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Indoor Sources of Ultrafine and Accumulation Mode
Particles: Size Distributions, Size-Resolved Concentrations,
and Source Strengths

Lance Wallace
Reston, Virginia, USA

Ultrafine (<100 nm) and accumulation mode (0.1–1 µm) par-
ticles were monitored in an occupied suburban house at 5-minute
intervals for 37 consecutive months between November 21, 1997
and December 31, 2000. Number concentrations for 126 particle
sizes from 9.8–947 nm were measured in 259,176 scans. Of 282
separate activities, 18 were chosen for detailed analysis. These
included cooking with a gas stove, toasting with electric toast-
ers and toaster ovens, burning candles and incense, and using a
gas-powered clothes dryer. Activities leading to increased parti-
cle concentrations occurred 17.5% of the time, and accounted for
more than half the total concentration of ultrafines and about a
quarter of the total accumulation mode particles. The average du-
ration of elevated particle concentrations ranged from 20 minutes
to 3 hours. Combustion of natural gas (boiling water, gas clothes
dryer) showed number peaks near 10 nm, while the electric toaster
and toaster oven had peaks close to 30 nm. More complex cooking
(burners plus gas oven) produced peaks in the 35–50 nm range.
Burning candles and incense resulted in peaks in the 60-nm range.
Finally, outdoor sources peaked at nearly 70 nm, indicating the
influence of aging in shifting modes to higher diameters. The high-
est mean number concentrations were due to complex cooking,
producing average number concentrations of 35,000–50,000 cm−3,
compared to 12,000 cm−3 outdoors and less than 3500 cm−3 in-
doors when no sources were observed. A strong contribution of the
vented gas-powered clothes dryer was also noted (30,000 cm−3).
Volume concentrations due to these combustion events ranged
from <1 (µm/cm)3 to nearly 100 (µm/cm)3. Source strengths were
calculated for three common cooking types (boiling water, deep-
frying, oven baking, and broiling) and ranged from 5 × 1012 to
4 × 1013 particles per cooking event. The detailed concentration
and size distribution data collected here may be useful for models
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of indoor air particle concentrations due to indoor sources and
infiltration.

INTRODUCTION
Ultrafine particles are produced by combustion and atmo-

spheric processes. A major outdoor source is gasoline and diesel
vehicles (Wiedensohler, Wehmer, and Birmili 2002). Ultrafines,
along with black carbon, decline sharply with distance from
roadways, whereas PM mass does not (Zhu et al. 2002). An-
other outdoor source appears to be atmospheric nucleation reac-
tions between sulfuric acid and water vapor (Jeong et al. 2004;
Kulmala et al. 2004). Indoor sources have been identified as
gas stoves (Abt et al. 2000; He et al. 2004; Dennekamp et al.
2001; Long et al. 2001; Wallace, Emmerich, and Howard-Reed
2004a), electric ovens (Dennekamp et al. 2001; Wallace 2000),
gas clothes dryers (Wallace 2005a), and candles (Morawska et al.
2001; Wallace 2000). Secondary formation of ultrafines in large
quantities indoors has been observed from chemical reactions of
ozone and terpenes, such as limonene and α-pinene, popular air
fresheners (Wechsler and Shields 1999, 2003; Wainman et al.
2000).

Ultrafine deposition in human lungs has been studied ex-
tensively (Brown, Zeman, and Bennett 2002), and has been
shown to result in inflammation, impairment of phagocyto-
sis, and thrombosis (Elder et al. 2000; Nemmar et al. 2002b;
Renwick, Donaldson, and Clouter 2001). The effect of differing
ultrafine composition on toxicity has also been studied (Dick
et al. 2003; Renwick et al. 2004). Ultrafines can be transported
by the blood to other body organs. For example, radiolabelled
ultrafine aerosols were inhaled by humans and later found in
their blood (Nemmar et al. 2002a, 2004). More recently, trans-
port of ultrafines to the brain via the olfactory nerve has been
demonstrated (Oberdörster et al. 2004).

Effects on human health have also been documented. For
example, patients with stable coronary heart disease taking
exercise tests had significant increased risk of developing is-
chemia following elevated ultrafine particle number concentra-
tions two days before (Pekkanen et al. 2002). Personal exposure
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to ultrafines led to significantly worsened heart rate variability
for young adults and elderly adults with impaired lung func-
tion (Chan et al. 2004). Elderly coronary heart disease patients
showed increased cardiorespiratory symptoms with increased
exposure to ultrafines (de Hartog et al. 2003). Respiratory effects
of ultrafines have been noted for asthmatics (Chalupa et al. 2004;
Pentinnen et al. 2001; von Klot et al. 2002) and for persons suf-
fering from chronic respiratory disease (Ibald-Mulli et al. 2002),
the latter reporting on six European panel studies. Daily mor-
tality in Erfurt, Germany was linked to both ultrafine and fine
particles separately (Wichmann et al. 2000). In a five-city study
of 22,000 survivors of a first cardiac event, the risk of readmis-
sion for a second event was significantly increased by increased
exposure to both PM mass and ultrafine number, independently
of each other (von Klot 2005). Persons living close to heavily
trafficked roadways had higher risk of dying from cardiopul-
monary disease (Hoek et al. 2002). In a separate study, exposure
to traffic was significantly associated with onset of myocardial
infarction one hour later (Peters et al. 2004). Although the traffic-
related results of the last two studies could be due to many other
traffic-related pollutants, ultrafines have been shown to be a bet-
ter indicator of traffic than PM mass (Zhu et al. 2002). These
findings have been sufficiently compelling to merit a formal rec-
ommendation from the American Heart Association to carry out
research specifically on the toxicity of ultrafine particles (Brook
et al. 2004).

Ultrafine particles have not been as extensively monitored
as other particles. Also, if they have health effects, it may
be due more to their total number than to their mass, which
is only a small component of total particle mass. Therefore
the number concentration of ultrafine particles, both indoors
and outdoors, is of interest. Since the sizes of the ultrafine
particles may be of crucial importance in determining infil-
tration into blood vessels, not only the total number but also
the size distribution associated with different sources is of
interest.

Data on indoor concentrations and indoor sources of ultra-
fines are largely lacking. However, since ultrafine particles can
be produced by indoor combustion as well as outdoor com-
bustion, and since indoor peak concentrations can be several
times outdoor concentrations, it is possible that indoor sources
could sometimes be important in producing health effects in
susceptible individuals. Therefore additional information on the
concentrations, size distributions, and indoor sources of ultra-
fine particles could be useful. Also, since most people spend
most of their time indoors, their main exposure to particles
of outdoor origin also occurs indoors. Therefore more knowl-
edge of how the infiltration of outdoor particles is influenced
by home characteristics will be useful, particularly to persons
attempting to model indoor air concentrations and personal ex-
posures to particles. For example, EPA’s SHEDS-PM model at-
tempts to relate personal activities such as cooking to the source
strengths associated with those activities (Olson and Burke
2006).

METHODS
This report is based on a multiyear study carried out by the

author as part of an internal EPA grant. The study involved mea-
surements of particles, black carbon, PAH, CO, air exchange,
temperature, humidity, wind speed and direction, and house-
hold characteristics such as fan use and window opening ac-
tivities in a single occupied home between October 1996 and
March of 2001. Continuous monitoring was carried out over
the entire length of the study, with about 79% completeness
for the major particle monitors. During the course of the study,
a number of papers have appeared on different aspects of the
study. An initial paper reported on the design of the study and
provided a few examples of results from some of the moni-
tors employed (Wallace 2000). Indoor-outdoor black carbon as
an indicator of traffic and woodburning was a focus of a sec-
ond paper (LaRosa, Buckley, and Wallace 2002). Two papers,
one involving a second house in California, concentrated on
air exchange rates as a function of window opening width,
fan use, use of duct-mounted air filters, and indoor-outdoor
temperature differences (Howard-Reed, Wallace, and Ott 2002;
Wallace, Howard-Reed, and Emmerich 2002). Two other papers
dealt with deposition of fine and coarse particles (Howard-Reed,
Wallace, and Emmerich 2003) and ultrafine particles (Wallace,
Emmerich, and Howard-Reed 2003). One paper attempted to de-
termine the overall relative contributions of indoor and outdoor
sources to observed indoor particle concentrations (Wallace and
Howard-Reed 2002). Two papers dealt with source strengths
of ultrafine particles from cooking (Wallace, Emmerich, and
Howard-Reed 2004a) and from a gas dryer (Wallace 2005). One
paper (Ogulei, in press) applied Positive Matrix Factorization
(PMF) to source apportionment of indoor particles (including
outdoor sources). One paper (Wallace 2005b) compared con-
current indoor-outdoor measurements of black carbon by two
different methods.

The present paper is the first to deal with the entire 37-month
period of ultrafine particle measurements. Because of the wide
variability of indoor sources, a large number of examples of each
type of source, collected over widely varying conditions such as
different seasons, high and low temperatures, air exchange rates,
and relative humidities, and many other conditions, is desirable
to determine robust statistics. With more than 250,000 mea-
surements of size-distributed ultrafine particles, and more than
21,000 hours of monitoring, quite good estimates of mean con-
centrations and the range of likely variations due to 18 different
indoor sources have been obtained.

The study home has been described previously (Wallace and
Howard-Reed 2002) and will be briefly described here. It is
a three level, four-bedroom, 385-m3 end townhouse in Reston,
Virginia, a suburban area 25 miles northwest of Washington, DC.
The townhouse is located near the intersection of two suburban
roads. A 6-lane highway is located approximately 1.5 miles north
of the house.

Heating is central forced air with a gas furnace and stan-
dard furnace filter, gas hot water heater, and a vented gas dryer.
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Central air conditioning is also available with an outdoor com-
pressor near the patio. The basement is partially finished, with
a carpeted floor in the east portion (the recreation room) and a
cement floor in the utility room containing an electric clothes
washer, a gas-powered clothes dryer, and the gas furnace and
hot water heater. Two adult nonsmokers lived in the house. The
first floor contains a kitchen/dining area, a bathroom, and living
room with fireplace (unused). The second floor contains four
rooms: a master bedroom with bath, a guest bedroom, and two
rooms used as offices. A plan layout of the house with the loca-
tions of the monitoring instruments is included in Wallace and
Howard-Reed (2002).

The stove is a gas stove with four top burners rated at 2600
W (9000 BTU/h) each and an oven with an upper gas burner
(2900 W; 10000 BTU/h) and a lower gas burner (5200 W; 18000
BTU/h). An electric toaster was used for making toast in the
mornings. The frying pan used for frying tortillas and eggs was
well used (more than 30 years old) with a blackened copper
bottom but a clean unmarked metallic frying surface. A range
hood vented to the outdoors was present but not used during any
of the cooking episodes reported here.

The house’s ventilation rate was measured continuously us-
ing the tracer decay method as described in ASTM Standard
E741 with sulfur hexafluoride (SF6) as the tracer gas and a gas
chromatograph with electron capture detector (GC-ECD) detec-
tion system. Every 2 h to 4 h a tracer gas (SF6) was injected into
the return duct. The gas was sampled through polyethylene tubes
sequentially every minute in the mixed return air duct and in 9
rooms of the house including the attic. The GC-ECD was cali-
brated biweekly using an 18-point calibration system to measure
SF6 concentrations between 30 µg/m3 (5 ppb) and 900 µg/m3

(150 ppb) with an accuracy of approximately ±2%.
From July 1999 to March 2001, the central furnace fan was

kept operating about 90% of the time in order to achieve better
mixing for the calculation of the air change rates. From several
traverses across the return air duct, the fan was estimated to move
a complete house volume of air through the furnace filter and
duct system about 6 times per hour. This would cause increased
particle deposition on the furnace filter and in the ducts, leading
to generally cleaner air in the rest of the house. In homes where
the fan is on only when the furnace or air conditioner is actually
running, this extra mode of particle filtration and deposition
would be in use a smaller proportion of the time.

A duct-mounted ESP filter (Carrier Model Air AAACCC-14)
was installed in late 1999 and was used intermittently throughout
the year 2000. Power source failures with the ESP were resolved
in early April of 2000, so this had an effect only during the last 9
months of the year. Measurements of upstream and downstream
particle concentrations using Climet optical scanners measuring
six size fractions from 0.3 to 20 µm (Climet Instruments, Red-
lands, CA) indicated that efficiencies when the filter was clean
ranged from 90% for the smallest particles (0.3–0.5 µm) to 99%
for the larger particles (5–10 and 10–20 µm). After about 3–4
weeks of constant use, efficiencies for the smallest particles de-

clined to about 50%, but efficiencies stayed well above 90% for
the larger particles. Thorough cleaning was capable of restoring
the original efficiencies; such cleaning occurred six times dur-
ing the 9-month period. The actual reduction of whole-house
indoor particle levels was determined over a period of a month
(March 2000) and ranged from 50–75% for different size frac-
tions. Considering these factors of intermittent use and inter-
mittent cleaning with varying efficiency between cleanings, it is
likely that the ESP reduced indoor concentrations by a moderate
amount during the latter part of the year.

A Scanning Mobility Particle Sizer (SMPS; Model 3077, TSI
Inc., St. Paul, MN) was used throughout the 37-month sampling
period. Two impactor inlets of 0.432 mm and 0.508 mm diameter
were used interchangeably in the present study. The first provides
a size range of about 10–450 nm; the second a range of 18–
950 nm. Each range is divided into about 100 size bins evenly
spaced on a logarithmic basis; the overlap leads to 126 bins
between 10 nm and 950 nm. A sampling period of 5 minutes was
selected for this study. Voltage settings for the two internal flow
meters were checked each time the instrument was downloaded
(at least every three days). The settings were required to be
within 0.1% of the recommended value in the manual. A bubble
flowmeter (Gillibrator 2, Sensidyne Inc., Clearwater, FL) was
used to set the sample flow to within 0.3% of the recommended
flow.

The SMPS was placed in the basement recreation room with
its intake about 0.5 m from an outside wall. Outdoor samples
were collected by attaching tubing (0.75 m in length) to the
intake. No tubing was used for indoor sampling.

During the first year (November 21, 1997 throughout 1998),
only the smaller inlet was used; the selected size range was
10.6–400 nm. For the next two years, the two inlets were used
interchangeably, alternating every 4–6 weeks. Six size categories
based on the differing size ranges of the nozzles were selected
for summary purposes: 10–18 nm, 18–50 nm, 50–100 nm, 100–
200 nm, 200–450 nm, and 450–950 nm. The first category could
only be measured by the smaller inlet, and the last only by the
larger one; the four categories in between could be measured by
either inlet. In the final statistics, this leads to some discontinu-
ities at the 18 nm and 450 nm breakpoints due to the different
time periods that each inlet was used.

The two residents were employed and spent the work-
ing hours of most weekdays away from home at their jobs.
Breakfasts and dinners were nearly always at home. Breakfast
normally included boiling water in a teakettle for tea or cof-
fee, and toasting bread, English muffins, or bagels in an electric
toaster or electric toaster oven. Dinners were normally prepared
on the gas stove and usually involved both the gas burners and the
gas oven. On many days, the type of food and cooking method
was recorded.

The times when indoor sources were observed were entered
into the electronic database. Periods of elevated concentrations
after the source ceased operating were ascribed to that source.
For indoor sources, it was normally very easy to detect their
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beginning (to within 5 minutes, the length of the SMPS cycle
time). Sharp increases on the order of minutes were ascribed
to indoor air sources; longer trends on the order of hours or
days (corresponding to meteorological synoptic periods) were
ascribed to outdoor air sources. However, the end of the indoor-
source peak was more difficult to determine, since the back-
ground concentration may have shifted while the source was
on. Fortunately, since these final concentrations are near back-
ground, their influence on the total contribution of the peak is
small.

The time series of particle concentrations for different types
of cooking was studied by identifying each episode and ordering
concentrations by the time since the cooking began.

RESULTS
Over the 37-month sampling period, 259,176 five-minute av-

erages (the equivalent of 900 full days) were obtained, a 79%
completion rate. Elevated concentrations due to indoor sources
were observed about 17.5% of the time (Table 1). For the ultra-
fine particles, average number concentrations with sources active
were>20,000 cm−3 compared to 2,500 cm−3 when sources were
not active (Figure 1). Indoor sources were less effective at ele-
vating particle numbers in the accumulation mode (0.1–1 µm);
number concentrations were increased by a factor of about 3.3.
Over the full 3-year sampling period, identified indoor sources
accounted for 55% of the total ultrafine particles, and 27% of

TABLE 1
Number concentrations (cm−3) for six size ranges

Size (nm) N Mean SD SE Maximum

Indoor Source
10–18 31371 4589 7382 42 115384
18–50 45185 10101 14312 67 277945
50–100 45185 6045 11431 54 198567
100–200 45185 2238 4346 20 78876
200–450 45299 405 1011 5 78576
450–950 14110 63 321 3 19186

Outdoor source
10–18 142474 337 407 1 6969
18–50 213104 1162 1136 2 8799
50–100 213104 1057 898 2 12073
100–200 213104 680 571 1 6124
200–450 213352 180 216 0 8442
450–950 72300 18 36 0 2826

Total
10–18 174092 1109 3557 8.5 115384
18–50 258812 2730 6955 14 277945
50–100 258812 1936 5206 10 198567
100–200 258812 955 1981 3.9 78876
200–450 259174 219 474 0.9 78576
450–950 86611 25 135 0.5 19186

FIG. 1. Indoor number concentrations while indoor sources are active com-
pared to concentrations due to outdoor particle infiltration. Error bars on means
are standard errors.

the accumulation mode particles (Table 2). These estimates may
be slight underestimates, since small increases due to minor in-
door sources would not be identified by the algorithm described
above.

A total of 282 different activities affecting number concentra-
tions were recorded. From these, 18 activities were selected for
further analysis. These included different types of cooking using
a gas stove, electric toaster, and electric toaster oven; other in-
door combustion sources, including a gas-powered clothes dryer

TABLE 2
Indoor and outdoor contributions to particle number

concentrations (cm−3)

Outdoor
contribution

Size (nm) N Total Outdoor Indoor (%)

10–18 174092 1109 337 772 30
18–50 258812 2730 1162 1568 43
50–100 258812 1936 1057 879 55
100–200 258812 955 680 275 71
200–450 259174 219 180 40 82
450–950 86611 25 18 7 70
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TABLE 3
Number and durationa of 18 selected activities, with modal

diameters for both particle number and volume

Modal diameter
(nm)

Activity
Number
of events

Average
duration

(min) Number Volume

Gas clothes dryer 68 179 <10 181
Tea & toast 375 33 <10 51
Tea 36 31 11 46
Breakfast 149 33 11 66
Stir-fry 24 131 36 118
Unknown indoor

sources
451 80 36 131

Dinner 225 83 39 181
Fried eggs 41 51 40 181
Unknown outdoor

sources
174 207 40 429

Gas oven 58 19 45 95
Broiled fish, baked

potato
217 53 46 98

Citronella candle 54 167 46 638
Open windows 52 120 53 241
Tortillas 221 48 64 146
Incense 11 114 64 250
Outdoors 502 31 69 168
Smoky cooking oil 5 128 69 233
No indoor sources 888 1188 69 269

aDuration refers to the sum of the time the combustion or other activ-
ity was occurring and the subsequent time of elevated concentrations.

and a candle; and open windows (considered as a source of out-
door particles). The number of times each activity occurred and
the average combined duration both of the activity itself and the
subsequent elevation of particle concentrations are shown in Ta-
ble 3. Also shown in Table 3 are the modal diameters for both
the number concentration and the volume (mass) concentration.

Four activities had peak concentrations close to and perhaps
below the smallest diameter measured (about 10 nm): tea, tea and
toast, breakfast, and gas clothes dryer. In all four of these cases,
the bulk of the particles were supplied by nearly pure natural gas
burning. For the two that also employed a toaster or toaster oven,
a secondary peak near 30 nm was noted. A peak at this diameter
due to electric toaster ovens was previously noted by Wallace
(2000), Dennekamp et al. (2001), He et al. (2004), and Wallace,
Emmerich, and Howard-Reed (2004). Somewhat more complex
cooking, such as using the gas burners to cook dinner, stir-fry
vegetables, and fry eggs, had modes at to 36–40 nm. Cooking
involving the gas oven (broiling fish, baking potatoes) produced
modes at somewhat higher diameters (45–46 nm). Burning of a
Citronella candle also produced a peak at this diameter. Deep-
frying tortillas followed by baking them in the oven resulted in

TABLE 4
Size-resolved particle number (cm)−3 produced by 18 activities

Diameter (nm)

Activity 10–100 100–200 200–450 450–950 Total

No indoor
sources

2557 683 183 18 3441

Tea 5763 58 5821
Citronella candle 3135 1613 1634 576 6958
Open windows 7585 864 150 3 8601
Tea & toast 9527 1 9528
Incense 6681 2309 722 9713
Unknown

outdoor
sources

9049 1074 222 34 10379

Outdoors 9522 18352 3030 16 11675
Breakfast 19966 117 13 20096
Unknown indoor

sources
21432 1068 100 12 22611

Fried eggs 22507 2199 317 53 25077
Stir-fry 25375 1643 142 14 27174
Gas clothes dryer 27242 700 66 5 28013
Gas oven 29735 1395 68 21 31219
Dinner 30456 2311 321 41 33129
Smoky cooking

oil
33509 8660 1516 132 43817

Tortillas 39700 8387 823 72 48982
Broiled fish 47230 2627 98 17 49972

a mode at 64 nm, as did burning incense. Finally, outdoor parti-
cles, and also those infiltrating indoors (No Indoor Sources) had
modes at 69 nm, the highest modal diameter observed, perhaps
due to coagulation of aged particles. The volume modal diam-
eters were much greater than the number modes, ranging from
46 nm for making tea to 638 nm for burning a candle (Table 3).

The activity durations supplied in Table 3 can be combined
with the average number concentrations (Table 4) and volume
concentrations (Table 5) to calculate the excess exposure due to
each type of activity. The values in Tables 4 and 5 (except those
for the outdoor concentrations) are the differences in concentra-
tions after subtracting the daily average indoor background con-
centrations (“No indoor sources”). Note that the values for the
outdoor concentrations are based on a relatively small number
of measurements made at varying times throughout the 3-year
monitoring period, and do not represent a true average over that
time of outdoor concentrations.

In Table 5, the units for volume ((µm/cm)3) can be multiplied
by the density of the aerosol to arrive at a mass. Since combustion
particles may have a density close to 1 g/cm3, the volume units
translate directly into units of µg/m3. With this assumption,
it can be seen that several of the types of cooking could lead
to increased mass concentrations averaging 10–50 µg/m3 for
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TABLE 5
Size-resolved particle volume (µm/cm)3due to 18 activities

Diameter (nm)

Activity 10–100 100–200 200–450 450–950 Total

Tea 0.08 0.06 0.14
Tea & toast 0.18 0.18
Breakfast 0.46 0.10 1.19 1.74
Gas clothes dryer 0.87 0.89 0.44 0.61 2.81
Open windows 0.59 1.17 1.28 0.52 3.56
Unknown indoor

sources
1.11 1.31 0.88 1.46 4.76

No indoor sources 0.26 1.01 1.99 1.81 5.07
Stir-fry 1.51 1.82 1.20 2.08 6.62
Gas oven 2.15 1.42 1.02 2.72 7.31
Outdoors 0.88 2.53 2.72 1.80 7.62
Unknown outdoor

source
0.64 1.49 2.52 3.68 8.32

Broiled fish 3.54 2.77 0.88 2.43 9.61
Incense 0.69 3.67 6.74 11.10
Dinner 1.94 2.97 3.34 4.68 12.93
Fried eggs 1.55 2.89 3.43 6.31 14.18
Tortillas 5.01 10.54 7.26 8.53 31.35
Smoky cooking

oil
4.71 11.52 16.95 15.39 48.57

Citronella candle 0.25 2.99 24.29 70.96 98.50

the duration of the cooking activity followed by the period of
elevated concentrations.

The number concentration size distributions of 16 activities
are shown in Figures 2–7. In each figure, the observed size dis-
tribution for infiltrated outdoor particles (“No Indoor Source”)
is provided as a reference.

No indoor sources were apparent for 82.5% of the 3-year
period. At these times, indoor concentrations are presumably
almost entirely due to infiltration of outdoor particles, assuming
no low-level continuous indoor particle sources (such as pilot
lights) are active. No appliances in this home employed pilot
lights. This subset of outdoor-influenced data was investigated
for year-to-year variation, seasonal (monthly) variation, day-of-
the-week dependence, and diurnal variation.

Year-to-year variation showed no particular trend for any of
the six size classes (Table 6). 1999 was usually but not always
the year with the highest mean number concentrations, ranging
from about 10–30% higher than the lowest year (1998).

Seasonal variation was not marked nor was it consistent
across size categories. Ultrafine particles had 13–35% higher
concentrations in winter and in spring compared to summer and
fall, but the accumulation mode showed the opposite behavior
(Table 7).

The smallest particles (10–18 nm) were significantly higher
on weekdays than on weekends, perhaps due to increased traffic

FIG. 2. Size distributions of outdoor particles measured outdoors and indoors.
“No indoor sources” refers to indoor measurements showing no influence of in-
door sources. “Open windows” refers to indoor measurements made with win-
dows open. “Unknown outdoor source” refers to indoor measurements showing
slow increases typical of slow outdoor changes in concentration, with no appar-
ent indoor source. “Outdoors” refers to measurements made outdoors. Discon-
tinuities at 18 nm and 440 nm in this and following figures are due to different
ranges associated with the two nozzle assemblies.

on weekdays (Table 8). Sundays were also significantly lower
than Saturdays. The larger ultrafine particles showed little if any
dependence on day of the week.

Diurnal variation of the infiltrated outdoor particles was most
marked for the smallest particles (10–18 nm), which declined
during the night and then increased by a factor of 5 between
5 and 8 AM (Figure 8). They then stayed nearly constant for
the remainder of the daylight hours. The larger ultrafines also
showed strong declines during the night and increases during
the day. However, particles >200 nm in diameter showed little
diurnal variation.

The diurnal variation of the total indoor particles is compared
to the infiltrated outdoor particles in Figure 9. The concentrations
when indoor sources were active ranged from 6–10 times the
concentrations at times with no indoor sources, with the greatest
difference occurring at the dinner hours.
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FIG. 3. Size distributions of particles created by the gas burner only (boiling
water for tea) and the gas burner and electric toaster or toaster oven.

The time series of particle concentrations was studied for
a few of the 18 sources. For example, a total of 245 break-
fasts of tea and toast were recorded. These consisted of boil-
ing water on a gas burner for about 5–10 minutes and toasting
bread in a toaster oven for a few minutes. Since the main ef-
fect was shown by ultrafine particles, only the three size cat-
egories <100 nm were considered (Figure 10). The smallest
category (10–18 nm) reached a peak 10 minutes after the start,
the next smallest (18–50 nm) 15 minutes after the start, and
the next category (50–100 nm) 20 minutes after the start. This
could be due to coagulation of the smaller particles as they
age.

There were 64 dinners consisting of a potato baked in a 500◦F
oven for 45 minutes followed by broiling fish in the oven for
about 8 minutes. The smallest particles (10–18 nm) reached a
peak an average of 15 minutes after cooking began, with the
largest particles (50–100 nm) reaching a peak 75 minutes after
cooking began (Figure 11). On average, elevated concentrations
were observed for 120 minutes after cooking began, with 20 of
the episodes lasting 160 minutes or longer.

Another common dinner included deep-frying tortillas (74
instances). In this recipe, tortillas are deep-fried in peanut oil

FIG. 4. Size distribution of particles created by frying using cooking oils.

FIG. 5. Size distributions of particles created by using the gas oven.
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FIG. 6. Size distributions of particles created by burning incense or a Cit-
ronella candle.

on one gas burner while beans are steamed in a double boiler
on another gas burner. The tortillas, beans, and Monterey Jack
cheese are then baked in the oven at 450◦F for about 8 minutes.
The smallest size category reached its peak 10 minutes after
cooking started, but the next three categories (from 18–200 nm)
reached their peaks about 25 minutes after the start (Figure 12).

A rough estimate of the size-resolved source strengths of
these three common meals may be made by assuming that the
peak number and volume concentrations measured by the base-
ment SMPS represent a whole-house average of all the particles
released in the cooking event. Since there is a time lag between
the creation of the particles and their dispersion throughout the

TABLE 6
Variation of infiltrated outdoor particle number concentration (cm−3) by size category and by year

Year
10–18

nm SE
18–50

nm SE
50–100

nm SE
100–200

nm SE
200–450

nm SE
450–950

nm SE
N (10–18

nm)
N (18–450

nm)
N (450–950

nm)

1998 239 1 1019 4 1069 4 616 2 129 0 50027 50069 0
1999 393 2 1338 4 1249 4 834 2 236 1 21 0 43058 78291 36089
2000 407 2 1101 4 882 3 573 2 165 1 15 0 41376 77254 35459

FIG. 7. Size distribution of particles created by a gas clothes dryer.

house, and since many of them are forced to go through the
ductwork where they have an increased probability of depo-
sition, while others have the possibility of exfiltrating, the re-
sulting source strengths will be slight underestimates. Table 9
provides the size-resolved average peak number and volume
concentrations for each of the three meal types. Using the
house volume of 385 cubic meters, the number of parti-
cles released per cooking event can be calculated for each
of the size categories selected. The total numbers range be-
tween 5 × 1012 for the simple tea and toast meal (gas
burners plus electric toaster oven) to nearly 4 × 1013 for
the more complicated deep-frying and baking of tortillas.
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TABLE 7
Variation of infiltrated outdoor particle number concentration (cm−3) by size category and by month

Month
10–18

nm SE
18–50

nm SE
50–100

nm SE
100–200

nm SE
200–450

nm SE
450–950

nm SE
N (10–18

nm)
N (18–450

nm)
N (450–
950 nm)

January 413 3 1415 8 1200 7 645 3 119 1 11 1 19037 20016 2356
February 380 3 1371 8 1226 6 733 4 162 1 18 0 15495 19480 3983
March 329 3 1196 8 964 5 512 3 112 1 8 0 15251 19939 4544
April 309 4 1310 9 1147 6 648 3 170 1 11 0 8427 20157 11841
May 315 3 1290 9 1316 7 808 4 226 2 20 0 11297 19589 8283
June 249 4 892 9 937 7 724 5 221 2 28 1 10490 14625 4166
July 341 4 948 9 990 8 724 5 155 1 17 1 12789 13293 562
August 313 4 1077 9 1010 7 795 5 310 3 38 1 9745 17989 8231
September 238 4 924 8 961 7 789 6 280 3 30 1 9815 16754 6789
October 328 7 926 8 748 6 521 4 169 2 9 0 5021 14321 9173
November 383 4 1040 8 857 6 532 4 118 1 14 0 11772 15101 3174
December 347 3 1265 7 1115 6 704 4 133 1 7 0 13335 21840 8446
Winter-Spring

(Dec–May)
349 8 1308 20 1161 16 675 9 154 3 13 1

Summer-Fall
(June–
November)

309 12 968 29 917 23 681 15 209 6 23 2

Ratio (Winter–
Spring/Summer–
Fall)

1.13 1.35 1.27 0.99 0.74 0.56

Differences between different types of cooking in the size distri-
bution are clear in this table, since more than 80% of the particles
released by the tea and toast breakfast are less than 50 nm in di-
ameter, whereas almost 80% of the particles released by the
tortilla dinner are between 18 and 100 nm in diameter. The time
since the start of cooking at which the peak number and vol-
ume concentrations occurred varied considerably depending on
the cooking type. For the simple tea and toast breakfast, the peak
concentrations occurred 10 minutes after the start of cooking.
For the deep-fried tortilla dinners, the peak occurred 25 minutes
after the start. For the broiled fish dinner, which began with a
45-minute period of baking a potato, the peak number concen-
tration occurred about 15 minutes after the start, but the peak

TABLE 8
Variation of infiltrated outdoor particle number concentration (cm−3) by size category and by day of week

Weekdays
10–18

nm SE
18–50

nm SE
50–100

nm SE
100–200

nm SE
200–450

nm SE
450–950

nm SE
N (10–18

nm)
N (18–450

nm)
N (450–
950 nm)

Sunday 278 3 1148 7 1083 6 708 4 195 1 20 0.5 18984 28081 9215
Monday 374 3 1180 6 998 5 633 3 172 1 17 0.3 20419 30932 10653
Tuesday 343 3 1187 7 1043 5 624 3 170 1 19 0.4 19922 31041 11033
Wednesday 361 3 1151 6 1008 5 652 3 172 1 16 0.3 20681 31241 10395
Thursday 348 3 1153 6 1059 5 710 3 185 1 18 0.4 21628 32254 10803
Friday 336 3 1102 6 1082 5 694 3 174 1 15 0.2 20342 30297 10213
Saturday 318 3 1215 7 1131 5 743 4 193 1 20 0.3 20498 29258 9236

mass concentration occurred 60 minutes after the start. Finally,
assuming spherical particles with a density of 1 g/cm3, the total
mass aerosolized per cooking event is calculated. The mass re-
leased varies from about 1 mg for the tea and toast breakfast to
about 20 mg for the tortilla dinner.

DISCUSSION
Short-term studies including residential indoor ultrafine par-

ticle measurements have been carried out by several investi-
gators. Abt et al. (2000) studied 3 homes for 6–12 days each,
with 17 selected cooking events providing mean peak volume
concentrations of particles between 20 and 500 nm ranging
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FIG. 8. Diurnal variation, no indoor sources. The increase observed at din-
nertime (6–8 PM) may be partly due to difficulty in detecting minor peaks due
to cooking.

between 29 and 57 (µm/cm)3. Long et al. (2001) studied 9 homes
for 6-12 days each, finding mean peak volume concentrations
for ultrafine particles (20–100 nm) of 2.2 to 18.2 (µm/cm)3.
Dennekamp et al. (2001) carried out 11 cooking experiments in
a laboratory finding peak ultrafine (10–100 nm) particle number
concentrations ranging from 11,000 to 590,000 particles/cm3,
about 5 times our observed range for three cooking types of
13,000 to 100,000 particles/cm3. Since the volume reported for
the laboratory was 70 m3, about 5 times less than our volume, the
results match well. He et al. (2004) studied 15 homes for 48 h at a
time while carrying out cooking experiments under high and low
ventilation conditions, finding a range of peak submicrometer
number concentrations for cooking events between 16,000 and
180,000 particles/cm3, slightly larger than our observed range.
He et al. (2004) did not provide the volumes of their homes, but
it may be that the homes (all in Brisbane, Australia) were smaller
than the three-story townhouse in this study, which would lead
to the slightly higher peak concentrations observed. He et al.
(2004) also developed estimates of the emission rate ranging
between 0.2–4 × 1012 particles/min. The number of minutes
per cooking event was not provided, but assuming active cook-
ing lasting from 10–20 minutes on average, these values are
very comparable to our calculated emission rates of 5 × 1012

FIG. 9. Diurnal variation, total particles (<950 nm). When indoor sources are
active, the mean particle concentration indoors is 6–10 times that due to infiltra-
tion of outdoor particles, with the main contribution coming during dinnertime
cooking.

up to 4 × 1013 particles per cooking event. Finally, in an earlier
publication from the present study, 24 cooking events with high
concentrations and well-shaped decay curves, including concur-
rent air exchange rate measurements, were analyzed more pre-
cisely, taking into account losses due to deposition during the
lag time required to reach the peak, for their source strengths
(Wallace, Emmerich, and Howard-Reed 2003). A value of 3 ×
1012 ultrafine particles (10–100 nm) per minute was obtained,
in good agreement with the upper-range results of He et al.
(2004).

In the present study, sufficient time (>3 years of continuous
monitoring) was allotted to provide adequate number statistics
for a variety of sources. However, this is also the most obvious
limitation of the study: it deals with only a single home. A sec-
ond limitation was the necessity of leaving the central HVAC
fan on most of the time to ensure adequate mixing of the tracer
gas—this is probably not the case for many homes with central
heating and air conditioning. One result is a more even distribu-
tion of particle concentrations in this home than in those with
only intermittent use of the central fan. Also, for this home,
the movement of air through the duct system reduced particle
concentrations in the house by about 20% due to deposition
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FIG. 10. Ultrafine particle concentration time course due to boiling water for
tea and toasting bread (N = 245 events). Error bars are standard errors.

in the duct (Wallace, Emmerich, and Howard-Reed 2004b). In
addition, kitchen concentrations in this home would be lowered,
and concentrations in the remainder of the home increased, due
to the mixing produced by the constantly running central fan. A
third limitation is lack of use of the stove exhaust fan, resulting
in probable higher concentrations than would otherwise have
occurred. A countervailing effect was the intermittent use of a
duct-mounted electrostatic precipitator, which reduced whole-
house concentrations by an estimated 50% when the ESP was
running at high efficiency.

Since all concentrations were measured on a different floor
from the kitchen, they represent whole-house averages rather
than the concentrations experienced by the cook. The personal
exposures of the cook may be several times the whole-house
concentrations, as has been shown for larger particles measured
by an optical scattering device (Wallace 2000).

In this house with two working non-smoking adults, the ma-
jor indoor source of particles was cooking. Indoor sources ac-
counted for the majority of ultrafine particles (<0.1µm) whereas
outdoor sources contributed the majority of the accumulation
mode particles (0.1–1 µm). When the indoor sources were active
(17.5% of the time) the total number concentrations produced
were 6–10 times the number due to outdoor infiltration.

FIG. 11. Particle concentrations during and after baking a potato in a gas oven
for 45 minutes and broiling fish in the oven for 8 minutes. (N = 66 events).

The particle size distributions produced by gas stove burners,
and also by the gas clothes dryer, peaked very close to the lower
limit of the SMPS at about 10 nm. This suggests that the total
number of particles due to these sources is considerably greater
than the amount observed in this study. More recent differential
mobility analyzers can measure smaller (3 nm) particles and
could be used to measure the total number produced by these
two sources more accurately. The size distributions from more
complex forms of cooking and from candles and incense burning
have peaks at higher diameters (about 35–70 nm) and thus the
total number of particles observed for these sources is more
likely to be an accurate reflection of the true total.

This study and others suggest that indoor sources can pro-
duce ultrafine particle concentrations that are much higher
than outdoor peak concentrations, and that indoor sources of-
ten provide a substantial fraction of total exposure to ultra-
fines. A common indoor source is the gas stove, although
electrical appliances also appear to produce some ultrafines.
The question arises as to whether ultrafines from combus-
tion of natural gas may be of different toxicity than ul-
trafines from common outdoor sources such as vehicles.
One recent study found that most of the mutagenicity of
Los Angeles air could be traced to gas appliance emissions
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TABLE 9
Size-resolved peak number and volume concentrations and estimated source strengths for common cooking events

Tea & toast (N = 243) Tortillas (N = 74) Broiled fish (N = 64)

Concentrations Source strengths Concentrations Source strengths Concentrations Source strengths

Size Number Volume Mass Number Volume Mass Number Volume Mass
(nm) (cm −3) (µm/cm)3 Number (mg) (cm−3) (µm/cm)3 Number (mg) (cm−3) (µm/cm)3 Number (mg)

10–18 5360 0.01 2.06E+12 0.00 5259 0.01 2.02E+12 0.0 8347 0.01 3.21E+12 0.00
SE 382 0.00 1.47E+11 0.00 990 0.00 3.81E+11 0.0 1234 0.00 4.75E+11 0.00
18–50 5350 0.08 2.06E+12 0.03 38811 0.55 1.49E+13 0.2 40478 0.57 1.56E+13 0.22
SE 273 0.00 1.05E+11 0.00 3474 0.05 1.34E+12 0.0 4398 0.06 1.69E+12 0.02
50–100 1508 0.28 5.81E+11 0.11 41148 7.61 1.58E+13 2.9 20610 3.81 7.93E+12 1.47
SE 101 0.02 3.88E+10 0.01 3311 0.61 1.27E+12 0.2 3423 0.63 1.32E+12 0.24
100–200 616 0.91 2.37E+11 0.35 15291 22.63 5.89E+12 8.7 3643 5.39 1.40E+12 2.08
SE 27 0.04 1.05E+10 0.02 1449 2.14 5.58E+11 0.8 1005 1.49 3.87E+11 0.57
200–450 117 1.66 4.51E+10 0.64 1500 21.20 5.77E+11 8.2 225 3.18 8.66E+10 1.22
SE 6 0.08 2.17E+09 0.03 158 2.23 6.07E+10 0.9 34 0.48 1.32E+10 0.19
Total 12978 2.97 5.00E+12 1.14 102008 52.00 3.93E+13 20.0 73303 12.97 2.82E+13 4.99
SE 906 1.80 3.49E+11 0.69 9382 5.04 3.61E+12 1.9 10094 3 3.89E+12 1.03

FIG. 12. Particle concentrations during and after deep-frying tortillas in
peanut oil and then baking them with cheese and beans in an oven for 8 minutes.
(N = 74 events).

rather than automobiles and diesel vehicles (Hannigan, Busby,
and Cass 2005). Therefore there is some evidence suggesting
that ultrafine particles from indoor sources may have important
health effects. Further research into their toxicological properties
and extent of human exposure seems warranted.
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