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Indoor and Outdoor Aerosol Particle Size Characterization in Helsinki
Tareq Hussein
University of Helsinki, 2005

Abstract

This thesis presented analysis and results from long-term and short-term aerosol particle
measurements of indoor-outdoor total particle number and size distributions in Helsinki. This thesis
focused on the temporal-spatial variations of aerosol particle number size distributions, the factors
(including local wind, ambient temperature, and traffic density) influencing the particle number size
distributions, the modal structure of aerosol particles, the indoor-to-outdoor relationship of aerosol
particles, and the emission rates and fate of aerosol particles in the indoor air. Two mathematical
models were developed: a multi log-normal distribution model and an indoor aerosol particle
transport model.

The highest levels of ultrafine particle number concentrations were observed nearby urban centers or
close to a major road. The total particle number concentrations showed a slightly decreasing trend
that was related to the improved engine technology used in new cars. On average, the UFP number
concentrations contributed 70-95% in the urban and suburban atmosphere of Helsinki. In general,
the particle number size distributions in the urban and suburban atmosphere of Helsinki were
characterized by two, three, or more than three log-normal modes depending on different ambient
conditions, traffic influence, and mixing between background and local emission of aerosol particles.
The modal structure of the particle number size distribution that is directly influenced by traffic
emissions is characterized by small geometric mean diameters.

In general, indoor aerosol particles originate from outdoors and their number concentrations were
found to follow similar temporal variations as those encountered outdoors. However, the number
concentrations of indoor aerosol particles can not be solely estimated from the outdoor aerosol
particle number concentrations during intensive indoor activities. In contrary to natural ventilation,
mechanical ventilation systems provide well-controlled relationship between indoor and outdoor
particle number concentrations. The variation of the quartile values of the indoor-to-outdoor particle
number concentration ratio (1/0) can be used as a measure of the stability of the relationship between
indoor and outdoor particle number concentrations. The time-lag between the temporal variations of
indoor and outdoor particle number concentrations can be neglected in the 1/0 analysis when the
ventilation rate is relatively high (> 2 h™"). Based on long-term data analysis, the 1/O values vary
from season to another. In general, the modal structure of indoor particle number size distributions in
the indoor air had larger geometric mean diameters than those outdoors, mainly because of the
filtration and penetration processes that reduce the number concentrations of ultrafine particles.

Indoor aerosol models are capable of reproducing the measured indoor particle number
concentrations with a good accuracy, and they are useful to predict the best-fit values of the
parameters (penetration factor, air exchange rate, and deposition rate) that control the relationship
between indoor and outdoor aerosol particle number concentrations. The emission rate of aerosol
particles can be as high as 200 particle/cm’s during grilling in a fireplace and sauna heating. Indoor
activities take place in another room may significantly increase the aerosol particle number
concentrations in other rooms of the same building.

The results obtained in this thesis are important to the exposure assessments to harmful atmospheric
aerosol particles indoors and outdoors. The long-term aerosol data sets and the analysis of the modal
structure of the ambient particle number size distributions are also useful in the development of
urban aerosol models. Indoor aerosol models and indoor-outdoor aerosol data sets presented in this
thesis provided more understanding to the physical characterization of particle number size
distributions.

Keywords: Indoor/outdoor, ultrafine, urban, particle number size distribution, traffic, emission rate.
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Introduction

“Urban air quality” is a wide subject with different social, economic, and health aspects in different
parts of the world either locally or regionally. Cities, representing the urban regions, are the
concentrations of human and activities. Therefore, urban regions exhibit the highest levels of
pollution and the largest targets of environmental and health impacts. Urban regions are also
considered the biggest sources of air pollution in the globe. Air pollution can be either harmful
gases or aerosol particles. This chapter includes a summary about the general features of
atmospheric aerosol particles and their impacts, a review about the previous work related to the
subject of this thesis, and at the end, the scope and objectives of this thesis are presented.

1.1 Aerosol particles: an overview

An aerosol is defined as a suspension of solid or liquid particles in a gas (Seinfeld and Pandis,
1998). Since the early 1970s, aerosol particles have been distinguished as fine and coarse (Whitby,
1978). Coarse refers to the portion of particulate matter larger than 2.5 um in diameter, and fine
refers to the portion of particulate matter smaller than 2.5 um in diameter. Aerosol particles smaller
than 1.0 um are known as submicron particles. The fine aerosol particles, or more specifically
submicron aerosol particles, are composed of nucleation modes, Aitken mode, and accumulation
mode (Figure 1.1).

In general, the fine and coarse particle modes are originated and transformed separately, are
removed from the atmosphere by different mechanisms, have different chemical composition and
optical properties, and differ widely in their deposition patterns in the respiratory system (Hinds,
1999; Seinfeld and Pandis, 1998). Aerosol particles are eventually removed from the atmosphere
by dry deposition at the Earth’s surface and or by wet deposition during precipitation. Aerosol
particles are either emitted directly into the atmosphere (primary aerosols) or formed in the
atmosphere by gas-to-particle conversion processes (secondary aerosols).
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Figure 1.1: ldealized schematic of an atmospheric particle number size distribution. Principle
modes, sources, and particle formation and removal mechanisms are indicated.

Formation and transformation of atmospheric aerosol particles

Nucleation involves the formation of very small particles (e.g. Kulmala et al., 2004; Napari et al.,
2002; Vehkamaki et al., 2002). Growth of nucleation mode particles occurs through coagulation
and condensation (e.g. Korhonen et al., 2004; Kulmala et al., 2004). However, the rate of
coagulation depends on particle number concentration and the rate of condensation depends on the
surface area; therefore, particles do not normally grow above 1 um because the condensation and
coagulation rates decrease as the particle size approaches 1 um. In that sense, aerosol particles in
the size range between 0.1 — 1.0 um are known as the accumulation mode particles.

Coarse particles are formed by breaking up bigger particles into smaller particles; however, a lower
limit of approximately 1 um is established for coarse mode particles mainly because as particles
become smaller and smaller, more energy is required to break them into smaller units. Other
sources of coarse mode particles are wind blown dust, dust re-entrained by turbulent air generated



by traffic, demolition of buildings, evaporation of sea spray, Pollen, mold, spores, and parts of
plants and insects.

The half-life of fine particles can be several days to few weeks, which corresponds to a spatial
transport between hundreds to thousands of kilometers, whereas the half-life of coarse mode
particles is typically a few hours that corresponds to a spatial transport of approximately tens of
kilometers (Wilson and Suh, 1997).

Primary versus secondary aerosol particles

Primary fine particles are directly emitted to the atmosphere or formed in the atmosphere by
condensation or coagulation without chemical reactions. For example, primary fine particles are
formed from metallic vapor during smelting or high temperature combustion. Primary fine particles
are also formed from organic vapors during cooking or low temperature combustion. In the urban
atmosphere, major sources of primary fine particles are combustion products from the burning of
gasoline and diesel fuel. On the other hand, combustion of coal and heavy fuel oil yields both fine
primary particles, which are formed from the material vaporized during combustion, and coarse
particles (i.e. fly ash), which are formed from noncombustible material.

Secondary fine particles are formed by the atmospheric conversion of gases into particles. One of
the processes that form secondary fine particles is the conversion of a gas into the vapor of a
material with a low saturation vapor pressure. For example, the oxidation of sulfur dioxide (SO,) to
sulfuric acid (H,SQ,) that forms new fine particles by nucleation and then followed by coagulation
forms secondary fine particles. Another process that forms secondary fine particles is the
conversion of a gas into a different gas that can further react to form a substance with a low
saturation vapor pressure. For example, the oxidation of nitrogen dioxide (NO,) to nitric acid
(HNO:y) that can further react with ammonia to form secondary fine particles of ammonium nitrate.

Representations of aerosol particle concentrations

Aerosol particle concentrations can be expressed by their number, surface, area, and volume or
mass. Most of the mass or volume concentration is found in the accumulation and coarse particle
modes. On the other hand, most of the number concentration is found in the ultrafine particle size
range (UFP diameter < 0.1 pum), which is mainly the nucleation and Aitken modes. Fine particles
have number concentrations from tens to several tens of thousands per cm?®. Close to a major road,
the number concentrations of fine aerosol particles can several hundred thousands per cm®. The
number concentrations of coarse mode particles are significantly less than 1 cm™,

Particulate matter (PM) has been widely in use to express the mass concentrations of aerosol
particles with an aerodynamic diameter smaller than 10 um (PMy,) and smaller than 2.5 pum



(PM,5). Background PM,s concentrations are typically independent of the atmospheric
environment (Kousa, 2004; Laakso et al., 2003; Pohjola et al., 2002; Kulmala et al., 2001;
Pakkanen et al., 2001; Pohjola et al., 2000).

Chemical composition of atmospheric aerosol particles

In general, about 10% — 70% of the PM, s concentration is organic compounds (e.g. Jacobson et al.,
2000; Turpin et al., 2000). While the inorganic component of atmospheric aerosol particles is well
characterized, information about the organic component is sparse at the present time (e.g. Anttila,
2004). Recently, atmospheric aerosol particles were found to have polymeric organic compounds
(e.g. Kalberer et al., 2004). In the urban atmosphere, about 90% of these organic compounds are
secondary organic aerosols (e.g. Anttila, 2004), which are formed in the atmosphere during the

chemical transformation of low volatility organic compounds.

Bioaerosols

Aerosol particles can be also classified according to their biological origin, which are commonly
important in the indoor environments (e.g. Meklin et al., 2002; Lee et al., 2002; Otten and Burge,
1999; Wanner et al., 1993; Platts-Mills et al., 1991). Bioaerosols include allergens, fungi, bacteria,
and viruses (Jones, 1999). Typical sources of allergens are dust-mite, domestic animals (saliva,
skin, and dander), insects (such as cockroach), and fungi. Mite faecal particles range between 10 —
40 um (Platts-Mills et al., 1991). The highest fungal levels have been observed in the size range
between 1.1 — 4.7 um (e.g. Meklin et al., 2002). It has been also found that fungal and bacterial
spores or fragments are probable exposing agents that originate from the mold growth in moisture-
damaged buildings (e.g. Meklin et al., 2002).

1.2 Impacts of aerosol particles

Aerosol particles have direct and indirect impacts on the Earth’s climate. For example, aerosol
particles can affect the scattering and absorption of the solar radiation, and thus, directly affect the
radiation balance of the Earth (e.g. Haywood and Boucher, 2000; Seinfeld and Pandis, 1998). On
the other hand, aerosol particles play a role as cloud condensation nuclei (CCN), which lead to
clouds with larger number concentrations of droplets with smaller radii. Therefore, aerosol particles
indirectly affect the Earth’s climate via a chain of phenomena that connects their concentrations to
that of CCN (e.g. Lohmann and Feichter, 2005; Seinfeld and Pandis, 1998). Besides affecting the
Earth’s climate, aerosol particles in urban areas cause the loss of visibility (e.g. Finlayson-Pitts and
Pitts, 2000).



Several epidemiological studies have shown that some of the severe public health effects (such as
mortality and elevated level of respiratory and cardiovascular hospital admissions) are linked to
deteriorated air quality and aerosol particles (e.g. Pope et al., 2002; Katsouyanni et al., 2001;
Kiinzli et al., 2000; Samet et al., 2000; Atkinson et al., 1999; Pope and Dockery, 1999). It has been
also found that many of these pollution-related adverse health effects may be closely related to the
presence of UFP that can penetrate deep into the respiratory system (e.g. Penttinen et al., 2001,
Peters et al., 1997; Oberdorster et al., 1995; Dockery and Pope, 1994). As the effects may be acute
at relatively low particulate mass concentrations, it has been suggested that the toxicity of inhaled
aerosol particles is not only due to their mass but also due to their number and surface area or even
due to their chemical composition (Osunsanya et al., 2001; Kleeman et al., 2000; Harrison et al.,
1999b; Morawska et al. 1999a).

1.3 Importance and objectives of this thesis: research needs

This thesis aims to add more understanding about the physical characterizations of indoor and
outdoor aerosol particles in the urban and suburban air. More specifically, this thesis is focused on
the following objectives:

1) Temporal — spatial variations of aerosol particle number size distributions.
2) Meteorological dependence of aerosol particle number size distributions.
3) Modal structure of aerosol particles indoors and outdoors.

4) Modeling and investigating the relationship between indoor and outdoor particle number
size distributions.

5) Emission rates and fate of aerosol particle number concentrations in the indoor air.

To address the first and second objectives, we utilized long-term aerosol data sets in addition to
short-term indoor-outdoor aerosol measurement campaigns. In fact, there has been a continuous
need to investigate long-term aerosol data sets that span over several years in order to understand
the characteristics of atmospheric aerosol particles. However, only few studies have concentrated
on the seasonal variation of aerosol particle concentrations by using long-term measurements
(Laakso et al., 2003; Tunved et al., 2003; Wehner and Wiedensohler, 2003; Havasi and Zlativ,
2002; Kimmel et al., 2002; Morawska et al., 2002; Yang, 2002; Zhang et al., 2002). On the other
hand, there is a lack of scientific reports that describe the meteorological dependence of particle
number size distributions. For example, re-suspension of deposited particulate matter from the road
surface varies according to the traffic density as well as the meteorological conditions (e.g.
Nicholson et al., 1993; Kulmala et al., 1986). On other hand, the spatial variation of aerosol particle
concentration has received increased attention only recently and the number of studies is still small
in comparison to single-location measurement campaigns. The spatial variation of particle number



size distributions provides, as one of the main benefits, better understanding and validation of local
transport models of atmospheric particles.

With regards to the third objective, analyzing the modal structure of aerosol particles is useful for
direct comparisons between aerosol data sets and for obtaining better understanding of aerosol
processes in the atmosphere. Recently, a few studies have focused on the particle number size
distributions and their modal structure in different environments (e.g. Wehner et al., 2002; Birmili
et al., 2001; Shi et al., 2001; Mékel et al., 2000; Mékel4 et al., 1997).

The fourth and fifth objectives come from the fact that in developed societies many people spend
most of their time indoors (e.g. Kousa et al., 2002; Robinson and Nelson, 1995), and the health
effects of harmful indoor aerosol particles still receive relatively little attention from the scientific
community (Jones, 1999). In addition, the properties of indoor aerosol particles are not well
understood. To satisfy the fourth and fifth objective, we utilized three indoor-outdoor aerosol
particle measurements in different indoor environments. However, measurements alone are not
enough to understand the interaction between indoor and outdoor aerosols; therefore, we developed
an integrated indoor aerosol model to investigate and characterize indoor aerosol particles.
Mathematical models are very important and powerful tools (e.g. Asmi et al., 2004). Models are
also important to understand the characteristics of indoor aerosol particles during different indoor
activities.

This thesis consists of seven chapters. Chapter 2 describes the measurement sites and
instrumentation used in this thesis. Chapter 3 summarizes the mathematical models that were
developed in this thesis. The indoor and outdoor particle size characteristics are presented in
Chapters 4 and 5. Chapter 5 also presents some applications of the indoor aerosol models. Chapter
6 reviews the papers included in this thesis; and Chapter 7 summarizes the main conclusions.
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Measurements

In this thesis, we used Differential Mobility Particle Sizer (DMPS) systems to measure the particle
number size distributions. The particle number size distributions were measured at different
locations in the Helsinki Metropolitan Area. The Helsinki Metropolitan Area is situated on a fairly
flat coastal area by the Baltic Sea (Figure 2.1) at the latitude of 60 °N, and it comprises four cities:
Helsinki, Espoo, Vantaa, and Kauniainen. The total area of the Helsinki Metropolitan Area is about
743 km? and the approximate population about 950 000 T the end of year 2001.

2.1 Aerosol measurements and site locations

There have been continuous aerosol particle measurements in Helsinki since May 1997. Initially,
the measurements started at the earlier location of the Department of Physical Sciences in
Siltavuori (urban background, ground level). In March 2001, the Department moved to its new
location at Kumpula (urban background, rooftop level), and the aerosol measurements were
resumed in the same manner. In addition to these continuous aerosol measurements, there were two
indoor—outdoor aerosol particle measurement campaigns at Viikki (suburban traffic, ground level)
and Friisila (suburban background, ground level). Table 2.1 summarizes the measurement sites and
Figure 2.1 shows the measurement sites locations. We also utilized the indoor-outdoor data set
previously measured at Pasila (urban background, rooftop level), which is described in more details
by Koponen et al. (2001).

Siltavuori and Kumpula measurement stations

Siltavuori is located on a peninsula by the Baltic Sea, and it is surrounded with urban sites
including the downtown at a distance of a few hundred meters to the south west. Siltavuori is
densely populated area with residential and office buildings. Kumpula is located about 3 km north
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Siltavuori on a hilltop (~20 m high). At a distance of 200 m, there was one of the major highways
providing significant source of traffic emissions. The area itself was populated with residential
buildings in the northeastern side, and the northwestern side was full of greenswards and mainly
small forest mixed with houses. The aerosol measurements at Siltavuori and Kumpula consisted of
outdoor particle number size distributions (dry diameter 8-400 nm) with the DMPS system. The
sampling line was 2-meters-long Stainless Steel tube with 4 mm inner diameter, and the aerosol
sampling flow was 1.5 liters per minute (Ipm). Paper Il consists of more detailed description about
Siltavuori and Kumpula measurement sites.

Viikki measurement campaign

Viikki is located about 5 km northeast Siltavuori in a typical suburban background area with minor
local sources of air pollution except for traffic. In addition to several small roads around the
building, one of the major highways was located about 100 m from the measurement site. The
aerosol measurements at Viikki consisted of indoor—outdoor total particle number concentrations
(November 1, 1999 — June 30, 2000) and particle number size distributions (May 15 — June 30,
2000). The outdoor air sampling was performed at about 1 m from the ground near the fresh air
inlet of the mechanical ventilation system of a university building, and the indoor air sampling was
performed inside an office room located in the basement. The building itself was ventilated
mechanically with a regular ventilation rate about 3 h™ and G3-class filters installed in the air
cleaner. More detailed information about the measurement site Viikki and the indoor environment
and conditions can be found in Papers I and IV.

We measured the total particle number concentration with a CPC 3022 (TSI Inc. St. Paul,
Minnesota, USA) at 1-minute intervals from either indoor or outdoor. A computer-controlled valve
system was used to alternate between indoor and outdoor air sampling. The sampling flow was 1.5
Ipm. Even though the outdoor air sampling was performed as close as possible, the sampling line
was 10 m long made of copper with 8 mm inner diameter. An identical sampling line was used for
indoor air sampling to validate the comparison between indoor and outdoor aerosols. We measured
the particle number size distributions (dry diameter 7-600 nm) with two identical DMPS systems.
The use of two identical systems enabled us to shorten the sampling lines significantly, which
reduced the loss of nucleation mode particles in comparison to the CPC measurement. The
sampling lines for the DMPS measurements were 2 m long copper tubes with 4 mm inner diameter,
and the aerosol sampling flow was 1.0 Ipm.

FriisilA measurement campaign

Friisila is located about 15 km west of Siltavuori in a suburban area populated with residential
houses. The area is directly influenced by the locally transported aerosol particles from the
neighboring centers. The aerosol measurements at Friisila consisted of indoor and outdoor particle

12



number size distributions (dry diameter 3-400 nm) with a twin DMPS system during February 1 —
22, 2001. We sampled the outdoor aerosols at 1 m from the ground near a family house, and the
indoor aerosols were sampled inside the ground floor living room of the house. Paper V describes
this measurement campaign in more details.

The indoor and outdoor particle number size distributions were measured sequentially with 5-
minute intervals from either indoor or outdoor. A computer-controlled valve system was used to
alternate between indoor and outdoor air sampling. The sampling lines were copper tubing with 6
m in length and 4 mm inner diameter, and the aerosol sampling flow was 2.5 Ipm. To validate the
comparison between indoor and outdoor measurements, the indoor and outdoor sampling lines
were identical.

The house had two floors. On the second floor there were three bedrooms, living room, dining
room, kitchen, bathroom, and additional kitchen area (breakfast room) that was rarely used. The
sauna, laundry and shower room, small storage room, external storage room, toilet, office, garage,
and a big living room with a fireplace were on the ground floor. The house was occupied (two
adults and one child) during the first 17 days (February 1 — 17) of the measurement period. The
house was unoccupied for the last five days (February 18 — 22). The residents reported their daily
activities when they were at home. These two periods enabled us to investigate the indoor aerosol
particles with and without indoor activities. The house was naturally ventilated and there was a
separate exhaust fan for removing cooking fumes. The ventilation conditions were relatively
constant during the measurement period. However, there were some periods when the windows or
doors were opened for very short periods of time (such as airing, cleaning, leaving and arriving,
etc.). The ventilation rate was measured once at the end of the measurement campaign, and the
results gave an estimate of the average ventilation rate (about 0.34 h™).

Pasila measurement campaign

Pasila is located about 4 km north of Siltavuori in an urban area with a high density of office
buildings and residential buildings. The site was less than 200 m from the main railroad tracks
(mainly electrical, but also diesel-powered engines) and several roads with heavy traffic. The
aerosol measurements at Pasila consisted of indoor and outdoor particle number size distributions
(dry diameter 8-500 nm) during January 7 — 31, 1999. The measurements were performed with two
identical DMPS systems. The sampling lines were 2-meters-long Stainless Steel tubes with 6 mm
inner diameters, and the aerosol sampling flow was 1.0 Ipm. The outdoor aerosol measurements
took place on the rooftop (about 30 m high) of a building, and the indoor aerosol measurements
took place inside an office room located on the first floor. Previously, Koponen et al. (2001)
investigated the relationship of indoor-to-outdoor aerosol particles at this site, and in this thesis we
only utilized the outdoor aerosol data set in the temporal—spatial variation analysis.

13



Table 2.1: Short descriptions about the measurement campaigns.

Site Type Time period Instrumentation Dlre;rﬁgéer Location
Siltavuori Urban May 1997-Mar. 2001 DMPS 8-400 nm Outdoor
Kumpula Urban Mar. 2001-Mar. 2003 DMPS 8-400 nm Outdoor

. Two identical Indoor &
Pasila Urban Jan. 7-31, 1999 DMPS systems 8 — 500 nm Outdoor

I Two identical Indoor &
Viikki Suburban ~ May 15-Jun. 30, 2000 DMPS systems 7 -600 nm Outdoor
Nov. 1999-Jun. 30, 2000  CPC 3022 >10pm Indoor &
Outdoor

Friisila Suburban  Feb. 1-22, 2001 Twin DMPS 3_400nm 'ndoor &
Outdoor

rural (R).
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Figure 2.1: Maps of Finland (right) and the Helsinki Metropolitan Area (left). The upper-left map
shows the location of the measurement sites and the major road network within the Helsinki
Metropolitan Area. The lower-left map shows the area type as urban (U), suburban (S), and




2.2 Differential Mobility Particle Sizer

One of the instruments that are used to measure particle number size distributions is the
Differential Mobility Particle Sizer (DMPS) system (McMurry, 2000). The principles used in the
DMPS system are based on the electrical mobility of aerosol particles. In general, the DMPS
system consists of three major parts: aerosol particle charger, differential mobility analyzer (DMA),
and condensation particle counter (CPC). In this thesis, the DMPS setup slightly varied from
campaign to another; however, the laboratory calibrations enabled us to validate the comparison
between different aerosol data sets.

Aerosol particles must be charged in order to analyze them with the DMPS. Naturally, aerosol
particles are either neutral or negatively/positively charged. In practice, before utilizing the
electrical mobility analysis, the aerosol particle charge distribution must be known (Wiedensohler,
1988). In this thesis, in order to achieve a steady state charge distribution we used a bipolar
diffusion charger (e.g. Liu and Pui, 1974); which is 74 MBq KR-85 neutralizer. In diffusion
charging, ions are produced in large amounts and they diffuse to aerosol particles until the charging
rate of aerosol particles reaches a steady state situation. In practice, the charging probability of
aerosol particles has been well known (e.g. Wiedensohler, 1988; Adachi et al., 1985; Hussin et al.,
1983). It has been found that the charging probability is proportional to the particle size (e.g.
Kousaka et al., 1983). Therefore, particles larger than 300 nm in diameter are very probable to be
multiply charged, which increases their electrical mobility that leads to underestimations of their
size. However, the charging probability of particles smaller than 10 nm in diameter is not yet well
understood (e.g. Reischl et al., 1996). In our data analysis, we utilized the charging probability
parameterization by Wiedensohler (1988) which is valid for aerosol particles between 1-1000 nm
in diameter and it agrees with Fuchs theory and the results obtained by Reischl et al. (1996).

The differential mobility analyzer was first introduced by Hewitt (1957), and it has been widely
used to differentiate aerosol particles according to their electrical mobility (Knutson and Whitby,
1975). The electrical mobility Z of an aerosol particle depends on its size and charge, and it is
expressed mathematically as

7 - G 2.1)
3znD,

where n is the number of charges carried by the particle, e [coulomb] is the elementary charge, C.
[--] is the slip correction factor, 77 [N s m?] is the dynamic viscosity of the surrounding gas, and Dy
[m] is the particle diameter. Applying a range of electrical voltage values on the DMA electrodes
enables us to differentiate aerosol particles according to their electrical mobility. In practice, the
DMA works efficiently within the particle diameter range 20-200 nm. The upper limit is due to
multiply charged particles, which can be taken into account in the data analysis. However, the
situations become very complicated for particles larger than 1000 nm. On the other limit, small
particles are lost efficiently by diffusion while passing through the DMA.
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Condensation particle counters are widely used to measure number concentrations of submicron
atmospheric aerosol particles. The technique was introduced by John Aitken (e.g. Aitken, 1897),
and the detection accuracy has improved that nowadays the number concentrations of 3 nm
particles can be measured accurately (Baron and Willeke, 2001). The CPC instruments used in this
thesis are based on the exposure of the aerosol sample to supersaturated butanol vapor. Due to
super saturation, aerosol particles tend to grow by condensation of the vapor, and then they are
detected optically with a laser light. In this study, we used commercial CPC models such as TSI
2025 (Stolzenburg and McMurry, 1991) and TSI 3010 (Quant et al., 1992).

DMPS setup, calibration, and extraction of particle number size distribution

The DMPS systems were assembled at the University of Helsinki. In the DMA, the ratio of the
aerosol flow to the sheath flow is usually maintained at 1:10. The sheath flow is circulated back to
the DMA after drying and filtering (Jokinen and Makeld, 1997; Birmili et al., 1999). The sheath
flow dryer acts as a pulsation damper. The waiting time after the DMA voltage change is 15
seconds; and after that, particles are counted over several seconds. One measurement cycle takes 5—
10 minutes depending on the number of particle size bins.

Contrary to a DMPS system, which consists of only one unit of differential mobility analyzer, a
twin DMPS system consists of two differential mobility analyzers: the first unit measures particle
number size distributions between 3-15 nm and it consists of an ultrafine DMA (HAUKE, 10.9 cm
in length) and an ultrafine CPC TSI 3025. The sample flow rate in this unit was 1.5 Ipm and the
sheath flow was 15 Ipm. In the second unit that measures particle number size distributions
between 15-400 nm we used a DMA (HAUKE 28.5 cm in length) with a CPC TSI 3010. The
sample flow in this unit was 1.0 Ipm and the sheath flow was 10 Ipm.

The DMPS systems were calibrated prior to the measurement campaigns as described by Aalto et
al. (2001). In the weekly maintenance, aerosol and sheath flows were measured with a bubble flow
meter and the CPC zero count was checked by setting the DMA at zero voltage. The yearly
maintenance included CPC and DMA calibration and thorough cleaning. The CPC calibration
included the particle detection efficiency calibration and the concentration calibration against the
aerosol electrometer. DMA calibration included transport losses and sizing accuracy calibration
with PSL particles. We estimated the losses in the transport lines from the normal laminar flow
tube diffusion loss equations.

The particle number size distributions were extracted by data inversion. The data inversion was
performed by using the non-negative least squares (NNLS) algorithm of the MATLAB software
(MATLAB, 1998). We used the transfer function of the DMA as described by Stolzenburg (1988),
and the particle charging probability was adopted from the semi-empirical functions by
Wiedensohler (1988).
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Modeling

In this thesis, we developed an integrated indoor aerosol model and we also developed an algorithm
to characterize the particle number size distributions. This Chapter consists of three sections: the
first section is focused on the multi log-normal distribution function as a tool to characterize
atmospheric particle number size distributions, and the last three sections are devoted to the model
development of aerosol particles transport and their emission rates in the indoor air.

3.1 Modeling the particle number size distributions

To discuss aerosol particles quantitatively and to perform straightforward comparisons between
several data sets of aerosol particles, it is necessary to adopt some interpretive framework. In the
past, various gamma functions were used for fitting the portion of atmospheric size distributions
that are optically significant in the atmosphere (Deirmendjian, 1969; Tomasi and Tampieri, 1976;
McCartney, 1976). A series of other mathematical functions (e.g. the power law distribution) have
also been proposed for the description of aerosol distributions (Pruppacher and Klett, 1980; Leaitch
and Isaac, 1991). However, the power law and gamma distributions are only valid within a limited
size range, where they are accurate. Whitby (1978) introduced a criterion for the development of
any generalized size distribution model: 1) the model should be able to fit the aerosol particle
distributions over their entire size range, 2) number, surface area, and mass or volume distributions
must fit equally well, and 3) the function should have some physical basis.

According to the central limit theorem, the distribution of the variable will be log-normal when the
distributed variable results from formation mechanisms in which the effect is proportional to the
already achieved magnitude of the variable. Since submicron particles are governed by formation
and transformation mechanisms such as nucleation, coagulation, and condensation, their
distributions can be fitted by a multi log-normal distribution function (Whitby, 1978). In addition,
the multi modal nature of aerosol particles has been reasonably well established (Seinfeld and
Pandis, 1998).
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The multi log-normal distribution function in terms of several additive log-normal distributions is
expressed mathematically by

(3.1)

o  (log(D,) - l0g(D,, )
izzl“ \/Zlog(ag,i) exp[ 210g*(04;) ]

where n is the number of individual log-normal modes and D, [nm] is the aerosol particle diameter.
Three log-normal parameters that characterize an individual log-normal mode “i" are the number
concentration N; [m™], the geometric variance ozg,i, and the geometric mean diameter Dpgi [m].

Different research groups have had their own mathematical algorithms to fit the aerosol particle
size distributions with the multi log-normal distribution function (e.g. Birmili et al., 2001; Mékela
et al., 2000; Whitby et al., 1991; Whitby, 1978). There have also been several commercial
algorithms widely in use such as DistFit™ (Chimera Technologies; USA). As a measure of the
fitting quality, some of the algorithms were based on the least square value and others were based
on the normalized chi square value.

In this thesis, we developed an algorithm that automatically fits the particle number size
distributions by using a multi log-normal distribution function. The first version of the algorithm
was suitable for urban atmospheric aerosols (Paper Il). The algorithm was then upgraded to be also
suitable for suburban atmospheric aerosols directly influenced by traffic (Paper I11). The latest
version of the algorithm is suitable for various kinds of atmospheric size distributions (Hussein et
al., 2005). Our algorithm has the following features: 1) it is fully automatic, 2) it utilizes the least
square value as a measure of the fitting quality, 3) it estimates the mode number concentrations (N;)
analytically based on the optimization principle of a function with respect to linear variables
(Squires, 1985), 4) it is able to automatically decide the number of suitable modes required to
characterize an atmospheric particle number size distribution, and 5) it is specially designed to
predict the accumulation and nucleation modes efficiently.

3.2 Modeling the transport of aerosol particles indoors

The dynamic behavior of aerosol particles and their transport indoors can be studied with
mathematical models that describe the change rate of aerosol particle concentrations. Most of the
previous indoor aerosol models have assumed a well mixed profile of the aerosol particle
concentration in the indoor air, and are therefore called single-compartment models (Asmi et al.,
2004; Jamriska et al., 2003; Riley et al., 2002; Thornburg et al., 2001; Mosley et al., 2001; Abt et
al., 2000a and 2000b; Thatcher et al., 2002; Jamriska et al., 1999; Kulmala et al., 1999; Thatcher
and Layton, 1995). However, if the building consists of several rooms or the indoor air is not well
mixed within a room, the aerosol particle concentration shows significant spatial variation indoors
(e.g. Paper VI; Gadgil et al., 2003; Schneider et al., 1998; Shimada et al., 1996) and it is beneficial
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to divide the indoor space into several interactive compartments (e.g. Haas et al., 2002; Borchiellini
and Farbringer, 1999; Feustel, 1999; Ren and Stewart, 2003).

It is also possible to simplify the multi-compartment problem by assuming that several rooms
comprise one compartment only if the pollutant concentrations and the air flow properties are
similar within these rooms (Roulet et al., 1999). In addition, aerosol dynamics (such as nucleation,
condensation, and coagulation) have been introduced in indoor aerosol models (e.g. Paper VI;
Asmi et al., 2004).

So far, there has not been an indoor aerosol model that combines the features to handle multi-
compartment indoor domains, size-resolved aerosol particle concentrations, and integrated aerosol
dynamic modeling. In addition, previous indoor aerosol models have ignored the model
development to estimate the emission rate of indoor aerosol particles during different activity
patterns.

In this thesis (Paper VI), we developed a Multi-Compartment and Size-resolved Indoor Aerosol
Model (MC-SIAM). In the current indoor aerosol model, we assume that the aerosol particle
number size distribution in each compartment is affected by several processes that typically depend
on the particle size. These processes are:

1) Penetration of aerosol particles across the building shell and via the ventilation system.
2) Deposition and re-suspension of aerosol particles indoors

3) Evolution of particle size distribution within each compartment is based on a modified and
extended dynamic scheme of aerosol model UHMA (Korhonen et al. 2004).

To evaluate the need for multi-compartment approach in different situations and to estimate the air
exchange rate between different compartments, we investigated the air flow fields with the
FLUENT software (version 6.1.18, FLUENT Inc.) and Gambit software (version 2.0.4, FLUENT
Inc.).

In general, the balance equation of the particle number concentration in each compartment and for
each particle size section can be written as

d 1

1
ENk,Dp = WZm:kaPm,DpNout,Dp - WQk,removede,Dp
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Every term in equation (3.2) is described in Table 3.1.
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Table 3.1: Indoor aerosol model parameters and terms.

Parameter Units Description
Niop m Number concentration of aerosol particles in compartment k.
N;jpp m Number concentration of aerosol particles in compartment j.
Nout,Dp m? Outdoor number concentration of aerosol particles.

3 Difference between measured and simulated aerosol particle number
concentrations. Suspended emitted aerosol particles.

2 Aerosol particle number concentration accumulated on an indoor

Bi.op m surface i of area Ay;.
Pm.op -- Penetration factor of aerosol particles via path m.
31 Air flow rate that brings outdoor aerosol particles with a concentration

Qmk m°s .

Noutop Via pathway m.
Qk removed m3s?  Removed air flow rate from compartment k into the outdoor air.
Qi m3s™  Air flow rate from compartment j into compartment k.

Deposition velocity of aerosol particles onto indoor surfaces. This
Viid,Dp ms? term is estimated with the model developed by Lai and Nazaroff

(2000).
£ B Fraction of the accumulated aerosol particles available for re-
ki.Dp suspension from an indoor surface with a re-suspension rate Ay re,p.
Ak re,Dp st Re-suspension rate of aerosol particles from an indoor surface i.
Ay m? Total area of a deposition surface i in compartment k.
Vi m® Volume of compartment k.
Jk.cond,Dp m=3s? Condensation: an aerosol dynamic process implemented from UHMA.
Jk.co,0p m3s'  Coagulation: an aerosol dynamic process implemented from UHMA.
Jknuct,op m3s?  Nucleation: an aerosol dynamic process implemented from UHMA.
Jk emission,Dp m=s? Indoor source process of aerosol particles. “Emission rate term”
Jk.loss,Dp m3s?  Process: Aerosol particles lost by indoor sinks.

3.1 Change rate of aerosol particle number concentrations due to any other
Jk other,Dp m-sS - . . .
T possible processes to be included in the indoor aerosol model.

The balance equation that describes the change rate of aerosol particle number concentrations on an
indoor surface is

d

at Bki,Dp = Vii,d,pp Nk,Dp - fki,Dpﬁ’ki,re,Dp Bki,Dp .

(3.3
The re-suspension process is not yet well understood. Only few studies modeled this process (e.g.

Theerachaisupakij et al., 2003; Friess and Yadigaroglu, 2002; Lazaridis and Drossinos, 1998), but
there is not yet a generalized approach that can be utilized in the current version of MC-SIAM.
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However, the MC-SIAM with the special package to estimate indoor sources of aerosol particles
can be utilized to predict the re-suspension rates of deposited aerosol particles (Paper VI).

Simplified version of the indoor aerosol model

Under certain conditions, the indoor-outdoor aerosol problem is not very complicated and a
simplified version of the indoor aerosol model is certainly useful (Paper V). Two important points
are very important in that respect: 1) the indoor air is assumed to be well mixed and there are no
concentration gradients in the indoor domain, and 2) the effects of coagulation, nucleation and

condensation processes are negligible compared to all other aerodynamic processes.
Based on these assumptions, the balance equation can be simplified in the following form

di,
=2 Po, Op, = (At A0 Mo, +REo + 5o, (3.4)

where the subscript D, indicates that the equation is valid for a certain particle size range AD,; I
and O are the particle number concentrations [1/m?] indoors and outdoors, respectively; P is the
penetration factor; A is the air exchange rate [1/s] between indoor and outdoor air; A iS the
particle loss rate [1/s] due to particle deposition on indoor surfaces; RE is the particle re-suspension
rate [1/s -m?]; and S represents the emission rates of indoor aerosol particles [1/s-m°].

3.3 Emission rate estimation of indoor aerosol particles

Typically, particle emissions from indoor sources are very challenging to model explicitly. The
MC-SIAM includes a semi-empirical method to estimate the aerosol particle emission rates due to
various indoor activities. The semi-empirical method is based on the difference between simulated,
by ignoring indoor sources, and measured particle number concentrations.

The indoor aerosol particle measurements record the concentrations of suspended aerosol particles
resulting from all possible indoor sources and sinks, whereas the simulations of indoor particle
concentrations illustrate the concentrations of aerosol particles after being engaged in the processes
included in the indoor aerosol model. Based on this difference between the measurements and the
model simulation, the emission rate estimation of indoor aerosol particles consists of several steps.
First, the indoor aerosol model is initiated to simulation the indoor aerosol particle concentrations
by neglecting indoor sources. Then, the difference between the measured and simulated aerosol
concentrations is calculated and this difference is assumed to represent the suspended aerosol
particle concentrations Sy pp [1/m?] due to the emission processes of indoor activities. Therefore, the
change rate of aerosol particle number concentrations that remain suspended is
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k k |

dt
for which the emission rate terms Jyemissionop Can be estimated by solving the set of differential
equations numerically. After that, the emission rates are corrected by re-simulating the indoor
aerosol particle concentrations with feed back of the emission rates obtained from the previous
step. These steps can be repeated as many times as needed until convergent solutions are obtained
for the emission rate terms.

This method also provides information about aerosol particle losses due to un-identified sinks
indoors, which are indicated by negative values in the emission rate terms. It is also important to
keep in mind that emission rate estimations are applied only when the model parameters that
control the relationship between indoor and outdoor aerosol particle number concentrations are
known.
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Outdoor Aerosol Particles

This Chapter briefly summarizes the physical characteristics of outdoor aerosol particles. The first
section discusses the mean values of the total particle number concentrations in urban and suburban
atmosphere in Helsinki. The temporal-spatial variations of atmospheric aerosol particle number
concentrations are discussed in the second section. The modal structure of urban and suburban
atmospheric particle number size distributions is discussed in section three.

4.1 Average particle number concentrations

In general, aerosol particles in urban areas consist of long-range transported (LRT) aerosol particles
(Karppinen et al., 2004; Tiitta et al., 2002; Vallius et al., 2002; Johansson et al., 1999), suspension
and re-suspension of aerosol particles from the road surface (Kulmala et al., 1986), and
primary/secondary aerosol particles produced in the atmosphere from traffic combustion and non-
combustion emissions (Thomas and Morawska, 2002; Guasta and Marini, 2000; Ristovski et al.,
2000; Kittelson, 1998; Morawska et al. 1998b; Birmili and Wiedensohler, 1997).

Based on the hourly mean value, the total particle number concentration is highest near the
downtown (e.g. as high as 140000 cm™ at Siltavuori) within the Helsinki Metropolitan Area. At
Viikki, which is a suburban area nearby a major road and surrounded by urban centers, the hourly
mean of the total particle number concentration varied between 3000 — 32000 cm™. In the clean
suburban areas Friisild, the hourly mean value of the total particle number concentration did not
exceed 12000 cm™. Directly influenced by the traffic emissions on a nearby major road (e.g.
Viikki), the hourly mean of the total particle number concentration can be as high as 60000 cm™.

On average, the UFP number concentrations contribute more than 90% of the total particle number
concentrations in the urban atmosphere (e.g. Pasila, Siltavuori,, and Kumpula) and 70-80% in the
suburban atmosphere (e.g. Viikki and Friisild). However, close to a major road or highway, the
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UFP number concentrations contribution can be as high as 95% of the total particle number
concentration.

Compared to other European urban centers and capitals (e.g. Longley et al., 2003; Bukowiecki et
al., 2002; Wehner et al., 2002; Zhu et al., 2002; Shi et al., 2001; Shi et al., 1999), the aerosol
particle number concentrations within the Helsinki Metropolitan Area are lower. For example, the
hourly value of the total particle number concentrations often exceeded 10° cm™ in other urban
environments. However, the number concentrations found within the Scandinavian countries are

comparable to what was observed in Helsinki (e.g. Gidhagen et al., 2005, 2004a-b, 2003; Keztel et
al., 2004 and 2003).

4.2 Temporal — spatial variations

The total particle number concentrations in Helsinki showed a slightly decreasing trend imposed to
an alternating behavior with an annual period (Paper Il). The decreasing trend is related to the
improved engine technology used in new vehicles. The periodic behavior indicates a predominant
seasonal variation (Figure 4.1), which is directly related to the changing meteorological parameters
because the seasonal variation of traffic emissions is considered moderate compared with the
varying meteorological factors (e.g. Laakso et al., 2003; Pohjola et al., 2002; Oettl et al., 2001;
Pohjola et al., 2000; Kukkonen et al., 1999).

20~ fa)

Temperature ['C)
o
I

|

|

|
e |
= 40k ' Viikki CPC Viikki DMPS'|
s I Pasila DMPS G % |
= | \ 0 o ¥ !
< L I 0o Zo% . |
‘E 5 | \- o %Doouoa Friisila DMPS
1= | 5 ¥
§ 20~ I . e S g \
=]
o

0 | |
1997 1998 1999 2000 2001 2002 2003
Time [year]

Figure 4.1: Long-term data set showing the annual variation of (a) the ambient daily mean
temperature and (b) the total particle number concentrations within at different site locations.
The line plots represent the best fitting to Fourier series associated with a damped term: solid
lines at Kumpula and Siltavuori separately, and dashed line for both sites.
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Figure 4.2: Mean particle number size distributions at Pasila, Viikki, Friisil4, and Siltavuori
showing the spatial distribution of atmospheric aerosol particles within the Helsinki
Metropolitan Area.

The total particle number concentrations also showed distinct daily patterns between workdays and
weekends. The daily pattern changed considerably from season to another, as clearly presented and
discussed in Papers | and Il. The number concentrations of fine particles larger than 100 nm (i.e.
accumulation mode) did not change significantly between workdays and weekends nor between
daytime and nighttime, which indicates that these atmospheric aerosol particles are originated from
different kinds of sources than those for UFP.

The UFP number concentrations and traffic density had similar diurnal patterns, which is a strong
indication that vehicular exhaust combustion is a major source of UFP in the urban and suburban
atmosphere (Papers 1l and 111). The correlation between the traffic density and the total particle
number concentration in cities have been also investigated in some previous studies (e.g. Gidhagen
et al., 2005, 2004a-b, and 2003; Baltensperger et al., 2002; Wehner et al., 2002; Ruuskanen et al.,
2001, Wahlen et al., 2001). There were also correlations between NO, and CO gases and UFP
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concentrations, which is another indication of the traffic combustions being one of the main
sources of UFP in urban areas (e.g. Gidhagen et al., 2005; Ketzel et al., 2004 and 2003;
Kristensson et al., 2004; Tuch et al., 2003; Morawska et al., 2002).

In general, the lowest total particle number concentrations were observed during the early hours of
the day (01:00 — 04:00), whereas the highest number concentrations were observed during traffic
rush hours. In addition to the traffic density, the driving manner and vehicles speed are other
possible reasons for the elevated number concentrations during traffic rush hours (Kristonsson et
al., 2004; Joumard et al., 2003). For example, during the traffic rush hours, the roads are crowded
forcing low driving speeds with continuous acceleration and deceleration, which produce a high
number concentration of UFP (Wehner et al., 2002). Less particulate matter is usually emitted
during driving speeds between 40 — 70 km/h compared with driving speeds < 30 km/h or > 80
km/h. On the other hand, the number of emitted particles increases and their mean particle diameter
decreases with the increasing engine load (Franz et al., 2000; Morawska et al., 1998a).

The spatial variation of UFP number concentrations can be seen from the absolute value of the
particle number concentrations and the correlations between the number concentrations at different
sites (Paper Ill): the correlation factor between Pasila and Siltavuori for UFP number
concentrations was about 0.80, which indicates that both sites have relatively similar kinds of local
sources of UFP. Due to the difference of the area type between Friisild and Siltavuori, the
correlation factor between these two sites was about 0.65. The UFP number concentrations were
highly variable at Viikki when the prevailing wind was from the highway direction. Therefore, the
correlation factor (about 0.45) between UFP number concentrations at Viikki and Siltavuori was
low. In general, the spatial variation of the total particle number concentrations in urban areas is
mainly due to the spatial distribution of the traffic density and the landscape differences within a
city (Wehner et al., 2002; Kukkonen et al., 2001; Buzorius et al., 1999; Harrison et al., 1999a). On
the other hand, accumulation mode particle number concentrations showed good correlation factors
(about 0.80) between all sites (Pasila-Siltavuori, Viikki-Siltavuori, and Friisila-Siltavuori). This
indicates that these particles are originated from the same kind of sources regardless to the area
whether it is urban or suburban.

4.3 Factors influencing the modal structure

In general, urban and suburban atmospheric particle number size distributions (Figure 4.2) in the
submicron size range can be characterized by using three log-normal modes (Papers Il and 111): the
geometric mean diameter of mode-1 (nucleation) is < 25 nm, mode-2 (Aitken) between 20 nm and
90 nm, and that of mode-3 (accumulation) is > 90 nm in the urban atmosphere and > 100 nm in the
suburban atmosphere. However, it is also possible to characterize urban and suburban atmospheric
particle number size distributions by assuming two log-normal modes only: an accumulation mode
and an ultrafine mode (geometric mean diameter between 15 — 45 nm), which is a result of the
overlapping between nucleation and Aitken modes. When the particle number size distribution is
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highly variable, it is very probable that the average particle number size distribution consists of a
complex modal structure (e.g. mixed between traffic influenced and background aerosols) for
which more than three log-normal modes are needed to fit it (Paper I111). Birmili et al. (2001) have
also emphasized the existence of more than three modes in the urban atmosphere: “fresh”
nucleation mode, “aged” nucleation mode, Aitken mode, and accumulation mode. Gidhagen et al.
(2003) also reported that aerosol particle humber size distributions consist of four log-normal
modes (nucleation mode, two Aitken modes, and an accumulation mode) in a road tunnel. In the
background conditions (no LRT or regional nucleation event) of other environments, two log-
normal modes are suitable to characterize the particle number size distributions (e.g. Makela et al.,
2000; Koponen et al., 2002a; Koponen et al., 2002b).

Based on the atmospheric mass or surface area distributions, Whitby (1978) and Kelkar and Joshi
(1977) emphasized that it is enough to fit atmospheric distributions by using three log-normal
modes: nucleation mode, accumulation mode, and coarse mode. It should be also kept in mind that
similar mass size distributions do not, in fact, correspond to similar number size distributions
(Morawska et al., 1999b). In practice, mass size distributions can be easily fitted by using two
modes only (Salma et al., 2002): an accumulation mode and a coarse mode; however, this is true
only if the number concentration of UFP modes is significantly lower than that of the accumulation
mode particles.

The modal structure of the particle number size distributions shows different characteristics when
directly influenced by traffic emissions (Figure 4.3). As discussed in Papers I, 11l and IV, the
traffic influenced particle number size distributions were characterized by small geometric mean
diameters (mode-1: < 15 nm, mode-2: 15 — 60 nm, and mode-3: > 60 nm) and about 60% of the
size distribution was dominated by the nucleation mode. Diesel-motor as well as heavy-duty
vehicles combustions are likely to exist with geometric mean diameters larger than 60 nm as soot
particles. In laboratory tests, particulate matter size distributions of gasoline vehicle exhausts tend
to have mean diameters ranging from 40 to 80 nm, while diesel engine exhaust have mean
diameters between 60 and 120 nm (Harris and Maricq 2001). The mean diameter of diesel engine
emissions can be as small as 20 nm (Morawska et al. 1998a). In urban atmospheric conditions, the
particulate emissions of heavy-duty engines are modal with geometric mean diameters between 60—
80 nm (Lehmann et al. 2003). In urban and suburban environments which are influenced by traffic
emissions an additional nucleation mode may result due to gas to particle conversion or new
particle formation (e.g. Whitby 1978).

Another factor affecting the particle number size distribution is the elevation from the ground level.
For example, the geometric mean diameters of the UFP modes were larger at Pasila than at
Siltavuori (Figure 4.2); mainly because of the vertical difference between the measurements
locations at both sites. Aerosol particles undergo dynamical evolution, mixing, dilution with clean
air, and entrainment of polluted air. while transported upwards from the street level to the rooftop
(Bukowiecki et al., 2002; Zhang and Wexler, 2002; Turco and Fangqun, 1999). These processes

shift the geometric mean diameter of the UFP modes towards larger values (Paper Il1; Ketzel and
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Berkowicz, 2004; Charron and Harrison 2003; Wehner et al., 2002; Wu et al., 2002; Vakeva et al.,
1999). Similarly, the effect was observed when aerosols are transported away from the roadside
(Zhu et al., 2002; Shi et al., 1999).

Among the meteorological variables, the local wind conditions, ambient temperature, and mixing
layer height are the major factors influencing the particle number size distributions (Paper I11). The
wind direction analysis provided information about the locally transported aerosols within the city
scale. On the other hand, the wind speed analysis provides better understanding on the degree of
mixing of locally-emitted aerosol particles. However, the combined effect of meteorology is very
complicated and not well understood. For example, the effect of the wind speed on atmospheric
aerosols is very clear during the cold periods, whereas during warm periods the effect is not clearly
observed (Paper Ill). This affects the seasonal variation of atmospheric aerosol particle
concentrations.

Based on long-term data analysis, the effects of ambient temperature and mixing layer height are
clearly seen. For example, the seasonal variation of atmospheric particle concentrations is mainly
related to the ambient temperature and mixing layer height (Papers I and I1). According to the wind
speed and temperature analysis (Paper Il1), the submicron aerosol particles in the urban and
suburban atmosphere consist of two components (Papers Il and I11; Harrison et al., 2001; Charron
and Harrison, 2003): UFP that are diluted with wind speeds, and particles larger than 100 nm in
diameter that are re-suspended by the wind. The number concentration of UFP is inversely
proportional with the ambient temperature, and the number concentration of particles larger than
100 nm is proportional with the ambient temperature.
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Figure 4.3: Mean Particle number size distributions showing the influence of direct traffic
emissions in comparison with the corresponding background conditions.
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Indoor Aerosol Particles

The relationship between indoor and outdoor aerosol particle number concentrations and the factors
controlling that relationship are discussed in the first section. This Chapter also presents some
applications of the indoor aerosol model presented in Chapter 3. These applications were utilized in
this thesis for the previous indoor-outdoor aerosol particle measurements described in Chapter 2.

5.1 Indoor-to-outdoor relationship of aerosol particles

Indoor aerosol particles typically originate from outdoors, and their number concentrations can be
solely determined from those outdoors during the absence of indoor activities (Papers IV — VI,
Jamriska et al., 2003; Li and Chen, 2003; Chan et al., 2002; Morawska et al., 2001; Fogh et al.,
1997; Thatcher and Layton, 1995). During their transport into the indoor air, aerosol particle
concentrations are reduced by filtration and deposition onto duct lines, building shell, and indoor
surfaces. Therefore, human exposure to harmful outdoor aerosol particles is also reduced (Riley et
al., 2002; Thatcher et al., 2002). On the other hand, re-suspension of aerosol particles from the
indoor surfaces may significantly increase the indoor particle concentrations.

The infiltration factor (INF) and indoor-to-outdoor particle concentration ratio (1/O) are used to
investigate the relationship between indoor and outdoor aerosol particle concentrations. They are
also used as indicators of the source origin of atmospheric aerosol particles whether they originate
indoors or outdoors.

The 1/0O is simply the ratio of the indoor aerosol particle concentration to that outdoors after
elimination of the time-lag between their temporal variations. The INF is defined as the equilibrium
fraction of ambient particles that penetrate indoors and remain suspended (Long et al., 2001). Even
though the indoor sources of aerosol particles do not contribute to the INF, they do affect the 1/0
values. In the absence of indoor sources of aerosol particles, the INF is equivalent to the 1/0O ratio.
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Figure 5.1: Sensitivity analysis of the MC-SIAM (Paper VI). (a) Different filtration efficiency
curves, (b) Effect of ventilation rate, (c) Sensitivity to friction velocity, and (d) Difference
between simulations by assuming dry and humid air. The measured 1/0 curve (Hussein et al.
2004 and 2005) is presented as mean (dot), median (x), standard deviation, and percentiles
(5% and 95%).

Several studies have shown that three parameters control both the 1/0 and the INF (Papers V and
VI; Jamriska et al., 2003; Kulmala et al., 1999): (1) the air exchange rate between the indoor air
and the outdoor air, i.e. ventilation rate, (2) the deposition rate of aerosol particles, and (3) the
penetration factor. These finding are illustrated in Figure 5.1.

In mechanically ventilated dwellings, the penetration factor and the ventilation rate are well
controlled, and the indoor-to-outdoor relationship of aerosol particle concentrations is stable and
well understood (Paper 1V). However, the situation becomes very complicated when the building is
naturally ventilated (Papers V and VI1). The complications in natural ventilation come from the fact
that the penetration factor is not well known, the ventilation rate is highly variable, and there can be
a weather dependence of the 1/0 values as well as variation due to building conditions (e.g. Chan,
2002; Li and Delsante, 2001; Dascalaki et al., 1996; Boyer et al., 1999; Rousseau and Mathews,
1996). As a result, in naturally ventilated dwellings, the time-lag (Figure 5.2a) and the 1/0 values
(Figure 5.3a) are highly variable. The stability of the relationship between indoor and outdoor
particle concentrations is clearly seen from the variation of the I/O values and their quartiles
(Figure 5.3).
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Figure 5.2: Indoor and outdoor particle humber concentrations in the family house at Friisila:
(upper figure) in the absence of residents’ activities; (lower figure) during different
residents’ activities.

The modal structure of the particle number size distributions in the indoor air was similar to that
outdoors, except that the geometric mean diameters of individual modes were larger indoors than
outdoors (Papers IV — IV). The difference is mainly because of the filtration and penetration
processes that reduce the number concentrations of UFP more significantly than accumulation
mode particles. In addition, the aerosol particles undergo other processes while being transported
indoors; mainly coagulation and deposition that also reduce the UFP number concentrations.

5.2 Indoor aerosol model applications

In general, the MC-SIAM (Paper VI) can be utilized in its compact form to estimate the penetration
factor, ventilation rate, deposition rate, re-suspension rate, and source emission rates. The
estimations are based on numerical solutions. On the other hand, when the indoor-outdoor problem
can be simplified, an analytical solution can be utilized by using a simplified version of the indoor
aerosol model (Paper V).

31



T T T T T T T T
—#— Chao et al. (2003) @)
12+ * Thomburg etal. (2001) 112
Liu and Nazaroff (2001) T
Family house (Frilsila T
R *® amily house (Friisila) B T 1 o
o | ]
o
[1]
§ 08f I ’L I 5
s L 2
- - o] =
S 06 | Iy
: g
= =
~ 04+
02+
Hanley et al. (1994) _ (b)
12} ig:ggig‘s}jﬁ : Office room (Viikki) 112
ASHREA85% 4
= 1_ 7 1 el
S Goodfellow and Tahti 2001 ot
2 g BSENT779G4 Jog =
o BSEN 779 F§ ====- gr
= - BSEN779F7 ===~ 6 =
o Lo =1 . o
8 BSEN779F8 nog_;
=4 - . =
= 04r 0.4
IIIH
’ % V_‘ \\\
0.2} % : v y —40.2
& R R AN
L B REEERRTL Koponenetal @0f) o Theeg g e N
0.001 0.01 0.1 1.0 10.0

Particle Diameter [um]

Figure 5.3: Indoor-to-outdoor concentration ratios presented as mean (dot), median (x), standard deviation

(box), and 5% and 95% percentiles (bars).

(a) Comparison of the observed 1/0 values in the family house (Paper V) to the 1/0O values obtained by
Thornburg et al. (2001), and the penetration factor estimated by Chao et al. (2003). The dashed
lines represent the penetrations factors through cracks estimated with a model by Liu and Nazaroff
(2001) using the following input parameters: (1) z = 100 cm, U =25 cm s, d=50 mm, (2) z=5
cm, U=100cms™, d=0.15mm, (3) z=5cm, U =100 cms™, d = 0.05 mm, (4) z=100 cm, U =
100 cm s, d = 0.15 mm, (5) z = 100 cm, U =100 cm s, d = 0.05 mm, (6) z=50 cm, U = 10 cm
s, d=0.15mm, (7) z=50 cm, U = 10 cm s, d = 0.05 mm. The solid line is the mean penetration
curve.

(b) 11O values observed in office rooms equipped with mechanical ventilation systems: G3 class filter
and air exchange rate 3 h™ (Paper V), and F7 class filter and air exchange rate 3.75 h™ (Koponen
et al., 2001). The results are compared to the ASHRAE class filter standards (at 1.3 m s* face
velocity) and the BS EN 779 at the minimum efficiency (Hanley et al., 1994; Goodfellow and
Téhti, 2001).

5.2.1 Penetration factor

The exchange of aerosol particles between outdoor and indoor air takes place via the ventilation
system and across the building shell (e.g. Tung et al., 1999). In the presence of mechanical
ventilation systems, the penetration factor of the aerosol particles is typically well controlled by the
filter installed in the air cleaner. The penetration factor is strongly dependent on the particle size,
air flow rate across the filter, and dust loading on the filter (Goodfellow and Téhti, 2001; Hanley et
al., 1994). A maximum in the penetration factor curve is often observed in the particle diameter
range 0.1 — 1.0 um (Hinds 1998), where neither diffusion nor inertial impaction effects are able to
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act as efficient filtering mechanisms. Across the building shell, i.e. natural ventilation, the
penetration factor varies with the building geometry, surface materials, and pressure drop along the
leakage path (e.g. Liu and Nazaroff, 2001). In general, the penetration factor across the building
shell is rather complicated to estimate empirically. However, based on model studies and indoor-to-
outdoor aerosol particle concentration ratio (1/0O) analysis, the penetration factor across the building
shell can be estimated.

In practice, the penetration factor is the most important term in the relationship between indoor and
outdoor aerosol particle concentrations (Papers V and VI) and it is defined as the fraction of
particles that pass through the building shell (Riley et al., 2002). In general, the penetration factor
is less than unity and it varies with the particle size (Long et al., 2001). A maximum in the
penetration factor curve is often observed in the particle diameter range 0.1 — 1.0 um (Hinds 1998),
where neither diffusion nor inertial impaction effects are able to act as efficient filtering
mechanisms.

As presented in Paper VI, the best-fit curve of the penetration factor can be estimated by iterating
its value for each particle size. The iteration range of the penetration factor is performed between
zero and unity. The quality of the best-fit value is controlled by the least square value of the
measured and simulated particle number concentrations.

Based on Equation (3.4), which describes a simplified indoor aerosol model, the penetration factor
can be estimated with the following conditions: 1) the outdoor particle number concentrations are
approximately constant, 2) the indoor air is well mixed, 3) there are no indoor sources of aerosol
particles nor re-suspension (i.e. no indoor activities), and 4) the aerosol particle concentrations
maintained a steady state indoors. The penetration factor is then estimated by

P _ (ﬂ'+ﬂ’loss,Dp) IDp
b, =
P J1 Op,

. (5.1)

which clearly shows that the penetration factor is equivalent to the I/O value when the ventilation
rate is significantly higher than the particle loss rate.

5.2.2 Deposition rate

Indoor aerosol particles are deposited onto all available surfaces. In a typical room, the deposition
surfaces include the floor, walls, ceiling, and furniture. The first attempt to model aerosol particle
deposition indoors was introduced by Corner and Pendlebury (1951). Later on, deposition of
aerosol particles onto indoor surfaces has been well understood after Nazaroff and colleagues
(Nazaroff and Cass, 1989b; Lai and Nazaroff, 2000).

Deposition of atmospheric aerosol particles on indoor surfaces takes place via different processes:
electrostatic, thermostatic, and turbulent and laminar air mixing. Typically, turbulent air mixing is
the dominant processes in indoor environments. In general, aerosol particle deposition indoors

33



varies with the type of indoor air mixing as well as the type and surface area of indoor surfaces
(Howard-Reed et al., 2003; Lai et al., 2002; Thatcher et al., 2002; Abadie et al., 2001; Fogh et al.,
1997).

The MC-SIAM utilizes the deposition model introduced by Lai and Nazaroff (2000) to calculate
the deposition velocity of aerosol particles. Their mathematical model requires the friction velocity
and the particle size as input parameters. The friction velocity is a very complicated term to
measure explicitly. However, its value can be estimated from the turbulent boundary layer near
indoor surfaces with the help of computational fluid dynamics such as FLUENT.

On the other hand, the analytical solution of Equation (3.4) can be utilized to estimate the loss rate
or deposition rate of indoor aerosol particles if 1) the outdoor aerosol particle number
concentrations are approximately constant, 2) the indoor air is well mixed, 3) there is no particle re-
suspension (i.e. no indoor activities), and 4) there exists a source of aerosol particles that resides
within a short period of time and after that it is turned off and there is no further aerosol particle
generation. Based on these assumptions, Equation (3.4) has an analytical solution

A PDp -0 A PDp .ODp ],e_(i*-iloss'Dp)t , (52)

D
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where ty is the time when the indoor source of aerosol particles is turned off. Assuming that the
source generates significantly higher particle number concentrations compared with than outdoors,
Equation (5.2) can be written in the form:

I, (t
Ao = o) ~1, (5.3)
%0 TAL | Ty, (G + A1)

which can be used to estimate the particle loss rate after substitution of the air exchange rate (1).
As presented in Paper V, the loss rate of UFP in the family house at Friisila varied from 1 h™ for 10
nm particles to 0.1 h™* for 100 nm particles.

5.2.3 Ventilation rate

The air exchange rate between the indoor air and the outdoor air, i.e. ventilation rate, is responsible
for the time-lag between the temporal variations of the indoor and outdoor aerosol particle
concentrations (e.g. Paper V; Morawska et al., 2001). However, if the ventilation rate is higher than
2.0 !, the time-lag is very short, which can be neglected, and the instantaneous indoor aerosol
particle number concentrations adjust rapidly to that outdoors (Papers IV — VI).

In the MC-SIAM simulations, the ventilation rate can be iterated until a close match is observed
between the temporal variations of the measured and simulated indoor aerosol particle number
concentrations. It is very important to follow the peaks and decays of indoor aerosol particle
concentrations that result from the variation of outdoor aerosol particle concentrations. According
to this principle, the best-fit value of the ventilation rate varied between 0.5 — 3.0 h™ for the living
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room in the family house (Paper V1). The lower values were observed during the cold periods when
the house was tightly closed. The higher value represented periods when a window or the main
door was open in another room in the house.

The ventilation rate can be also estimated by using Equation (5.3) if the particle loss rate is
negligible in comparison to the ventilation rate. This additional assumption can be easily satisfied
by considering particles in the size range 150 — 450 nm, which have the lowest particle deposition
rate; and thus, the ventilation rate is

I

A iln(&j. (5.4)

At 1(t, +At)

However, Equation (5.4) is very difficult to apply because of the limitations of indoor-outdoor data
sets. Therefore, the best way to estimate the ventilation rate is to investigate the temporal behavior
(i.e. time-lag) of indoor aerosol particles by simulation and comparison to the measurement (Paper
VI). There are other methods available in the literature to estimate the ventilation rate. For
example, an effective ventilation rate can be estimated by using model studies based on
computational fluid dynamics (e.g. Allocca et al., 2003; Ziskind et al., 2002; Li and Delsante,
2001; Boyer et al., 1999).

5.2.4 Emission rate

In addition to the outdoor air as a source of indoor aerosol particles, indoor air pollutants (including
aerosol particles, gases, bioaerosols, and etc.) emanate from a variety of sources, which can be
broadly classified as being associated with the activities of building occupants (e.g. Jones et al.,
1999). Even tough many studies have characterized and presented information about indoor
sources of aerosol particles in the indoor air (e.g. Afshari et al., 2005; He et al., 2004; Lai, 2004;
Miller and Nazaroff, 2001; Wallace and Howard-Reed, 2002; Dennekamp et al., 2001; Luoma and
Batterman, 2001; Abt et al., 2000a and 2000b; Flickiger et al., 2000; Wallace, 2000; Long et al.,
2000; Fine et al., 1999; Kleeman et al., 1999; Lioy et al., 1999; Schauer et al., 1999; Sohn et al.,
1999; Cole, 1998; Siegmann and Sattler, 1996; Thatcher and Layton, 1995; Helsper et al., 1993;
Kemens et al., 1991), few studies focused on the particle number size distributions and even very
few presented quantitative determination of aerosol particle emissions from indoor sources (e.g.
Paper VI; Afshari et al., 2005; He et al., 2004; Fan and Zhang, 2001).

Typically, particle emissions from indoor sources are very challenging to model explicitly. In paper
VI we utilized MC-SAIM with the semi-empirical method to estimate the particle emission rates
due to various indoor activities. This method was applied to a family house at Friisild, for which
Paper V have reported and investigated the indoor activities during the aerosol measurements. For
example, the emission rate analysis (Paper VI) indicates that burning wood in the fireplace
produced as many as 26 particles/cm®s (about 95% is UFP), which is equivalent to about 95 000
particles/cm?® in an hour. On the other hand, grilling sausages in the fireplace and at the same time
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heating the sauna in the next room increased the emission rate by about eight times to 200
particles/cm®s (about 55% is UFP).

5.3 Aerosol dynamics

In the indoor aerosol model, the evolution of particle size distribution within each compartment is
based on an aerosol dynamic scheme of the aerosol model UHMA (Korhonen et al. 2004). In the
original UHMA scheme, the particle concentration can change due to coagulation, condensation,
and nucleation. Currently, the MC-SIAM incorporates three nucleation mechanisms: binary
sulfuric acid-water mechanism according to Vehkamaéki et al. (2002), ternary sulfuric acid-water-
ammonia mechanism according to Napari et al. (2002), and kinetically limited nucleation of
sulfuric acid and ammonia. Although formation of new stable particles has been observed in the
indoor air, the compounds leading to homogeneous nucleation have remained unsolved. Unlikely,
these methods do not apply for the observed particle formation indoors, and thus nucleation in
indoor environments should be addressed in the future research.

The effect of coagulation is very important during the production of nano-particles due to indoor
activities, as was observed in the family house during sausage grilling in the fireplace. The
condensation and coagulation were also very important in the production of new particles from hot
vapors in the sauna events, as was also observed in the family house.

5.4 Multi-compartment approach

The MC-SIAM is based on a multi-compartment approach. As the description of the air exchange
between individual indoor compartments becomes complicated when the number of compartments
increases, it is preferable to limit their number to as few compartments as possible. In practice, the
air exchange rates between internal rooms are very difficult to be measured. However, the
computational fluid dynamics modeling provides better understanding on the air flow inside a
single-room dwelling or even inside a more complicated construction that consists of several rooms
(e.g. Posner et al., 2003; Ziskind et al., 2002; Fan, 1995; Gan, 1995). Multi-compartment air flow
models have been widely used; some of these models are COMIS and CONTAM with a variety of
applications (e.g. Ren and Stewart, 2003; Haas et al., 2002; Borchielliini and Furbringer, 1999;
Feustel, 1999; Roulet et al., 1999; Walton, 1997). There are also other methods presented in
literature such as the lattice Boltzmann method (Crouse et al., 2002). The main difference between
MC-SIAM and the previous models is that our model is based on a size-resolved approach and it
includes an aerosol dynamic scheme. MIAQ is another multi-compartment model of aerosol
particles indoors that also includes aerosol dynamics (Nazaroff and Cass, 1986; Nazaroff and Cass,
1989a).
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Review of Papers

This thesis includes six papers. The scope of these papers covered the subject of particle size
characterization of indoor and outdoor atmospheric particles in the urban and suburban atmosphere.
Papers I — 111 mainly focused on outdoor particle number concentrations and size distributions.
Papers 1, 1V, and V focused on measured indoor and outdoor particle number size distributions
and the investigation of the relationship between indoor and outdoor particle number
concentrations. Paper VI presented an indoor aerosol model and its applications and also a semi-
empirical method to estimate emission rate due to indoor sources. The modal structure of indoor
and outdoor particle number size distributions was investigated in Papers Il — V. This chapter
briefly reviews the scope of each paper. Following is more detailed review of each paper
separately. The main findings and conclusions are presented in the next Chapter.

Paper | presented a long-term indoor-outdoor data set of the total particle number concentrations
measured at an office room nearby a major highway in Viikki area. The temporal variations
(including seasonal and daily patterns) of the outdoor and indoor total particle number
concentrations were investigated. The effects of the weather conditions and traffic activities were
also considered in the data analysis.

Paper Il presented the longest data set (about six years) of measured particle number size
distributions in the urban atmosphere (Siltavuori and Kumpula), and it focused on the modal
structure of outdoor particle number size distributions. This paper provides better understanding on
the seasonal variations of the outdoor particle number size distributions.

Paper 111 utilized the measured particle number size distributions at four different sites within the
Helsinki Metropolitan Area, and it presented an investigation of the temporal — spatial variations of
the particle number size distributions, their modal structure, and the influence of traffic emissions
and meteorology.

Paper 1V investigated the relationship between indoor and outdoor particle number size
distributions in an office room nearby a major highway in Viikki area. This paper presented the
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importance of mechanical ventilation systems in controlling the relationship between indoor and
outdoor particle number size distributions. This paper also presented the modal structure of indoor
and outdoor aerosol particles. The direct influence of traffic emissions and the local weather
conditions were also considered in this paper.

Paper V investigated the relationship between indoor and outdoor particle number size
distributions in a family house. This paper investigated the physical characterizations of the particle
number size distributions during different indoor activities. A simplified indoor aerosol model was
also utilized in to estimate the particle loss rate of UFP in the indoor air. The penetration factor
across the building shell was predicted in this paper; and later on, it was justified in Paper VI.

Paper VI presented a multi-compartment and size-resolved indoor aerosol model. The model was
validated by using the previously measured indoor-outdoor data sets presented in Papers IV and V.
The current indoor aerosol model is capable of reproducing the measured indoor particle number
concentrations with a good accuracy. Furthermore, this indoor aerosol model is a powerful
technique to predict the optimal model parameters that control the indoor-outdoor relationship of
aerosol particle number concentrations. Paper VI also presented the first attempt to estimate the
emission rate due to indoor sources of aerosol particle by using an indoor aerosol model.

The papers included in this thesis are important to the exposure assessments to harmful
atmospheric aerosol particles indoors and outdoors. The long-term aerosol data sets and the
analysis of the modal structure of the ambient particle number size distributions are also useful in
the development of urban aerosol models. Indoor aerosol models and indoor-outdoor aerosol data
sets presented in this thesis provided more understanding to the physical characterization of particle
number size distributions in the indoor atmosphere.
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Conclusions

This thesis presented long-term aerosol particle measurements in the ambient atmosphere of
Helsinki. The aerosol particle measurements included particle number size distributions and total
particle number concentrations. In addition to the long-term aerosol data sets, we utilized three
measurement campaigns of indoor-outdoor aerosol particle number size distributions in different
indoor environments. In this thesis we focused on the following aspects:

1) Temporal — spatial variations of aerosol particle number size distributions,

2) Factors (including local wind, ambient temperature, and traffic density) influencing the
particle number size distributions,

3) Modal structure of aerosol particles indoors and outdoors,
4) Relationship between indoor and outdoor particle number size distributions, and
5) Emission rates and fate of aerosol particles in the indoor air.

We also developed and evaluated two mathematical models:

1) A multi log-normal distribution model to parameterize the particle number size
distributions.

2) An indoor aerosol particle transport model to investigate and characterize the indoor
aerosol particles.

Within the Helsinki Metropolitan Area, the total particle number concentrations are highest in the
urban centers, where the hourly value of the total article number concentration was as high as
140000 cm™. This value was as high as 60000 cm™ nearby a busy road, whereas in a suburban area
not directly influenced by traffic emissions the hourly value of the total particle number
concentrations did not exceed 12000 cm™. These particle number concentrations are slightly lower
than what was observed in other European urban centers, where the number concentrations often
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exceed 10° cm™. However, these values are comparable to what is usually observed in the Nordic
countries.

Based on the long-term aerosol particle measurements performed in Helsinki, the total particle
number concentrations showed a slightly decreasing trend that was possibly related to the improved
engine technology used in new cars.

On average, the ultrafine particle (UFP, diameter < 100 nm) number concentrations contribute
more than 90% of the total particle number concentrations in the urban atmosphere and about 70—
80% in the suburban atmosphere. However, close to a major road, the total particle number
concentration may consist of 95% of UFP.

The particle number size distributions in the urban and suburban atmosphere of Helsinki can be
characterized by three log-normal modes (nucleation mode, Aitken mode, and accumulation mode).
In the urban atmosphere, the geometric mean diameters of these modes are respectively < 25 nm,
between 20 — 90 nm, and > 90 nm, whereas in the suburban atmosphere they are respectively < 25
nm, between 20 — 100 nm, and > 100 nm. However, the urban aerosol particles can be also
characterized by using two modes only: an accumulation mode and an ultrafine (UF) mode that
consists of the overlapping nucleation and Aitken modes. Under certain conditions, such as mixing
of background aerosols with direct traffic emissions, it is very probable that the mean particle
number size distribution consists of more than three modes.

The modal structure of the particle number size distribution that is directly influenced by traffic
emissions is characterized by small geometric mean diameters: nucleation mode < 15 nm, Aitken
mode between 15 — 60 nm, and accumulation mode > 60 nm. Another factor that may affect the
particle number size distribution is the elevation from the ground level; mainly because
atmospheric aerosol particles undergo dynamical evolution, mixing, dilution with clean air,
entrainment of polluted air, etc. These processes shift the geometric mean diameter of the UFP
modes towards larger values.

The local wind conditions, ambient temperature, and mixing layer height are the most important
factors influencing the particle number size distributions. Based on long-term data analysis, the
effects of ambient temperature and mixing layer height are clearly seen in the seasonal variation of
atmospheric particle number concentrations. Based on short-term data analysis of the wind speed
and ambient temperature, submicron aerosol particles in the urban and suburban atmosphere
consist of two major components. The first component is UFP that is highly diluted with wind
speeds, and the other component is accumulation mode particles that are re-suspended and slightly
diluted by the wind. The number concentration of UFP is inversely proportional to the ambient
temperature, and the number concentration of accumulation mode particles is proportional to the
ambient temperature.

As expected, indoor aerosol particles typically originate from outdoors and their number
concentrations were found to follow similar temporal variations as those encountered outdoors.
However, the number concentrations of indoor aerosol particles can not be solely estimated from
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the outdoor aerosol particle number concentrations during intensive indoor activities. The
penetration factor is the most important factor in the indoor-outdoor relationship of aerosol particle
concentrations.

In contrary to natural ventilation, mechanical ventilation systems provide well-controlled
relationship between indoor and outdoor particle number concentrations. The variation of the
quartile values of the indoor-to-outdoor particle number concentration ratio (I/O) can be used as a
measure of the stability of the relationship between indoor and outdoor particle number
concentrations.

The time-lag between the temporal variations of indoor and outdoor particle number concentrations
can be neglected in the 1/0 analysis when the ventilation rate is relatively high (> 2 h™). On the
other hand, the time-lag must be taken into account in the 1/0 analysis when the ventilation rate is
relatively low (< 1 h™). However, in naturally ventilated dwellings, the ventilation rate is not
constant, and therefore, the time-lag is variable in time. In that case, the 1/O analysis can be
performed by considering the medians and quartiles of the I/O values. Based on long-term data
analysis, the 1/0 values vary from season to another.

In general, the modal structure of the particle number size distributions in the indoor air was similar
to that outdoors except that the geometric mean diameters of individual modes were larger indoors
than outdoors. This is mainly because of the filtration and penetration processes that reduce the
number concentrations of UFP.

Indoor aerosol models are capable of reproducing the measured indoor particle number
concentrations with a good accuracy, and they are useful to predict the best-fit values of the
parameters (penetration factor, air exchange rate, and deposition rate) that control the relationship
between indoor and outdoor aerosol particle number concentrations.

Based on the emission rate estimations by using the indoor aerosol model, the emission rate of
aerosol particles was as high as 26 particle/cm®s (about 95% is UFP) during wood burning in a
fireplace. The emission rate was about eight times this value (about 55% is UFP) during grilling in
the fireplace and sauna heating. Indoor activities take place in another room may significantly
increase the aerosol particle number concentrations in other rooms of the same building. Therefore,
it is recommended to use extra air cleaners in houses, especially in the kitchens, to reduce the
number concentrations of emitted aerosol particles.

The results obtained in this thesis are important to the exposure assessments to harmful
atmospheric aerosol particles indoors and outdoors. The long-term aerosol data sets and the
analysis of the modal structure of the ambient particle number size distributions are also useful in
the development of urban aerosol models. Indoor aerosol models and indoor-outdoor aerosol data
sets presented in this thesis provided more understanding to the physical characterization of particle
number size distributions.
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