cloud emissions as the
residents performed the various indoor activities,
and/or the APS model used overestimating the volume
of particles > 10 um.
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