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ABSTRACT 

Aerosols are solid or liquid particles that span in size from a few nanometers to tens of 

micrometers. They are important in both outdoor and indoor environments due to their impact on 

climate and human health.  Many aerosol processes of interest to the environment, health, and 

filtration are strongly size-dependent.  Aerosol particle size distributions (PSDs) provide a basis 

to better understand outdoor and indoor air pollution sources, evaluate human exposure to air 

pollution, and aerosol deposition in the human respiratory tract and filters in building ventilation 

systems. Monitoring the temporal evolution of aerosol PSDs enable for characterization of 

dynamic aerosol transport and transformation processes, such as direct emissions, nucleation, 

condensation, coagulation, resuspension, deposition, and filtration.  This thesis presents three 

studies on the PSDs of: (i.) urban aerosols in cities around the world in order to identify 

geographical trends in the shape and magnitude of PSDs and to frame future research needs for 

PSD observations at a global-scale, (ii.) synthesized salt particles from a novel thermal aerosol 

generator to evaluate its suitability for air filter testing, and (iii.) indoor biological particulate 

matter (bioPM) to characterize transient inhalation exposures of infants and adults to resuspended 

bioPM from carpet dust induced by crawling and walking. 

First, this thesis presents the current state-of-knowledge of urban aerosol PSDs by critically 

analyzing n=793 urban aerosol PSD observations made between 1998 to 2017 in n=125 cities in 

n=51 countries across the following regions of the world: Africa (AF), Central, South, and 

Southeast Asia (CSSA), East Asia (EA), Europe (EU), Latin America (LA), North America, 

Australia, and New Zealand (NAAN), and West Asia (WA).  Prominent geographical variations 

in the shape and magnitude of urban aerosol number and mass PSDs were identified and significant 

variations in number PSDs were found between cities in EU and NAAN with those in CSSA and 

EA.  Most PSD observations published in the literature are short-term, with only 14% providing 

data for longer than six months.  There is a paucity of PSDs measured in AF, CSSA, LA, and WA, 

demonstrating the need for long-term aerosol measurements across wide size ranges in many cities 

around the globe.  Inter-region variations in PSDs have important implications for population 

exposure, driving large differences in the urban aerosol inhaled deposited dose rate received in 

each region of the human respiratory system.  Similarly, inter-region variations in the shape of 

PSDs impact the penetration of urban aerosols through filters in building ventilation systems, 
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which serve as an important interface between the outdoor and indoor atmospheres.  The results 

of this critical review demonstrate that global initiatives are urgently needed to develop 

infrastructure for routine and long-term monitoring of urban aerosol PSDs spanning the nucleation 

to coarse modes. 

Second, this thesis evaluates a newly designed commercially available thermal aerosol 

generator for ageing air filters in building heating, ventilation, and air-conditioning (HVAC) 

systems.  The physical characteristics of the synthesized salt aerosol (NaCl and KCl) under 

different generator operational conditions were evaluated.  The shape of the number and mass PSD 

output of the thermal aerosol generator are similar to those found in outdoor (urban) and indoor 

air and can be modulated by varying the rate at which the salt stick is fed into the flame.  The 

morphology of the NaCl and KCl particles varied with size, with compact spherical or cubic 

structures observed below 100 nm and agglomerates observed above 100 nm.  The thermal aerosol 

generator is a cost-effective technique for rapid ageing of HVAC filters with a PSD that more 

accurately represents, compared to conventional loading dusts, what filters encounter in real 

HVAC installations. 

Lastly, this thesis characterizes infant and adult inhalation exposures and respiratory tract 

deposited dose rates of resuspended bioPM from carpets.  Chamber experiments were conducted 

with a robotic crawling infant and an adult performing a walking sequence.  Breathing zone (BZ) 

size distributions of resuspended fluorescent biological aerosol particles (FBAPs), a bioPM proxy, 

were monitored in real-time.  FBAP exposures were highly transient during periods of locomotion.  

Both crawling and walking delivered a significant number of resuspended FBAPs to the BZ, with 

concentrations ranging from 0.5-2 cm-3.  Infants and adults are primarily exposed to a unimodal 

FBAP size distribution between 2 and 6 μm, with infants receiving greater exposures to super-10 

μm FBAPs.  In just one minute of crawling or walking, 102-103 resuspended FBAPs can deposit 

in the respiratory tract, with an infant receiving much of their respiratory tract deposited dose in 

their lower airways.  Per kg body mass, an infant will receive nearly four times greater respiratory 

tract deposited dose of resuspended FBAPs compared to an adult. 
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 INTRODUCTION 

1.1 Aerosols and their size distributions 

Aerosols are a key constituent of indoor and outdoor air pollution and include a diverse 

mixture of liquid and solid particles spanning in size from a single nanometer to tens of 

micrometers.  Aerosol measurements are critical for monitoring the extent of air pollution, 

identifying pollutant sources, understanding aerosol transport and transformation mechanisms, and 

evaluating human exposure and health outcomes.1–10  Human exposure to aerosols in urban and 

built environments is responsible for adverse health effects, including mortality and morbidity due 

to cardiovascular and respiratory diseases, asthma, and neural diseases.6,11–17  Improved 

characterization of aerosols is needed to better understand the impact of aerosol exposure on 

human health and to evaluate the efficacy of current and future air quality legislation. 

Aerosols can be classified into different modes according to theirs sizes: the nanocluster 

aerosol mode (NCA; <3 nm), nucleation mode (3-10 nm), Aitken mode (10-100 nm), accumulation 

mode (100-1000 nm), and coarse mode (>1000 nm).  Sub-micron aerosol refers to particles with 

a diameter less than 1000 nm.  In most environmental conditions, aerosols exist as an ensemble of 

particles with a variety of sizes.  The size-resolved abundance of the aerosol is often statistically 

depicted as a continuous lognormal distribution function, which is referred to as the lognormal 

particle size distribution (PSD).18,19  The PSD can be interpreted as the aerosol concentration 

normalized by the particle size on a logarithmic scale.  The integrated area beneath the PSD within 

a given size range represents its total size-integrated concentration.  The PSD can be expressed in 

terms of number, surface area, volume, or mass concentrations which allows one to translate across 

different domains. 

1.2 Urban aerosol particle size distributions 

Of particular importance are measurements of aerosol PSDs in the urban environment.  

Measurement of urban aerosol PSDs provides a basis for in-depth evaluation of size-resolved 

aerosol transport and transformation processes in the urban atmosphere, air pollution source 

apportionment, aerosol deposition in the human respiratory system, and associated toxicological 
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effects on the human body.  Despite the atmospheric and health relevance of urban PSDs, long-

term aerosol measurements are often focused on size-integrated concentration metrics, such as 

PM2.5 (size-integrated mass concentration of particles with an aerodynamic diameter less than 2.5 

μm), that lack essential size-resolved information.  While urban aerosol PSD measurements have 

been conducted in cities around the globe, they are often short in duration and not performed as 

part of routine air quality monitoring.  Urban PSDs provide a more complete assessment of an 

aerosol population, beyond what can be achieved with size-integrated metrics.  Of particular 

importance are urban PSDs that capture the ultrafine particle regime (UFP, 1 to 100 nm).  UFPs 

tend to dominate number PSDs, penetrate deep into the lung, and are associated with various 

deleterious human health outcomes. 

Presently, there are no comprehensive literature reviews synthesizing urban aerosol PSD 

observations from around the globe in order to identify geospatial trends in the structure of number 

and mass PSDs.  Previous literature reviews of urban aerosol PSDs have focused on major 

emission sources and source apportionment techniques3 and the implications of urban aerosol 

PSDs on indoor air quality.7  There has been a large number of urban aerosol PSD observations 

conducted over the past few decades.  A comprehensive review of urban aerosol PSD observations 

from around the globe is needed to help us identify the current state-of-knowledge on urban aerosol 

PSDs in cities around the globe and help motivate future research efforts and frame forthcoming 

urban air pollution measurement needs.  Such a review is the focus of Chapter 2. 

1.3 Loading aerosols for HVAC filtration experiments 

Outdoor aerosols are an important source of indoor aerosols as they can enter the building 

via the heating, ventilation, and air-conditioning (HVAC) system and through the cracks in the 

building envelope.  Air filters are equipped in HVAC systems in commercial and residential 

buildings to remove indoor and outdoor aerosols and to improve indoor air quality.  As aerosols 

are captured by HVAC filters, they will begin to form complex deposits of solid dendrites and 

liquid films within the filter fiber matrix.20–22  A combination of depth filtration and cake formation 

across the filter restricts airflow and imposes a pressure drop that must be overcome by the blower 

in the air handling unit (AHU).23–25  It is necessary to characterize the loading kinetics of HVAC 

filters aged with an aerosol representative of that found in outdoor (urban) and indoor 
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environments in order to better predict the trend in airflow resistance, and associated AHU blower 

power draw to overcome this pressure drop, during a filter’s service life.   

Loading aerosols typically used to age HVAC filters include ISO-12103-1-A2 Fine Test 

Dust, ISO-12103-1-A4 Coarse Test Dust, and ASHRAE Test Dust per ANSI/ASHRAE Standard 

52.2-2017.26,27  Such aerosols are primarily composed of coarse mode particles (1,000 to 100,000 

nm).  While useful for providing insights into differences in loading kinetics among filter media, 

coarse mode loading aerosols have a particle number and mass PSD unlike that found in outdoor 

(urban) and indoor environments.7,18,26,28–30  Thus, the HVAC filter will undergo a much different 

loading process than what it will encounter in real HVAC installations.26,31,32  To better 

characterize the loading kinetics of the HVAC filters, a new test method or aerosol generator, 

which can reproduce particles with the PSDs similar to indoor and outdoor (urban) PSDs, will be 

needed to enable for a more realistic simulation of how filters are aged in real environments. Such 

a generator is evaluated in Chapter 3. 

1.4 Indoor biological particulate matter and resuspension 

Biological particulate matter (bioPM) refers to particles of biological origin, including living 

or dead microorganisms (e.g. bacteria, archaea), biological dispersal items (e.g. pollen grains, 

fungal spores), biological excretions, and insect and plant debris.33,34  House dust is enriched with 

bioPM of indoor and outdoor origin.  They can be lifted up and become airborne by external forces, 

such as aerodynamic forces, electrostatic forces, and vibration of the deposit surface, of which the 

process is called resuspension.   

Inhalation exposure to airborne bioPM has been associated with adverse health effects, 

including asthma, wheezing, respiratory infections, and several allergic symptoms.35–41  On the 

other hand, protective health effects have been found to be associated with exposure to 

environmental microbes and specific allergens in numerous studies.  Early-life exposures to a 

diversity of bacteria and fungi and high indoor dust concentrations of bacterial and fungal cells; 

bacterial lipopolysaccharides and muramic acid; polysaccharides of fungi, pollen, and plants; and 

allergenic proteins of dust mites and animal dander have been linked to a reduced prevalence of 

asthma, atopy, wheeze, hay fever, and allergies later in life.42–52   

Human activities, such as simply walking across a carpet, can induce a large amount of 

indoor dust resuspension from surfaces.53  Despite the health and environmental significance of 
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indoor dust, which is widely used as a long-term inhalation exposure surrogate, we have a limited 

understanding of the relationship between particle resuspension induced by age-dependent forms 

of locomotion, such as crawling and walking, with the transient exposures that are received by 

infants, children, and adults.  Evaluating the respiratory tract deposited dose rate can help us better 

understand respiratory and allergic health outcomes of inhaled resuspended bioPM associated with 

different age-dependent forms of locomotion.  Chapter 4 presents the results of an experimental 

investigation into bioPM resuspension and exposure. 

1.5 Dissertation overview 

This thesis advances our understanding of the current state-of-knowledge on geographical 

variations in urban aerosol PSDs in cities around the globe, physical characteristics of salt aerosol 

produced by a new thermal aerosol generator to be used for HVAC filtration testing, and inhalation 

exposure of infants and adults to the resuspended bioPM from carpets.  The thesis focuses on the 

analysis of aerosol size distributions and their implications for exposure assessment, emission 

sources, and aerosol formation and transformation processes. 

Chapter 2 presents a critical review of urban aerosol PSD measurements by synthesizing 

n=793 PSD observations from n=125 cities in n=51 countries measured from 1998 to 2017.  

Geographical variations in physical characteristics of the aerosol population was identified on a 

global scale.  The geographical distribution of measurement locations and the categorization of the 

collected PSDs enables for identification of monitoring gaps in urban aerosol PSD measurements.  

The implications of geographical variations in urban aerosol number and mass PSDs on human 

inhalation exposure and aerosol filtration in buildings were evaluated to demonstrate the broad 

utility of routine PSD monitoring. 

Chapter 3 provides the characterization of a high-output thermal flame aerosol generator for 

HVAC filtration experiments.  The physical characteristics (e.g. size distribution, morphological 

features, and effective density) of the synthesized salt particles were characterized.  The effect of 

operational conditions on the PSD of salt particles was investigated and the suitability for HVAC 

filtration experiments was validated.   

Chapter 4 describes results from a study characterizing infant and adult inhalation exposures 

and respiratory tract deposited dose rates of resuspended bioPM from carpets. First, a brief review 

on the health effects of the inhalation exposure of bioPM and the laser-induced fluorescence (LIF) 
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technique for bioPM detection were provided. The chamber experiments are then introduced, 

which were conducted with a robotic crawling infant and an adult performing a walking sequence.  

A LIF instrument was deployed to measure the transient size distributions of resuspended 

fluorescent biological aerosol particles (FBAPs) at infant and adult breathing zone (BZ) height.  

The region-resolved respiratory tract deposited dose rates of the resuspended FBAPs associated 

with crawling and walking were estimated by using the Multiple-Path Particle Dosimetry (MPPD) 

model for infants and adults. 
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 URBAN AEROSOL SIZE DISTRIBUTIONS: A GLOBAL 

PERSPECTIVE 

2.1 Overview 

This chapter presents a comprehensive critical review of the current state-of-knowledge on 

urban aerosol particle size distribution (PSD) observations by synthesizing n=793 measured PSDs 

between 1998 to 2017 from n=125 cities in n=51 countries around the globe.  The geographical 

distribution of measurement locations and categorization of measurement information reveal 

significant gaps in urban aerosol PSD observations.  An agglomerated analysis by geographical 

region enables for identification of geospatial variations in the shape and magnitude of urban 

aerosol number and mass PSDs.  Inter-region variations in PSDs have important implications for 

population exposure, driving large differences in the urban aerosol inhaled deposited dose rate 

received in each region of the human respiratory system.  Similarly, inter-region variations in the 

shape of PSDs impact the penetration of urban aerosols through filters in building ventilation 

systems, which serve as an important interface between the outdoor and indoor atmospheres.  This 

critical review helps motivate future research efforts and frame forthcoming urban air pollution 

measurement needs. 

2.2 Introduction 

Urban air pollution is a major global environmental health challenge.  Urban aerosol 

measurements are critical for monitoring the extent of urban air pollution, identifying pollutant 

sources, understanding aerosol transport and transformation mechanisms, and evaluating human 

exposure and health outcomes.3,8,12,28  Human exposure to aerosols in urban environments is 

responsible for adverse health effects, including mortality and morbidity due to cardiovascular and 

respiratory diseases, asthma, and neural diseases.11,14,17  Improved characterization of urban 

aerosols is needed to better understand the impact of aerosol exposure on human health and to 

evaluate the efficacy of current and future air quality legislation.   

Measurement of urban aerosol PSDs are of particular interest as it provides a basis for in-

depth evaluation of size-resolved aerosol transport and transformation processes in the urban 

atmosphere, air pollution source apportionment, aerosol deposition in the human respiratory 
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system, and associated toxicological effects on the human body.  Presently, there are no 

comprehensive literature reviews synthesizing urban aerosol PSD observations from around the 

globe in order to identify geospatial trends in the structure of number and mass PSDs.  Previous 

literature reviews of urban aerosol PSDs have focused on major emission sources and source 

apportionment techniques3 and the implications of urban aerosol PSDs on indoor air quality.7  

There has been a large number of urban aerosol PSD observations conducted over the past few 

decades.  The objective of this critical review is to provide a comprehensive overview of urban 

aerosol PSD observations from around the globe. 

This study reviews n=793 urban aerosol PSD observations from n=125 cities in n=51 

countries measured between 1998 to 2017.  Urban aerosol PSD data spanning the nucleation to 

coarse modes (3 to 10,000 nm) was extracted from the literature, fit to multi-modal lognormal 

distribution functions, and agglomerated by geographical region in order to identify trends in the 

physical characteristics of aerosol populations from different regions.  This represents the first 

attempt, to the authors’ knowledge, to understand geographical variations in urban aerosol PSDs 

at a global scale.  The geographical distribution of measurement locations and the categorization 

of the collected PSDs enables for identification of gaps in urban aerosol PSD measurements.  This 

will help motivate future research efforts and frame forthcoming urban air pollution measurement 

needs.  Along with urban aerosol PSDs, size-resolved urban aerosol effective densities were also 

reviewed.  The effective density is an important aerosol morphological parameter that provides a 

basis to reliably translate measured number PSDs to mass PSDs.  The implications of geographical 

variations in urban aerosol PSDs on human inhalation exposure and aerosol filtration in buildings 

were evaluated to demonstrate the broad utility of routine PSD monitoring. 

2.3 Methodology for establishing the current state-of-knowledge on urban aerosol PSD 

observations 

An expansive literature search was conducted on short- and long-term stationary and 

mobile measurements of urban aerosol number and mass PSDs between 1998 and 2017.  The aim 

was to capture any potentially relevant peer-reviewed resources in which urban aerosol PSDs have 

been reported.  Two academic search indices, Web of Science and ScienceDirect, along with 

Google Scholar, were used to conduct the literature search.  Search terms included: urban aerosol, 

particle size distribution, urban aerosol size distribution, aerosol size distribution, urban particulate 



      

 

26 

matter, scanning mobility particle sizer urban, differential mobility particle sizer urban, and urban 

aerosol MOUDI, among others.  Approximately 3,400 peer-reviewed journal articles and reports 

were initially screened to determine if they contained suitable information.  Approximately 200 of 

them, which reported urban or semi-urban aerosol PSDs in the sub-micron regime (< 1000 nm), 

with some also covering the coarse regime (> 1000 nm), were selected for detailed analysis (Figure 

2.1).   These articles presented n=793 individual PSDs (182 of which covered both the sub-micron 

and coarse regime) from n=125 cities in n=51 countries around the globe (Table 2.1).   

 

Figure 2.1 Temporal and geographical distribution by year of the urban PSD references analyzed 

in this study (1998-2017) 

 

Most PSDs reported number-based concentrations (e.g. measured with a Scanning 

Mobility Particle Sizer (SMPS) or Aerodynamic Particle Sizer (APS)), while some report mass-

based concentrations (e.g. measured by inertial impactors) or columnar volume concentrations (e.g. 

measured by sun/sky radiometers).  For PSDs reported only in the form of figures without 

lognormal fitting parameters, as was most common among the references, the GRABIT tool in 

MATLAB (The MathWorks, Inc., Natick, MA, USA) and WebPlotDigitizer 

(https://automeris.io/WebPlotDigitizer, Version 4.0) were utilized to extract the data points of the 

PSDs.  The PSDs were subsequently reproduced in MATLAB.  A consistent particle size 

https://automeris.io/WebPlotDigitizer
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definition, the electrical mobility diameter (Dem), was used for all PSDs, as described in Section 

2.3 and 2.4. 

The PSDs were classified by geographical region: Africa (AF), Central, South, and 

Southeast Asia (CSSA), East Asia (EA), Europe (EU), Latin America (LA), North America, 

Australia, and New Zealand (NAAN), and West Asia (WA) (Table 2.1).  The PSDs in each 

geographical region were separated into two site types depending on the measurement location 

within the city.  ‘Urban’ indicates that the measurement was conducted in urban areas that are not 

strongly affected by localized traffic emissions.  ‘Traffic (near-road)’ indicates that the 

environment was strongly influenced by traffic emissions, e.g. street canyon or roadside. 

2.4 Methodology for evaluating geographical trends in size-resolved urban aerosol 

effective densities 

2.4.1 Introduction to size-resolved urban aerosol effective density functions 

Evaluation of geographical variations in size-resolved aerosol morphological features is 

needed to better characterize urban aerosol populations around the world.  This section outlines 

the development of size-resolved urban aerosol effective density (ρeff) functions from Dem = 3 to 

10000 nm.  Size-dependent differences in the aerosol particle density (ρp) and dynamic shape 

factor (χ) are best captured together through ρeff.  The ρeff functions serve three purposes in this 

study: (1.) to translate urban aerosol number PSDs to mass PSDs, (2.) to convert aerodynamic 

diameter (Da)-based PSDs to Dem-based PSDs, and (3.) to provide a summary of ρeff measurements 

in the urban atmosphere.  (2.) is necessary to enable a consistent particle size definition to be used 

in compiling PSD observations from around the globe, as described in Section 2.4.  The size-

resolved ρeff functions include a combination of direct measurements of ρeff in the urban atmosphere 

(Section 2.3.2) and approximations for size fractions where direct measurements have not yet been 

reported in the literature, such as sub-10 nm and coarse mode particles (Section 2.3.3-2.3.5).  The 

integration of the size-resolved ρeff functions with the urban aerosol PSD observations is presented 

in Section 2.3.6. 

Different definitions of ρeff have been used in previous studies.54  In the current study, ρeff 

is defined as the ratio of the measured particle mass (mp) to the volume calculated from Dem 

assuming spheres54–57 (Equation 2-1): 
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𝜌𝑒𝑓𝑓 =
6𝑚𝑝

𝜋𝐷𝑒𝑚
3              (2-1) 

Only empirical ρeff values defined in this manner were collected from the literature.  The 

particle volume (Vp) is defined as the volume taken up by all of the solid and liquid material in the 

particle and void space enclosed within the particle envelope.54  For an irregular particle, the 

volume equivalent diameter (Dve) represents the diameter of a sphere that has the same volume as 

Vp 
18,19,54 (Equation 2-2): 

𝑉𝑝 =
𝜋

6
𝐷𝑣𝑒

3             (2-2)   

The ratio of mp to Vp is referred to as the particle density (ρp), as shown in Equation (2-3): 

𝜌𝑝 =
6𝑚𝑝

𝜋𝐷𝑣𝑒
3              (2-3) 

 

The relationship between Dem and Dve is given by DeCarlo et al. and Seinfeld and 

Pandis18,54: 

𝐷𝑒𝑚

𝐶𝑐(𝐷𝑒𝑚)
=

𝐷𝑣𝑒𝜒

𝐶𝑐(𝐷𝑣𝑒)
           (2-4)  

where Cc is the Cunningham Slip Correction Factor.19,58,59 

2.4.2 Urban aerosol effective densities: summary of direct measurements 

Direct measurements of ρeff in urban environments are limited.  However, sufficient data is 

available in the literature to identify trends in ρeff among geographical regions and intra-city site 

types (urban or traffic).  Size-resolved urban aerosol ρeff values were extracted from n=9 studies 

conducted in Denmark, China, United States, and Finland (Table 2.2).  The studies report direct 

measurements of ρeff, primarily in the sub-micron regime through use of various aerosol instrument 

configurations, such as those evaluating the mass-mobility relationship of an aerosol population 

through a Differential Mobility Analyzer (DMA)-Aerosol Particle Mass Analyzer (APM) system 

(e.g. McMurry et al.56).  The measured ρeff values and measurement information, including 

measurement technique, duration, and site (city, country), are summarized in Table 2.2. 

As the PSD and direct ρeff measurements were conducted in different cities and at different 

site types within the city, it is reasonable to apply ρeff values which were measured under a 

condition consistent with a PSD measurement when converting number PSDs to mass PSDs and 

Da to Dem.  In order to apply the most reasonable ρeff to a PSD observation, the collected size-
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resolved ρeff values were divided into three groups according to the geographical region where the 

direct measurement was conducted and the site type (urban or traffic).  Direct measurements 

conducted in China in ‘urban’ environments were incorporated into Group A.  Direct 

measurements in the United States in ‘urban’ environments were incorporated into Group B.  

Direct measurements conducted in the United States, Finland, and Denmark in ‘traffic’ 

environments were incorporated into Group C.  None of the direct ρeff measurements in China were 

conducted in ‘traffic’ environments.  The ρeff values for the size range of 3200 to 5600 nm reported 

by Hu et al.55 were not included as the high ρeff values associated with the abundance of minerals 

in coarse particles in Beijing might bias the analysis.60,61 

Representative size-resolved ρeff functions were estimated for Groups A, B, and C (Figure 

2.9).  For the direct ρeff measurements tabulated in Table 2.2, the collected values were often 

reported as a function of particle size discretely.  In order to convert them to a continuous ρeff 

function with respect to size, which can be easily applied when converting number PSDs to mass 

PSDs and Da to Dem, a few assumptions were made.  For particles greater than 10 nm, if the 

particles at a certain diameter Dem,1 were reported to have an effective density of ρeff,1, we assume 

the particles in the size range from (Dem,1-50 nm) to (Dem,1+50 nm) also have the same effective 

density of ρeff,1.  If the particles at diameter Dem,2 (Dem,2>Dem,1) were reported to have an effective 

density of ρeff,2 in the same study and Dem,2 is within the size range from Dem,1 to (Dem,1+50 nm), 

we assume the particles with the size from (Dem,1-50 nm) to (Dem,1+Dem,2)/2 to have the effective 

density of ρeff,1, while the particles with the size from (Dem,1+Dem,2)/2 to (Dem,2+50 nm) have the 

effective density of ρeff,2.  By doing this, we obtained several continuous size-resolved ρeff functions 

ranging from approximately 10 nm to several hundred nanometers.  We then took the mean of the 

size-resolved ρeff values derived from direct measurements in each of the three groups, illustrated 

as blue lines in the gray regions of Figure 2.9. 
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Table 2.1 Summary of direct measurements of size-resolved urban aerosol effective densities. 

Country City Site Type 
Measurement 

Duration 

Measurement 

Technique 

Size 

(nm) 

Effective Density, 

ρeff (g cm-3) 
Reference 

Denmark Copenhagen 
Traffic  

(near road) 

January - February 

2012 
DMA-APM 

75 0.934 

Rissler et al. 

(2014)a 

100 0.8078 

150 0.4636 

250 0.6432 

350 0.276 

U.S. 

Los Angelesb Urban 

September - 

October 2005 
DMA-APM 

50 1.14 

Geller et al. 

(2006) 

118 1.12 

146 1.21 

202 1.14 

322 0.86 

414 0.73 

Downeyc 
Traffic  

(near road) 

50 1.13 

118 1 

146 0.94 

202 0.78 

322 0.49 

414 0.31 

Riverside Urban 

50 1.4 

118 1.4 

146 1.29 

202 1.06 

China Beijing Urban 
January 22 - 27 

2007 

SMPS/APS-

MOUDI 

56-100 2.085 

Hu et al. 

(2012)d 

100-

180 
1.32 

180-

320 
1.336 

320-

560 
1.885 

560-

1000 
1.75 

1000-

1800 
1.655 

1800-

3200 
1.38 

3200-

5600 
2.23 

5600-

10000 
- 

China Shanghai Urban 
December 6 - 

January 12 2012 
TDMA-APM 

50 1.36 

Yin et al. 

(2015) 

100 1.45 

200 1.52 

300 1.53 

400 1.55 

309 1.62 
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Table 2.1 continued. 

China Shanghai Urban 
December 21  2014 

- January 13 2015 
DMA-APM 

40 1.37 

Xie et al. 

(2017) 

100 1.4 

220 1.47 

300 1.5 

U.S. Houston Urban 
April 15 - May 31 

2009 
DMA-APM 

46 1.55 

Levy et al. 

(2013)e 

81 1.55 

151 1.54 

240 1.54 

350 1.5 

Finland Helsinki 
Traffic  

(near road) 

February 10 - 26 

2003, January 28 - 

February 12 2004 
ELPI-SMPS 

20.3 1.04 

Virtanen et al. 

(2006) 

72 1.5 

August 12 - 27 

2003, August 6 - 20 

2004 

18.9 0.96 

75.1 1.8 

China Beijing Semi-Urban May - June 2016 DMA-CPMA 

50 1.56 

Qiao et al. 

(2018) 

80 1.55 

100 1.51 

150 1.5 

240 1.47 

350 1.42 

U.S. Atlanta Urban August 2009 TDMA-APM 
107 1.58 McMurry et 

al. (2002)f 309 1.62 
 

aAverage of the soot and dense mode during Period I in Rissler et al.62 
bReferred to as USC in Geller et al.63 
cReferred to as 710-freeway in Geller et al.63 
dAverage of the polluted and clean episodes in Fig. 4 in Hu et al.55 
eAverage of the values in Fig. 11 in Levy et al.66 
fAverage of ρeff,2 in Table 3 in McMurry et al.56 
DMA: Differential Mobility Analyzer 

TDMA: Tandem Differential Mobility Analyzer 

CPMA: Centrifugal Particle Mass Analyzer 

APM: Aerosol Particle Mass Analyzer 

ELPI: Electrical Low Pressure Impactor 

SMPS: Scanning Mobility Particle Sizer 

APS: Aerodynamic Particle Sizer 

MOUDI: Micro-Orifice Uniform Deposit Impactor 

2.4.3 Urban aerosol effective densities: considerations for sub-10 nm particles without 

direct measurements 

Direct measurements of ρeff from Dem = 3 to 10 nm have not been previously reported in 

the literature.  Particles in this size range are typically formed by homogeneous or heterogeneous 

nucleation, which can involve sulfuric acid (H2SO4), amines, ammonia, and organic vapors (e.g. 

Kulmala et al.68).  H2SO4 and highly oxygenated molecules (HOMs) or extremely low volatility 

organic compounds (ELVOCs) are often involved in the nucleation and initial growth of particles 
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during an atmospheric new particle formation event.  Previous studies have assumed nucleated 

particles formed in experimental chambers in the size range of 4 to 12 nm to have a density of 1.5 

g cm-3.69  ELVOCs and HOMs are assumed to have a density of 1.5 g cm-3 and 1.4 g cm-3, 

respectively.70,71  For simplicity, we used the ρp of condensed ELVOCs70 (1.5 g cm-3) and the 

condensed phase density of H2SO4
72 (1.83 g cm-3) to estimate the lower and upper limits of ρeff for 

particles from Dem = 3 to 10 nm, assuming the particles adopt a spherical shape with χ = 1.  The 

mean value of the two limits was used as the representative ρeff for all three groups (dark red lines 

in light blue regions of Figure 2.9).  Despite uncertainties in the assumed ρeff values, particles from 

Dem = 3 to 10 nm contribute negligibly to particle mass concentrations and are seldom measured 

with aerodynamic-based techniques, thus conversion from Da to Dem is often unnecessary. 

2.4.4 Urban aerosol effective densities: considerations for accumulation mode particles 

without direct measurements 

There is a lack of direct measurements of ρeff in Groups B and C for particles greater than 

approximately 400 nm in size.  Pitz et al.73 conducted measurements of apparent particle density 

for particles with a Da ≤ 2500 nm (PM2.5) at an urban background site in Germany.  The apparent 

particle density ranged from 1.05 to 2.36 g cm-3, with a mean value of 1.65 g cm-3.  As particles in 

the accumulation mode strongly contribute to urban aerosol mass concentrations (e.g. PM1, PM2.5), 

we assume the mean apparent particle density of 1.65 g cm-3 to be the representative ρeff for 

particles in the size range from Dem  = 400 to 2500 nm in Group B (dark red line in yellow region 

of Figure 2.9).  Rissler et al.62 measured the ρeff of urban aerosols from 50 to 400 nm in a street 

canyon in central Copenhagen and identified two different groups of aerosols with distinctive ρeff: 

loose chain-like soot aggregates and more dense particles.  The ρeff of the dense particles from Dem 

= 50 to 400 nm was in the range of 1.3 to 1.65 g cm-3, of which the main constituents were inorganic 

salts, such as sulfate, nitrate, and ammonium, along with organics.  Previous studies that have 

investigated the chemical composition of near-road aerosols indicated that the mass fraction of 

black carbon (elemental carbon) to the total mass of particles from Dem  = 400 to 1000 nm was 6.4 

to 26.7%.74–78  Here, we assume that loose chain-like soot aggregates do not contribute 

significantly to particle mass concentrations in this size range and applied the mean value of ρeff 

for ‘dense’ particles as measured by Rissler et al.62 as the representative ρeff for particles from Dem 

= 400 to 1000 nm in Group C (dark red line in orange region of Figure 2.9).  Although soot particles, 
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which have a ρeff less than that of the dense particles, exist in the size range of Dem = 400 to 1000 

nm, denser components, such as organics, mineral dusts, and crustal materials, may also exist in 

this size range. 

2.4.5 Urban aerosol effective densities: considerations for coarse mode particles without 

direct measurements 

Direct measurements of urban aerosol ρeff have been rarely conducted in the coarse mode, 

in part due to the difficulty of extending mass-mobility measurements (e.g. DMA-APM) to this 

size range.  Coarse particles can be composed of organics, ions, dusts, crustal material, brake and 

tire wear, sea salt, black carbon, and other trace elements.74–76,79–84  These materials are associated 

with a wide range in ρp.  Secondary organic aerosol (SOA) synthesized in the laboratory are 

reported to have ρp ranging from 1 to 1.65 g cm-3, depending on formation conditions and gas-

phase precursors.85–88  The ρp of (NH4)2SO4 and NH4NO3, which represent sulfate and nitrate 

compounds dominant in ionic mass, were reported to be approximately 1.7 g cm-3.89–92  The ρp of 

dust varies with the associated components, including amorphous silicon oxide (2.1 to 2.3 g cm-3), 

illite/muscovite (2.7 to 3.1 g cm-3), montmorillonite (2.2 to 2.7 g cm-3), and quartz (2.65 g cm-3).93  

The inherent material density of diesel soot was measured to be 1.77 g cm-3.94 

The shape of coarse mode particles is often composition-dependent.  The value of χ 

depends on the shape of the particle.  For a sphere, χ = 1; for a cylinder with an axial ratio of 2, χ 

= 1.1; for a cylinder with an axial ratio of 5, χ = 1.35; and for a compact cluster of four spheres, χ 

= 1.17.19  Some studies indicate that SOA has a spherical shape, suggestive of χ ~ 1.95–97  Coarse 

mode dust particles often exhibit large values of χ.  The χ of Saharan mineral dusts measured in 

Morocco with a Dem = 1200 nm is 1.25.98  Davies99 reported χ to be 1.36 to 1.82 for quartz, 2.04 

for talc, and 1.57 for sand.  Soot particles typically exist as porous agglomerates, however, they 

can transform to spheres over several hours by condensation of H2SO4.
62,100–102  The complicated 

mixing state of urban aerosols introduces additional uncertainties in estimating the ρeff for coarse 

mode particles.103 

ρeff values were estimated for coarse mode particles in Group C, for particles larger than 

2500 nm in Group B, and for particles larger than 3200 nm in Group A.  The ρp and χ of three types 

of aerosols, including inorganic aerosol, SOA, and mineral dust, were used to estimate a range of 

values for ρeff.  (NH4)2SO4 and NH4NO3, with a ρp of approximately 1.7 g cm-3 and a χ of 1.01,89–
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92,104 were selected as the representative inorganic aerosol to calculate ρeff.  Nearly spherical SOA 

was assumed to adopt ρeff of 1 to 1.65 g cm-3.85–88  Illite, kaolinite, and montmorillonite were chosen 

to represent mineral dust, with ρp of 2.7 to 3.1 g cm-3, 2.6 g cm-3, and 2.2 to 2.7 g cm-3, and with χ 

of 1.3, 1.05, and 1.11, respectively.93,104,105 

Equation (2-4) presents the relationship between Dem and Dve.  For coarse mode particles, 

the value of 
𝐶𝐶(𝐷𝑣𝑒)

𝐶𝑐(𝐷𝑒𝑚)
 is approximately unity, such that the Cunningham slip correction factors in 

Equation (2-4) can be reasonably neglected.  Therefore, Equation (2-4) becomes 𝐷𝑒𝑚 = 𝐷𝑣𝑒χ.  

Plugging this into Equation (2-1), we arrive at Equation (2-5): 

𝜌𝑒𝑓𝑓 =
6𝑚𝑝

𝜋𝜒3𝐷𝑣𝑒
3             (2-5) 

Combining Equation (2-3) and (2-5), we can derive Equation (2-6), which describes the 

relationship between ρeff, ρp, and χ for coarse mode particles (an example is given in Figure 2.2): 

𝜌𝑒𝑓𝑓 =
𝜌𝑝

𝜒3            (2-6) 

With the different combinations of ρp and χ described above, Equation (2-6) was applied to 

calculate ρeff values for the three types of aerosols.  The values span from 1 to approximately 2 g 

cm-3 (light green region of Figure 2.9).  The ρeff values within this range are used as the 

representative ρeff for coarse mode particles in Group C, for particles larger than 2500 nm in Group 

B, and for particles larger than 3200 nm in Group A.   
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Figure 2.2 Effective densities (ρeff) as derived from different values of dynamic shape factors (χ) 

and particle densities (ρp), assuming the value of Cc(Dve)/Cc(Dem) is approximately unity for 

coarse particles. 

  



      

 

36 

2.4.7 Integration of size-resolved urban aerosol effective density functions with urban 

aerosol PSD observations 

The combination of directly measured and estimated ρeff values between Dem = 3 to 10000 

nm provides a basis to establish continuous, size-resolved urban aerosol ρeff functions for Groups 

A (ρA
eff), B (ρB

eff), and C (ρC
eff), as illustrated in Figure 2.9.  When converting number PSDs to 

mass PSDs and Da to Dem, ρA
eff was applied to number PSDs measured in the ‘urban’ environment 

in cities in CSSA, WA, LA, AF, and China.  ρB
eff was applied to number PSDs measured in the 

‘urban’ environment in cities in EU, NAAN, Japan, and Korea.  ρC
eff was applied to number PSDs 

measured in the ‘traffic’ areas in cities around the globe, excluding China. 

ρA
eff was applied to the number PSDs measured at both urban and traffic sites in China.  

The urban PSD measurements in China collected in this study were mainly from megacities, such 

as Beijing, Shanghai, and Guangzhou.  Heavy-duty diesel trucks are prohibited to enter many 

urban areas during the daytime in these megacities.4  In addition, the fraction of diesel-powered 

cars in cities in China are much lower than that in Europe or North America.  It is shown that 

gasoline-powered passenger cars contribute 91% of the total amount of vehicles in Beijing.4  

Therefore, the relative fraction of soot particles in the near-road region was expected to be lower 

than that in North America and Europe.  Previous studies suggest that the contribution of black 

carbon to PM2.5 mass concentrations was less than 4% in Shanghai.106,107  In addition, soot particles 

from gasoline engine vehicles might be more ‘compact’ due to the relatively sulfur ‘rich’ fuel used 

in China.64  Soot particles may also be heavily aged or internally mixed with other condensable 

materials due to the higher pollution levels in megacities, resulting in a higher ρeff than freshly 

emitted soot particles.  Huang et al.108 indicated that the number fraction of pure black carbon was 

1.9% in Shanghai during polluted periods.  Therefore, the near-road size-resolved ρeff was assumed 

to be closer to the values compiled for ρA
eff, rather than those for ρC

eff.  
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2.5 Methodology for analyzing urban aerosol PSD observations 

2.5.1 Introduction to multi-modal lognormal fitting and transformations of urban aerosol 

PSDs 

The urban aerosol PSDs were fit to the multi-modal lognormal distribution function and 

translated across number (cm-3), surface area (𝜇m2 cm-3), volume (𝜇m3 cm-3), and mass (𝜇g m-3) 

domains following different strategies depending on the measurement technique and size range, 

as described in Section 2.4.1.1-2.4.1.4.  Lognormal fitting parameters, including the geometric 

mean diameter, geometric standard deviation, and concentration for each mode, along with 

measurement information, for all n=793 PSDs are compiled in the Appendix (Tables A1-A5).  For 

a few selected studies where the measured PSDs were already fit to the multi-modal lognormal 

distribution function, the listed fitting parameters were used directly.  The fitting parameters 

provide a basis to characterize the shape and magnitude of the PSDs, as well as a mathematical 

parameterization to re-produce the measured PSDs for subsequent analysis by the atmospheric 

aerosol research community. 

2.5.1.1 Urban aerosol number PSDs in the sub-micron regime 

Urban aerosol number PSDs that only included modes in the sub-micron regime 

(nucleation, Aitken, and accumulation) were typically measured via electrical mobility-based 

techniques as number-based concentrations (e.g. SMPS).  The extracted measured data for these 

PSDs were fit to the multi-modal lognormal distribution function (dN/dLogDp, cm-3, Equation 2-

7) by using a lognormal fitting code in MATLAB based on the nonlinear least-squares curve fitting 

function, lsqcurvefit.m: 

𝑑𝑁

𝑑𝐿𝑜𝑔𝐷𝑝
= ∑

𝑁𝑖

(2𝜋)1/2𝑙𝑜𝑔 (𝜎𝑖)
𝑒𝑥𝑝 [−

(𝑙𝑜𝑔 𝐷𝑝−𝑙𝑜𝑔 𝐷𝑝,𝑖̅̅ ̅̅ ̅)
2

2𝑙𝑜𝑔2(𝜎𝑖)
]𝑛

𝑖=1       (2-7) 

The geometric mean diameter (𝐷𝑝,𝑖
̅̅ ̅̅ ̅), geometric standard deviation ( 𝜎𝑖 ), and particle 

number concentration or amplitude (Ni) for each mode (i) were determined.  The number of modes 

was based upon what was needed to achieve the best fit to the measured data.  Fitting parameters 

and measurement information for urban aerosol number PSDs in the sub-micron regime are 

provided in Table A.1, an example of which is shown in Figure 2.3.  The fitted number PSDs were 

converted to surface area PSDs (dS/dLogDp, 𝜇m2 cm-3) and volume PSDs (dV/dLogDp, 𝜇m3 cm-
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3) assuming spherical particles and converted to mass PSDs (dM/dLogDp, 𝜇g m-3) using the 

representative size-resolved ρeff functions for Groups A, B, or C (Section 2.3, Figure 2.9).  Size-

integrated concentrations were also calculated. 

 

Figure 2.3 Example of urban aerosol number, surface area, volume, and mass PSDs measured by 

electrical mobility techniques. The upper left plot shows an urban aerosol number PSD with 

lognormal fitting parameters listed. The black curve indicates the measured data and the blue 

curve was reproduced with the multi-modal lognormal fitting parameters. The dashed curves 

represent each individual mode of the lognormal fitting. PN, PS, PV, and PM represent the size-

integrated particle number, surface area, volume, and mass concentrations, respectively (the 

subscripts indicate the size range). 
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2.5.1.2 Urban aerosol number PSDs that cover both the sub-micron and coarse regimes 

Urban aerosol number PSDs that cover both the sub-micron and coarse regimes typically 

utilize a combination of different aerosol measurement techniques.  Electrical mobility-based 

techniques (e.g. SMPS) are often used for the sub-micron regime and aerodynamic-based 

techniques (e.g. APS) or optical-based techniques (e.g. Optical Particle Counter (OPC) or Optical 

Particle Sizer (OPS)) are used for the coarse regime and a fraction of the accumulation mode.  The 

amplitude of number PSDs can span one to three orders of magnitude over the sub-micron and 

coarse regimes.  When both regimes are measured concurrently, the coarse mode is often present 

as the tail of the accumulation mode in the number PSDs.  Thus, the lognormal fitting of the 

number PSDs often ignores the coarse mode particles, which can result in an inaccurate estimation 

of the volume and mass concentrations of large particles when converting the fitted number PSDs 

to volume and mass PSDs.  Therefore, the PSDs that cover both the sub-micron and coarse regimes 

were separated into two segments, each of which was individually fitted to the multi-modal 

lognormal distribution function in order to reproduce the measured data more accurately. 

Electrical mobility-based techniques typically cover size fractions that contribute 

significantly to number PSDs in the urban atmosphere (e.g. Dem ≤ 100 nm).  Thus, the segment of 

the number PSDs measured by such techniques were directly fitted with the multi-modal 

lognormal distribution function by Equation (2-7), and the fitted number PSDs were converted to 

surface area, volume, and mass PSDs as described in Section 2.4.1.1.  Size fractions measured by 

aerodynamic- or optical-based techniques often cover a fraction of the accumulation mode and the 

coarse mode, both of which contribute significantly to volume and mass PSDs.  Therefore, to best 

reproduce the volume and mass PSDs, a different approach was employed to fit the PSDs measured 

by these two techniques. 

For aerodynamic-based measurements, Da needs to be converted to Dem so that a consistent 

particle size definition can be used.  In some studies, the authors did this by converting the 

measured Da-based PSD to a Dem-based PSD using the value for ρeff that gave the best fit between 

the converted Dem-based PSD with the measured Dem-based PSD in an overlap region (often the 

accumulation mode) that was covered by both electrical mobility- and aerodynamic-based 

techniques (e.g. Pitz et al.109).  Most urban aerosol number PSDs measured with an APS were 

reported as Da-based PSDs9 or converted to Stoke’s or geometric diameter-based PSDs by 

assuming values for χ and ρp.
4,110–114  For the latter, such diameters were first converted back to 
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Da, and then to Dem.  Equation (2-8) shows the relationship between Da and Dve
19,54, where ρ0 is 

the standard density of 1 g cm-3: 

𝐷𝑣𝑒 = 𝐷𝑎√
𝜒𝜌0𝐶𝑐(𝐷𝑎)

𝜌𝑝𝐶𝑐(𝐷𝑣𝑒)
           (2-8) 

For coarse mode particles, it is assumed that 
𝐶𝐶(𝐷𝑣𝑒)

𝐶𝑐(𝐷𝑎)
 is approximately unity.  As mentioned 

in Section 2.3.5, 𝐷𝑣𝑒 = 𝐷𝑒𝑚/χ; combining this with Equation (2-8), we arrive at Equation (2-9): 

𝜌𝑝
1/2

𝜒3/2𝜌0
1/2 =

𝐷𝑎

𝐷𝑒𝑚
            (2-9) 

From Equation (2-9) and (2-6), we can derive the relationship between Da and Dem 

(Equation 2-10), which is used to convert Da to Dem: 

𝜌𝑒𝑓𝑓 = 𝜌0(
𝐷𝑎

𝐷𝑒𝑚
)2           (2-10)  

As described in Section 2.3, a series of ρeff values were generated from different 

combinations of 𝜒 and ρp (Figure 2.2 and light green region of Figure 2.9) for a fraction of the 

coarse mode without direct ρeff measurements in Groups A, B, and C.  When converting Da to Dem 

for these particles, each Da was converted to multiple Dem corresponding to a series of ρeff to 

account for the uncertainty in ρeff.   Therefore, for each of the Da-based number PSDs in the size 

range where direct ρeff data is lacking, a series of Dem-based number PSDs were determined.  Figure 

2.4 shows the ratio of Da to Dem when translating between the two diameters for different values 

of 𝜒 and ρp (assuming 
𝐶𝐶(𝐷𝑣𝑒)

𝐶𝑐(𝐷𝑎)
≈ 1).  In general, Da/Dem increases with decreasing 𝜒 and increasing 

ρp. 
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Figure 2.4 The ratio of aerodynamic diameter (Da) to electrical mobility diameter (Dem) derived 

from different values of the dynamic shape factor (χ) and particle density (ρp). 

 

The converted Dem-based number PSDs were transformed to Dem-based volume PSDs.  For 

the size fraction of the coarse mode where the ρeff was estimated by different combinations of 𝜒 

and ρp, multiple Dem-based volume PSDs were obtained from the series of Dem-based number PSDs.  

An example is shown in Figure 2.5.  We took the mean Dem-based volume PSD of that series of 

Dem-based volume PSDs, and then conducted the multi-modal lognormal fitting via Equation (2-

11): 

𝑑𝑉

𝑑𝐿𝑜𝑔𝐷𝑝
= ∑

𝑉𝑖

(2𝜋)1/2𝑙𝑜𝑔 (𝜎𝑖)
𝑒𝑥𝑝 [−

(𝑙𝑜𝑔 𝐷𝑝−𝑙𝑜𝑔 𝐷𝑝,𝑖̅̅ ̅̅ ̅)
2

2𝑙𝑜𝑔2(𝜎𝑖)
]𝑛

𝑖=1       (2-11) 
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where Vi is the volume concentration of mode i.  The fitted Dem-based volume PSDs were then 

converted back to number and surface area Dem-based PSDs.  This was done to prevent possible 

amplification in the difference between the measured and lognormally fitted PSDs when 

converting number PSDs to volume PSDs. 

 

Figure 2.5 An example of urban aerosol number, surface area, volume, and mass PSDs measured 

by aerodynamic techniques. The black dotted curve in the number PSD indicates the measured 

data.  The dotted line in the Da-based volume PSD was converted from the measured Da-based 

number PSD. The solid black lines in the volume and mass PSDs are Dem-based PSDs converted 

from the measured Da-based number PSD.  The rainbow color lines are the converted Dem-based 

volume and mass PSDs for a range of ρeff to account for the uncertainties in ρeff in the coarse 

regime. The relationship between the color and ρeff is shown in the color bar. The dotted color 

lines are the lognormal fitting curves for each mode. The dashed black lines in the volume and 

mass PSDs are the sum of the fitted sub-modes. The fitted volume PSD was converted back to 

number and surface area PSDs, which are shown as the dashed black lines. The effective size 

range for the lognormal fitting is indicated. The mass Dem-based PSD was also converted 

assuming a uniform apparent ρeff of 1.65 g cm-3 as the dotted black line.109 
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The converted Dem-based number PSDs were also transformed into Dem-based mass PSDs 

by applying the effective density functions ρA
eff, ρ

B
eff, or ρC

eff, according to the measurement 

location and site type (Section 3, Figure 2.9).  For the size fraction of the coarse mode where the  

ρeff was estimated by different combinations of 𝜒 and ρp, multiple Dem-based mass PSDs were 

obtained from a series of Dem-based number PSDs.  Similar to the volume PSDs, we took the mean 

Dem-based mass PSD of that series of Dem-based mass PSDs, and then conducted the multi-modal 

lognormal fitting via Equation (2-12): 

𝑑𝑀

𝑑𝐿𝑜𝑔𝐷𝑝
= ∑

𝑀𝑖

(2𝜋)1/2𝑙𝑜𝑔 (𝜎𝑖)
𝑒𝑥𝑝 [−

(𝑙𝑜𝑔 𝐷𝑝−𝑙𝑜𝑔 𝐷𝑝,𝑖̅̅ ̅̅ ̅)
2

2𝑙𝑜𝑔2(𝜎𝑖)
]𝑛

𝑖=1       (2-12) 

where Mi is the mass concentration of mode i.  Now the number, surface area, volume, and mass 

PSDs in the size range covered both the electrical mobility- and aerodynamic-based techniques 

can be reproduced.  The goal of this stage is to apply the most appropriate size-resolved ρeff to a 

given number PSD measurement, thereby accurately estimating its volume and mass PSD and 

taking into consideration the uncertainties of the unknown size-resolved ρeff values for the coarse 

mode.  Fitting parameters and measurement information for urban aerosol PSD measurements 

made with both electrical mobility- and aerodynamic-based techniques covering the sub-micron 

and coarse regimes are provided in Table A.2. 

For optical-based measurements, we assume the optical diameter is equivalent to Dem due 

to the lack of information needed to convert one to the other.  The number PSDs measured by 

optical-based techniques were transformed to mass PSDs assuming a uniform apparent density of 

1.65 g cm-3.73  The mass PSDs were then fitted with the multi-modal lognormal distribution 

function using Equation (2-12).  The fitted mass PSDs were converted back to number, surface 

area, and volume PSDs.  Fitting parameters and measurement information for urban aerosol PSD 

measurements made with both electrical mobility- and optical-based techniques covering the sub-

micron and coarse regimes are provided in Table A.3. 
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2.5.1.3 Urban aerosol mass PSDs measured by gravimetric methods employing inertial 

impactors 

For urban aerosol mass PSDs measured by gravimetric methods with inertial impactors, 

the Da-based mass PSDs were converted to Dem-based mass PSDs to enable for comparison with 

the other electrical mobility-based measurements.  According to the measurement location and site 

type, Da was converted to Dem using the ρeff functions for Groups A, B, or C, via Equation (2-10).  

For the fraction of the coarse mode where a series of 𝜒 and ρp were used to estimate ρeff, each Da-

based mass PSD was converted to multiple Dem-based mass PSDs, with each PSD corresponding 

to a particular value of ρeff.  Then, the mean Dem-based PSD was taken from the series of Dem-based 

mass PSDs and merged with the rest of the Dem-based mass PSD determined via the effective 

density functions ρA
eff, ρ

B
eff, or ρC

eff.  The multi-modal lognormal fitting was conducted for the Dem-

based mass PSDs by using Equation (2-12).  An example is shown in Figure 2.6. 

The Da-based mass PSDs were also converted to Dem-based volume PSDs by using the ρeff 

functions for Groups A, B, or C.  Similar to the conversion for mass PSDs, for the fraction of the 

coarse mode where a series of 𝜒 and ρp were used to estimate ρeff, each Da-based mass PSD was 

converted to multiple Dem-based volume PSDs.  The mean Dem-based volume PSD was taken from 

this series of Dem-based volume PSDs and merged with the rest of the Dem-based volume PSD.   

The multi-modal lognormal fitting was conducted for the Dem-based volume PSDs by using 

Equation (2-11).  The fitted Dem-based volume PSDs were converted to Dem-based number and 

surface area PSDs.  Fitting parameters and measurement information for urban aerosol PSD 

measurements made with gravimetric methods employing inertial impactors are provided in Table 

A.4. 
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Figure 2.6 An example of urban aerosol number, surface area, volume, and mass PSDs measured 

by gravimetric methods employing inertial impactors. The black dotted curve in the mass PSD 

indicates the measured data.  The solid black lines in the volume and mass PSDs are Dem-based 

PSDs converted from the measured Da-based mass PSD by using ρB
eff.  The rainbow color lines 

are the converted Dem-based volume and mass PSDs for a range of ρeff to account for the 

uncertainties in ρeff in the coarse regime. The relationship between the color and ρeff is shown in 

the color bar. The dotted color lines are the lognormal fitting curves for each mode. The dashed 

black lines in the volume and mass PSDs are the sum of the fitted sub-modes. The fitted volume 

PSD was converted to number and surface area PSDs, which are shown as the dashed black 

lines. The effective size range for the lognormal fitting is indicated. 
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2.5.1.4 Urban Aerosol Columnar Volume PSDs 

Urban aerosol columnar volume PSDs measured by sun/sky radiometers were first 

converted to number PSDs assuming spherical particles.  Then, the converted number PSDs and 

the columnar volume PSDs were separately fitted with multi-modal lognormal distribution 

functions, using Equation (2-7) and (2-11), respectively.  The fitted number PSDs were 

transformed to surface area PSDs and the fitted volume PSDs were transformed to mass PSDs 

assuming a uniform apparent density of 1.65 g cm-3.73  As the columnar volume PSDs do not 

present the absolute aerosol concentration, they were plotted in arbitrary units.  Fitting parameters 

and measurement information for urban aerosol columnar volume PSD measurements made with 

sun/sky radiometers are provided in Table A.5. 

2.4.1.5 Considerations for Grouping Urban Aerosol PSD Observations by Geographical Region 

The collection of urban aerosol PSD observations from around the globe offers a basis to 

identify geographical trends in number and mass PSDs.  A few considerations were made in 

grouping the PSDs by geographical region.  For urban aerosol number PSDs, the prominent peak 

is most often present in the UFP regime, which is captured very well by electrical mobility-based 

techniques (e.g. SMPS).  However, PSD measurements made with aerodynamic-based techniques 

(e.g. APS, inertial impactors), optical-based techniques (e.g. OPC, OPS), or sun/sky radiometers 

typically cannot accurately characterize number PSDs down to the UFP regime.  Thus, when 

grouping urban aerosol number PSDs by geographical region, only measurements made via 

electrical mobility-based techniques involving the UFP regime were used.  More recent PSD 

observations of the sub-3 nm nanocluster aerosol mode made with diethylene glycol-based 

condensation particle counters, which can contribute significantly to sub-micron particle number 

concentrations, were not included in the global-scale analysis given the limited number of 

measurements that have been made (e.g. Rönkkö et al.115).  For urban aerosol mass PSDs, the 

maximum value of the PSD typically exists in either the accumulation mode or the coarse mode.  

Therefore, urban aerosol PSD measurements made via electrical mobility-based techniques that 

only cover the sub-micron regime were not used in the analysis of geographical trends in mass 

PSDs.  Only PSD measurements made with inertial impactors and those combining both electrical 
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mobility- and aerodynamic-/optical-based techniques to cover both the sub-micron and coarse 

regimes were incorporated into the global mass PSD analysis.   

2.5.2 Categorization and presentation of urban aerosol PSD observations in the Appendix 

The urban aerosol PSD observations were categorized by seven factors in order to better 

evaluate the shape and magnitude of an individual PSD and to provide a basis for historical 

interpretations of the PSDs: (1.) sampling location, (2.) sampling duration, (3.) time of day, (4.) 

event identification, (5.) target aerosol population, (6.) measurement type, and (7.) prominent 

mode.  The categorization information is presented in the Appendix A in Tables A1-A5 as 

acronyms as: (1.) – (2.) – (3.) – (4.) – (5.) – (6.) – (7.) (e.g. Figure 2.3, 2.5, 2.6).  Intra-city sampling 

locations include: traffic-influenced (TR), city center (CC), urban background (UB), sub-urban 

(SUB), and non-specific urban (NU).  Non-specific urban represents an environment that is in the 

urban area, but all of the other indicators are not applicable.  The sampling duration of the 

measurements were classified into several time-scales: long term (LT: > 6 months), moderate term 

(MT: 1 – 6 months), short term (ST: 1 week – 1 month), very short term (VST: 1 day – 1 week), 

and very, very short term (VVST: < 1 day).  The time of the day includes: morning (M), afternoon 

(A), evening/night (E), daytime (D), and mean/median of the day (ME).  Event identification 

includes: non-specific event (NS), new particle formation (NPF), biomass burning (BB), 

photochemical event (PC), combustion event (CB), dust storm (DS), and haze (HZ).  The majority 

of PSDs were classified as NS as the reported observational period was not associated with a 

particular event.  The target aerosol population indicates the size range covered by the 

measurement setup, including: UFP regime (UFP: Dp ≤ 100 nm), fine regime (F: 100 nm < Dp ≤ 

1000 nm), coarse regime (C: Dp > 1000 nm), UFP and fine regimes (UFP+F), fine and coarse 

regimes (F+C), and UFP regime with both fine and coarse regimes (UFP+F+C).  The measurement 

type includes aerosol instruments based on electrical mobility classification (EM), aerodynamic 

sizing (A), optical sizing (O), sun/sky radiometers (RS), and gravimetric methods using inertial 

impactors (A-G).  The prominent mode indicates the location of the prominent peak in the number 

PSDs, including the nucleation mode (NUC), Aitken mode (AIT), and accumulation mode (ACC).  

In some cases, the peak is present at the border of the nucleation and Aitken modes (NUC-AIT), 

or at the border of the Aitken and accumulation modes (AIT-ACC). 
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For number PSDs measured with a combination of electrical mobility- and aerodynamic-

/optical-based techniques covering the sub-micron and coarse regimes (Tables A.2, A.3), the PSDs 

were divided into two segments as outlined in Section 2.4.1.2; thus, a separate figure was generated 

for each segment.  Figure 2.3 is representative of sub-micron urban aerosol number PSDs 

measured with electrical mobility-based techniques that are included in the Appendix A.  The 

upper-left plot includes the measured/extracted data (black curve), which was fitted to the multi-

modal lognormal distribution function.  The lognormal fitting parameters are listed, with the colors 

corresponding to the individual mode, shown as dashed curves.  The blue curve shows the sum of 

the individual modes.  The size range over which the fitting is effective is listed.  The fitted size 

range was not necessarily equivalent to the size range of the measurement.  The estimated surface 

area, volume, and mass PSDs derived from the fitted number PSD are presented in the remaining 

plots.  Size-integrated concentrations are also provided in the figure. 

Figure 2.5 is representative of urban aerosol number PSDs spanning the accumulation and 

coarse modes measured with aerodynamic-based techniques that are included in the Appendix A.  

The black dotted curve in the number PSD represents the measured data.  The dotted line in the 

Da-based volume PSD was converted from the measured Da-based number PSD.  The solid black 

lines in the volume and mass PSDs are Dem-based PSDs converted from the measured Da-based 

number PSD.  The rainbow color lines are the converted Dem-based volume and mass PSDs for a 

range of ρeff to account for the uncertainties of ρeff in the coarse regime. The relationship between 

the color and ρeff is shown in the color bar.  The dashed color lines are the lognormal fitting curves 

for each mode.  The dashed black lines in the volume and mass PSDs are the sum of the fitted sub-

modes.  The fitted volume PSD was converted back to number and surface area PSDs, which are 

shown as the dashed black lines.  The effective size range for the lognormal fitting is shown.  A 

Dem-based mass PSD was also determined assuming a uniform apparent particle density of 1.65 g 

cm-3 as the dotted black line.73  It should be noted that three modes were applied in this example; 

however, four modes might be used in the lognormal fitting for the volume or mass PSDs.  The 

size-resolved ρeff function (A, B, or C) for the conversion is listed and the vertical dashed green 

lines correspond to the different size ranges for the ρeff  functions (denoted in Figure 2.9). 

Figure 2.6 is representative of urban aerosol mass PSDs measured by gravimetric methods 

with inertial impactors.  The black dotted curve in the mass PSD indicates the measured data.  The 

solid black lines in the volume and mass PSDs are Dem-based PSDs converted from the measured 
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Da-based mass PSD by using ρB
eff.  The rainbow color lines are the converted Dem-based volume 

and mass PSDs for a range of ρeff to account for the uncertainties of ρeff in the coarse regime. The 

relationship between the color and ρeff is shown in the color bar. The dotted color lines are the 

lognormal fitting curves for each mode. The dashed black lines in the volume and mass PSDs are 

the sum of the fitted sub-modes. The fitted volume PSD was converted back to number and surface 

area PSDs, which are shown as the dashed black lines. The effective size range for the lognormal 

fitting is shown. 

2.6 Methodology for determining size-resolved urban aerosol respiratory tract deposited 

dose rates 

The compilation of urban aerosol number and mass PSDs from around the globe offers a 

basis to evaluate the implications of geographical variations in the shape and magnitude of PSDs 

on human inhalation exposure.  The respiratory tract deposited dose rate (RTDDR), or inhaled 

deposited dose rate, is a valuable, yet underused, exposure metric that combines an aerosol PSD 

with size-resolved respiratory tract deposition fractions to predict the number and mass of particles 

deposited in each region of the human respiratory tract per unit time.  Despite the utility of this 

metric in offering a useful link between air pollution and human health outcomes, only a few 

studies have determined RTDDRs for outdoor or indoor aerosols (e.g. Hussein et al.116; Löndahl 

et al.117,118; Wu et al.119).  Here, the RTDDR is evaluated in the form of a lognormal size 

distribution, 𝑑𝑅𝑇𝐷𝐷𝑅𝑁/𝑀/𝑑𝐿𝑜𝑔𝐷𝑒𝑚, to be consistent with the presentation of the urban aerosol 

PSDs.  The subscripts N and M denote the number and mass dose rate, respectively. 

The 𝑑𝑅𝑇𝐷𝐷𝑅𝑁/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 (h-1) and 𝑑𝑅𝑇𝐷𝐷𝑅𝑀/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 (μg h-1) were calculated for an 

adult engaged in light physical activity (e.g. walking) in the urban outdoor environment as follows:  

𝑑𝑅𝑇𝐷𝐷𝑅𝑁/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 = 𝑑𝑁/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 × 𝑉𝑇 × 𝑓 × 𝐷𝐹(𝐷𝑝)    (2-13) 

𝑑𝑅𝑇𝐷𝐷𝑅𝑀/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 = 𝑑𝑀/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 × 𝑉𝑇 × 𝑓 × 𝐷𝐹(𝐷𝑝)     (2-14) 

where dN/dLogDem  and dM/dLogDem  are the urban aerosol number and mass PSDs, 

respectively; 𝑉𝑇 is the tidal volume (mL); 𝑓 is the breathing frequency (min-1); and 𝐷𝐹(𝐷𝑝) is the 

size-resolved particle deposition fraction in the human respiratory tract (–).  The 𝑉𝑇 and 𝑓 were 

taken as the average for an adult female and male engaged in light activity: 𝑉𝑇 = 1083 mL and 𝑓 

= 18 min-1 (U.S. EPA, 2011).  Total and regional (head airways, tracheobronchial region, and 

pulmonary region) size-resolved particle deposition fractions for an adult were obtained using the 
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age-specific symmetric single-path model from the open-source Multiple-Path Particle Dosimetry 

(MPPD) Model (v3.04, Applied Research Associates, Inc., Albuquerque, NM, USA)120, as 

illustrated in Figure 2.7.  The model considers impaction, diffusion, and sedimentation as relevant 

deposition mechanisms.  The input parameters to the MPPD Model include: the tidal volume, 

breathing frequency, breathing route, age, functional residual capacity, and geometry type of 

respiratory tract.  We applied the preset values for an adult with an upright upper body and a nasal 

breathing route.  Uncertainties may exist for each of the input parameters due to discrepancies 

between the preset values and the realistic geometry of the human respiratory tract, which may 

vary to some extent from person to person.  However, since the focus of the modeling is to probe 

the geographical variations in urban aerosol PSDs on human inhalation exposure, a fixed 

deposition curve, even with some uncertainties, has a minor influence on comparisons in the 

𝑑𝑅𝑇𝐷𝐷𝑅𝑁/𝑀/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 in each region. 
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Figure 2.7 Size-resolved particle deposition fractions in the human respiratory tract, estimated by 

using the symmetric single-path model from the open-source Multiple-Path Particle Dosimetry 

(MPPD) Model (v3.04, Applied Research Associates, Inc., Albuquerque, NM, USA)120 for an 

adult with an upright upper body. 

 

Hygroscopic growth of the inhaled urban aerosol is not considered given the broad 

collection of PSDs analyzed in this study and the unknown chemical composition, mixing state, 

and hygroscopic growth factors associated with the aerosol populations.  Hygroscopic growth of 

the inhaled aerosol can shift the size-resolved deposition fractions, and in turn, the estimated 

dRTDDRN/dLogDem and dRTDDRM/dLogDem (e.g. Löndahl et al.117).  An inhaled dose study 

by Kodros et al.121 found that the deposited mass concentration of aerosols in urban areas are lower 

than those in rural areas due to the higher hydrophobic content of urban aerosols.  As aerosols are 

transported from an urban to rural area, the hydrophobic content becomes hydrophilic under 

atmospheric ageing, and the SO2 converts to particle-phase sulfate.  Relatively hydrophilic 
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particles can undergo hygroscopic growth under the high relative humidity conditions of the 

human respiratory tract.  Hygroscopic growth of the inhaled urban aerosol may increase the 

RTDDR of accumulation mode particles as the growth shifts the mass PSD out of the minimum 

of the particle deposition fraction curve at approximately Dem = 400 nm. 

The dRTDDRN/dLogDem were only determined for urban aerosol number PSDs measured 

with electrical mobility-based techniques involving the UFP regime.  The dRTDDRM/dLogDem 

were determined for urban aerosol mass PSDs converted from number PSDs measured via one or 

more measurement techniques, including electrical mobility- and aerodynamic-/optical-based 

techniques, as well as mass PSDs measured directly via gravimetric methods with inertial 

impactors. 

2.7 Methodology for evaluating the urban aerosol PSD that penetrates through a 

building ventilation system filter 

The compilation of urban aerosol number and mass PSDs from around the globe offers a 

basis to evaluate the implications of geographical variations in the shape and magnitude of PSDs 

on indoor air quality and aerosol filtration in buildings.  One of the pathways by which urban 

aerosols can enter the indoor environment, where people spend approximately 90% of their time122, 

is through the ventilation system of a commercial or residential building7.  Heating, ventilation, 

and air conditioning (HVAC) filters are installed in building ventilation sytems to filter outdoor 

air and recirculated indoor air.  Thus, HVAC filters serve as an important interface between the 

outdoor and indoor atmospheres. 

 

The relationship between the urban aerosol number PSD and a HVAC filter’s size-resolved 

filtration efficiency determines the PSD of the urban aerosol that penetrates through the filter.  The 

filter-transformed PSD is a useful indicator of the urban aerosol PSD to which occupants will be 

exposed to in buildings where the majority of outdoor air is provided via the ventilation system.  

Furthermore, the shape of the urban aerosol PSD that passes through the HVAC filter plays an 

important role in influencing the loading kinetics of the filter.32  PSD-driven changes in the loading 

behavior can affect the evolution of the filter’s pressue drop over time and the associated HVAC 

blower energy consumption required to overcome this airflow resistance.25  
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The urban aerosol PSD that penetrates through a HVAC filter installed in a single-pass 

building ventilation system was calculated as: 

𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑒𝑑 (𝑑𝑁/𝑑𝐿𝑜𝑔𝐷𝑒𝑚) = 𝑑𝑁/𝑑𝐿𝑜𝑔𝐷𝑒𝑚 × (1 − 𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)   (2-15) 

Penetrated urban aerosol PSDs were determined for filters with the Minimum Efficiency 

Reporting Value (MERV) rating of 8 and 14.  Size-resolved filtration efficiencies for the MERV 

8 and 14 filters were estimated from Hecker and Hofacre123, as illustrated in Figure 2.8.  The 

impact of aerosol hygroscopicity and electrostatic charge, filter ageing, filter bypass, and 

ventilation airflow parameters (e.g. face velocity) on changes in the size-resolved filtration 

efficiency were not considered.  The transformation of the urban aerosol PSD due to penetration 

through the building envelope (e.g. infiltration) was not evaluated. 

 

Figure 2.8 Size-resolved filtration efficiency curves for MERV 8 and MERV 14 filters for 

estimating the number PSDs of the penetrated urban aerosol.123 

 



      

 

54 

2.8 Summary of size-resolved urban aerosol effective densities 

The size-resolved ρeff functions for Groups A, B, and C are illustrated in Figure 2.9.  The 

blue lines indicate the mean ρeff values derived from direct measurements of ρeff, such as through 

evaluation of the mass-mobility relationship of an aerosol population. The grey areas represent the 

maximum and minimum values of the directly measured ρeff for each group.  The associated 

measurement techniques for ρeff are noted.  The directly measured ρeff in Groups A and B, both of 

which are in the ‘urban’ environment, present similar values and do not show much variation 

among the different studies conducted in China and the United States (Table 2.2).  Furthermore, 

across the size range covered by direct ρeff measurements in Groups A and B, there is no clear size-

dependency of ρeff, in part because organics and secondary inorganic ions are dominant in this size 

range. 

The directly measured ρeff values collected from cities in the United States (Group B) are 

between 1.1 to 1.6 g cm-3, while those measured in China (Group A) are slightly greater, with 

values between 1.3 to 1.9 g cm-3, possibly due to a greater abundance of secondary inorganic 

species.  The directly measured ρeff in the ‘traffic’ environment (Group C) presents a decreasing 

trend with the increase in particle size for 50 nm < Dem < 400 nm.  This is largely due to primary 

emissions of soot particles from vehicle exhaust, which typically adopt a loose, chain-like 

agglomerated morphology with a fractal dimension (mass-mobility exponent) less than 

3.62,101,102,124,125 
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Figure 2.9 Size-resolved urban aerosol effective density functions (ρeff) for Group A (‘urban’; 

obtained from measurements in China), Group B (‘urban’; obtained from measurements in the 

United States), and Group C (‘traffic’; obtained from measurements in the United States, 

Finland, and Denmark).  Details of the ρeff measurements are summarized in Table 2.  ρeff values 

for different combinations of χ and ρp are illustrated in Figure 2.4.  Measurement technique 

nomenclature: DMA: Differential Mobility Analyzer, APM: Aerosol Particle Mass Analyzer, 

SMPS: Scanning Mobility Particle Sizer, APS: Aerodynamic Particle Sizer, MOUDI: Micro-

Orifice Uniform Deposit Impactor. 
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Figure 2.9 continued. 
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Figure 2.9 continued. 

 

 

 

Numerous studies have revealed the decrease of ρeff with the increase in particle size for 

vehicle exhaust aerosol.67,102,124,126–128  For size ranges where direct measurement of ρeff are 

unavailable, various assumptions were made to estimate a range of ρeff values, as discussed in 

Section 2.3.  The light blue, yellow, and light green areas in Figure 2.9 represent the range of 

possible ρeff values for the three size fractions, and the red lines represent the mean values.  The 

light green area in the coarse regime shows estimated ρeff values derived from a combination of 
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different χ and ρp (e.g. Figure 2.2), which take a variety of particle morphologies and chemical 

compositions into consideration.  The wide variation in ρeff for coarse mode particles has important 

implications for estimating urban aerosol mass PSDs from number PSDs measured via commonly 

deployed instruments (e.g. APS, OPS, OPC). 

ρeff is dependent on the chemical composition and morphological features (χ and ρp) of an 

urban aerosol population.  Typically, direct ρeff measurements are conducted between Dem = 30 to 

400 nm.  Particles in this size range often consist of organics, secondary inorganic material, and 

black carbon.  As discussed in Section 2.3.5, studies have found SOA to have ρeff values between 

1 to 1.65 g cm-3 and secondary inorganic material, such as H2SO4, (NH4)2SO4, and NH4NO3 to 

have ρeff values between 1.7 and 1.83 g cm-3.72,85–92  The ρeff of soot particles can fall below 1 g 

cm-3, with a decreasing trend with the increase in particle size.  The relative fraction of various 

species in an urban air mass, such as organics, secondary inorganic materials, and loosely 

agglomerated soot particles, among others, will determine the size dependency of the ρeff for the 

externally and internally mixed aerosol population.  For example, previous direct ρeff 

measurements conducted in Los Angeles, Copenhagen, and Beijing found ρeff to be inversely 

proportional to particle size when the fraction of soot particles from vehicle emissions were 

relatively abundant due to elevated traffic intensity.57,62,63  Conversely, a study in Shanghai 

observed an increase in ρeff with particle size (Table 2.2), which was attributed to an abundance of 

hygroscopic species, such as (NH4)2SO4 and NH4NO3.
64,129 

Urban aerosol ρeff is expected to be temporally variant at a given sampling location due to 

the transient nature of emission sources.  For example, in the urban environment, diurnal patterns 

in traffic density can drive time-dependent shifts in ρeff as the relative fraction of soot particles 

changes throughout the day.  A low fraction of soot particles was observed in Copenhagen during 

the nighttime due to the low traffic density.62  Two minima in ρeff were found in Houston in the 

morning at 07:00 and in the evening at 19:00 to 20:00, likely due to increased emissions of soot 

particles during rush hours.66  In Beijing, one study found ρeff to decrease during the nighttime due 

to an increase in the abundance of soot particles.55  This temporal shift in the urban aerosol ρeff was 

found to be due to the emissions of heavy trucks, which are only allowed to enter the fifth ring 

road in Beijing during the night, as well as more intense coal burning for domestic heating in the 

night during the heating season. 
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Urban aerosol ρeff is also influenced by air pollution events and air mass origins.  Direct ρeff 

measurements in Beijing observed higher ρeff values during clean air quality episodes compared to 

polluted air quality episodes.55  This finding was attributed to the greater relative fraction of 

mineral dust during the clean episodes and abundance of organics and secondary inorganic ions in 

the particle-phase during the polluted episodes.55  The ρeff can shift during atmospheric NPF events, 

depending on the dominant condensable vapor during the particle growth period.  Qiao et al.57 

found ρeff to decrease during a NPF event in Beijing, indicating that the condensable vapors were 

dominated by organics, which corresponded to the increase in the fraction of organic material in 

sub-micron particle mass concentrations.  In contrast, ρeff measurements in Shanghai observed an 

increase in ρeff during NPF events, suggesting that relatively heavier secondary inorganic materials 

were the primary driver for particle condensational growth.64,65  Wind direction can affect ρeff by 

changing the air mass origin.  Direct ρeff measurements in a street canyon in central Copenhagen 

showed higher fractions of dense mode particles when the air mass traveled over more polluted 

regions than when the air mass come from clean sea/ocean areas.62 

While the studies summarized in Figure 2.9 and Table 2.2 provide valuable insights into 

variations of ρeff with particle size, geographical location, and intra-city environments (urban vs. 

traffic), more measurements are clearly needed in many cities around the world to develop a more 

comprehensive understanding of the nature of urban aerosol morphology and the factors that drive 

changes in size-resolved ρeff.  In particular, direct ρeff measurements are needed in the accumulation 

and coarse modes given the variability identified in this study and the contribution of both modes 

to urban aerosol mass PSDs (Section 2.9).  Doing so will provide a basis to better translate 

measured number PSDs to mass PSDs and Da-based PSDs to Dem-based PSDs.  
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2.9 Urban aerosol PSD observations around the globe: an overview of existing data 

Urban aerosol PSD observations made between 1998 and 2017 were collected and 

analyzed to evaluate geographical variations in the shape and magnitude of number and mass PSDs 

and to identify gaps in PSD measurements.  In total, n=793 PSDs from n=125 cities in n=51 

countries were collected.  The measured PSDs were fit to the multi-modal lognormal distribution 

function and translated across number, surface area, volume, and mass domains following the 

methodologies outlined in Section 2.4.  The PSD observations are summarized and categorized in 

the Appendix A and are grouped by geographical region: AF, CSSA, EA, EU, LA, NAAN, and 

WA.  Table 2.1 lists the number of PSDs in each city and country partitioned among the seven 

geographical regions.  It is important to note that the sampling duration of the PSD observations 

presented in Table 2.1 are variable.  Among all PSDs, 14.3% were long-term measurements (LT: 

> 6 months) and 33.3% were moderate-term measurements (MT: 1 – 6 months).  The remaining 

PSDs represent observations made over periods less than one month through short-term field 

measurement campaigns. 

Figure 2.1 illustrates the temporal and geographical distribution by year between 1998 and 

2017 of the urban aerosol PSD references analyzed in this study.  Between 1998 and 2007, there 

is a clear increase in the number of published studies reporting urban aerosol PSD observations.  

During this period, the majority of PSD measurements were conducted in cities in EU and NAAN.  

However, beginning in 2006 and continuing through 2017, a greater fraction of published PSD 

observations were collected in cities in EA and CSSA.  Studies reporting PSD observations in 

NAAN cities appear to have declined between 2009 and 2017.  Urban aerosol PSD observations 

in LA, WA, and AF remain sparse across the examined time period, however, the frequency of 

publications reporting PSD measurements in LA has been fairly stable between 2009 and 2017.  

Based upon the criteria employed in the literature search (Section 2.2), the year with the greatest 

number of published studies reporting urban aerosol PSD measurements was 2009 (n=17), 

followed by 2014 (n=15).  1998 and 1999 were associated with the fewest number of published 

PSD measurements (n=1). 

Figure 2.10 presents the global distribution of urban aerosol PSD measurement locations 

included in this study.  It is apparent that there are regions were numerous observations have been 

made (e.g. EU) and others were measurements are scarce (e.g. WA, LA, AF).  Among the n=793 

urban aerosol PSD observations collected in this study, 39.8% of them are from EU, 15.2% are 
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from North America, and 18.1% are from EA.  Conversely, only 7.2% are from WA, 5.9% from 

LA, and 3.6% from AF.  The three countries that contribute the most to the collection of urban 

aerosol PSD observations in this study are the United States (13.3%), China (12.2%), and Germany 

(8.8%). 

The majority of PSD observations in EU have been collected in Germany (n=68), Finland 

(n=52), the United Kingdom (n=37), Italy (n=31), and Denmark (n=26).  The top five EU cities 

with the greatest number of urban aerosol PSD observations include Helsinki, Finland (n=52), 

Leipzig, Germany (n=27), Copenhagen, Denmark (n=25), London, United Kingdom (n=16), and 

Milan, Italy (n=15).  The n=101 PSD observations compiled from the United States represent n=16 

cities, including Los Angeles, California (n=34), Riverside, California (n=8), Pittsburgh, 

Pennsylvania (n=7), and Buffalo, New York (n=6).  A growing number of PSD measurements 

have been made in China (n=93), in cities such as Beijing (n=38), Guangzhou (n=14), and 

Shanghai (n=12).  In India, n=48 PSD observations were analyzed from Kanpur (n=23) and New 

Delhi (n=13), among other cities.  

A paucity of urban aerosol PSD measurements is clear throughout the entirety of AF, LA, 

and WA; CSSA excluding India; Canada, although a few measurements have been conducted in 

the Greater Toronto and Hamilton Area (total of n=15); Russia (n=1 from Tiksi); Australia (n=10 

across Launceston, Brisbane, and Wollongong); and New Zealand (n=8 from Auckland).  The few 

published PSD measurements in AF, CSSA excluding India, and WA were primarily reported as 

columnar volume PSDs by using sun/sky radiometers.  Urban aerosol PSD observations have only 

been made in n=8 countries in AF, including Egypt (n=12), South Africa (n=6), Zambia (n=4), 

Botswana (n=3), Kenya (n=1), Cape Verde (n=1), Mali (n=1), and Senegal (n=1).  Similarly, in 

LA, PSD measurements have been made in a few countries, the majority of which have been 

reported in Brazil (n=38, with n=35 from São Paulo), Chile (n=6), Mexico (n=3), and Cuba (n=1).  

n=58 urban aerosol PSD measurements have been reported in WA, many of which were made in 

Zanjan, Iran (n=23), followed by Istanbul, Turkey (n=13), Fahaheel, Kuwait (n=12), and Yanbu, 

Saudi Arabia (n=9).  68.6% of the PSD observations in CSSA have been reported in India, with 

comparatively less measurements coming from other countries in the region, including Pakistan 

(n=8), Singapore (n=6), Nepal (n=4), Thailand (n=2), and Vietnam (n=2). 
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Table 2.2 List of the number of urban PSDs that have been extracted and analyzed in each 

region, country, and city. 

Region Country City 

Africa (n=29） 

Botswana (3) Gaborone (3) 

Cape Verde (1) Praia City (1) 

Egypt (12) Cairo (12) 

Kenya (1) Nairobi (1) 

Mali (1) Bamako (1) 

Senegal (1) Dakar (1) 

South Africa (6) 
Johannesburg (2) 

Pretoria (4) 

Zambia (4) Mongu (4) 

Central, South, and 

Southeast Asia 

(n=70) 

India (48) 

Durg (4) 

Kanpur (23) 

Mumbai (2) 

New Delhi (13) 

Pune (2) 

Trivandrum (4) 

Nepal (4) 
Lalitpur (1) 

Dhulikhel (3) 

Pakistan (8) 

Karachi (3) 

Lahore (3) 

Peshawar (1) 

Rawalpindi (1) 

Singapore (6) Singapore City (6) 

Thailand (2) 
Chiang Mai (1) 

Silpakorn (1) 

Vietnam (2) Ho Chi Minh (2) 

East Asia (n=138) China (93) 

Beijing (38) 

Guangzhou (14) 

Hong Kong (6) 

Jinan (1) 

Jinhua (1) 

Lanzhou (11) 

Nanjing (2) 

Shanghai (12) 

Shenzhen (3) 

Zhengzhou (2) 

Urumchi (1) 

Wuxi (2) 
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Table 2.2 continued. 

East Asia (n=138) 

Japan (17) 

Kawasaki (10) 

Sapporo (6) 

Tokyo (1) 

South Korea (24) 

Gwangju (16) 

Seoul (4) 

Ulsan (4) 

China: Taiwan (4) 
Taipei (3) 

Taichung (1) 

Europe (n=316) 

Austria (7) Vienna (7) 

Belgium (1) Gent (1) 

Switzerland (4) Zurich (4) 

Czech Republic (4) Prague (4) 

Germany (68) 

Aachen (1) 

Augsburg (2) 

Braunschweig (12) 

Dresden (4) 

Duisburg (1) 

Erfurt (9) 

Essen (5) 

Heidelberg (2) 

Karlsruhe (5) 

Leipzig (27) 

Denmark (26) 
Copenhagen (25) 

Odense (1) 

Spain (17) 

Barcelona (7) 

Ciudad Real (2) 

Madrid （8） 

Finland (52) Helsinki (52) 

France (10) 

Marseilles (5) 

Paris (3) 

Dunkirk (2) 

United Kingdom (37) 

Birmingham (1) 

Cambridge (7) 

Leeds (3) 

Leicester (2) 

London (19) 

Manchester (5) 

Greece (7) 
Athens (3) 

Chania (4) 
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Table 2.2 continued. 

Europe (n=316) 

Hungary (9) Budapest (9) 

Italy (31) 

Bologna (2) 

Cagliari (1) 

Cassino (2) 

Ispra (4) 

Milan (15) 

Rome (7) 

Lithuania (9) Vilnius (9) 

Netherland (6) 
Amsterdam (4) 

Rotterdam (2) 

Norway (3) Oslo (3) 

Portugal (12) 
Oporto (10) 

Lisbon (2) 

Russia (1) Tiksi (1) 

Sweden (11) 
Gothenburg (3) 

Stockholm (8) 

Moldova (1) Chisinau (1) 

Latin America 

(n=48) 

Brazil (38) 
Porto Alegre (3) 

São Paulo (35) 

Chile (6) Santiago (6) 

Mexico (3) Mexico City (3) 

Cuba (1) Camagüey (1) 

North America, 

Australia and New 

Zealand (n=134) 

Australia (10) 

Brisbane (2) 

Launceston (7) 

Wollongong (1) 

New Zealand (8) Auckland (8) 

Canada (15) 
Hamilton (2) 

Toronto (13) 
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Table 2.2 continued. 

North America, 

Australia and New 

Zealand (n=134) 

United States (U.S.) (101) 

Atlanta (4) 

Boulder (1) 

Buffalo (6) 

Claremont (5) 

Corpus Christi (4) 

Detroit (6) 

Downey (4) 

Fresno (12) 

Houston (1) 

Los Angeles (34) 

New York (5) 

Newark (2) 

Pittsburgh (7) 

Raleigh (1) 

Riverside (8) 

Rochester (1) 

West Asia (n=58) 

Iran (23) Zanjan (23) 

Jordan (1) NA 

Kuwait (12) Fahaheel (12) 

Saudi Arabia (9) Yanbu (9) 

Turkey (13) Istanbul (13) 

 

 

The vast majority of urban aerosol PSD measurements analyzed in this study were made 

via electrical mobility-based techniques, as summarized in Table A.1.  Comparatively less direct 

measurements of mass PSDs were made via gravimetric methods employing inertial impactors 

(Table A.4).  In total, 76.8% of the urban aerosol PSDs reported number PSDs down to the UFP 

fraction of the sub-micron regime.  However, only six of the urban aerosol number PSDs involving 

the UFP regime are from Southeast Asia; only thirteen are from WA, and none are from AF.  The 

lack of urban aerosol PSD measurements down to the UFP regime in many regions of the world 

makes it very challenging to accurately estimate urban aerosol inhalation exposures.  This is of 

concern given the inhalation toxicity and adverse health effects associated with UFPs.12,14,15,17,130–

133 
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Figure 2.10 Global distribution of urban aerosol PSD measurement locations included in this study.
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2.10 Urban Aerosol PSDs: From Number to Mass 

2.10.1 Geographical variations in the magnitude and shape of sub-micron urban aerosol 

number PSDs 

Geographical variations in sub-micron urban aerosol number PSD measurements 

(dN/dLogDem, cm-3) are presented in Figure 2.11.  Each log-log plot incorporates number PSDs 

measured with electrical mobility-based techniques that cover the sub-micron regime (n=624, 

Section 2.4.1.1, Table A.1).  Each line represents an individual PSD and the color indicates the 

occurrence frequency of the number PSDs at a given particle size (Dem) with a certain particle 

number concentration.  Red, orange, and yellow curves indicate the number PSDs where the 

occurrence frequency is high among the analyzed studies.  All number PSD observations are 

included in the ‘Global’ plot (top-left).  Number PSDs for EA, CSSA, EU, LA, and NAAN are 

presented in the remaining plots; however, AF and WA are not included due to the lack of PSD 

measurements in the sub-micron regime in the two regions.  The solid black lines indicate the 

median number PSDs for each group, which are also presented in Figure 2.12 on a linear y-axis 

scale.  It can be seen that among the geographical regions, the greatest amount of sub-micron 

number PSDs have been reported for cities in EU, NAAN, and EA; comparatively less have been 

reported in CSSA and LA. 

The visualization of the global distribution in sub-micron urban aerosol number PSDs 

(Figure 2.11, top-left) demonstrates that there exist significant variations in both the magnitude 

and shape of number PSDs measured across urban environments around the world.  For a given 

particle size (Dem), there can exist over two orders of magnitude variation in the particle number 

concentration.  This variation in the amplitude of the number PSDs is persistent across the 

considered size range, from Dem = 3 to 1000 nm, which includes the nucleation, Aitken, and 

accumulation modes.  The red-yellow region of the global plot surrounds the median number PSD 

(black line).  Wide variability in the magnitude of the number PSDs above and below the median 

PSD is apparent.  Thus, defining a globally representative urban aerosol number PSD is 

challenging given the vast array of factors that can influence the shape of a PSD at a particular 

sampling location within in a city.  However, the red region suggests that on a global-basis, some 

trends do exist in regard to the shape and magnitude of urban aerosol number PSDs.  Notably, 

number PSDs are often dominated by particles between Dem = 10 to 100 nm, with varying 
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contributions from the sub-10 nm fraction and accumulation mode, depending on the conditions 

that exist at the measurement site.  Across this size fraction, there is a high occurrence frequency 

of number PSDs with an amplitude between 1000 to 10000 cm-3.  In some cases, the amplitude 

can reach or exceed 50000 cm-3, most commonly in the nucleation and Aitken modes.  The global 

median number PSD demonstrates that number PSDs often drop off in magnitude by nearly a 

factor of a hundred across the width of the accumulation mode, from approximately 1000 cm-3 at 

Dem = 100 nm to 10 cm-3 as Dem approaches 1000 nm. 

 

Figure 2.11 Urban aerosol number PSDs analyzed in this study, grouped by geographical region.  

The figure incorporates all sub-micron number PSDs measured by electrical mobility-based 

techniques (n=624).  The color represents the occurrence frequency of the number PSDs at a 

given particle size with a certain concentration.  The black lines indicate the median number 

PSDs in each group. 
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The geographically-resolved collections of urban aerosol number PSDs presented in Figure 

2.11 and 2.12 indicate that there exists inter-region variability in the shape and magnitude of 

number PSDs.  Number PSDs in NAAN and EU present similar structural characteristics; similarly, 

number PSDs in EA and CSSA are alike in both shape and magnitude.  Number PSDs measured 

in cities in NAAN and EU tend to skew to the left and are often dominated by nucleation and 

Aitken mode particles, whereas number PSDs measured in cities in EA and CSSA tend to skew to 

the right and are often dominated by Aitken and accumulation mode particles.  The magnitude of 

the number PSDs in the accumulation mode in EA and CSSA tends to be higher than that in NAAN 

and EU.  This is apparent in the collection of individual PSDs in each of the geographical regions 

in Figure 2.11, as well as in the median number PSDs presented in Figure 2.12.  Conversely, the 

magnitude of the number PSDs in the sub-50 nm fraction of the UFP regime in EA and CSSA 

tends to be lower than those measured in NAAN and EU.  This is especially true for the nucleation 

mode, which is often much more pronounced in the urban atmospheres of NAAN and EU cities.  

The median number PSD for LA more closely resembles number PSDs measured in NAAN and 

EU as compared to those in EA and CSSA.  However, the lack of PSD observations in LA makes 

it difficult to draw conclusions about the shape of PSDs in this region.  The Dem associated with 

the prominent peak for each of the median number PSDs presented in Figure 2.12 are: Dem ~ 20 

nm for EU, Dem ~ 30 nm for NAAN, Dem ~ 35 nm for LA, and Dem ~ 60 to 100 nm for EA and 

CSSA. 

The variation in the magnitude of the number PSDs for EA, CSSA, EU, LA, and NAAN 

is generally consistent with that observed in the global distribution of PSDs presented in Figure 

2.11.  The abundance of number PSD observations in EU provides a basis to more reliably identify 

a representative PSD for the region.  The red-yellow-light green band for EU demonstrates that a 

large fraction of PSD measurements in EU cities tend to cluster around the median number PSD.  

Between Dem = 10 to 100 nm, the amplitude of this PSD band varies between 1000 and 10000 cm-

3.  Less frequently, number PSDs with magnitudes exceeding 10000 cm-3, or as low as 100 cm-3,  

have been reported in EU cities.  A faint band of moderate occurrence frequency can be observed 

in both EA and NAAN, however, the comparatively few PSD observations in CSSA and LA make 

it difficult to identify such trends in these two regions. 
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Figure 2.12 Median number PSDs for each geographical region. 

 

To better visualize differences in the shape of the urban aerosol number PSDs and to probe 

the relative fraction of particles in different modes, each number PSD was normalized by its 

maximum concentration such that variations in the magnitude of the number PSDs can be 

neglected (Figure 2.13).  The normalized urban aerosol number PSDs presented in Figure 2.13 are 

grouped by country and geographical region (from top to bottom): WA, NAAN, LA, EU, EA, and 

CSSA.  Many of the normalized number PSDs in EA and CSSA tend to show a peak (red-orange 

color) at around Dem = 100 nm and few show peaks at or near the nucleation mode.  Some of the 

normalized number PSDs measured in China and India present prominent peaks in the 

accumulation mode, between Dem = 100 to 200 nm.  However, it can be seen that particles greater 

than Dem = 300 nm contribute negligibly to normalized number PSDs in EA and CSSA.  

Normalized number PSDs in NAAN and EU generally exhibit peaks at smaller particle sizes (Dem 
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= 10 to 50 nm), while a few observations made in Germany, Italy, and the United States present 

peaks near Dem = 100 nm.  The normalized number PSDs measured in LA, predominately in São 

Paulo, Brazil, closely resemble observations reported in NAAN and EU.  The prominent 

nucleation mode in the WA normalized number PSDs is in part due to the few PSD observations 

collected from the region, which were made at a ‘traffic’ site in Fahaheel, Kuwait.  
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Figure 2.13 Normalized urban aerosol number PSDs analyzed in this study from around the 

globe.  The country codes are listed on the left and the region codes are listed on the right. 
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There are clear distinctions between urban aerosol number PSDs measured in NAAN/EU 

and EA/CSSA.  Figure 2.14 presents the relationship between total particle number concentration, 

integrated over the measured size range of a PSD measurement, and the count median diameter 

(CMD) for each of the sub-micron number PSDs presented in Figure 2.11.  Number PSDs in EA 

and CSSA tend to cluster to the right, from CMD = 50 to 100 nm, whereas number PSDs in NAAN 

and EU tend to cluster toward the left, from CMD = 20 to 60 nm.  There are, however, outliers in 

each region, such as number PSDs in EA with prominent nucleation modes and CMDs of 

approximately 10 nm, and number PSDs in NAAN with prominent accumulation modes and 

CMDs approaching 100 nm.  There are only a few number PSDs in CSSA that exhibit CMDs 

below 50 nm.  In all geographical regions, there exists nearly two orders of magnitude variation in 

total particle number concentrations, which are often bounded by 1000 cm-3 at the lower end and 

100000 cm-3 at the upper end.  Number PSDs in EU, NAAN, and EA that have CMDs < 20 nm 

are associated with total particle number concentrations exceeding 10000 cm-3.  A clear inverse 

relationship between total particle number concentration and CMD does not appear to exist.  

Interestingly, numerous number PSDs in EA and CSSA with CMDs of approximately 100 nm 

have concentrations > 10000 cm-3.  The wide variation in the total particle number concentrations 

presented in Figure 2.14 is consistent with the trends reported in a review of geographical 

variations in total particle number concentrations across forty urban roadside measurement sites 

around the world.134 

It should be noted that many factors can influence the magnitude and shape of urban aerosol 

number PSDs, beyond geographical region, which is the focus of the global-scale analysis 

presented in Figure 2.11-2.14.  Country-wide PSD measurement campaigns have identified 

significant variations in number PSDs among different cities within the same country5,135 and at 

different measurement sites within the same city136–141.  Regarding the latter, several studies 

conducted in EU cities have shown that total particle number concentrations can vary as high as a 

factor of roughly nine within the same city.138,142–144  Localized spatial variations in urban aerosol 

PSDs and number concentrations are due in part to the nature of local emission sources near the 

measurement site and meteorological conditions, including wind speed and direction, temperature, 

and relative humidity.145–156  Physiochemical processes that can transform an aerosol population 

over space and time are also very important, such as particle growth due to coagulation and 
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condensation, particle shrinkage due to evaporation, reactive uptake, and wet and dry deposition, 

among others.157–165  

 

Figure 2.14 Relationship between the total particle number concentration, integrated over the 

measured size range, and the count median diameter (CMD), determined for each sub-micron 

number PSD measured by electrical mobility-based techniques (n=624) and grouped by 

geographical region. 
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2.10.2 Geographical Variations in the Magnitude and Shape of Urban Aerosol Mass PSDs 

Global variations in urban aerosol mass PSD measurements (dM/dLogDem, 𝜇g m-3) are 

presented in Figure 2.15.  The log-log plot incorporates mass PSDs measured by gravimetric 

methods with inertial impactors and measurements made with electrical mobility- and 

aerodynamic-/optical-based techniques that cover both the sub-micron and coarse modes (n=122, 

Section 2.4.1.2-2.4.1.3, Tables A.2-A.4).  As discussed in Section 2.4, the size-resolved ρeff 

functions for Groups A, B, and C (Figure 2.9) were used in converting Da-based PSDs to Dem-

based PSDs and translating measured number PSDs to mass PSDs.  Similar to Figure 2.11, each 

line represents an individual PSD observation compiled in Appendix A and the color indicates the 

occurrence frequency of the mass PSDs at a given particle size (Dem) with a certain particle mass 

concentration.  The solid black line indicates the median mass PSD among the global compilation 

of observations.  In comparing Figure 2.11 and 2.15, it is evident that sub-micron urban aerosol 

number PSDs are more commonly reported in the literature compared to mass PSDs or number 

PSDs spanning the sub-micron and coarse regimes. 



      

 

76 

 

Figure 2.15 Urban aerosol mass PSDs analyzed in this study from around the globe (n=122).  

The figure incorporates mass PSDs measured by gravimetric methods with inertial impactors and 

measurements made with electrical mobility-based and aerodynamic-/optical-based techniques 

that cover both the sub-micron and coarse modes.  The color represents the occurrence frequency 

of the mass PSDs at a given particle size with a certain concentration.  The black line indicates 

the median mass PSD. 

 

The visualization of the global distribution in urban aerosol mass PSDs in Figure 2.15 

demonstrates that there exist significant variations in both the magnitude and shape of mass PSDs 

measured across urban environments around the world.  While the limited amount of mass PSD 

observations makes it difficult to discern clear trends in the structure of mass PSDs, some trends 

are evident.  Notably, urban aerosol mass PSDs are dominated by particles with Dem > 100 nm and 
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are typically bi-modal, exhibiting peaks in both the accumulation and coarse modes, as indicated 

by the median mass PSD.  The relative contribution of the two modes is variable among the PSD 

observations.  In some cases, urban aerosol mass PSDs are dominated by accumulation mode 

particles, while other PSDs present a prominent coarse mode.  Within the accumulation mode, the 

amplitude of the mass PSDs spans two orders of magnitude, from 1 𝜇g m-3 to 100 𝜇g m-3.  The Dem 

associated with the prominent peak in the accumulation mode is variable.  The spread in the 

magnitude of the mass PSD in the coarse mode is consistent with that observed in the accumulation 

mode.  Some mass PSDs exhibit amplitudes that exceed 100 𝜇g m-3, however, their occurrence 

frequency is very low.  The magnitude of mass PSDs in the UFP regime is relatively insignificant 

and ranges from 0.01 to 1 𝜇g m-3. Unlike for the number PSDs in Figure 2.11, a band of high 

occurrence frequency is not evident in Figure 2.15.  Some degree of clustering of mass PSDs 

around the median PSD is evident, however, there is clearly more variation in the structure of mass 

PSDs as compared to number PSDs.  This may be due to the variety of measurement techniques 

employed and uncertainties in translating number PSDs to mass PSDs using the size-resolved ρeff 

functions for Groups A, B, and C. 

As with the sub-micron urban aerosol number PSDs, the mass PSDs were normalized by 

their maximum concentrations such that variations in the magnitude of the mass PSDs can be 

neglected (Figure 2.16).  The normalized urban aerosol mass PSDs presented in Figure 2.16 are 

grouped by country and geographical region (from top to bottom): WA, NAAN, LA, EU, EA, 

CSSA, and AF.  The normalized mass PSDs demonstrate that a significant fraction of particle mass 

exists below Dem = 1000 nm in numerous cities in NAAN, EU, EA, and CSSA.  For measurements 

that included the UFP regime, it is clear that sub-100 nm particles contribute little to urban aerosol 

mass PSDs.  The majority of the normalized mass PSDs in NAAN and EU show a peak in the 

accumulation mode (red-orange color) between Dem = 200 to 600 nm, while some show peaks in 

both the accumulation and coarse modes.  Most of the normalized mass PSDs in EA 

(predominately from China) are bi-modal with accumulation mode peaks that span Dem = 300 to 

1000 nm and coarse mode peaks that span Dem = 3000 to 8000 nm.  A few mass PSDs in EA 

(measured in Korea) are uni-modal with a prominent coarse mode that extend beyond Dem = 10000 

nm.  The normalized mass PSDs in CSSA are more variable in shape, with varying contributions 

from both modes.  The Dem = 100 to 200 nm fraction of the accumulation mode in both EA and 
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CSSA, which contributed meaningfully to number PSDs in the two regions, represents a minor 

component of sub-micron aerosol mass. 

 

Figure 2.16 Normalized urban aerosol mass PSDs analyzed in this study from around the globe.  

The country codes are listed on the left and the region codes are listed on the right. 
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The shape of normalized urban aerosol mass PSDs in WA and AF are uniquely different 

from the other geographical regions.  In WA, the normalized mass PSDs are clearly dominated by 

coarse mode particles.  Measurements made in Istanbul, Turkey show a prominent peak between 

Dem = 6000 to 10000 nm, with some displaying a second coarse mode peak between Dem = 1000 to 

2000 nm.  Normalized mass PSDs from Yanbu, Saudi Arabia show a strong peak near Dem = 10000 

nm, with either a very weak or non-existent peak in the accumulation mode.  The prominent coarse 

modes in WA cities are likely due to frequent dust events and enhanced dust resuspension in WA 

cities and the relatively large size of mineral dust particles.166  The few PSD observations from AF 

display a dominant coarse mode, with peaks spanning Dem = 1000 to 5000 nm. 

2.10.3 Intra-city Variations in Urban Aerosol Number PSDs between Urban Background 

and Traffic-influenced Sites 

Urban aerosol PSDs can exhibit intra-city spatial variations depending on the measurement 

location and its proximity to local emission sources, such as traffic.  The urban aerosol PSD 

observations were categorized by intra-city sampling location, as documented in Appendix A.  

This provides a basis to compare the shape of PSDs collected at urban background (UB) and 

traffic-influenced (TR) sites from cities across the globe.  Figure 2.17 presents normalized sub-

micron urban aerosol number PSDs divided into UB (top) and TR (bottom) sites.  UB represents 

urban areas that are far from direct emission sources and are not meaningfully affected by local 

traffic emissions, while TR indicates an environment that is strongly influenced by traffic 

emissions, such as an urban street canyon or roadside.138  The aerosol populations measured at UB 

sites are typically transported from other urban microenvironments, undergoing various 

transformation and ageing processes during transport.  The PSDs at UB and TR sites are grouped 

by country in Figure 2.17.  Only PSD observations with a measurement period greater than one 

week are presented.  The majority of the measurements presented in Figure 2.17 are from NAAN 

and EU cities, with only a few from EA, WA, and LA. 
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Figure 2.17 Comparison between normalized urban aerosol number PSDs measured at urban 

background (UB) and traffic-influenced (TR) sites.  Only the number PSDs with a measurement 

period greater than one week are presented. The country codes are listed on the left and the site 

type is listed on the right. 
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Normalized number PSDs measured at UB sites often show prominent peaks at larger 

particle sizes compared to those measured at TR sites.  UB measurements are typically dominated 

by Aitken mode particles, with peaks ranging from Dem = 20 to 90 nm.  In contrast, many of the 

TR measurements exhibit prominent nucleation modes with peaks falling below Dem = 30 nm, and 

in some cases, below Dem = 10 nm.  For both UB and TR, there exists variability in the shape of 

the PSDs among the cities and countries.  In some cases, the structure of the normalized number 

PSDs are similar at UB and TR sites as some TR sites exhibit prominent Aitken mode.  The larger 

particles observed at UB sites are due in part to various aerosol transformation processes, such as 

particle growth due to coagulation and the uptake of condensable organic and inorganic vapors 

during short- and long-range transport.136,167  A few of the normalized number PSDs at UB sites 

show meaningful contributions from the accumulation mode, between Dem = 100 to 200 nm; such 

particles tend to persist in the urban atmosphere for longer periods of time due to their lower rates 

of coagulation compared to nucleation and Aitken mode particles and lower deposition rates 

compared to coarse mode particles.18,19 

Urban aerosol number PSD observations made at TR sites are strongly influenced by traffic 

emissions.  Vehicle emissions are a major source of UFPs in the urban atmospheric 

environment.134,168,169  Several studies have reviewed the characteristics of aerosol emissions from 

traffic, including urban SOA formation associated with vehicle exhaust.168–171  Traffic emissions 

can be broadly classified as exhaust- and non-exhaust-related.  Exhaust-related vehicle emissions 

include soot particles from incomplete combustion and particles formed via the nucleation and 

condensation of H2SO4 and hydrocarbons as the hot exhaust is cooled and diluted in the ambient 

atmosphere.136,157,168,172–175 

Vehicle exhaust aerosol PSDs are influenced by many factors, including vehicle type176–

178, vehicle/engine operational mode157,179,180, fuel type181–184, and use of aftertreatment 

technologies185,186.  As illustrated in Figure 2.18, which presents normalized number PSDs for 

selected urban aerosol sources, vehicle exhaust PSDs are typically dominated by UFPs.  Freshly 

nucleated particles in vehicle exhaust are relatively small, with Dem < 30 nm.  Near-road 

measurements at TR sites commonly present peaks in the sub-30 nm size fraction (Figure 2.17), 

and some TR sites can be dominated by sub-10 nm particles (Pedata et al., 2015; Rönkkö et al., 

2017).115,187  This indicates that the freshly nucleated particles can contribute significantly to 

number PSDs at TR sites.10,78,158,188,189  However, with the increase of distance from the road, either 
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horizontally or vertically, these particles can grow by coagulation and condensation during 

transport158,159,190–192, while some can shrink due to evaporation193–195.  Non-exhaust-related traffic 

emissions include brake wear, road-tire interactions, and road dust resuspension; the former is an 

important source of sub-micron particles.  Brake wear aerosol PSDs are influenced by the material 

and operational temperature of the brake pad.196–200  As shown in Figure 2.18, normalized sub-

micron number PSDs of brake wear aerosol can span from the nucleation mode to the accumulation 

mode. 

 
aDry period in Fig. 4a in Rissler et al.201. 
bcdPSD after ageing of 30 min in Fig. 6 in Zhang et al.202. 
eLM1 in Fig. 7 in Wahlström et al.200. Brake pad material: low metallic (LM). 
fNAO1 in Fig. 7 in Wahlström et al.200. Brake pad material: non-asbestos organic (NAO). 
gt0+30 min in Fig. 6a in Kukutschová et al.198. Brake pad material: LM. 
hLM 175 °C in Fig. 7 in Nosko et al.197.  Brake pad material: LM. 
iNAO 175 °C in Fig. 7 in Nosko et al.197.  Brake pad material: NAO. 
jDMA-CPC measurement in Fig. 4 in Wallace et al.203. 
kFrying onion, t=7 min in Fig. 13 in Glytsos et al.204. 
lGrilling bacon with maximum power in Fig. 6a in Buonanno et al.205. 
mBoiling in Fig. 2a in See and Balasubramanian206. 
nResidential/commercial heating in winter in Fig. 6 in Ogulei et al.207. 
oTest condition 8 without thermodenuder in Fig. 2a in Rönkkö et al.208. 
pGasoline engine #2 at 96 km h-1 in Fig. 4 in Harris and Maricq178. 

Figure 2.18 Normalized number PSDs of selected urban aerosol sources, including biomass 

burning (BB), brake wear (BW), cooking (CK), coal and oil burning for energy and heating, and 

vehicle exhaust (VE).  Each number PSD is normalized by its maximum concentration. 
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2.10.4 Sub-micron urban aerosol number PSDs in Asia: factors contributing to the 

prominent accumulation mode 

The results presented in Figure 2.11-2.14 indicate that urban aerosol number PSDs in EA 

and CSSA are more commonly associated with a significant fraction of accumulation mode 

particles and CMDs of approximately 100 nm compared to those reported in NAAN and EU.  This 

indicates that sub-micron urban aerosol populations in EA and CSSA, and particularly in China 

and India, are relatively larger in size than those reported in other geographical regions.  A 

multitude of factors are responsible for governing the shape of number PSDs in urban 

environments in EA and CSSA.  The pronounced accumulation mode can be driven by the direct 

emissions of accumulation mode particles in both the urban area, as well as regional transport of 

such particles from rural and industrialized areas.  Biomass burning is an important emission 

source in a number of countries in EA and CSSA.  The PSDs of biomass burning aerosol depend 

on a variety of factors, including: the type of biomass, the condition of the flame, and atmospheric 

ageing processes.201,202,209–211  As shown in Figure 2.18, the burning of grass, corn straw, and rice 

straw produces normalized number PSDs with a significant fraction of accumulation mode 

particles and CMDs of approximately 100 nm.209,210,212  It has been observed that residential 

biomass burning, possibly for cooking and heating, can contribute to high particle number 

concentrations of accumulation mode particles in the evening in New Delhi, India.213  A recent 

study using the GEOS-Chem-TOMAS model identified significant aerosol emissions from 

biomass burning in India and Indonesia from residential, agricultural, and wildfire sources.121  

Direct burning has been reported to be a common technique to eliminate agricultural residuals in 

both China and India.214  The contribution of biomass burning to urban aerosols was confirmed by 

the high content of water-soluble potassium in the particle-phase.215,216  In addition to biomass 

burning, other urban sources may directly emit accumulation mode particles, such as vehicle 

exhaust, power plants, and industrial activities.3 

Another factor contributing to the abundance of accumulation mode particles in EA and 

CSSA are ageing processes that can grow nucleation and Aitken mode particles through 

coagulation and condensation of organic or inorganic vapors.217,218  Back trajectories indicate that 

aerosols transported from industrialized regions south and west of Beijing, China can grow into 

larger sizes by condensation within slowly moving air masses, thereby contributing to the 

pronounced accumulation mode in urban areas.4  The abundance of condensable organic and 
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inorganic vapors (e.g. NOx, SO2, and VOCs) in polluted areas can aid particle growth to larger 

sizes.  It has been reported that the concentrations of condensable vapors are higher in urban areas 

in China and India compared to those in NAAN and EU due to heavier air pollution in the 

former.121,213,219–226  High levels of gas-phase precursors in China can result in significant SOA 

formation, which can contribute to severe haze events that are often dominated by accumulation 

mode particles.226  The elevated number concentrations of accumulation mode particles in EA and 

CSSA have a substantial surface area that can serve as a coagulation sink for nucleation and Aitken 

mode particles.  This suppression of UFPs can cause the number PSDs in EA and CSSA to further 

skew to larger particle sizes. 

2.11 Urban aerosol PSDs: implications of human inhalation exposure assessment 

2.11.1 Geographical variations in size-resolved urban aerosol number respiratory tract 

deposited dose rates 

Geographical variations in size-resolved urban aerosol number respiratory tract deposited 

dose rates (RTDDRs), expressed in the form of lognormal size distributions (dRTDDRN/dLogDem, 

h-1), are presented in Figure 2.19.  Urban aerosol PSD measurements are a valuable tool for human 

inhalation exposure assessment given the strong size dependency of particle deposition in the 

respiratory system.  RTDDRs provide a basis to understand how variations in the shape and 

magnitude of urban aerosol number PSDs affect the rate at which particles deposit in each region 

of the human respiratory tract.116–118  As described in Section 2.5, number RTDDRs were estimated 

by integrating the urban aerosol number PSDs complied for each geographical region (Figure 2.11) 

with size-resolved particle deposition fractions in the human respiratory tract (Figure 2.7) and 

selected breathing parameters. 

The urban aerosol number RTDDRs are presented in the form of a grid, with each row 

corresponding to a geographical region (CSSA, EA, EU, NAAN, and LA) and each column 

corresponding to a region (or summation across regions as the total) of the human respiratory tract 

(total, head airways, tracheobronchial, and pulmonary).  In a given number RTDDR log-log plot, 

each line represents a RTDDR (as dRTDDRN/dLogDem, used interchangeably herein) estimated 

from a sub-micron urban aerosol number PSD presented in Figure 2.11 and the color indicates the 

occurrence frequency of the number RTDDRs at a given particle size (Dem) with a certain RTDDR 
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value.  The solid black lines indicate the median number RTDDR for each geographical and 

respiratory tract region pair, which are illustrated in Figure 2.20 on a linear y-axis scale.  It should 

be noted that the RTDDRs presented in Figure 2.19 are estimates derived for an adult engaged in 

light physical activity (e.g. walking) in the urban outdoor environment.  As noted in Section 2.5, 

hygroscopic growth of the inhaled urban aerosol is not considered given the broad collection of 

PSDs analyzed in this study and the unknown chemical composition and hygroscopic growth 

factors associated with the aerosol populations.  Thus, care should be used in interpreting the 

number RTDDRs presented herein.  However, valuable insight can still be gleaned by the vast 

collection of urban aerosol number PSDs, and associated RTDDRs, analyzed in this study. 

There exists significant geographical variation in number RTDDRs for each respiratory 

tract region, as shown in Figure 2.19 and 2.20.  Similar to the urban aerosol number PSDs, there 

can exist over two orders of magnitude variation in the number RTDDR for a given particle size 

(Dem).  The amplitude of the total dRTDDRN/dLogDem (left column) is typically between 108 and 

1010 h-1 in the UFP regime, with values exceeding 1011 h-1 in the nucleation mode and as low as 

106 h-1 in the accumulation mode.  Despite the variability in the magnitude, a clear red-orange-

yellow band is present around the median number RTDDRs in EA, EU, and NAAN, suggesting a 

general trend exists in each geographical region.  Total number RTDDRs are dominated by sub-

micron particles across all geographical regions.  The pronounced differences observed between 

NAAN/EU and EA/CSSA urban aerosol number PSDs in Figure 2.11 and 2.12 are evident in the 

total number RTDDRs.  Similar to the median number PSDs presented in Figure 2.12, the median 

total number RTDDRs in NAAN/EU (and LA) and EA/CSSA are similar in both shape and 

magnitude.  In NAAN, EU, and LA cities, nucleation and Aitken mode particles contribute 

significantly to total number RTDDRs, whereas in EA and CSSA cities, total number RTDDRs 

receive significant contributions from both Aitken and accumulation mode particles (Figure 2.19 

and 2.20).  A prominent mode in the median total dRTDDRN/dLogDem  in NAAN/EU/LA is 

evident between Dem = 20 to 30 nm, with a partial second mode occurring at Dem < 10 nm for 

NAAN/EU.  EA/CSSA exhibit a prominent mode between Dem = 50 to 70 nm, with CSSA 

presenting a second mode beyond Dem = 100 nm.  The magnitude of the prominent modes of the 

median total dRTDDRN/dLogDem in all geographical regions are on the order of 109 h-1, and vary 

between 3 and 6 x 109 h-1.
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Figure 2.19 The total and regional dRTDDRN/dLogDem in the respiratory tract in different geographical regions determined using the 

urban number PSDs analyzed in this study.  The color represents the occurrence frequency of the dRTDDRN/dLogDem at a given 

particle size with a certain dose rate.  The black lines indicate the median dRTDDRN/dLogDem in each group.
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High number RTDDRs occur for size fractions where prominent modes of the urban 

aerosol number PSDs coincide with high deposition fractions.  The deposition fraction curve for 

the pulmonary region exhibits a maximum at approximately Dem = 30 nm (Figure 2.7).  In the UFP 

regime, the deposition fraction curve for the tracheobronchial region increases with decreasing 

particle size from Dem = 100 nm to approximately Dem = 2 nm, where it obtains its maximum.  

Similarly, the head airways deposition curve increases with decreasing particle size from Dem = 70 

to 1 nm in the UFP regime.  As a result, the sub-micron total deposition fraction curve increases 

with decreasing particle size from a minimum at approximately Dem = 400 nm to nearly unity at 

Dem = 1 nm (Figure 2.7).  Thus, particles in the UFP regime more efficiently deposit in the human 

respiratory tract compared to particles in the accumulation mode. 

NAAN/EU number PSDs are often dominated by nucleation and Aitken mode particles, 

with CMDs between 20 and 60 nm, whereas EA/CSSA number PSDs are often dominated by 

Aitken and accumulation mode particles, with CMDs between 50 and 100 nm (Figure 2.13 and 

2.14).  The strong contribution of the nucleation mode in NAAN/EU number PSDs, as compared 

to EA/CSSA cities, results in comparatively higher number RTDDRs for Dem < 30 nm in both the 

tracheobronchial region and head airways (Figure 2.19 and 2.20).  For NAAN/EU, the median 

dRTDDRN/dLogDem for the tracheobronchial region and head airways reaches a peak at Dem = 10 

nm (Figure 2.20), with some individual PSDs exhibiting a peak at Dem < 10 nm (Figure 2.19).  In 

the pulmonary region, the prominent peak of the median dRTDDRN/dLogDem for NAAN/EU is 

present near Dem = 20 nm, which is the approximate location of the prominent mode of the median 

number PSDs in NAAN/EU and the maximum of the pulmonary deposition fraction curve.  

Median number RTDDRs in the sub-30 nm fraction are greater in NAAN/EU compared to 

EA/CSSA for each of the three respiratory tract regions.  Conversely, greater number RTDDRs 

are observed for particles with Dem > 50 nm for all respiratory tract regions in EA/CSSA as 

compared to NAAN/EU.  The magnitude of the median dRTDDRN/dLogDem for particles with 

Dem > 50 nm are about a factor of two greater in EA/CSSA compared to NAAN/EU/LA.  In both 

the tracheobronchial and pulmonary regions, the median number RTDDRs for EA/CSSA exhibit 

a prominent mode at approximately Dem = 50 nm, while in the head airways, a peak is present near 

Dem = 100 nm. 

For a given geographical region, variations in the dose rate are observed among the three 

respiratory tract regions.  As can be seen in both Figure 2.19 and 2.20, the magnitude of the 



      

 

88 

dRTDDRN/dLogDem is greatest for the pulmonary region across all geographical regions, 

followed by the tracheobronchial region and head airways.  For all geographical regions, the 

median dRTDDRN/dLogDem in the pulmonary region is nearly one order of magnitude higher 

than that in the head airways, and two to three times higher than in the tracheobronchial region.  

This is due to the significant contribution of Aitken mode particles to urban aerosol number PSDs 

in most cities and the high deposition fractions observed in the Aitken mode for the pulmonary 

region.  Thus, the pulmonary region experiences the greatest dose burden in regard to the number 

of particles that deposit per unit time. 
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Figure 2.20 Median dRTDDRN/dLogDem in each geographical region (black lines in Figure 2.19). 
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2.11.2 Geographical variations in size-resolved urban aerosol mass respiratory tract 

deposited dose rates 

Geographical variations in size-resolved urban aerosol mass RTDDRs, expressed in the 

form of lognormal size distributions (dRTDDRM/dLogDem, μg h-1), are presented in Figure 2.21.  

Mass RTDDRs were estimated for CSSA, EA, EU, NAAN, LA, and WA.  In a given mass RTDDR 

log-log plot, each line represents a RTDDR (as dRTDDRM/dLogDem, used interchangeably herein) 

estimated from urban aerosol mass PSDs presented in Figure 2.15 and the color indicates the 

occurrence frequency of the mass RTDDRs at a given particle size (Dem) with a certain RTDDR 

value.  The solid black lines indicate the median mass RTDDR for each geographical and 

respiratory tract region pair, which are illustrated in Figure 2.22 on a linear y-axis scale. 

Similar to the urban aerosol number RTDDRs, there can exist over two orders of magnitude 

variation in the mass RTDDR for a given particle size (Dem).  The amplitude of the total 

dRTDDRM/dLogDem (left column) is typically between 10-1 and 101μg h-1 in the accumulation 

and coarse modes, with values as low as 10-2 μg h-1 in the UFP regime.  Despite the variability in 

the magnitude, a clear red-orange-yellow band is present around the median mass RTDDRs in EA, 

EU, and NAAN, suggesting a general trend exists in each geographical region.  In contrast to the 

number RTDDRs, most mass RTDDRs are bimodal and dominated by accumulation and coarse 

mode particles across all geographical and respiratory tract regions (Figure 2.21 and 2.22).  

However, the relative contribution of the two modes to the mass RTDDRs varies among the urban 

aerosol mass PSD observations.  As illustrated in Figure 2.19 and 2.21, UFPs tend to dominate 

number RTDDRs in most urban environments, but contribute negligibly to mass RTDDRs.  The 

magnitude of dRTDDRM/dLogDem  is greatest for cities in CSSA, followed by EA, for all 

respiratory tract regions.  This is consistent with the findings of Kodros et al.121, which reported 

high aerosol mass deposited concentrations in the human respiratory tract for India and Eastern 

China.  Cities in NAAN and EU are associated with dRTDDRM/dLogDem lower in magnitude 

compared to the other geographical regions.  LA and WA lie in between mass RTDDRs for 

EA/CSSA and NAAN/EU.  The magnitude of dRTDDRM/dLogDem are fairly consistent across 

all respiratory tract regions. 

Similar to the number RTDDRs, high mass RTDDRs occur for size fractions where 

prominent modes of the urban aerosol mass PSDs coincide with high deposition fractions.  From 

Dem = 100 to 10000 nm, the head airways deposition curve increases with increasing particle size, 
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with local maxima observed for the pulmonary region at approximately Dem = 3000 nm and for the 

tracheobronchial region at around Dem = 7000 nm (Figure 2.7).  As a result, the total deposition 

fraction curve increases with increasing particle size from a minimum at approximately Dem = 400 

nm to nearly unity at Dem = 10000 nm (Figure 2.7).  Thus, coarse mode particles more efficiently 

deposit in the human respiratory tract compared to particles in the accumulation mode.
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Figure 2.21 The total and regional dRTDDRM/dLogDem in the respiratory tract in different geographical regions determined using the 

urban mass PSDs analyzed in this study.  The color represents the occurrence frequency of the dRTDDRM/dLogDem at a given particle 

size with a certain dose rate.  The black lines indicate the median dRTDDRM/dLogDem in each group.
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Coarse mode particles tend dominate the total, tracheobronchial, and head airways 

𝑑𝑅𝑇𝐷𝐷𝑅𝑀/𝑑𝐿𝑜𝑔𝐷𝑒𝑚for each geographical region (Figure 2.21 and 2.22).  This is due to high 

deposition fractions coinciding with coarse modes that exceed, or are nearly equal to, the 

accumulation mode in most cities (Figure 2.16).  The dominance of the coarse mode to the mass 

RTDDRs is especially strong in both the head airways and the tracheobronchial regions.  In CSSA 

and EA, the prominent mode of the mass RTDDR in the coarse mode is located at approximately 

Dem = 6000 nm for the head airways and the tracheobronchial regions, while in the pulmonary 

region it is located near Dem = 3000 nm.  For both the tracheobronchial and pulmonary regions, 

this peak occurs near the local maximum in the deposition curves for both regions (Figure 2.7).  

Mass RTDDRs in NAAN and EU are similar in shape to those in CSSA and EA in the 

tracheobronchial region, however, in the head airways, a partial second mode is observed at around 

Dem = 10000 nm.  Mass RTDDRs in LA and WA exhibit a prominent coarse mode for the head 

airways and tracheobronchial region.  However, the full extent of the mass RTDDRs for LA and 

WA in the coarse mode cannot be reliably characterized due to the lack of mass PSD observations 

in the two regions.  As shown in Kodros et al.121, desert regions of WA and AF are associated with 

very high deposited mass concentrations in the human respiratory tract. 

In contrast to the head airways and the tracheobronchial regions, mass RTDDRs in the 

pulmonary region receive near equal contributions from the accumulation and coarse modes in 

CSSA, EU, and NAAN.  The location of the prominent mode of the mass RTDDRs in the 

accumulation mode varies among the geographical regions, but is typically between Dem = 200 to 

500 nm.  As illustrated in Figure 2.7, the highest deposition fractions in the accumulation mode 

are found in the pulmonary region.  Thus, cities with mass PSDs with prominent accumulation 

modes can be associated with high mass dose rates in this size fraction for the deepest region of 

the human respiratory tract.  Across all geographical regions, the pulmonary region contributes 

significantly to the total mass RTDDRs from Dem = 100 to 1000 nm. 
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Figure 2.22 Median dRTDDRM/dLogDem in each geographical region (black lines in Figure 

2.21). 
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2.12 Urban aerosol PSDs: implications for indoor air quality & aerosol filtration in 

building ventilation systems 

The compilation of urban aerosol PSDs from around the globe offers a basis to evaluate 

the implications of geographical variations in the shape and magnitude of PSDs on indoor air 

quality and aerosol filtration in buildings.  Urban aerosols can be transported into the indoor 

environment though mechanical and natural ventilation or through infiltration via cracks and gaps 

in the building envelope.  HVAC filters in mechanical ventilation systems of commercial or 

residential buildings can influence the transport of urban aerosols into the indoor atmosphere.  

Thus, understanding how HVAC filters modulate an urban aerosol PSD can provide insights on 

evaluation of human inhalation exposure to aerosols of outdoor origin. 

Geographical variations in urban aerosol number PSDs that penetrate through a HVAC 

filter installed in a single-pass building ventilation system are presented in Figure 2.23.  The 

penetrated urban aerosol number PSDs are presented in the form of a grid, with each row 

corresponding to a geographical region (CSSA, EA, EU, NAAN, and LA) and the two columns 

corresponding to MERV 8 and 14 filters.  The solid black lines indicate the median penetrated 

urban aerosol number PSD for each geographical region and MERV filter, which are illustrated in 

Figure 2.24 on a linear y-axis scale.  Similar to the urban aerosol number PSDs presented in Figure 

2.11, there are significant geographical variations in both the shape and magnitude of the filter-

transformed PSDs.  The sub-micron penetrated PSDs are unimodal for all geographical regions 

and for both filters.  The magnitude of the penetrated PSDs are greater in CSSA and EA as 

compared to NAAN, EU, and LA for both the MERV 8 and 14 filters.  However, the nucleation 

mode of the penetrated PSDs for a MERV 8 filter in NAAN/EU are slightly greater than those for 

EA/CSSA.  The PSDs of the penetrated urban aerosol in NAAN, EU, and LA present a peak at 

approximately Dem = 30 to 50 nm for the MERV 8 filter, while those in CSSA and EA show a peak 

between Dem = 70 to 120 nm.  The magnitude of the penetrated PSDs is lower for the MERV 14 

filter given its higher filtration efficiency compared to the MERV 8 filter (Figure 2.8).  For NAAN, 

EU, and LA, the penetrated PSDs shift to the right when transitioning from a MERV 8 to 14 filter, 

while this shift is not as pronounced for CSSA and EA.  The latter is due in part to the overlap 

between the minimum filtration efficiency at Dem = 100 to 200 nm (Figure 2.8) and the strong 

accumulation mode of the number PSDs in CSSA and EA (Figure 2.12). 
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Figure 2.23 Urban aerosol number PSDs that penetrate through a MERV 8 and 14 filter in a 

building ventilation system for each geographical region, estimated using the number PSDs 

collected in this study (Figure 2.11) and assuming single-pass MERV 8 and MERV 14 filters.  

The color represents the occurrence frequency of the penetrated number PSDs at a given particle 

size with a certain concentration.  The black lines indicate the median penetrated number PSDs 

in each group. 

 

To further characterize the impact of geographical variations in the shape of urban aerosol 

number PSDs on indoor air quality and aerosol filtration in buildings, the relative fraction of 
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particles that penetrate or deposit onto the filter were determined (Figure 2.25).  The total 

penetration and deposition fractions were determined as the ratio of the total number of particles 

that penetrate through the filter or deposit onto the filter to the total number of incoming particles 

(urban aerosol concentration).  In doing so, this negates the impact of variations in the magnitude 

of the urban aerosol PSDs on filtration.  The total penetration and deposition fractions were 

calculated for each urban aerosol number PSD in each geographical region (Figure 2.11), with the 

mean and standard deviation for each geographical region shown in Figure 2.25.  Notably, a 

significant decrease of approximately 40% in the total penetration fraction is apparent for all 

geographical regions when switching from a MERV 8 to 14 filter. 

Differences in the total penetration fractions among the five geographical regions with the 

same MERV-rated filter suggests that the shape of the urban aerosol number PSDs influences the 

overall filter performance in different regions.  For both filters, the total penetration fractions are 

higher in EA/CSSA as compared to NAAN/EU by 5 to 9%.  This is due to the prominent 

accumulation modes of the number PSDs in EA/CSSA, which coincide with the particle size range 

(Dem = 100 to 200 nm) where the filtration efficiency is at a minimum since the particles are too 

large to deposit by diffusion and too small to deposit by interception and inertial impaction (Figure 

2.8).  Thus, the results presented in Figure 2.25 suggests that the same filter may perform less 

effectively in EA/CSSA as compared to NAAN/EU due to variations in the shape of the number 

PSDs between the regions.   

It is important to note that the analysis of the urban aerosol number PSDs that penetrate 

through HVAC filters is intended to serve as an illustrative example of how geographical 

variations in the shape and magnitude of urban PSDs can influence indoor air quality in 

mechanically ventilated buildings.  The modeling approach simply integrates the urban aerosol 

PSDs and fixed HVAC filtration efficiency curves; thus, it may not represent actual filtration 

processes occurring in real HVAC installations.  The actual filtration efficiency can vary from 

filter to filter, even among those with the same MERV rating.  In addition, the filtration efficiency 

of a filter is not fixed during its service life and will evolve over time with the formation of solid 

dendrites and liquid films within the filter fiber matrix 227.  A multitude of factors can affect the 

actual penetrated urban aerosol PSD downstream of a filter, including: the type of filter (e.g. 

electret filter) 228, relative humidity 227, the filter installation method (which influences the bypass 
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of particles around the filter), face velocity 229, morphological features of the particles 230, and the 

mechanical ventilation recirculation ratio.   

In addition, different geographical locations may result in different environmental factors, 

which can influence the performance of a filter.  For example, the dendrites of the deposited 

particles may experience more frequent collapse in geographical regions with annual rainy seasons 

when the relative humidity increases significantly.  The dendrites may restructure to adopt a 

compact morphology under elevated humidity due to the capillary effect of condensed water, 

which will lower the filtration efficiency and pressure drop across the filter.227  In addition, the 

hygroscopic content of the dendrites may transition to form a liquid film on the filter fiber, and 

decrease the filtration efficiency before eventually reaching an equilibrium.231,232  This is attributes 

to the low viscosity of the liquid film, which allows the liquid particles to coalesce, relocate, and 

drain along the filter fiber. 

Beyond filtration of the urban aerosol as it enters the indoor environment, other 

physiochemical transformations can occur due to heating and cooling processes in mechanical 

ventilation systems.  Heating of outdoor air can cause the volatile component of the urban aerosol 

population to evaporate from the particles, as well as to reduce the aerosol liquid water content 

and possibly transfer water-soluble species into the gas phase.233–235  Such evaporation processes 

can shift the urban aerosol PSDs to smaller sizes.  Sudden elevations in relative humidity due to 

humidification in mechanical ventilation systems may induce hygroscopic growth of the urban 

aerosol as it enters the indoor environment, as well as increase the aerosol liquid water content, 

which could enhance the uptake of water-soluble species indoors. 
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Figure 2.24 Median urban aerosol number PSDs that penetrate through a MERV 8 (left) and a 

MERV 14 (right) filter in a building ventilation system for each geographical region (black lines 

in Figure 2.23). 

 

Figure 2.25 Mean HVAC filter penetration and deposition fractions for each geographical region, 

assuming single-pass MERV 8 and MERV 14 filters. 
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2.13 Framing future research directions for urban aerosol PSD observations at a global-

scale 

This critical review has provided a comprehensive overview of urban aerosol number and 

mass PSD observations made in cities around the globe.  Critical gaps in urban aerosol PSD 

observations were identified in many geographical regions and countries, with a severe lack of 

ground-based PSD data for cities in AF, LA, WA, and parts of CSSA (Figure 2.1 and 2.10).  

Available PSD measurement data is often short in duration, with only 14.3% of the analyzed 

observations extending beyond 6 months.  Similarly, there have been few direct measurements of 

size-resolved urban aerosol effective densities, and existing data is limited for many size fractions 

(Figure 2.9, Table 2.2).  A greater number of direct measurements of urban aerosol effective 

densities will enable for accurate translation of urban aerosol number PSDs to mass PSDs in a 

given urban environment. 

There exist significant geographical variations in the shape and magnitude of urban aerosol 

PSDs due to differences in primary and secondary aerosol sources and meteorological conditions 

(Figure 2.11 and 2.15).  Such differences have important implications for human exposure and 

health as they drive large changes in the rate at which particles deposit in each region of the human 

respiratory tract (Figure 2.19 and 2.21).  The important contribution of sub-200 nm particles to 

urban aerosol number PSDs in all regions reinforces the need for routine monitoring of the smallest 

particles in the urban atmosphere.  Urban aerosol PSD observations that span the UFP to coarse 

regimes are especially lacking, with only 14% of the analyzed PSDs measuring particles across 

this wide size range.  Coordinated global efforts are needed to build a continuous, long-term, wide 

size range, and ground-based urban PSD observation network in cities across the world.  Such a 

network is necessary for improving our ability to link urban air pollution with human health and 

toxicological outcomes, understanding the atmospheric transformations of urban aerosol 

populations, and supporting air quality legislation and policy decisions that address particles both 

big and small.236 

Existing ground-based air quality monitoring stations are largely focused on measurements 

of size-integrated PM2.5 mass concentrations.  Expansive observational datasets of PM2.5 mass 

concentrations are now available.  This has significantly advanced knowledge of the impact of 

PM2.5 on urban air pollution and human health in the past two decades.237–243  PM2.5 measurement 

gaps do exist, with 141 of 243 countries lacking ground-based PM2.5 monitoring stations.244  The 
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ubiquity of low-cost aerosol sensors (e.g. OPCs) are providing a foundation for large-scale 

deployment of PM2.5 monitoring networks.245  However, given the nature of urban aerosol number 

and mass PSDs, as illustrated in Figure 2.11 and 2.15, observations of PM2.5 mass concentrations 

are insufficient to accurately characterize an urban aerosol population.  Of particular importance 

is the measurement of PSDs that include the UFP regime, given their significant contribution to 

particle number concentrations (Figure 2.11, 2.12, and 2.13).  This is especially important given 

that UFP number concentrations and PM2.5 mass concentrations are not representative of each 

other, as particles that contribute to the two size-integrated metrics often originate from different 

sources.242 

The compilation of urban aerosol PSD observations in this review demonstrates the need 

for a transition from size-integrated PM2.5 mass concentration measurement to broader size range 

PSD measurements that include the nucleation, Aitken, accumulation, and coarse modes.  CMDs 

of urban aerosol number PSDs often fall between Dem = 10 to 100 nm (Figure 2.14); such particles 

contribute negligibly to urban aerosol mass PSDs (Figure 2.15 and 2.16).  Many urban aerosol 

sources, such as biomass burning, traffic emissions (exhaust and non-exhaust), industrial and 

domestic combustion, cooking, and atmospheric new particle formation events, produce particles 

in the UFP regime (Figure 2.18).3,134,246,247  Urban aerosol PSDs provide more detailed information 

of emission sources than do size-integrated concentrations.  Several PSD-based models have been 

developed using characteristic emission profiles of different sources to identify and apportion the 

emission sources.207,248–259  A detailed review of such models was given by Vu et al.3. 

PM2.5 measurements are motivated in part by existing air quality legislation and exposure 

guideline values, whereas there are no existing nationwide regulations based on UFP or total 

particle number concentrations.134  However, emission standards in the European Union now 

regulate particle number emissions for diesel passenger cars and light commercial vehicles in Euro 

5, and for both gasoline and diesel passenger cars, light commercial vehicles, and heavy-duty 

diesel engines in Euro 6.260  A transition from PM2.5 measurement to routine urban aerosol PSD 

monitoring down the UFP regime can help support new legislation based upon UFP or total particle 

number concentrations.261 

Future urban aerosol PSD measurements should span the entire UFP regime, including sub-

3 nm nanocluster aerosol.  The nanocluster aerosol mode is especially prominent during 

atmospheric new particle formation events and has been shown to dominate number PSDs 
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measured at both urban background and traffic sites.115,262–264  Number concentrations of 

nanocluster aerosol can exceed 10000 cm-3 in polluted megacities, such as Shanghai and Nanjing, 

China262; while roadside measurements have reported concentrations in excess of 100000 cm-3 115.  

Achieving continuous urban aerosol number PSD observations from 1 to 10000 nm at the global-

scale remains a challenge given the cost of sensitive aerosol instrumentation required for the 

detection of UFPs down to 1 nm and the collection of different measurement techniques needed to 

detect particles across such a wide size range.  While advancements in low-cost optical particle 

sensing for detection of aerosols down to approximately Dem = 300 to 500 nm have been made in 

recent years, efforts are still needed to develop low-cost condensation particle counters, differential 

mobility analyzers, and diffusion chargers for measurement of PSDs down to the UFP regime. 

A future urban aerosol PSD observation network will improve our ability to more fully 

understand the health implications of urban aerosols.  Measurement of PSDs incorporating the 

UFP regime are needed given the importance of UFPs on human health and the size-dependency 

of deposition in the human respiratory tract (Figure 2.7).  The health effects of UFPs are 

increasingly receiving more attention due to their high number concentrations in the urban 

environment, high surface area to mass ratio, and higher oxidative stress compared to larger 

particles.11,14–17,130–133,265  Human exposure to UFPs has been associated with the development of 

cardiopulmonary and cardiovascular diseases, lung cancer, and asthma.13–15,17,131,133,266–268  As 

illustrated in Figure 2.19 and 2.20, inhaled deposited dose rates (RTDDRs) on a number-basis are 

dominated by UFPs in nearly all geographical and respiratory tract regions.  The deposition 

fraction in the pulmonary region, which is often assumed to be more relevant for respiratory 

diseases, shows a maximum at approximately Dem = 30 nm (Figure 2.7), which overlaps with the 

prominent modes of many urban aerosol number PSDs in NAAN, EU, and LA (Figure 2.11 and 

2.12).  UFPs can penetrate deep into the lung, can be transported into the bloodstream, and can 

translocate to different organs.132,269 
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 CHARACTERIZATION OF A THERMAL AEROSOL GENERATOR 

FOR HVAC FILTRATION EXPERIMENTS (RP-1734) 

3.1 Overview 

This chapter presents the results of an in-depth characterization of a novel thermal aerosol 

generator for HVAC filtration experiments, with a focus on the physical characteristics of the 

synthesized aerosol.  The impact of the generator operational conditions on the particle size 

distribution (PSD) output was investigated.  The results indicate that the thermal aerosol generator 

is a cost-effective technique for rapid ageing of HVAC filters with a PSD that more accurately 

represents, compared to conventional loading dusts, what filters encounter in real HVAC 

installations. 

3.2 Introduction 

HVAC filters used in commercial and residential buildings encounter a complex mixture 

of aerosols of outdoor and indoor origin during their service life.  Aerosols can span in size from 

a few nanometers to tens of micrometers.18  Outdoor and indoor aerosols exhibit diverse 

characteristics, including morphological features, such as their PSD, shape, and density; chemical 

and biological composition; whether they exist as a liquid, solid, or a phase state between the two; 

their tendency to uptake moisture (hygroscopicity); and the electrostatic charge that they carry 

(number of charges, polarity).270  These properties influence the size-resolved particle removal 

efficiency and dust loading behavior of HVAC filters.32,271–278  As aerosols are captured by HVAC 

filters, they will begin to form complex deposits of solid dendrites and liquid films within the filter 

fiber matrix.20–22  A combination of depth filtration and cake formation across the filter restricts 

airflow and imposes a pressure drop that must be overcome by the blower in the air handling unit 

(AHU).23–25  It is necessary to characterize the loading kinetics of HVAC filters aged with an 

aerosol representative of that found in outdoor (urban) and indoor environments in order to better 

predict the trend in airflow resistance, and associated AHU blower power draw to overcome this 

pressure drop, during a filter’s service life. 

Loading aerosols typically used to age HVAC filters include ISO-12103-1-A2 Fine Test 

Dust, ISO-12103-1-A4 Coarse Test Dust, and ASHRAE Test Dust per ANSI/ASHRAE Standard 
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52.2-2017.26,27  Such aerosols are primarily composed of coarse mode particles (1,000 to 100,000 

nm).  While useful for providing insights into differences in loading kinetics among filter media, 

coarse mode loading aerosols have a particle number and mass PSD unlike that found in outdoor 

(urban) and indoor environments.7,18,26,28–30  Thus, the HVAC filter will undergo a much different 

loading process than what it will encounter in real HVAC installations.26,31,32  

Outdoor (urban) and indoor aerosol number PSDs are often dominated by particles smaller 

than 100 nm size, while mass PSDs include significant contributions from both the accumulation 

mode (100 to 2,500 nm) and a fraction of the coarse mode (1,000 to 10,000 nm)7,18,26,28–30  From 

the perspective of HVAC filter loading, it is of primary interest to reproduce outdoor (urban) and 

indoor aerosol mass PSDs as loading data is often expressed on a gravimetric basis (loaded particle 

mass per unit filter area).  Filters aged with sub-micron particles (≤ 1,000 nm) obtain significantly 

higher pressure drops at a given loaded mass compared to those aged with coarse mode 

particles.32,279  It is expected that the evolution in the pressure drop of filters installed in 

commercial and residential AHUs will differ from loading curves obtained from coarse mode test 

dust. 

Cost-effective, high mass output (≥ 10 g/h) aerosol generators are needed to more 

accurately reproduce sub-micron mass PSDs of outdoor (urban) and indoor aerosols during HVAC 

filter loading experiments in full-scale experimental test facilities.  Doing so will enable for a more 

realistic simulation of how filters are aged in real environments.  Such generators are to be used in 

the proposed ASHRAE Guideline 35: Method for Determining the Energy Consumption Caused 

by Air-Cleaning and Filtration Devices.  ASHRAE Guideline 35 will establish a consistent 

experimental methodology to determine the AHU blower energy consumption induced by HVAC 

filters as they are loaded with a sub-micron aerosol with a mass PSD representative of that found 

in actual HVAC systems in commercial buildings located in urban areas. 

Numerous aerosol generation techniques are capable of producing sub-micron particles, 

including evaporation-condensation of metallic and organic vapors in tube furnaces, soot 

generation via diffusion flames, atomization of salts, spark-discharge generation, glowing hot-wire 

generation, electrospray generation, cold plasma via dielectric barrier discharge, and nanopowder 

dispersion.280  While such generation techniques can produce sub-micron aerosols with varied 

PSDs and other physiochemical properties, their mass production rates are often insufficient (≤ 1 

g/h) for conducting rapid (≤ 8 hours) HVAC filter loading experiments as will be required in the 
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proposed ASHRAE Guideline 35.   One viable technique is thermal aerosol generation in which 

high mass concentrations of sub-micron salt particles are generated via evaporation-condensation 

of salt vapor.281–283  Thermal aerosol generators can produce mass PSDs with mass median 

diameters of approximately 200 to 400 nm, however, characteristics of the salt aerosol have not 

yet been systematically assessed.281,283  

The objective of this study is to evaluate the number and mass PSDs and morphological 

features of sodium chloride (NaCl) and potassium chloride (KCl) particles produced by a newly 

designed commercially available thermal aerosol generator under different operational conditions.  

The results will inform the suitability of such a generation technique for reproducing the sub-

micron fraction of outdoor (urban) and indoor aerosol mass PSDs at high mass production rates 

for rapid HVAC loading experiments as per the proposed ASHRAE Guideline 35. 

3.3 Materials and methods 

3.3.1 Thermal aerosol generator 

The thermal aerosol generator (Series 6000, SFP Services Ltd., Christchurch, UK) 

produces salt particles via evaporation-condensation by burning salt sticks in a high temperature 

oxygen-propane flame (Figure 3.1).  The generator consists of a conventional blowtorch fitted with 

an annular burner, a battery-powered feeder for the salt stick, and two rotameters for controlling 

the flow rates of oxygen (O2) and propane (C3H8).  The O2 and C3H8 flows are premixed and then 

ignited.  A flame cone is formed in front of the annular burner.  The salt stick passes through the 

nozzle of the annular burner from the rear and then enters the flame.  The stick is gripped between 

a serrated drive roller connected to a variable speed motor and a smooth idler roller that is mounted 

on a sprung guide arm.  The arm guide is fully opened when inserting the salt stick and then gently 

released to prevent damaging the salt stick prior to burning.  The salt stick feed rate is calibrated 

by the manufacturer and can be controlled through a dial.  The nominal flow rates of O2 and C3H8 

for generating the salt particles are 17 L/min and 4 L/min, respectively.  The primary content of 

the salt sticks is NaCl or KCl, with a trace amount of magnesium oxide (MgO) added to serve as 

a binding agent for the stick.  The MgO will not vaporize in the flame and will fall as hot ash.  For 

each batch of salt sticks, the effective content (abundance of NaCl or KCl) is provided as a mass 
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per unit length of the stick by the manufacturer.  The effective content of the salt sticks analyzed 

in this study ranged from 99 to 144 mg/mm. 

3.3.2 Experimental Design 

In this study, the number (1/cm3) and mass (𝜇g/m3) PSDs of the salt aerosol synthesized 

by the thermal aerosol generator at different operational conditions were examined.  Three 

operational factors were considered: the type of salt (NaCl and KCl), the feed rate of the salt stick 

(3, 5, 10, 18, and 25 mm/min), and the diameter of the stick (10 mm and 12 mm).  Salt particles 

were generated for both salt types at each feed rate and for both stick diameters, thus a total of 

twenty operating conditions were examined.  During the experiments, the thermal aerosol 

generator was placed in a fume hood.  The duration of each PSD experiment varied with the feed 

rate.  For tests with a feed rate of 3, 5, and 10 mm/min, the test duration was 20 to 30 minutes.  For 

tests with a feed rate of 18 and 25 mm/min, the test duration was 15 to 20 minutes due to the high 

consumption rate of the salt sticks.  Morphological features of the salt particles were characterized 

in a sub-set of experiments for 10 mm sticks of both salt types at a feed rate of 5 mm/min. 

 

Figure 3.1 Setup for thermal aerosol generator experiments: (top) measurement of salt aerosol 

particle size distributions, (middle) measurement of salt aerosol morphological features, and 

(bottom) evaluation of particle deposition loss in the ejector dilutor and flow splitter assembly. 
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3.3.3 Measurement of Salt Aerosol Size Distributions 

The salt aerosol was extracted at 50 cm above the flame of the thermal generator via a 

stainless steel sampling manifold.  The aerosol sample was diluted by an ejector dilutor (DI-1000, 

Dekati Ltd., Kangasala, Finland) and then entered a flow splitter (Model 1104, Brechtel 

Manufacturing Inc., Hayward, CA, USA) prior to measurement of the PSD.  A differential pressure 

gauge monitored the pressure difference between the inlet and outlet of the ejector dilutor, which 

was used to estimate the dilution factor according to the calibration curve provided by the 

manufacturer.  Electrical mobility diameter (Dem)-based number PSDs of the salt aerosol were 

measured with a Scanning Mobility Particle Sizer (SMPS, Model 3938NL88, TSI Inc., Shoreview, 

MN, USA), consisting of a Kr-85 bi-polar charger (370 MBq, Model 3077A, TSI Inc., Shoreview, 

MN, USA), a long Differential Mobility Analyzer (long-DMA, Model 3081, TSI Inc., Shoreview, 

MN, USA), and a water-based Condensation Particle Counter (wCPC, Model 3788, TSI Inc., 

Shoreview, MN, USA).  Aerodynamic diameter (Da)-based number PSDs were measured with a 

High Resolution Electrical Low-Pressure Impactor (HR-ELPI+, Dekati Ltd., Kangasala, Finland).  

Sintered collection plates were used to eliminate particle bounce and impactor overloading.  The 

HR-ELPI+ was operated in normal resolution mode with fourteen size fractions from 6 to 10,000 

nm in Da (henceforth referred to as ELPI+). 

3.3.4 Measurement of salt aerosol morphological features 

Morphological features of the NaCl and KCl particles, including size-resolved effective 

densities (ρeff), size-resolved dynamic shape factors (χ), and mass-mobility exponents (εm), were 

determined by combining a long-DMA with a Centrifugal Particle Mass Analyzer (CPMA, 

Cambustion Ltd., Cambridge, UK) and a wCPC (Figure 3.1).  The DMA-CPMA-CPC technique 

is used to evaluate the mass-mobility relationship of an aerosol population.284  Here, the effective 

density (ρeff) is defined as the ratio of the particle mass (mp) to the volume assuming a sphere with 

a diameter of Dem (Equation 3-1).54  The dynamic shape factor (χ) is defined as the ratio of the 

actual drag force on the particle to the drag force on a sphere with a diameter equal to the volume 

equivalent diameter (Dve).
19  χ is used to characterize the irregular, non-spherical shape of the 

particle.19  χ is unity for a sphere, often greater than 1 for an irregular particle, and can approach 

and exceed 2 for agglomerates.54,285  The mass-mobility exponent (εm) is used to describe the 
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fractal nature of the particles.  εm approaches 3 for a sphere and becomes less than 2 for fractal 

agglomerates formed by diffusion-limited processes.  The combination of ρeff, χ, and εm enable for 

a quantitative assessment of the morphology of the NaCl and KCl particles produced by the 

thermal generator.  Such parameters are useful in interpreting number and mass PSDs and in 

understanding how the morphological features of the salt aerosol may impact the filtration 

mechanisms and loading behavior of HVAC filters. 

As with the PSD measurements, the salt aerosol was extracted at 50 cm above the flame 

and diluted with an ejector dilutor.  The aerosol sample passed through a Kr-85 bi-polar charger 

to achieve a Boltzmann equilibrium charge distribution.  The salt particles then entered the long-

DMA, which operated in stepping mode to select particles with a certain Dem.  The sample and 

sheath flow rates of the long-DMA were set at 1.5 L/min and 7.5 L/min, respectively. 

Following mobility classification with the long-DMA, the particles were further classified 

by their mass-to-charge ratio with the CPMA.  As the particles pass through the gap between the 

inner and outer coaxial rotating electrodes of the CPMA, they experience opposing centrifugal and 

electrostatic forces.  Particles can penetrate the CPMA only when the two forces are in balance.  

By adjusting the rotation speed and the voltage potential between the inner and outer electrodes, 

the mass-to-charge setpoint can be controlled, thereby selecting particles with a certain mass.  At 

each Dem setpoint, the CPMA scanned over a wide mass range with a fixed mass resolution (Rm = 

5).  At the downstream location of the CPMA, a wCPC measured the number concentration of the 

mobility- and mass-classified particles.  The concentration at each mass setpoint was averaged 

over 4 seconds with a delay of 3 seconds between two measurement points. 

The DMA-CPMA-CPC measurements were used to estimate variations in the ρeff for a 

given Dem, termed the ρeff distribution, through the following equation54: 

𝜌𝑒𝑓𝑓 =
6𝑚𝑝

𝜋𝐷𝑒𝑚
3             (3-1) 

Many of the ρeff distributions presented a dominant peak and a shoulder (Figure 3.2), the 

latter of which is due to doubly-charged particles.  Thus, each ρeff distribution was fitted with two 

normal distributions that represent the singly- and doubly-charged particles, respectively.  The 

mean ρeff of the fitting for the singly-charged particles was adopted as the ρeff for a given Dem 

setpoint, and the standard deviation was adopted as the uncertainty of the measurement.  Thus, 

size-resolved effective density functions, ρeff (Dem), were determined for both NaCl and KCl. 
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Figure 3.2 An example of the two-mode fitting for the effective density (ρeff) distribution with a 

DMA setting of Dem = 121 nm.  The red circles represent the measured data points via the DMA-

CPMA-CPC setup.  The two dashed lines represent the fitted ρeff distributions for the singly 

(dark blue) and doubly (light blue) charged particles.  The solid blue line represents the sum of 

the two fitted ρeff distributions. 

 

An example fitting of a ρeff distribution for a Dem setpoint of 121 nm is illustrated in Figure 

3.2.  The red circles represent the measured data points.  The dark blue dashed line on the left 

represents the singly-charged particles with a nominal diameter of 121 nm, while the light blue 

dashed line on the right represents the doubly-charged particles with a nominal diameter of 186.3 

nm.  This fitting method is used simply to differentiate the singly- and doubly-charged particles 

and does not take the transfer functions of DMA and CPMA into consideration.  Therefore, the 

width of the reported ρeff distribution is relatively wide compared to the actual distribution, which 

can be obtained by a data inversion routine that accounts for the charging efficiency of the bi-polar 
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charger, transfer functions of the long-DMA and CPMA, and the wCPC detection efficiency 

(Buckley et al. 2017; Rawat et al. 2016).  However, due to temporal fluctuations of the salt aerosol 

PSDs during the operation of the thermal aerosol generator, the inversion of the measured data 

was not successful. 

Dynamic shape factors of the NaCl and KCl particles were estimated as a function of Dem.  

First, the Dve corresponding to each Dem setpoint was calculated from the ρeff and the bulk density 

of the salt (ρm) via Equation (3-2), assuming no internal voids within the particles such that the 

bulk density and particle density (ρp) are equivalent54: 

𝐷𝑣𝑒 = √
6𝑚𝑝

𝜋𝜌𝑚

3
= √

𝜌𝑒𝑓𝑓𝐷𝑒𝑚
3

𝜌𝑚

3
          (3-2) 

The dynamic shape factor at a given Dem can be estimated by Equation (3-3), which defines 

the relationship between Dem  and Dve
54

: 

 χ =
𝐷𝑒𝑚

𝐷𝑣𝑒

𝐶𝑐(𝐷𝑣𝑒)

𝐶𝑐(𝐷𝑒𝑚)
           (3-3) 

where Cc is the Cunningham Slip Correction Factor19. 

The mass-mobility exponent (εm) was determined for the NaCl and KCl particles to 

characterize their fractal-like nature.  The mass-mobility relationship of particles formed via 

diffusion-limited processes, such as soot particles and metal agglomerates, can be described by a 

power law function101,102,126,127,286–290: 

𝑚𝑝 = 𝐾𝐷𝑒𝑚
𝜀𝑚             (3-4) 

where K is a constant.  Combining Equations (3-1) and (3-4), we obtain the following equation 

relating ρeff, Dem, and εm: 

𝜌𝑒𝑓𝑓 =
6𝐾𝐷𝑒𝑚

𝜀𝑚−3

𝜋
           (3-5) 

The size-resolved effective density functions, ρeff (Dem), were fit with Equation (3-5) to 

estimate εm for each salt type. 
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3.3.5 Particle deposition loss in the ejector dilutor and flow splitter 

The size-resolved particle deposition loss fraction in the dilutor-flow splitter assembly was 

measured by the setup shown in Figure 3.1.  The salt particles were first mobility classified by the 

long-DMA.  Particle number concentrations were then measured at the upstream and downstream 

locations of the dilutor-flow splitter assembly with a butanol-based CPC (bCPC, Model A20, 

Airmodus Ltd., Helsinki, Finland) and a wCPC, respectively.  The deposition loss fraction for 

particles with a diameter i (Li) can be calculated as: 

𝐿𝑖 = 1 −
𝐶2,𝑖×𝐷𝐹

𝐶1,𝑖
           (3-6) 

where DF is the nominal dilution factor, which can be inferred by the difference in pressure 

between the inlet and outlet of the ejector dilutor; C2,i is the particle number concentration at the 

downstream location of the dilutor-flow splitter assembly; and C1,i is the particle number 

concentration at the upstream location of the dilutor-flow splitter assembly.  The correction factor 

for the deposition loss of particles with a diameter i (𝛼i) in the assembly can be expressed as: 

𝛼𝑖 =
1

𝐿𝑖
            (3-7) 

3.3.6 Calculation of particle deposition in the tubing of the sampling manifold 

The number PSDs of the salt particles as measured by the SMPS and ELPI+ were corrected 

for particle deposition in the dilutor-flow splitter assembly using 𝛼i and the tubing of the sampling 

manifold using empirical relationships.  The overall penetration efficiency of particles transported 

through the tubing of the sampling manifold, 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 , is the product of the transmission 

efficiencies of each sampling element.  The overall penetration efficiency can be calculated as291: 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑡𝑢𝑏𝑒,𝑔𝑟𝑎𝑣𝜂𝑡𝑢𝑏𝑒,𝑑𝑖𝑓𝑓 𝜂𝑏𝑒𝑛𝑑,𝑖𝑛𝑒𝑟𝑡        (3-8) 

where 𝜂𝑡𝑢𝑏𝑒,𝑔𝑟𝑎𝑣  represents the transmission efficiency for gravitational deposition in the 

sampling tubes, 𝜂𝑡𝑢𝑏𝑒,𝑑𝑖𝑓𝑓  represents the transmission efficiency for diffusive deposition in the 

sampling tubes, and 𝜂𝑏𝑒𝑛𝑑,𝑖𝑛𝑒𝑟𝑡  represents the transmission efficiency for inertial impaction in the 

bends of the tubing. 

The transmission efficiency for gravitational deposition due to laminar flow in a circular 

tube can be expressed as291,292: 

𝜂𝑡𝑢𝑏𝑒,𝑔𝑟𝑎𝑣 = 1 −
2

𝜋
[2𝜅√1 −   𝜅2/3 −  𝜅1/3√1 −   𝜅2/3 + 𝑎𝑟𝑐𝑠𝑖𝑛 ( 𝜅1/3)]    (3-9) 
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𝜅 =
3

4

𝐿

𝑑

𝑉𝑡𝑠

𝑈
𝑐𝑜𝑠𝜃           (3-10) 

where d = inside diameter of the tube, L = length of the tube, 𝑉𝑡𝑠 = particle terminal settling 

velocity, 𝑈 = flow velocity in the tube, and 𝜃 = angle with respect to the horizontal. 

The transmission efficiency for diffusive deposition in a tube can be expressed as293: 

𝜂𝑡𝑢𝑏𝑒,𝑑𝑖𝑓𝑓 = 1 − 2.56𝜉2/3 + 1.2𝜉 + 0.177𝜉4/3, 𝑓𝑜𝑟 𝜉 < 0.02     (3-11) 

𝜂𝑡𝑢𝑏𝑒,𝑑𝑖𝑓𝑓 = 0.819 𝑒𝑥𝑝(−3.657𝜉) + 0.097 𝑒𝑥𝑝(−22.3𝜉) + 0.032 𝑒𝑥𝑝(−57𝜉), 𝑓𝑜𝑟 𝜉 > 0.02    

            (3-12) 

𝜉 =
𝜋𝐷𝐿

𝑄
            (3-13) 

where 𝐷 = particle diffusion coefficient and 𝑄 = volumetric flow rate. 

The transmission efficiency for inertial deposition due to laminar flow in a 90° bend can 

be expressed as294: 

𝜂𝑏𝑒𝑛𝑑,𝑖𝑛𝑒𝑟𝑡 = 1 − 𝑆𝑡𝑘𝜑          (3-14) 

where 𝑆𝑡𝑘 = Stokes number and φ = angle of the bend in radians. 

3.3.7 Analysis of Salt Aerosol Size Distributions 

The number PSDs measured by the SMPS and ELPI+ were reported as a function of Dem 

and Da, respectively.  Mass PSDs were only determined from the ELPI+ measurements given the 

wider operational size range of the instrument, which covered the full accumulation mode (100 to 

2,500 nm).  To convert the measured number PSDs of the ELPI+ to mass PSDs, the Da impactor 

cut-offs for each stage of the ELPI+ were first transformed to Dem.  This was done as the 

relationship between particle mass and ρeff is defined through Dem, not Da (Equation 3-1).  To relate 

Da to Dem, Equations (3-2) and (3-3) are combined to derive: 

𝜌𝑒𝑓𝑓 =
𝜌𝑚

χ3

𝐶𝑐(𝐷𝑣𝑒)3

𝐶𝑐(𝐷𝑒𝑚)3           (3-15) 

Dve can be converted to Da according to DeCarlo et al.54 and assuming no internal voids 

such that ρm and ρp are equivalent: 

𝐷𝑎 = 𝐷𝑣𝑒√
1

χ

𝜌𝑚

𝜌0

𝐶𝑐(𝐷𝑣𝑒)

𝐶𝑐(𝐷𝑎)
          (3-16) 

where ρ0 is standard density (1 g/cm3).  Combining Equations (3-3) and (3-16), we can define the 

relationship between Dem and Da: 



      

 

113 

𝐷𝑎

𝐷𝑒𝑚
=

1

χ3/2 √
𝜌𝑚

𝜌0𝐶𝑐(𝐷𝑎)

𝐶𝑐(𝐷𝑣𝑒)3/2

𝐶𝑐(𝐷𝑒𝑚)
          (3-17) 

Substituting Equation (3-15) into Equation (3-17), Da can be converted to Dem using ρeff: 

𝜌𝑒𝑓𝑓

𝜌0
= (

𝐷𝑎

𝐷𝑒𝑚
)

2 𝐶𝑐(𝐷𝑎)

𝐶𝑐(𝐷𝑒𝑚)
           (3-18) 

After converting Da to Dem, the number PSDs measured by the ELPI+ were converted to 

Dem-based mass PSDs using ρeff (Dem) via Equation (3-1).  The mean number and mass PSDs for 

each thermal generator operational condition were normalized by the maximum value in each PSD 

to better visualize the PSD shape and the prominent mode(s).  The normalized PSDs were then fit 

to the multi-lognormal distribution function.18  Time-series plots of the number and mass PSDs 

were used to characterize the stability of the thermal generator output. 

3.4 Results and Discussion 

The following sections present the results of the experimental investigation into the 

characteristics of salt particles produced by the thermal aerosol generator.  First, size-resolved 

morphological features of the NaCl and KCl particles are discussed.  Number and mass size 

distributions are then presented, followed by mass production rates.  The results explain how 

operational conditions of the thermal generator influence the physical properties of the synthesized 

aerosol, thereby informing the utility of such a generation technique for HVAC filter loading 

experiments as per ASHRAE Guideline 35. 

3.4.1 Morphological Features of Salt Aerosol Produced by the Thermal Aerosol Generator 

Figure 3.3 presents the measured effective densities (ρeff) of the NaCl and KCl particles 

produced by the thermal generator as a function of electrical mobility diameter, Dem.  The 

measured effective densities (denoted as markers) are compared with theoretical ρeff values 

calculated by Equation (3-15) using the bulk density of NaCl (ρm = 2.165 g/cm3) and KCl (ρm = 

1.98 g/cm3) and assuming the particles adopt either a spherical (χ = 1, dotted lines) or cubic 

structure (χ = 1.08, dashed lines). 

The effective densities of both NaCl and KCl particles varied with particle size.  This size-

dependency was most pronounced for Dem > 100 nm.  For Dem < 100 nm, the salt aerosol was more 

morphologically consistent.  Across the electrical mobility span of Dem = 30 to 100 nm, ρeff 
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exhibited a small variation with particle size, with an average ρeff of 1.79±0.11 g/cm3 (mean±SD) 

for NaCl particles and 1.67±0.12 g/cm3 for KCl particles.  Between Dem = 100 and 400 nm, the 

effective densities for NaCl and KCl particles decreased with increasing particle size.  For NaCl 

particles, ρeff decreased from 1.72±0.26 at Dem = 99.2 nm to 0.84±0.17 at Dem = 350 nm.  For KCl 

particles, ρeff decreased from 1.52±0.36 at Dem = 99.2 nm to 0.82±0.15 at Dem = 328 nm. 

 

Figure 3.3 Measured size-resolved effective densities (ρeff) for NaCl (blue squares) and KCl (red 

triangles) particles.  The error bars represent the standard deviation of the fitting for the ρeff 

distribution for resolving the singly and doubly charged particles for each Dem.  Theoretical ρeff 

values calculated by Equation (3-8) using the bulk density of NaCl (ρm = 2.165 g/cm3) and KCl 

(ρm = 1.98 g/cm3) are shown assuming the particles adopt either a cubic structure (χ = 1.08, 

dashed lines) or spherical structure (χ = 1, dotted lines).  The power law function (Equation 3-4) 

was fit to the measured ρeff data to determine the mass-mobility exponent (εm) for NaCl (solid 

blue line) and KCl (solid red line) particles. 
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The effective densities for each salt were nearest to their respective bulk densities at Dem = 

30 nm for NaCl (ρeff  = 2.00±0.36 g/cm3) and Dem = 32.1 nm for KCl (ρeff  = 1.82±0.26 g/cm3).  

From Dem = 30 to 100 nm, the measured ρeff were within 8-23% of the theoretical ρeff calculated 

for spherical particles (χ = 1) with the bulk density of each salt.  Above Dem = 100 nm, the measured 

ρeff deviated significantly from that for a sphere. 

 

Figure 3.4 The measured size-resolved dynamic shape factors (χ) for NaCl (blue squares) and 

KCl (red triangles) particles.  The χ for particles adopting a cubic structure (χ = 1.08) is provided 

as a reference (dashed green line) 

 

Intuitively, it may be assumed that NaCl and KCl particles adopt a cubic structure with a χ 

= 1.0819 (for an ideal cube) as the crystal structure of both salts are cubic.  The cubic assumption 

results in theoretical ρeff values of approximately 1.7 to 1.9 g/cm3 across the measured size range.  
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The measured ρeff was closest to that for a cube for particles less than Dem = 80 nm.  For particles 

larger than Dem = 100 nm, the measured ρeff was much less than that for a cube. 

The morphologies of the NaCl and KCl particles synthesized by the thermal generator can 

be further interpreted through size-resolved dynamic shape factors (χ), which are presented in 

Figure 3.4.  χ increased with particle size for both salt types from Dem = 30 to 400 nm.  A sharp 

increase in χ was observed for particles larger than Dem = 100 nm.  For NaCl particles, χ increased 

from 1.05 at Dem = 30 nm to 1.55 at Dem = 350 nm.  Similarly, for KCl particles, χ increased from 

1.12 at Dem = 32.1 nm to 1.58 at Dem = 328 nm.  From Dem = 30 to 100 nm, the dynamic shape 

factors are similar to that for compact clusters of three (χ = 1.15) or four (χ = 1.17) spheres.19 

NaCl and KCl particles exhibited similar trends in their size-resolved morphologies across 

the measured size range.  Effective densities for KCl particles were generally 5 to 10% lower than 

that for the NaCl particles.  Conversely, the dynamic shape factors for KCl particles were generally 

2 to 9% greater than that of the NaCl particles. 

The morphological features of the thermal generator aerosol can be compared with NaCl 

and KCl particles generated by other techniques.  Zelenyuk et al.295 demonstrated that NaCl 

particles generated via nebulizing aqueous NaCl solutions could adopt three types of morphologies 

depending upon particle size and drying conditions, including: nearly spherical (χ ~ 1.02), cubic 

(χ ~ 1.065 to 1.17), and agglomerates (χ ~ 1.3 to 1.4).  The effective densities of the spherical 

particles were found to be close to the bulk density of NaCl, while the effective densities of the 

agglomerates were between 1.2 to 1.4 g/m2.  Wang et al.296 found that the drying rate can influence 

χ while generating NaCl particles from aqueous solutions.  For a given particle size, χ decreases 

with an increase in drying rate.  NaCl particles formed by evaporation-condensation, as is the case 

for the thermal generator, tend to form agglomerates.  Through electron microscopy, Craig and 

McIntosh297 revealed that chain-like cubic NaCl particles are formed by through evaporation-

condensation of NaCl in a tube furnace.  Similarly, Krämer et al.298 found NaCl agglomerates 

formed by evaporation-condensation to have a branched-chain structure with χ ~ 5.  In contrast to 

NaCl particles, there is comparatively less information on the morphology of KCl particles.  

Chindapan et al.299 used scanning electron microscopy to show that KCl particles generated by a 

spray dryer have a highly agglomerated structure.  The morphologies of KCl particles formed by 

evaporation-condensation have not been investigated to date in the literature. 
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The measured ρeff and χ, and their comparison with theoretical values and results from 

previous experimental studies, suggests that NaCl and KCl particles smaller than Dem = 100 nm 

adopt spherical or cubic structures or compact clusters thereof, while those larger than Dem = 100 

nm adopt irregular morphologies suggestive of agglomerates.  As particle size increases from Dem 

= 100 nm to 400 nm, the NaCl and KCl particles become progressively more chain-like and 

agglomerated with a decrease in ρeff and an increase in χ.  However, electron microscopy analysis 

of the salt particles is needed to verify the results of the DMA-CPMA-CPC measurements. 

The fractal-like nature of the NaCl and KCl agglomerates can be further characterized by 

the mass-mobility exponent (εm) in the power law function (Equation (3-4)), which describes the 

relationship between particle mass (mp) and electrical mobility diameter (Dem).  The power law 

function was fit to the measured effective density data from Dem = 71.1 to 350 nm for NaCl and 

from Dem = 76 to 328 nm for KCl (solid lines in Figure 3.3).  A coefficient of determination (R2) 

of 0.89 and 0.92 for NaCl and KCl, respectively, indicates that the mass-mobility relationship for 

both salt types can be described well by the power law function. 

The εm for NaCl and KCl were found to be 2.57 and 2.47, respectively.  These values are 

within the range of mass-mobility exponents reported for agglomerates synthesized through 

different techniques, further demonstrating that the NaCl and KCl particles adopt an irregular, 

agglomerated structure beyond Dem = 100 nm.  Previous studies indicate that the εm of soot particles 

generated from heavy-duty diesel engines, light-duty vehicles, premixed charge compression 

ignition combustion, and flame soot generators can vary from 2.2 to 2.56.102,124,126,127,300,301  

Leskinen et al.289 found the εm of particles generated from small-scale combustion of different solid 

wood fuels to be in the range of 2.22 to 2.46.  Shin et al.287 reported a εm of 2.126 for silver 

agglomerates from Dem = 80 to 300 nm generated via evaporation-condensation of silver in a tube 

furnace.  Charvet et al.290 (2014) used a spark discharge generator to generate metal agglomerates 

with constantan, copper, graphite, iron, silver, and titanium, and found εm for these agglomerates 

to be the range from 1.98 to 2.329. 

The size-resolved ρeff of NaCl and KCl particles generated by the thermal generator show 

a slightly different pattern from those measured in urban atmospheric environments.  The average 

ρeff of NaCl and KCl particles between Dem = 30 to 100 nm are greater than those reported for urban 

aerosols in the same size range, which are typically between 1.14 to 1.58 g/cm3.56,57,63–66  The 

average ρeff for NaCl and KCl particles in this size range are similar to that  of H2SO4, (NH4)2SO4, 
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and NH4NO3 (approximately 1.7 to 1.83 g/cm3), which are common inorganic components of 

urban aerosols.72,89–92  However, they are greater than those measured for organic aerosols and soot 

particles from vehicle exhaust.85–88,124,128 

NaCl and KCl particles between Dem = 100 to 220 nm exhibit ρeff values close to that 

reported for urban aerosols, while those greater than Dem = 250 nm present lower ρeff values than 

urban aerosols.  The decrease in NaCl and KCl ρeff with increasing particle size is similar to the 

pattern observed for urban aerosol ρeff measured in near-traffic environments due to the existence 

of soot particles, which adopt a fractal-like morphology for  Dem > 100 nm.62  Geller et al.63 found 

the urban aerosol ρeff measured at a freeway to be 1.13 g/cm3 at Dem = 50 nm and 0.31 g/cm3 at 

Dem = 414 nm, with a mass-mobility exponent of 2.54, which is similar to the mass-mobility 

exponents of NaCl and KCl particles produced by the thermal generator. 

A comparison of size-resolved ρeff of NaCl and KCl particles with those reported for indoor 

aerosols is constrained by the limited number of direct ρeff  measurements for indoor aerosols.  The 

ρeff of cigarette smoke can vary between 1.18 to 1.51 g/cm3, which can be influenced by smoke 

mass, cigarette format, filter type, and mouth hold period.302,303  It is suggested that the ρeff is 

independent of particle size, indicating that cigarette smoke particles likely adopt a spherical shape.  

The aerosol from secondhand smoke of waterpipe tobacco was reported to adopt a mass-mobility 

exponent of 2.85 with a ρeff of 1.25 g/cm3 at Dem = 80 nm and 0.98 g/cm3 at Dem = 400 nm.304  The 

ρeff of several indoor aerosol sources were calculated by Vu et al.305.  Vacuum cleaning, kitchen 

cleaning, and tobacco smoking were found to generate aerosols with ρeff values of 1.16, 0.88, and 

1.56 g/cm3, respectively. 
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3.4.2 Number and Mass Size Distributions of Salt Aerosol Produced by the Thermal 

Aerosol Generator 

Figures 3.5-3.8 present the normalized mean number and mass PSDs of NaCl and KCl 

particles produced by the thermal aerosol generator for different salt stick feed rates (3, 5, 10, 18, 

and 25 mm/min) and diameters (10 and 12 mm).  Number PSDs as measured by the SMPS (Dem-

based) and ELPI+ (Da-based) are presented, along with Dem-based mass PSDs estimated from the 

ELPI+ number PSDs (Da transformed to Dem) and size-resolved effective densities.  The measured 

PSDs are fitted to the multi-lognormal distribution function and function parameters are included 

for each mode: Modei = modal diameter (nm), 𝜎i = geometric standard deviation (–), and Ni or Mi 

= normalized number or mass amplitude, respectively (–). 

The shape of the normalized mean number PSDs as measured by the SMPS (Dem-based) 

and ELPI+ (Da-based) agree well across all experimental conditions.  In general, the number PSDs 

for NaCl and KCl particles are unimodal and exhibit a single prominent peak is the sub-micron 

size fraction (≤ 1,000 nm), with a significant number of particles in the ultrafine particle (UFP) 

size fraction (≤ 100 nm).  The shape of the NaCl and KCl number PSDs at a feed rate of 3 mm/min 

is similar to those reported in outdoor (urban) environments in European and North American 

cities, as well as number PSDs reported indoors under a variety of conditions.7,28–30  The shape of 

the number PSDs at feed rates from 5 to 25 mm/min are similar to those reported in cities in China 

and India, where the number PSDs include a significant contribution from the accumulation 

mode.213,231  The width of the prominent peaks of the number PSDs are relatively narrow, with 

geometric standard deviations of individual modes often between 1.4 and 1.7.  A partial secondary 

peak tends to appear below Dem ~ 20 nm.  This peak is unlikely to be associated with salt particles 

formed via evaporation-condensation, but rather particles formed by the O2-C3H8 flame itself.  The 

mixing ratio of the pre-mixed O2-C3H8 is near, but does not reach, the fuel-lean condition.  Particles 

in this secondary peak could include soot precursors or organic carbon.  Previous studies suggest 

that under high temperature, small hydrocarbons (e.g. C3H8) can undergo a series of chemical 

reactions, including dehydrogenation, polymerization, cyclization, and radical chain reactions, to 

form larger polycyclic aromatic hydrocarbons (PAHs) or even soot nuclei within the flame.306–310 
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Figure 3.5 Normalized mean number (left) and mass (right) particle size distributions (PSDs) of 

NaCl particles generated by salt sticks with a diameter of 10 mm at feed rates of: (a.) 3 mm/min, 

(b.) 5 mm/min, (c.) 10 mm/min, and (d.) 18 mm/min.  The solid blue lines represent the PSDs 

measured by the SMPS (number: Dem-based) and the red bar plots represent those measured by 

the ELPI+ (number: Da-based, mass: Dem-based).  The dashed lines represent the fitted multi-

lognormal distribution functions (blue: SMPS, red: ELPI+) and the dotted lines represent the 

individual modes.  The multi-lognormal distribution function parameters for each mode are listed 

on the side: Modei = modal diameter (nm), 𝜎i = geometric standard deviation (–), and Ni or Mi = 

normalized number or mass amplitude, respectively (–).  The NaCl PSDs for the feed rate of 25 

mm/min are not presented since the salt stick clogged the nozzle of the thermal aerosol 

generation during the experiment. 
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Figure 3.5 continued. 

 
 

 
 

The normalized mean mass PSDs are typically unimodal and present a dominant peak in 

the accumulation mode (100 to 2,500 nm) across all operating conditions of the thermal aerosol 

generator.  The mass PSDs in the sub-micron fraction are representative of those found in outdoor 

(urban) and indoor environments (Tronville and Rivers 2005; Seinfeld and Pandis 2012; Azimi et 

al. 2014; Stephens 2018; Fazli et al. 2019).  The mass PSDs tend to be wider compared to the 

number PSDs.  This can be discerned through the geometric standard deviations of individual 

modes, which often exceed 1.7 for the mass PSDs.  A partial secondary peak in the mass PSDs 

can be found at approximately 2,500 nm.  This peak may be associated with residual MgO ash 
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particles blown off the salt stick by the high-velocity O2-C3H8 flow.  Collection of the synthesized 

particles on filter substrates and subsequent electron microscopy analysis can verify the existence 

of the MgO ash particles. 

 

 

 

Figure 3.6 Normalized mean number (left) and mass (right) particle size distributions (PSDs) of 

KCl particles generated by salt sticks with a diameter of 10 mm at feed rates of: (a.) 3 mm/min, 

(b.) 5 mm/min, (c.) 10 mm/min, (d.) 18 mm/min, and (e.) 25 mm/min.  The solid blue lines 

represent the PSDs measured by the SMPS (number: Dem-based) and the red bar plots represent 

those measured by the ELPI+ (number: Da-based, mass: Dem-based).  The dashed lines represent 

the fitted multi-lognormal distribution functions (blue: SMPS, red: ELPI+) and the dotted lines 

represent the individual modes.  The multi-lognormal distribution function parameters for each 

mode are listed on the side: Modei = modal diameter (nm), 𝜎i = geometric standard deviation (–), 

and Ni or Mi = normalized number or mass amplitude, respectively (–).  
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Figure 3.6 continued. 
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Figure 3.6 continued. 

 
 

The salt stick feed rate has the most significant influence on the shape of the PSDs among 

the three thermal aerosol generator operational factors that were evaluated (salt type, feed rate, and 

stick diameter).  For both salt types and stick diameters, the prominent peaks of the number PSDs 

shift to larger particle sizes as the salt stick feed rate increases.  For example, the diameter of the 

prominent peak of the normalized mean number PSDs of KCl particles generated by the 10 mm 

sticks is ~80 nm for a feed rate of 3 mm/min, ~90 nm for a feed rate of 5 mm/min, ~115 nm for 

feed rates of 10 and 18 mm/min, and ~140 nm for a feed rate of 25 mm/min (Figure 3.6).  A gradual 

shift in the normalized mass PSDs with increasing feed rate is also observed for both salt types 

and stick diameters.  For example, for KCl particles generated with 10 mm sticks, the prominent 

peak of the normalized mass PSDs shifts from ~200 nm to ~550 nm as the feed rate increases from 

3 to 25 mm/min (Figure 3.6).  The multi-lognormal fitting of each mass PSD demonstrates that the 

modal diameters of each individual mode also increase with the feed rate.  The shift of the number 

and mass PSDs to larger particle size fractions with the increase in feed rate indicates that the salt 

particles are generally larger at higher feed rates.  A possible explanation for this shift is that greater 

quantities of salt vapor are produced at higher feed rates which can aid condensational growth of 

the particles to larger sizes. 
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Figure 3.7 Normalized mean number (left) and mass (right) particle size distributions (PSDs) of 

NaCl particles generated by salt sticks with a diameter of 12 mm at feed rates of: (a.) 3 mm/min, 

(b.) 5 mm/min, (c.) 10 mm/min, (d.) 18 mm/min, and (e.) 25 mm/min.  The solid blue lines 

represent the PSDs measured by the SMPS (number: Dem-based) and the red bar plots represent 

those measured by the ELPI+ (number: Da-based, mass: Dem-based).  The dashed lines represent 

the fitted multi-lognormal distribution functions (blue: SMPS, red: ELPI+) and the dotted lines 

represent the individual modes.  The multi-lognormal distribution function parameters for each 

mode are listed on the side: Modei = modal diameter (nm), 𝜎i = geometric standard deviation (–), 

and Ni or Mi = normalized number or mass amplitude, respectively (–). 
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Figure 3.7 continued. 
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Figure 3.7 continued. 

 
 

The shape of the number and mass PSD output of the thermal aerosol generator is not 

strongly influenced by the salt stick diameter and salt type.  The 10 and 12 mm sticks produce 

similar normalized mean number and mass PSDs for both NaCl and KCl, with only small 

variations observed in the location of the prominent peak and the modal diameters of individual 

modes for a given feed rate.  For the same salt stick diameter and feed rate, the normalized mean 

number PSDs of NaCl and KCl particles are very similar.  However, the KCl mass PSDs exhibit 

a larger shift with increasing feed rate compared to the NaCl particles.  For example, the prominent 

peak of the normalized mass PSDs for KCl particles (12 mm sticks) increases from ~170 nm at 3 

mm/min to ~700 nm at 25 mm/min (Figure 3.8), whereas for NaCl (12 mm sticks), the peak 

increases from ~350 nm at 3 mm/min to ~590 nm at 25 mm/min (Figure 3.7). 
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Figure 3.8 Normalized mean number (left) and mass (right) particle size distributions (PSDs) of 

KCl particles generated by salt sticks with a diameter of 12 mm at feed rates of: (a.) 3 mm/min, 

(b.) 5 mm/min, (c.) 10 mm/min, (d.) 18 mm/min, and (e.) 25 mm/min.  The solid blue lines 

represent the PSDs measured by the SMPS (number: Dem-based) and the red bar plots represent 

those measured by the ELPI+ (number: Da-based, mass: Dem-based).  The dashed lines represent 

the fitted multi-lognormal distribution functions (blue: SMPS, red: ELPI+) and the dotted lines 

represent the individual modes.  The multi-lognormal distribution function parameters for each 

mode are listed on the side: Modei = modal diameter (nm), 𝜎i = geometric standard deviation (–), 

and Ni or Mi = normalized number or mass amplitude, respectively (–). 
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Figure 3.8 continued. 

 

 
  



      

 

130 

Figure 3.8 continued. 

 

 

The thermal aerosol generator produces a stable PSD output of sub-micron NaCl and KCl 

particles.  Figure 3.9 shows example time-series plots of Da-based number PSDs as measured by 

the ELPI+ with a sampling interval of 1 second and Dem-based number PSDs as measured by the 

SMPS with a scan period of 70 seconds, both for NaCl particles generated by a salt stick with a 

diameter of 10 mm at a feed rate of 5 mm/min.  The number PSDs are relatively stable over the 

measurement period of 30 minutes.  This is especially true for the PSD measurements made with 

the ELPI+.  More pronounced temporal variations are observed in the SMPS measurements as an 

artifact of the longer scan period.  A high concentration of NaCl particles can be found across the 

size range from ~30 to ~300 nm, which is consistent with the normalized mean number PSDs 

(Figure 3.5b).  A clear peak is observed at ~100 nm in the number PSDs measured by both the 

ELPI+ and SMPS. 
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Figure 3.9 Time-series plots of (a.) Da-based (ELPI+: sampling interval of 1 second) and (b.) 

Dem-based (SMPS: scan period of 70 seconds) number particle size distributions of NaCl 

particles generated by a salt stick with a diameter of 10 mm at a feed rate of 5 mm/min. 

3.4.3 Mass Production Rates of Salt Aerosol Produced by the Thermal Aerosol Generator 

The thermal aerosol generator is intended to be used for HVAC filtration experiments to 

evaluate filter mass loading curves, defined as the relationship between the filter pressure drop and 

loaded particle mass per unit filter area.  As such, the mass production rate of the thermal aerosol 

generator at different operational conditions is an important parameter to be characterized.  Figure 

3.10 presents estimated nominal mass production rates as the product of the salt stick feed rate and 

the effective content (salt mass per unit length), assuming the entirety of the salt is vaporized and 

condensed to form particles.  Nominal mass production rates ranged from 18 to 207 g/h, depending 

on the salt type, feed rate, and stick diameter.  The production rate is most sensitive to the feed 

rate.     

The nominal mass production rates are likely to be overestimates of the actual production 

rates.  The entirety of the salt mass may not get fully vaporized in the O2-C3H8 flame and some of 

the non-vaporized salts may fall with MgO as ash.  Actual production rates derived from the PSD 

measurements and a material balance model could not be determined due to uncertainties in 

(a.)

(b.)
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characterization of the airflow regime within the fume hood where the thermal aerosol generator 

was housed.  Delivery of the salt particles into a HVAC filtration test facility necessitates the 

design of a precisely controlled carrier flow system and evaluation of how the carrier flow system 

affects the transformation of the salt particles through coagulation and deposition.  Such a system 

will enable accurate determination of the mass production rate. 

 

 

Figure 3.10 Nominal mass production rates of NaCl and KCl particles for both salt stick 

diameters (10 and 12 mm) as a function of the salt stick feed rate (3, 5, 10, 18, and 25 mm/min).  

The nominal mass production rates were calculated as the product of the salt stick feed rate and 

the effective content (salt mass per unit length), assuming the entirety of the salt is vaporized and 

condensed to form particles. 

3.4.4 Measurement Uncertainties Due to Unipolar and Bi-Polar Charging of the Salt 

Aerosol 

The morphological characterization of the salt aerosol demonstrated that NaCl and KCl 

particles larger than Dem = 100 nm adopt irregular morphologies suggestive of agglomerates.  This 

may induce uncertainties in the unipolar charging of the particles in the ELPI+ (via a unipolar 

corona charger) and bi-polar charging of the particles in the SMPS (via a Kr-85 bi-polar charger).  
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The charging efficiency of the unipolar corona charger of the ELPI+ was calibrated with particles 

of a compact morphology.  Previous studies indicate that agglomerates can carry more charges per 

particle than a sphere with the same Dem when passing through a unipolar corona charger.  Thus, 

the particle number concentration measured by the ELPI+ may be overestimated.  Shin et al.311 

found that the mean charge per particle for loose silver agglomerates is higher than that for 

coalesced spheres with the same Dem by 24% after unipolar corona charging.  Ouf and Sillon312 

suggested that the corona charger of the ELPI could induce a higher charging efficiency for fractal 

soot particles compared to compact spherical or cubic particles by up to 25%.  Oh et al.313 indicated 

that titanium dioxide agglomerates could have about 30% more charges than sintered spherical 

particles using an indirect photoelectric charger.  During the thermal aerosol generator PSD 

measurements, the concentrations of salt particles in the accumulation mode were likely 

overestimated relative to the UFPs as the particles became more agglomerated with the increase 

in size (Figure 3.3).  Conversely, the concentrations of salt particles in the accumulation mode as 

measured by the SMPS may be underestimated.  The SMPS employs a Kr-85 bi-polar diffusion 

charger.  Maricq314 found that the single positive and negative charging fraction of soot 

agglomerates is 15% and 10% lower, respectively, than oil droplets at a Dem = 400 nm.  Since the 

salt particles are very likely agglomerates in the accumulation mode, the SMPS may underestimate 

the particle concentration due to low charging efficiency. 
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 INFANT AND ADULT INHALATION EXPOSURE TO RESUSPENDED 

BIOLOGICAL PARTICULATE MATTER 

4.1 Overview 

This chapter presents a chamber study to evaluate infant and adult inhalation exposure and 

respiratory tract deposited dose rates (RTDDRs) of resuspended biological particulate matter 

(bioPM) from carpets.  Locomotion in the form of crawling and walking were performed by a 

robotic infant and an adult volunteer, respectively.  The transient breathing zone size distribution 

of fluorescent bioPM was monitored with a high time-resolution laser-induced fluorescence 

instrument to estimate the regional RTDDR for an infant and adult.   

4.2 Introduction 

Indoor dust is a large reservoir for microbial content.  Indoor dust in urban homes includes 

an amazing diversity of bacteria and fungi, often dominated by gram-positive bacterial taxa and 

yeasts associated with the human skin and oral flora, such Staphylococcus, Micrococcus, 

Streptococcus, Lactococcus, Corynebacterium, and Malassezia, and fungi that are predominantly 

of outdoor origin.315–318  Mite and animal allergen-carrying particles and pollen grains are also 

found in house dusts.319,320  Dust collected from homes on small farms is different in its 

composition and typically more diverse compared to that in urban and rural residences.  It can be 

heavily enriched with environmental bacteria, including Acinetobacter sp., Clostridium, 

Lactobacillus spp., and Staphylococcus sciuri, and animal allergens derived from livestock, fodder, 

and soil.43,51  While these microbes come from the farm and animal sheds, much of the exposure 

is occurring indoors, where the bioPM is transported via building ventilation and tracked-in on 

clothing and shoes.321,322 

Exposure to microbes and allergens can cause various adverse health effects.  Exposure to 

bacterial endotoxin (lipopolysaccharides) is associated with increased asthma prevalence and 

wheezing.41  Reponen et al.323 identified specific fungal species as being strongly associated with 

the development of asthma and Dannemiller et al.40 found increased asthma severity among atopic 

children to be associated with elevated concentrations of fungi in dust.  High concentrations of 

airborne fungal spores have been positively correlated with frequency of asthmatic attacks and 
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certain fungal spores, such as those of Aspergillus fumigatus, and their allergenic proteins can 

damage epithelia cells and lead to respiratory infections.37,39,324  Mite allergens, at certain dust 

concentrations, can lead to the development of mite sensitization, asthma, and allergic 

rhinitis35,36,38.  Pollen grains of various plant species, such as ragweed and birch, are coated in 

allergenic proteins, inhalation of which can cause allergic reactions in a significant fraction 

asthmatic children and adults.325–327 

On the other hand, protective health effects (“farm effect,” “hygiene hypothesis”) were 

found to be associated with exposure to environmental microbes and specific allergens have been 

identified in numerous studies. Early-life exposures to increased bacterial and fungal diversity and 

high indoor dust concentrations of bacterial and fungal cells; bacterial lipopolysaccharides and 

muramic acid; polysaccharides of fungi, pollen, and plants; and allergenic proteins of dust mites 

and animal dander have been linked to a reduced prevalence of asthma, atopy, wheeze, hay fever, 

and allergies later in life.42–52  It has been hypothesized that a balanced population of beneficial 

microbes in the lower and upper airways may provide colonization resistance against pathogenic 

bacteria and fungi and that exposure to beneficial microbes during infancy may play a key role in 

shaping the evolution of the respiratory microbiota.51,52,328–330 

Release of house dust into the air due to human movement-induced resuspension may 

represent a significant pathway by which we are exposed to the embedded bioPM.  Resuspension 

is a major indoor source of coarse-mode (> 1 µm) abiotic and biological particulate matter (or 

bioPM), such as bacterial cells and fungal spores.315,331–335  Simply walking across a carpet can 

release on the order of 10 to 100 million particles per minute.53   Despite the health and 

environmental significance of indoor dust, which is widely used as a long-term inhalation exposure 

surrogate, we have a limited understanding of the relationship between particle resuspension 

induced by age-dependent forms of locomotion, such as crawling and walking, with the transient 

exposures and respiratory tract deposited doses of bioPM that are received by infants, children, 

and adults. 

Resuspension is influenced by different forms of physical activity.53,336  Evolution of 

human locomotion during the first year of life involves an array of complex near-floor movements 

that transition towards various forms of crawling at around 6 months and eventually to walking 

between 12 and 14 months.337  Very little is known as to how the crawling motion of an infant 
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resuspends indoor dust and the resulting size distributions of resuspended bioPM an infant is 

exposed to in their near-floor microenvironment.40,44,338 

Recent advances in DNA-based methods and laser-induced fluorescence (LIF) techniques 

for bioPM identification and quantification allow for improved bioPM exposure assessment 

beyond what can be achieved with traditional culture-based methods.327  LIF-based aerosol 

instrumentation can be used to study the transport of resuspended bioPM to the infant and adult 

breathing zone (BZ) at the short time-scales of relevance to resuspension (e.g. seconds to minutes) 

and at high size-resolution.  LIF techniques target the intrinsic biological fluorophores of bacterial 

cells, fungal spores, and pollen grains, such as amino acids (e.g. tryptophan, phenylalanine, and 

tyrosine), flavins, and co-enzymes (e.g. nicotinamide adenine dinucleotide (NADH)).339  LIF can 

reliably detect and discriminate super-micron bioPM from abiotic particles and is generally viewed 

as a lower limit of total bioPM, or primary biological aerosol particles (PBAPs), as some bioPM 

exhibit little to no fluorescence.339,340  Abiotic particles can fluoresce; however, non-biological 

interference is generally of concern for sub-micron particles.339,341, as discussed in detail in Table 

4.1.  Particles whose fluorescence properties are within the excitation-emission operational range 

of a LIF-based instrument are registered as fluorescent biological aerosol particles, or FBAPs 

(Table 4.2).  When integrated in tandem with quantitative PCR (qPCR) and next-generation 

sequencing (NGS), LIF is a valuable tool to advance knowledge on exposures to bioPM released 

from inherently episodic indoor emission sources, such as resuspension. 
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Table 4.1 List of possible non-microbial fluorescent interferents in the present study 

Non-Microbial 

Fluorescent 

Interferents 

Possible Origin in 

Carpet Dust of the 

Present Study  

 λ
ex

 (nm)  λ
em

 (nm) Relevance to the Present Study 

Polycyclic 
aromatic 

hydrocarbon- 

(PAH)-containing 

particles339 

Combustion-generated 
aerosols, both indoors 

and outdoors of 

residence in which 

carpet was located. 

230-390339  310-540339 

While fluorescent, interference is primarily of 
concern for particles in the sub-micron range.  

We observed minimal concentrations of 

resuspended FBAPs < 1 μm, thus, this was 

not a relevant interferent. 

Soot339,342 

Combustion-generated 

aerosols from engines 

and biomass burning, 

can be transported from 

outdoors to indoors. 

Unknown Unknown 

Previously detected by the WIBS as 

FBAPs342, they are possibly present in the 

dust, but are unlikely to contribute 

significantly to coarse-mode resuspended 

FBAPs. 

Secondary organic 

aerosol (SOA)339 

Oxidation of volatile 

organic compounds 

(VOCs), both indoors 

and outdoors of 

residence in which 

carpet was located. 

280-425339 360-490339 

While fluorescent, interference is primarily of 

concern for particles in the sub-micron range.  

We observed minimal concentrations of 

resuspended FBAPs < 1 μm, thus, this was 

not a relevant interferent. 

Humic-like 

substances 
(HULIS) 

associated with 

soil particles339,342 Tracked-in from 

outdoors on shoes and 

transferred to carpet via 

contact transfer. 

230-500339 350-600339 

Most HULIS and mineral dust exhibit low 

fluorescence intensity and may not cause 
significant interference with fluorescent 

bioPM339, while certain types of mineral dusts 

and HULIS present high fluorescence 

intensity342.  They are likely present in indoor 

dust to varying extents and may contribute to 

the resuspended FBAPs reported in the 

present study.  It is also possible that 

resuspended soil and mineral particles may 

act as carriers for bioPM, making them 

fluorescent. 

Mineral dust339,342 
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Table 4.1 continued. 

Squames 

(skin cells and  

cell fragments)343  

Desquamation by 

humans and pets living 

in residence in which 

carpet was located. 

Range, 

depending 

on protein, 

co-enzyme, 

or skin 

pigment343 

Range, 

depending 

on protein, 

co-enzyme, 

or skin 

pigment343 

Squames are the most likely non-microbial 

interferent that may bias the resuspended 

FBAP data reported in the present study.  
Skin cells can contain fluorescing proteins, 

co-enzymes, and skin pigments.343  However, 

as >90% of skin fragments are larger than 10 

μm in size344, the interference will 

predominately affect concentrations of the 

super-10 μm FBAPs.  Squames can also serve 

as carriers of skin-associated bacteria338 and 

may agglomerate with bioPM in dust 

deposits, making them fluorescent. 

Particles from 

clothing fabrics342  

Clothing and carpet 

fibers that have 

accumulated in dust 

deposit. 

Unknown Unknown 

 

Particles from clothing fabric have been 

detected by the WIBS as FBAPs in previous 

measurements.342 These particles and 

carpet/fabric fibers containing fluorescent 

whitening agents may exist in indoor dust and 

resuspend.  However, given the high fraction 

of bacterial and fungal cells detected in our 
carpet dust samples (Table 4.3, Figure 4.11), 

it is likely they did not significantly bias the 

FBAP data.  

 

Coloring and 

fluorescent 

whitening agents 

in fabric fibers and 

detergent 
residue342,345–347 

Dust mite and 

animal allergen-

carrying particles 

Mites in carpet dust and 

animal dander. 
Unknown Unknown 

Both can be associated with sub-10 μm 

particles319 and may have been detected as 

FBAPs, but their fluorescent properties are 

presently unknown.   
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Table 4.2 Comparison of operational parameters of three LIF-based aerosol instruments 

LIF-Based Aerosol 

Instrument 
Particle Size Range 

Excitation  
Wavelength (λ

ex
, nm) 

Emission Wavelength 
(λ

em
, nm) 

BioScout,  
Environics Ltd.340 

(used in present study) 

0.4-15.4 μm 405 > 442 

WIBS-NEO, DMT Inc. 0.5-50 μm 280, 370 310-400, 420-650 

UV-APS, TSI Inc.340 0.5-20 μm 355 430-580 

 

Inhalation exposure to resuspended bioPM can be better linked to cellular response in the 

lungs and respiratory and allergic health outcomes in infants and adults through size-resolved 

respiratory tract deposited dose rate (RTDDR) analysis.348  The number, surface area, and mass of 

particles deposited in each region of the respiratory system per unit time are determined through 

integration of respiratory tract deposition fractions and BZ particle size distributions.  Few studies 

have reported RTDDRs116,117,349–354 and it has yet to be used for bioPM measurements made in situ 

in the infant and adult BZ or for assessing exposure to indoor dust.  This is in part due to the 

difficulty of measuring BZ particle size distributions with heavy aerosol instrumentation, 

especially for infants and young children.  More broadly, empirically-based doses and uptake rates 

for environmental stressors as determined for infant-specific physiologies, in this case, the 

respiratory system and crawling posture, are needed to elucidate the key factors affecting health 

during the most critical stages of human development.355 

The primary aim of this study is to mechanistically link infant crawling-induced and adult 

walking-induced resuspension of carpet dust with transient bioPM exposure and regional deposited 

dose rate analysis via application of real-time (1 Hz) LIF monitoring of FBAPs in the infant and 

adult BZ in controlled chamber experiments.  This study makes unique use of a custom-built 

simplified mechanical crawling infant to measure resuspended FBAP size distributions in the 

infant BZ during crawling.  Here, FBAPs are viewed as a proxy for total bioPM, supplemented 

with off-line qPCR and NGS analysis. 
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4.3 Materials and Methods 

4.3.1 Experimental design 

Resuspension experiments were conducted in an environmentally controlled chamber with 

a volume of 81.4 m3 (Figures 4.2-4.4) at the Finnish Institute of Occupational Health (FIOH) in 

Helsinki, Finland from January to March 2015.  The walls and floor of the chamber were made of 

stainless steel and glass.  The supply air was filtered with both HEPA and activated carbon filters 

(Camfil Farr) and the chamber was maintained at a slight positive pressure.  Two fans, positioned 

in opposite corners of the chamber, were used to aid in the mixing of the bulk air (a Philips type 

HR 3270/B 28W and a Domesto Mod. Gliding Grille, Art.-Nr.: 16401 80).  The chamber air 

exchange rate was 0.66 h-1, as determined by a sulfur hexafluoride (SF6) tracer gas decay with a 

multi-gas monitor (Type 1302, Brüel and Kjær).  Chamber air temperature and relative humidity 

(RH) were measured with a HOBO sensor and data logger (HOBO U12-012, Onset Computer 

Corp., Bourne, MA, USA) and were 23.11±0.77°C and 23.89±4.77% (mean ± s.d.) during the 

entire measurement campaign. 

Five carpets borrowed from residents in Helsinki, Finland were used in the resuspension 

experiments and tested as-is (Table 4.3, Figure 4.1).  The residents were asked to refrain from 

vacuuming their carpets for two weeks.  Carpets were carefully folded at the residence, maintaining 

contact among the upward facing surface, and then carefully transported to FIOH. 

Each carpet was divided into five paths across its width, with each path being 34 cm wide.  

Depending on the overall width of the carpet, there was some overlap among the paths.  For each 

path on each carpet, one crawling and one walking resuspension experiment, 45-minutes in 

duration, were conducted, for a total of fifty individual experiments.  Each resuspension 

experiment consisted of three periods: (1.) a 10-minute background period in which the chamber 

was vacant, (2.) a 20-minute crawling- or walking-induced resuspension period, and (3.) a 15-

minute decay period in which the chamber was vacant (Figure 4.7).   

 

  



      

 

141 

Table 4.3 Summary of tested carpets and dust deposits 

Carpe

t ID 

Residenc

e & 

Location 

Location 

of Carpet 

in 

Residence 

Carpet 

l x w 

(m) 

Carpet 

Material 

Carpet 

Type 

No. 

Occup. 

No. 

Pets 

Dust 

Load 

(g/m2)* 

Total 

Surface 

Number 

Concen. 

> 1 m 

(#/m2)** 

Gram + 

Bacterial 

Concen. 

in Dust 

(CE/m2)*

** 

Gram - 

Bacterial 

Concen. 

in 

Dust 

(CE/m2)*

** 

Total 

Fungal 

Concen. in 

Dust 

(CE/m2)**

* 

Total 

Bacterial 

& Fungal 

Concen. 

in Dust 

(CE/m2)*

** 

1 
R1, 

Helsinki 
Bedroom 

2.32x 

1.73 
Wool 

Finnish 

Woven 
2 1, cat 2.79 2.28 x 109 1.01 x 109 1.85 x 108 8.55 x 106 1.20 x 109 

2 
R2, 

Helsinki 

Living 

Room 
2 x 1.4 

50% 

Wool, 

50% 

Sisal 

Jute 4 0 16.72 7.30 x 109 1.91 x 109 1.16 x 109 3.87 x 107 3.11 x 109 

3 
R1, 

Helsinki 
Corridor 

1.95 x 

1.33 

Worsted 

Wool 

Knotted, 

Pile-

Woven 

2 1, cat 5.26 5.34 x 109 7.00 x 108 1.99 x 108 3.88 x 106 9.03 x 108 

4 
R3, 

Helsinki 

Living 

Room 

1.44 x 

1.3 
Cotton Jute 2 0 2.63 1.06 x 109 3.40 x 108 1.49 x 108 2.54 x 107 5.15 x 108 

5 
R4, 

Helsinki 

Living 

Room 

2.33 x 

1.6 
Wool 

Knotted, 

Pile-

Woven 

1 0 4.52 2.53 x 1010 2.17 x 108 2.00 x 108 1.94 x 107 4.37 x 108 

 

A simplified robotic infant performing a modified belly crawl was used to simulate the 

crawling locomotion of an infant in a repeatable manner (mass: 4 kg, contact area: 25 cm2 per hand 

+ 325 cm2 for lower torso, hand contact frequency: 200 min-1).  The robot utilized two high torque 

servo motors controlled by a microcontroller to simulate the crawling motion of the arms and for 

forward propulsion.  The exterior of the robot was lined with grounded aluminum tape to minimize 

the accumulation of electrostatic surface charge and was wiped with isopropyl alcohol after each 

experiment.  The walking experiments were conducted by an adult male volunteer wearing a full 

clean suit outfit with booties and a hood (DuPontTM, Tyvek Pro-Tech Suit Classic), nitrile gloves, 

and a filter mask to minimize particle emissions from the human envelope (mass: 80 kg, height: 

188 cm, contact area: 160 cm2 per foot, footfall contact frequency: 70 min-1).  The chamber floor 

was vacuumed and wiped with isopropyl alcohol after each set of experiments with a given carpet. 
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Figure 4.1 Photos of the five tested carpets, 1-5. 

 

 

Figure 4.2 Schematic of chamber setup and material balance model parameters for estimating the 

size-resolved FBAP emission rates during adult walking resuspension events. 
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Figure 4.3 Photo of simplified mechanical crawling infant with mobile aerosol sampling 

(BioScout and OPS) on a mobile trolley in the infant breathing zone.  Note: the OPS inlet was 

recessed 10 cm back from the crawling path. 

 

 

Figure 4.4 Photo of chamber setup with aerosol sampling (BioScout and OPS) in the adult 

breathing zone. 
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4.3.2 Aerosol instrumentation 

FBAP (NF) and total (NT) particle number size distributions (cm-3) were monitored 

throughout each resuspension sequence with a LIF-based instrument – the BioScout (1 Hz 

sampling frequency, nominal sample flow: 2 L min-1) (ENVI BioScoutTM, Environics Ltd., 

Mikkeli, Finland).340,356,357  The BioScout uses a 200-mW laser diode that emits excitation light at 

a wavelength of 405 nm (Table 4.2).  After the excitation light impinges on the particle, the 

scattered light is collected via a photomultiplier tube (PMT) to determine the particle size.  The 

fluorescence emitted by the biological fluorophores in the particle are captured with another PMT 

and sorted into 16 fluorescence intensity channels.  The particles recorded in fluorescence channels 

2-16 were classified as FBAPs, with particles in channel 1 considered as non-fluorescent.340,356,357  

The operative size range was optimized between 0.4 and 15.4 μm based on laboratory calibration 

(16 size fractions).  Total (NT) particle number size distributions were also monitored with an 

optical particle sizer (nominal sample flow: 1.001 L min-1) (OPS, model 3330, TSI Inc., Shoreview, 

MN, USA).  The measurement size range was 0.314 to 11.2 μm (16 size fractions).  As the 

BioScout data indicated that a significant fraction of the particles was likely of biological origin, 

a refractive index of 1.4 - 0.003i, representative of general bioPM, was used to correct the raw 

data.19,343,358,359  In the following sections of the paper, all references to measured particle size or 

diameter are based on the optical diameters reported by both instruments.  Additional small-

chamber experiments with aerosolized dust collected from the five carpets were used to estimate 

the effective density (eff) of the resuspended particles (1.204 g cm-3) to  convert BioScout and 

OPS particle number concentrations to mass (following Application Note OPS-001 (TSI, 2012), 

assuming particles to be spherical). All BioScout and OPS data were time-averaged to one minute 

prior to data analysis.  Additionally, an IOM (Institute of Medicine) sampler with 25 mm 0.8 µm 

pore size MCE (mixed cellulose ester) filters (nominal sample flow: 10 L min-1, cut-off ~100 µm) 

(SKC Inc., Eighty Four, PA, USA) was used to collect resuspended particles for gravimetric 

analysis; qPCR analysis for quantification of gram-positive and gram-negative bacteria, selected 

fungal groups; and bacterial 16S rRNA gene sequencing, as reported in our parallel study, 

Hyytiäinen et al.360  

A horizontally oriented aluminum tube of length 12 cm was used upstream of the BioScout 

inlet.  The BioScout data was corrected for size-resolved sampling inlet efficiencies and deposition 

losses in the sample tube.292,361  No sample tubes were used for the OPS.  The OPS data was 
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corrected for size-resolved sampling inlet efficiencies (vertically oriented inlet).  Settled dust from 

each carpet was collected at the end of the resuspension experiments using a 37 mm MCE filter 

cassette and nylon sock for gravimetric, optical particle counting (via PAMAS SVSS, PAMAS 

GmbH, Rutesheim, Germany), and microbial analysis. 

For the crawling experiments, the BioScout and OPS were placed on a mobile trolley that 

followed in parallel to the robot, with sampling inlets at the approximate breathing zone (BZ) 

height of an infant performing a belly crawl (25 cm).321  For the walking experiments, the 

instruments were placed on a stand in the middle of the carpet, with the sampling inlets at the adult 

BZ height (150 cm). 

4.3.3 Analysis of FBAP Size Distributions, Respiratory Tract Deposited Dose Rates, and 

Emission Rates 

All BioScout and OPS data were processed and analyzed with custom-written scripts in 

MATLAB (The MathWorks, Inc., Natick, MA, USA).  For each resuspension experiment 

(crawling or walking path), the mean FBAP (NF) and total (NT) particle number size distributions 

were fitted with a unimodal lognormal distribution (Equation 4-1).18  The geometric mean diameter 

(Dpg,i
̅̅ ̅̅ ̅̅ ), geometric standard deviation (σg,i), and particle number concentration or amplitude (A) in 

each mode were determined by the least squares method. 

𝑑𝑁

𝑑𝑙𝑜𝑔𝐷𝑝
=

𝐴

(2𝜋)1/2log (𝜎𝑔)
exp [−

(log 𝐷𝑝−log 𝐷𝑝𝑔̅̅ ̅̅ ̅̅ )
2

2𝑙𝑜𝑔2(𝜎𝑔)
]        (4-1)     

To evaluate the amount of resuspended FBAPs (bioPM proxy) that deposit in the infant 

and adult respiratory system, the total and regional FBAP number and surface area respiratory tract 

deposited doses (# or µm2 of deposited FBAPs) were estimated using Equations (4-2) and (4-3).  

We assume that during the crawling or walking periods, the infant and adult are exposed to a 

constant FBAP concentration, which is defined by the carpet-averaged mean NF size distributions 

measured on each carpet in the BZ during the resuspension periods (dNF/dlogDp (cm-3)).  In 

Equations (4-2) and (4-3), the subscripts i and j denote the particle size fraction (Dp1 to Dp2) and 

the region of respiratory tract (head airways, tracheobronchial region, and pulmonary region), 

respectively.  The doses are then expressed as FBAP respiratory tract deposited dose rates 

(RTDDRFs) (# or µm2 of FBAPs deposited per minute) by normalizing by an exposure period (t1 

to t2) of one minute of crawling or walking.  To convert from number to surface area concentration, 
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the geometric midpoint diameter of each size fraction was used and the FBAPs were assumed to 

be spherical. 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑇𝑟𝑎𝑐𝑡 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝐷𝑜𝑠𝑒𝑖,𝑗 = ∫ ∫
𝑑𝑁𝐹

𝑑𝑙𝑜𝑔𝐷𝑝
× �̇�𝐸 × 𝐷𝐹𝑖,𝑗 × 𝑑𝑙𝑜𝑔𝐷𝑝 × 𝑑𝑡

𝐷𝑝2

𝐷𝑝1

𝑡2

𝑡1
  

          (4-2) 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑇𝑟𝑎𝑐𝑡 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝐷𝑜𝑠𝑒𝑖,𝑗 = ∫ ∫
𝑑𝑁𝐹

𝑑𝑙𝑜𝑔𝐷𝑝
× �̇�𝐸 × 𝐷𝐹𝑖,𝑗 × 𝜋𝐷𝑝

2 × 𝑑𝑙𝑜𝑔𝐷𝑝 × 𝑑𝑡
𝐷𝑝2

𝐷𝑝1

𝑡2

𝑡1
 

            (4-3) 

Size-resolved deposition fractions (DFi,j) as a function of particle aerodynamic diameter 

for the infant and adult respiratory tract were obtained from the open-source Multiple-Path Particle 

Dosimetry (MPPD) Model (v3.04, Applied Research Associates, Inc., Albuquerque, NM, USA) 

(Figure 4.5).  The MPPD model accounts for the inhalable fraction of particles for a given 

breathing route.  The MPPD model conditions that were selected to best represent the exposure 

scenario are as follows: the age of the infant and the adult are 3 months and 21 years, respectively; 

the upper body of the infant is leaning forward while crawling, while the body of the adult is 

upright; nasal breathing route for the adult; and nasal and oral breathing routes for the infant.  The 

respiratory minute volume (�̇�𝐸 = 𝑓 × 𝑉𝑇), breathing frequency (f), and tidal volume (VT) for an 

infant under 1 year of age in light activity were assumed to be (from Hofmann et al.362): 0.00598 

m3 min-1, 32 min-1, and 187 mL, respectively, and for an adult in light activity (average of male 

and female363): 0.0195 m3 min-1, 18 min-1, and 1083 mL, respectively.  Weight-normalized 

RTDDRFs (min-1 kg-1) were also calculated, assuming infant and adult body masses of 9.2 kg (6-

12 months) and 80 kg, respectively.363 

Hygroscopic growth of inhaled bioPM in the respiratory tract, where the air approaches 

saturation (RH ~ 99.5%), is likely.116,117,364–366  The impact of hygroscopic growth was evaluated 

by comparing RTDDRFs for two cases: (1.) no particle growth and (2.) correcting the inhaled BZ 

FBAP size distributions with a hygroscopic growth factor (GF) of 1.12, which represents the 

median of maximum GFs reported for various bacterial and fungal species at 98% RH.34 
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Figure 4.5 Size-resolved total and regional deposition fractions in the respiratory system for an 

extended size range up to 18 μm to match the hygroscopic-growth shifted FBAP size 

distributions in the infant and adult BZ: (a.) a 3-month old infant, nasal breathing route, (b.) a 3-

month old infant, oral breathing route, and (c.) a 21-year old adult, nasal breathing route, 

obtained from the Multiple-Path Particle Dosimetry (MPPD) Model for breathing parameters 

stated in Section 4.3. 

(a)

(c)

(b)
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Size-resolved FBAP emission rates (Ei
W, # of FBAPs emitted per hour) for the adult 

walking-induced resuspension experiments, where the chamber air was reasonably well-mixed 

given the intensity of human movement and use of two mixing fans, were determined through 

application of a single-zone material balance model: 

 𝑉
𝑑𝐶𝑖

𝑑𝑡
= 𝐴𝐸𝑅 ∙ 𝑉 ∙ 𝐶𝑂𝑢𝑡,𝑖 − 𝐴𝐸𝑅 ∙ 𝑉 ∙ 𝐶𝑖 − 𝛽𝑖 ∙ 𝑉 ∙ 𝐶𝑖 + 𝐸𝑖      (4-4) 

where, V is the volume of the chamber (cm3); 𝐶𝑖 is the FBAP number concentration in the chamber 

for a given particle size fraction i, measured at the adult BZ height (cm-3); 𝐴𝐸𝑅 is the air exchange 

rate of the chamber (h-1); 𝐶𝑂𝑢𝑡,𝑖 is the FBAP number concentration in the chamber supply air (cm-

3); 𝛽𝑖  is the first-order deposition loss rate coefficient (h-1); and 𝐸𝑖  is the FBAP emission rate 

during adult walking (# of FBAPs emitted per hour).  Ei
W was then estimated using Equation (4-5) 

for a given particle size fraction i (from Zhou et al.367): 

𝐸𝑖
𝑊 = 𝑉 × [

∆𝐶𝑖
𝑊

𝑡𝑊
+ (𝛽𝑖 + 𝐴𝐸𝑅) × 𝐶𝑖

𝑊̅̅ ̅̅ ] − 𝑉 × [
∆𝐶𝑖

𝐵

𝑡𝐵
+ (𝛽𝑖 + 𝐴𝐸𝑅) × 𝐶𝑖

𝐵̅̅̅̅ ]   (4-5) 

∆𝐶𝑖
𝑊 and ∆𝐶𝑖

𝐵 (cm-3) represent the difference in FBAP concentration between the beginning and 

end of a 20-minute walking resuspension period (W, tW) and the 10-minute background period (B, 

tB) in the walking tests, respectively.  𝐶𝑖
𝑊̅̅ ̅̅  and 𝐶𝑖

𝐵̅̅̅̅  (cm-3) represent the mean FBAP concentration 

measured during the resuspension period and background periods in the walking tests, respectively.  

Size-resolved first-order deposition loss rate coefficients (i) were estimated from the 15 minute 

decay period (Figure 4.6) and are in agreement with previously published empirical 

estimates.345,368–370 

It should be noted that the emission rate analysis presented in this study is influenced by 

mixing conditions of the bulk chamber air as the adult volunteer walked across the carpet, which 

were deliberately enhanced through use of two mixing fans positioned in opposing corners of the 

chamber, as well as variations in relative humidity among the experiments (23.894.77%), the 

latter of which can affect the adhesion forces (e.g. capillary and electrostatic forces) acting on the 

settled bioPM (e.g. Qian et al.371). 
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Figure 4.6 FBAP first-order deposition loss rate coefficients (βi, h
-1) measured during the 10 

minute decay periods of the adult walking experiments. FBAP deposition loss rate coefficients 

from Bhangar et al.368 and Bhangar et al.345 and total particle deposition loss rate coefficients 

from Thatcher et al.369 (72) and You et al. (85) are shown for comparison 

4.3.4 Statistical analysis 

The Mann-Whitney test was used to evaluate the impact of activity patterns (crawling and 

walking) and differences in carpets on the exposure to resuspended FBAPs and RTDDRF, as well 

as the impact of breathing routes on the infant RTDDRFs.  p-values below 0.05 were considered 

statistically significant.  To compare the carpet-averaged resuspended NF and NT with the total 

bacterial and fungal concentrations (via qPCR) in the air and carpet dust, dust load, and total 

particle number concentration (>1 μm) in carpet dust (via PAMAS), p-values (Wilcoxon signed 

rank test) and Pearson correlation coefficients were calculated in MATLAB.  The total particle 

number concentration (>1 μm) in carpet dust was also compared with the total bacterial and fungal 

concentration in carpet dust.  Results are presented in Tables 4.4 and 4.5. 
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4.4 Results and discussion 

A detailed summary of the fifty resuspension experiments is presented in Table B.1, 

including FBAP and total particle number concentrations, modal lognormal fitting parameters of 

mean FBAP and total particle number size distributions, and total particle mass concentrations. 

4.4.1 Crawling and walking resuspension sequence & transient exposure to resuspended 

bioPM (FBAPs) 

Figure 4.7 illustrates the transient nature, on a time scale on the order of a minute, of human 

movement-induced resuspension of FBAPs from carpet dust and the infant and adult inhalation 

exposures that occur both during and after a resuspension event.  The characteristic time-series 

plots of FBAP and total particle number size distributions and size-integrated (0.4-15.4 μm) FBAP 

number concentrations that are shown in Figure 4.7 for crawling and walking on carpet 3 are 

representative of what was observed across all fifty resuspension experiments (Figure B1).  The 

temporal dynamics of bioPM resuspension due to the crawling motion of an infant are presented 

in this paper for the first time, to the authors’ knowledge, enabled by the high sampling rate of a 

LIF-based aerosol instrument. 

There are distinct differences in the time-evolution of resuspended FBAP concentrations 

between crawling and walking.  For infants, an abrupt burst of resuspended FBAPs in the infant 

BZ can be observed at the onset of crawling (Figure 4.7a), after which the FBAP concentration 

fluctuated with respect to time during the remainder of the resuspension period and decreased 

rapidly during the decay period.  The initial, short-term peak in FBAPs in the air around the infant 

was observed in nearly every resuspension experiment, with concentrations often in the range of 

2 to 4 cm-3, far exceeding concentrations of FBAPs in the adult BZ during walking.  The 

accelerated decay in FBAP concentrations post-crawling suggests that an infant will receive much 

of their exposure to self-induced resuspended bioPM during periods where they are actively 

engaged in movement.  This was found to be especially true for FBAPs larger than 7 μm in size.  

Given the idiosyncratic behavior patterns and movements of infants during their first year of life337, 

one would expect the concentrations of bioPM in the infant BZ to vary from minute to minute, as 

the child crawls, stops to sit and play with toys, then continues crawling. 

An adult walking across a carpet will be exposed to a gradual rise in concentrations of 

resuspended bioPM throughout the duration of their movement (Figure 4.7b).  After 10 to 15 
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minutes of walking, FBAP concentrations approach a near steady-state condition, followed by a 

slow decay as activity ceases.  The enhanced mixing of the chamber air associated with the walking 

motion of an adult aids in the dispersion of FBAPs, prolonging exposure to biological material in 

floor dust well beyond the duration of the resuspension event itself. 

The sporadic and time variant nature of crawling-induced FBAP resuspension appears to 

be distinctly unique to a crawling infant.  Incomplete mixing of air around the infant may be one 

of the drivers for this phenomenon, along with the high deposition rates for the coarse-mode 

particles (Figure 4.6), random contact locations of the small stomping hands of the robotic platform, 

and spatial variability in the dust deposits along the crawling path.  The latter two may give rise to 

periods of high and low FBAP concentrations during the resuspension period, depending on the 

magnitude of the surface loading of the settled particles that are agitated at each point of contact. 

 

Figure 4.7 Time-series plots of FBAP number size distributions (dNF/dlogDp, upper), total 

particle number size distributions (dNT/dlogDp, middle), and size-integrated (0.4-15.4 μm) FBAP 

number concentrations (NF, lower) for (a.) an infant crawling resuspension experiment and (b.) 

adult walking resuspension experiment on carpet 3. 

FBAPs (NF)

Total Particles (NT)

FBAPs (NF)

Crawl – Infant BZ
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Figure 4.7 continued. 

 

4.4.2 Resuspended FBAP number size distributions and concentrations in the infant and 

adult breathing zones 

Size distributions of resuspended FBAPs in the infant and adult BZs displayed a unimodal 

lognormal distribution, exhibiting a prominent mode between 3 and 5 μm, while a partial second 

mode was observed for super-10 μm FBAPs in the infant BZ (Figure 4.8).  This is illustrated in 

Figure 4.8 for the crawling and walking resuspension experiments on carpet 5.  Size distributions 

for the remaining carpets are provided in Figure B2.  Modal diameters of the FBAP size 

distributions among the five carpets ranged from 3.43 to 4.42 μm for the infant BZ and from 3.23 

to 3.78 μm for the adult BZ.  The total particle size distributions (Figure 4.8b,e) displayed a broader 

mode with modal diameters that were generally 0.5 to 1 μm smaller than those of the FBAP 

distributions.  The geometric standard deviations of the dominant 3 to 5 μm FBAP mode varied 

FBAPs (NF)

Total Particles (NT)

FBAPs (NF)

Walk –Adult BZ
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from 1.54 to 1.80, indicating that the mode is associated with different types of bioPM.372  While 

the focus of this paper is on bioPM, the results and analysis for total particle size distributions are 

useful in evaluating human inhalation exposure to chemical contaminants in indoor dust, such as 

particle-bound semi-volatile organic compounds (SVOCs). 

Most of the coarse-mode resuspended particles were fluorescent.  Figure 4.8c,f shows the 

size-resolved ratios of FBAPs to total particles (NF/NT).  Above 1 μm, NF/NT increased sharply 

with size, reaching approximately 0.8 for 3 μm particles and nearly unity for particles larger than 

8 μm.  Very few of the sub-1 μm particles fluoresced.  The high NF/NT ratios for particles larger 

than 1 μm in size suggest that a significant fraction of the resuspended coarse mode particles is 

comprised of bioPM; abiotic particles with surface adhered biological material, such as clusters of 

skin fragments and skin-associated bacteria; and non-microbial fluorescent interferents (Table 4.1).  

It is also possible that some of the high intensity scattered light from these large particles leaks to 

the fluorescence detector, causing a positive artefact to fluorescent particle detection.  The NF/NT 

trend presented here is consistent with a previous indoor FBAP study345, but greater than those 

reported in outdoor FBAP measurements.372–374 

 

Figure 4.8 Carpet-averaged dNF/dlogDp (left), dNT/dlogDp (middle), and size-resolved NF/NT 

ratios (right) measured during the crawling (a.-c.) and walking (d.-e.) periods on carpet 5.  Blue 

curves represent mean values, green curves represent median values, dark gray regions represent 

the interquartile range (IQR), and light gray regions represent the 5-95th percentile range among 

five crawling or walking paths on the same carpet (100 minutes in total).  Black curves show the 

lognormal fitting of the dominant peaks.  The mode, geometric standard deviation (σg), and 

amplitude (A) are presented. 
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The results of the qPCR analysis and bacterial 16S rRNA gene sequencing of the 

resuspended particles collected with filter samplers offer some clues on the origin of the highly 

fluorescent resuspended particles in the dominate 3 and 5 μm mode.360  The most abundant 

identified bacterial phyla and genera included: Proteobacteria (50-55% (percentage of relative 

abundance), genera: Oxalobacteraceae gen., Acinetobacter, Paracoccus); Actinobacteria (20-25%, 

genera: Corynebacterium, Micrococcus, Propionibacterium); Firmicutes (~15%, genera: 

Staphylococcus, Streptococcus, Clostridium); and Bacteroidetes (< 10%, genera: 

Sediminibacterium).  Quantified fungal groups included: Penicillium spp., Aspergillus spp., 

Paecilomyces variotii, and Cladosporium herbarum.  The concentration of bacterial cell 

equivalents (CEs) in both the carpet dust and infant and adult BZ were more than one order of 

magnitude greater than that for fungal CEs.  Thus, bacteria likely contribute much more to the 

resuspended FBAP concentrations reported here than do fungi. 

Single cells of many bacterial species are approximately 1 μm or smaller in size360, 

including species of genera identified in this study: Micrococcus luteus (equivalent optical 

diameter (EOD): 0.9 μm), Staphylococcus aureus (EOD: 0.7 μm), and Acinetobacter baumannii 

(EOD: 1.1 μm).375  However, very few resuspended FBAPs 1 μm or smaller were observed in the 

infant and adult BZ.  As documented in numerous studies, this finding suggests that the bacterial 

cells preferentially exist in the form of cellular agglomerates larger than 2 μm or carried on larger 

non-microbial particles.34,338,345,372,376–381  Spores of the four quantified fungal groups are typically 

2 to 4 μm in both EOD and aerodynamic diameter.349,366,375,382,383  Thus, the dominant 3 and 5 μm 

FBAP mode was likely comprised of bacterial cell agglomerates and, to a lesser extent, fungal 

spores.  However, sub-10 μm fluorescing mite and animal allergen-carrying particles, squames, 

and pollen grains may also contribute to this mode.344,375,384,385 

FBAP number concentrations were greater in the infant BZ during crawling compared to 

the adult BZ during walking for four out of five carpets (1, 3, 4, 5), with infant BZ FBAP mass 

concentrations (MF) greater than those in the adult BZ for all five carpets (Figure 4.9e).  For carpets 

1 and 4, an infant’s exposure to resuspended FBAPs was 2.4-fold and 2-fold greater than that of 

an adult, respectively.  The average total number concentration of FBAPs from 1 to 15.4 μm across 

all crawling paths on the five carpets was 1.2810.793 cm-3 (mean  s.d.) and 0.8270.468 cm-3 

for the walking paths (Table B.1).  This results in average inhalation intakes (NF x breathing rate) 
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of 7.66 x 103 and 1.61 x 104 inhaled FBAPs per minute for infants and adults, respectively.  To put 

these values in perspective, the daily average FBAP number concentration reported for an 

occupied classroom was 0.039 cm-3 (UV-APS345) and the average FBAP concentrations in an 

adult’s and children’s hospital were 0.06 and 0.03 cm-3, respectively (UV-APS386).  It is important 

to note that these two studies were not aimed at FBAP exposure assessment, sampled in the bulk 

room air, and account for a wide variation in occupancy and activity patterns.  Intermittent and 

short-term exposures to elevated concentrations of FBAPs, on the order of 1 cm-3, during active 

periods of locomotion, as evaluated in this study (Figures 4.7, 4.9), may contribute significantly to 

the daily cumulative FBAP exposures of infants and adults.  However, personal exposures to 

resuspended bioPM at the high time resolution afforded by LIF have yet to be measured in field 

conditions. 
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Figure 4.9 Carpet-averaged mean FBAP number (dNF/dlogDp) and mass (dMF/dlogDp) size 

distributions measured during resuspension periods on five carpets for both crawling (a., c.) and 

walking (b., d.) experiments; (e.) mean size-integrated (0.4-15.4 μm) FBAP number 

concentrations (NF, blue bars) and size-integrated (0.4-15.4 μm) FBAP mass concentrations (MF, 

yellow dots) measured in each sequential path on each carpet during the resuspension periods.  

Note: when computing MF, FBAPs are assumed to be spherical with a  of 1.204 g cm-3 from 

OPS calibration (Section 4.22) and particles below ~1 μm are not shown in the dMF/dlogDp plots 

to improve visibility of the partial super-10 μm mode. 
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The inhalation height of a crawling infant (25 cm) was associated with greater numbers of 

FBAPs larger than 3 μm compared to that of an adult (1.5 m) (Figures 4.7, 4.8, B.1, B.2).  This 

trend can be observed by noticing that the geometric mean diameter of the dominant FBAP mode 

was larger during crawling than while walking, ranging from a fraction of a micrometer for carpet 

5 to as much as 1.03 μm for carpet 3.  The fraction of total FBAP number concentrations attributed 

to particles in the size range of 7.5-15.4 μm were (from carpets 1 to 5): 0.12, 0.20, 0.23, 0.47, 0.10 

for the crawling experiments, and 0.05, 0.11, 0.07, 0.14, 0.03 for the walking experiments.  

Furthermore, the development of a second, larger mode in the 10 to 15.4 μm range was identified 

in the infant BZ.  This partial mode was particularly strong for carpets 2, 3, and 4 and dominates 

the FBAP mass size distributions (Figure 4.9c,d).  While this mode could not be fully captured 

given the upper size-limit of the BioScout, it suggests that infants will be exposed to a greater 

number of super-10 μm resuspended bioPM compared to adults.   bioPM in this size range include 

multicellular fungal spores, pollen grains, and abiotic bioPM carrier particles.34,380  Fluorescing 

squames and clothing fabric fibers may also contribute to the observed super-10 μm FBAPs (Table 

4.1). 

Crawling- and walking-induced resuspension contributed minimally to concentrations of 

sub-1 μm FBAPs in the BZ (NF < 0.01 cm-3), but were associated with a meaningful elevation of 

non-fluorescent sub-1 μm particles, especially for carpets 1 and 2 (Figures 4.7, 4.8, B.1, B.2).  This 

suggests that sub-1 μm bioPM, such as some single bacterial cells, fungal fragments, and subpollen 

particles387,388, are either preferentially carried on larger particles or in an agglomerated state, are 

very weakly fluorescent, or are sparsely present in the dust deposits of the five carpets.  The former 

two are most likely, given the tendency of bioPM to exist as agglomerates and previous reports of 

weakly fluorescent bioPM in the 0.5 to 1 μm range.379  The resuspension of sub-1 μm non-

fluorescent particles as small as 0.4 μm is consistent with previous resuspension studies on adult 

footfalls.389 

Infant and adult exposure to resuspended FBAPs is influenced by the carpet and dust 

deposit over which the activity is occurring (Figure 4.9).  Carpet-to-carpet variability is shown in 

Figure 4.9 for FBAP number and mass size distributions and concentrations.  Although the shape 

of the FBAP size distributions were similar, their lognormally-fitted modal number concentrations 

spanned nearly an order of magnitude, from 0.29 cm-3 for crawling on carpet 4 to 2.11 cm-3 for 

crawling on carpet 1.  The highest FBAP number concentrations occurred for crawling and walking 
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on carpets 1 and 5 (Figure 4.9e), with NF exceeding 1 cm-3 for most of the resuspension events.  

Wool carpets from the same Helsinki residence (carpet 1: bedroom, carpet 3: corridor, two 

occupants, one indoor cat) exhibited markedly different FBAP size distributions during crawling, 

with the lognormally-fitted modal amplitude of carpet 1 (2.11 cm-3) 2.6-fold greater than that of 

carpet 3 (0.80 cm-3) (Figures 4.9, B.2).  BZ mass concentrations of total particles (BioScout, 0.4-

15.4 μm) varied among the five carpets (Figure 4.9e) and were typically in the range of 50 to 600 

μg/m3, exceeding 600 μg/m3 for one crawling path on carpet 1 and 5.  Despite differences in FBAP 

size distributions, the size-resolved NF/NT ratio curves were similar among all five carpets and for 

both crawling and walking (Figure 4.10). 

 

Figure 4.10 Carpet-averaged size-resolved NF/NT ratios measured during resuspension periods on 

five carpets for both crawling (a.) and walking (b.) experiments. 

 

The five carpets exhibited variations in dust mass loading (2.63 to 16.72 g/m2), total 

particle number concentrations in the settled dust (~109 to 1010 #/m2), and bacterial and fungal cell 

concentrations in the settled dust (Table 4.3, Figure 4.11).  While crawling on carpets 2 and 3 

contributed similar levels of FBAPs to the infant BZ, 0.858 and 0.882 cm-3, respectively, carpet 2 

had a dust load 3.17-fold greater than carpet 3 with 3.44 times as many bacterial and fungal CEs.  

Carpet 1 was associated with the highest FBAP concentration in the infant BZ (2.257 cm-3), but 

had the fourth lowest loadings of particle mass (2.79 g/m2) and number (2.28 x 109 #/m2) among 

the four carpets.  Interestingly, while carpet 5 had the highest particle number concentrations in 

the dust (2.53 x 1010 #/m2), it had the lowest microbial loading (4.37 x 108 CE/m2).  Previous 

research has demonstrated that carpet type, fiber structure and polymer, usage, and structure of the 

(a) (b)
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dust deposit can affect resuspension389–391 and biological particle adhesion392.  Our results suggest 

that the magnitude of a person’s inhalation exposure to resuspended bioPM can change from carpet 

to carpet, even within the same home, due to the complexity of the carpet and the bioPM which is 

embedded into it. 

Resuspended FBAP concentrations and size distributions generally did not decrease with 

repeated crawling or walking paths on the same carpet (Figures 4.9e, B.1).  In total, each carpet 

experienced 200 minutes of crawling and walking across its exposed upward facing surface area.  

This suggests that resuspension of carpet dust can act as a near-continuous supply of bioPM to the 

BZ over time-scales of several hours, especially if particles have time to re-deposit and re-

accumulate on the carpet during periods of limited to no human locomotion.  While resuspension 

can lead to significant elevations in coarse-mode FBAP and total particle number and mass 

concentrations (Figure 4.9e), the fraction of settled particles that resuspend (resuspension fraction) 

per physical disturbance is quite small, on the order of 10-5 to 10-2.53  Given the high number 

concentrations of total particles (109 to 1010 #/m2, > 1 μm, Table 4.3) and bacterial and fungal CEs 

(108 to 109 CE/m2, Table 4.3) in the dust, along with high particle deposition loss rates due to 

gravitational settling (1 to 10 μm: ~1 to 3 h-1, Figure 4.3), it would take considerable time to deplete 

the carpet dust bioPM reservoir due to resuspension alone. 
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Figure 4.11 Comparison between size-integrated (1-15.4 μm) FBAP number concentrations, as 

measured by the BioScout during both crawling and walking, with: (a.) sieved gravimetric carpet 

dust loads (pore size 1 mm x 1 mm), (b.) total particle number concentrations in carpet dust (> 1 

m) via PAMAS, and (c.) total bacterial and fungal concentrations in carpet dust via qPCR 

(Hyytiäinen et al.360)); (d.) comparison between total particle number concentrations in carpet 

dust (> 1 m) via PAMAS with total bacterial and fungal concentrations in carpet dust via 

qPCR; comparison between (e.) size-integrated (1-15.4 μm) FBAP and (f.) total particle number 

concentrations, as measured by the BioScout, with total bacterial and fungal concentrations in 

the infant and adult BZ via qPCR (Hyytiäinen et al.360), for a range of possible overall DNA and 

filter extraction efficiencies (), informed by Hospodsky et al.381.  Note: 1 m is used here as the 

lower size-cutoff for the BioScout data to match the PAMAS data. 
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4.4.3 Comparison between BioScout and OPS total particle number size distributions 

The magnitude and shape of the mean total particle size distributions (dNT/dlogDp (cm-3)) 

measured by both the BioScout and OPS agreed very well during the walking experiments (adult 

BZ sampling) for each of the five carpets, as shown in Figure B2.  In contrast, distinct differences 

in the magnitude of the total particle size distributions were observed in the crawling experiments 

(Figure B2).  We hypothesize that this is due to spatial variability in concentrations of resuspended 

particles within and around the infant personal cloud.  Due to the layout of the mobile trolley, the 

sampling inlets of the two instruments were not identical within a plane at infant BZ height (see 

Figure 4.3), with the OPS inlet recessed 10 cm further back from the edge of the crawling path 

compared to the BioScout inlet.  The total particle size distributions for the BioScout were roughly 

a factor of two greater than those reported by the OPS, for all particle sizes > 0.8 μm.  This may 

suggest that the resuspended particle cloud around the robot was highly spatially variant at a length 

scale on the order of 10 cm, with particle concentrations decreasing radially outward from the 

crawling path.  In the above, we assume nearly identical counting statistics for both instruments 

(> 1 μm) and have corrected the raw data for sampling inlet efficiencies and deposition losses in 

the BioScout sample tube. 

4.4.4 Size-resolved emission rates of resuspended bioPM (FBAPs) during walking 

Figure 4.12 presents the size-resolved lognormalized emission rates of resuspended FBAPs 

during the adult walking experiments on each of the five carpets (dEF/dlogDp, # of FBAPs emitted 

per hour).  For comparison, per-person FBAP emission rates from Bhangar et al.345 (transition 

periods in a classroom) and Bhangar et al.368 (walking on carpeted flooring in a chamber) are also 

shown, assuming a CO2 emission rate during walking of 38 g/min.345  The lognormalized FBAP 

emission rate distributions exhibited a primary mode between 2 and 5 μm, with a shoulder from 6 

to 9 μm and a second, weaker mode developing for particles > 9 μm. The dominant peak between 

2 and 5 μm is consistent with the FBAP emission rates reported by Bhangar et al.345,368  qPCR-

based emission rates follow a similar trend, with Qian et al.380  reporting a predominant peak 

between 3 and 5 μm (aerodynamic diameter) for bacteria in an occupied classroom and Hospodsky 

et al.381 reporting dominant peaks in bacterial and fungal emission rates in the range of 4.7 and 9 

μm (aerodynamic diameter). 
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Figure 4.12 (a.) Size-resolved log-normalized emission rates of resuspended FBAPs during the 

adult walking experiments on each of the five carpets, per-person FBAP emission rates during 

the transition periods in a university classroom (Bhangar et al.345 2014), and per-person FBAP 

emission rates for walking on carpet in a controlled chamber (Bhangar et al.368), assuming that 

the CO2 emission rate during walking is 38 g/min (Bhangar et al.368), and (b.) carpet-averaged 

size-integrated (1-10 μm) emission rates of resuspended FBAPs during the adult walking 

experiments on each of the five carpets (this study), size-integrated FBAP emission rates of three 

volunteers (F1, F2, F3) measured during walking on vinyl flooring in a chamber (Zhou et al.367) 

(‘M’ and ‘0’ represent with and without the application of moisturizer, respectively), size-

integrated FBAP emission rates for walking on carpet in a controlled chamber (Bhangar et al., 

and size-integrated total particle emission rates for walking-induced resuspension from Qian et 

al.371, Tian et al.389, and Ferro et al., the latter three of which are presented on a re-scaled 

secondary y-axis.  Note: the particle size reported in this study, Zhou et al., Qian et al., and Tian 

et al.is an optical diameter, whereas the particle size measured by Bhangar et al. is aerodynamic. 
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Figure 4.12b summarizes size-integrated (1-10 μm) mean FBAP emission rates during 

walking on each of the five carpets, along with FBAP emission rates reported by Bhangar et al.368 

and Zhou et al.367 (FBAP emissions from three volunteers with and without applying skin 

moisturizer) and total particle emission rates for walking induced resuspension.53,371,389,393  

Walking on carpet was found to release on the order of 108 to 109 FBAPs per hour.  Thus, in only 

one minute of walking, one would resuspend 1 to 10 million FBAPs.  Carpet dust offers a plentiful 

supply of bioPM, with total bacterial and fungal loads ranging from 108 to 109 CE/m2 (Table 4.3).  

There was nearly an order of magnitude difference in total FBAP emissions between carpets 4 

(cotton) and 5 (wool), despite containing a similar number of settled bacterial and fungal cell 

equivalents, 5.15 x 108 and 4.37 x 108 CE/m2, respectively.  This demonstrates that the structure 

of the dust deposit along the depth of the carpet fibers, interaction between the fibers and human 

foot during contact, and impact of carpet fiber material on particle adhesion forces likely all play 

a role in affecting the number of FBAPs that resuspend 

The FBAP emission rates reported in this study are greater than those reported by Bhangar 

et al.345,368 and Zhou et al.367, but lower than those reported for total particles for walking-induced 

resuspension as summarized in Qian et al.53.   This may be due in part to the magnitude of available 

bioPM in the carpet dust for resuspension.  In this study, the carpets were not cleaned for at least 

two weeks prior to the measurements, with dust loads in the range of 2.6 to 5.3 g/m2 (carpets 1, 3, 

4, 5) and 16.7 g/m2 (carpet 2).  In Bhangar et al.345, custodial cleaning was conducted daily in the 

classroom, and in Bhangar et al. the carpeted floor was vacuumed daily.  Qian et al.371 evaluated 

resuspension for a dust load of 20 g/m2 and Tian et al.389 studied 2 and 8 g/m2.  The lower FBAP 

emission rates reported in the present study, as compared to the total particle emission rates 

summarized in Qian et al.53, may be due in part to the low NF/NT ratios for sub-2 μm particles, 

which do resuspend in meaningful quantities (Figures 4.8, B.1).  As the net number of particles 

that resuspend from a surface (not necessarily the resuspension fraction) generally increases with 

dust loading336,391, this may explain the difference in FBAP emission rates, but other factors, such 

as the footfall contact frequency, carpet fiber material, chamber relative humidity, and chamber 

bulk air mixing conditions will likely affect the emission rates reported in Figure 4.12.  The FBAP 

emission rates in this study are one to two orders of magnitude greater than those reported for 

particle release from the human envelope by Zhou et al.367  Thus, walking-induced resuspension 

may play a more dominant role in elevating indoor concentrations of bioPM compared to direct 
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skin shedding, which is consistent with the results reported in Hospodsky et al.381 and Adams et 

al.335  

Table 4.4 Statistical analysis (p-values) of the comparisons of NF, MF, and RTDDRF between 

different activity patterns, carpets, and breathing routes. 

 Activity Patterns: Crawling and walking 

BioScout: NF (N=25) 0.039 

BioScout: MF (N=25) <0.001 

RTDDRF – Total (N=5) 0.095 

RTDDRF – Head (N=5) 0.032 

RTDDRF – Tracheobronchial (N=5) 0.056 

RTDDRF – Pulmonary (N=5) 0.095 

Weight-Normalized RTDDRF – Total (N=5) 0.016 

Weight-Normalized RTDDRF – Head (N=5) 0.151 

Weight-Normalized RTDDRF – Tracheobronchial 

(N=5) 
0.008 

Weight-Normalized RTDDRF – Pulmonary (N=5) 0.095 

 Breathing Routes: Nasal & Oral 

RTDDRF-Total (N=5) 0.548 

RTDDRF-Head (N=5) 0.095 

RTDDRF-Tracheobronchial (N=5) 0.548 

RTDDRF-Pulmonary (N=5) 0.421 

NF – Crawling (for each p-value, N=5) 

 Carpet 1 Carpet 2 Carpet 3 Carpet 4 Carpet 5 

Carpet 1 -- 0.008 0.008 0.008 0.421 

Carpet 2 -- -- 0.841 0.008 0.008 

Carpet 3 -- -- -- 0.008 0.032 

Carpet 4 -- -- -- -- 0.008 

NF – Walking (for each p-value, N=5) 

 Carpet 1 Carpet 2 Carpet 3 Carpet 4 Carpet 5 

Carpet 1 -- 0.841 0.095 0.008 0.095 

Carpet 2 -- -- 0.222 0.151 0.016 

Carpet 3 -- -- -- 0.016 0.008 

Carpet 4 -- -- -- -- 0.008 

MF – Crawling (for each p-value, N=5) 

 Carpet 1 Carpet 2 Carpet 3 Carpet 4 Carpet 5 

Carpet 1 -- 0.032 0.310 0.310 0.095 

Carpet 2 -- -- 1 0.095 0.421 

Carpet 3 -- -- -- 0.841 1 

Carpet 4 -- -- -- -- 0.151 

MF – Walking (for each p-value, N=5) 

 Carpet 1 Carpet 2 Carpet 3 Carpet 4 Carpet 5 

Carpet 1 -- 0.151 0.095 0.095 0.690 

Carpet 2 -- -- 0.151 0.151 0.151 

Carpet 3 -- -- -- 0.151 0.016 

Carpet 4 -- -- -- -- 0.032 
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Table 4.5 Statistical analysis of the comparisons between LIF and qPCR. 

 

BioScout: FBAP Number Concentration* 

Crawling Walking 

Correlation 

Coefficient 
p-value 

Correlation 

Coefficient 
p-value 

qPCR: Total Bacterial &  

Fungal Concentration in Air 
-0.550 0.021 0.021 0.014 

qPCR: Total Bacterial & Fungal 

Concentration in Carpet Dust 
-0.160 0.065 0.093 0.065 

PAMAS: Total Particle Number  

Concentration (>1 μm) in Carpet 

Dust 

0.344 0.134 0.828 0.134 

Dust Load -0.308 0.019 0.179 0.014 

 

BioScout: Total Particle Number Concentration 

Crawling Walking 

Correlation 

Coefficient 
p-value 

Correlation 

Coefficient 
p-value 

qPCR: Total Bacterial &  

Fungal Concentration in Air 
-0.492 0.030 0.142 0.014 

 

PAMAS: Total Particle Number  

Concentration (>1 μm) in Carpet Dust 

Correlation Coefficient p-value 

qPCR: Total Bacterial & Fungal 

Concentration in Carpet Dust 
-0.210 0.196 
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4.4.6 Infant Crawling-Induced and Adult Walking-Induced Resuspension Mechanisms 

Both the belly crawling of an infant and walking (footfalls) of an adult contribute to 

appreciable resuspension of bioPM from carpet dust.  While the latter is well characterized for 

abiotic particles53, the former has received little attention, with only several studies attempting to 

investigate near-floor exposures of infants and children.394–396  In this study, it is likely that 

differences in body mass, contact area, and contact frequency between the adult volunteer (mass: 

80 kg, height: 188 cm, contact area: 160 cm2 per foot, footfall contact frequency: 70 min-1) and the 

simplified robotic infant (mass: 4 kg, contact area: 25 cm2 per hand + 325 cm2 for lower torso, 

hand contact frequency: 200 min-1) influenced the resuspension process and resulting number of 

resuspended FBAPs.  The differences in the nature of contact and applied surface pressure likely 

induce different airflow patterns and surface vibrations at and near the point of contact of the body 

with the carpet, which were not characterized in this study.  Gomes et al.397 demonstrated that the 

dominant mechanism of walking-induced resuspension is the highly impulsive airflow generated 

at and near the point of contact between the foot and the floor.  It is unknown if this holds true for 

crawling.  Contact electrification likely plays a significant role in affecting the directionality of 

electrostatic adhesion forces for crawling-induced resuspension, given the repetitive nature of 

contact and separation between the body and carpet fibers, along with the large surface area in 

contact with, and sliding against, the carpet fibers (e.g. lower torso for belly crawling).398–400   

4.4.7 Respiratory tract deposited dose rates of resuspended bioPM (FBAPs) in infant and 

adult respiratory system 

In one minute of crawling or walking across a carpet, on the order of 103 to 104 resuspended 

FBAPs, with an associated surface area of 105 to 106 μm2, will deposit in the human respiratory 

system (Figure 4.13).  For an infant, the mean total RTDDRFs across five carpets were 6.3±3.3 x 

103 and 5.7±2.8 x 103 deposited FBAPs per minute crawling for nasal and oral breathing, 

respectively (Figure 4.13a,e) (mean ± s.d.).  The mean total RTDDRF for an adult was 1.5±0.72 x 

104 deposited FBAPs per minute walking (Figure 4.13b), 2.4-fold greater than that of an infant.  

This difference can be primarily attributed to the adult breathing rate (0.0195 m3 min-1), which is 

3.3-fold greater than that of the infant (0.00598 m3 min-1) for light activity.  Furthermore, for each 

minute of walking, approximately 1.6 x 103 FBAPs will deposit in the airways of an adult for every 

million FBAPs that resuspend (based on emission rate analysis). 
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Figure 4.13 Total and regional size-integrated (0.4-15.4 μm) FBAP respiratory tract deposited 

dose rates (RTDDRFs) (per minute crawling or walking) for each of the five carpets: (a.) infant, 

nasal breathing route, number, (b.) adult, nasal breathing route, number, (c.) infant, nasal 

breathing route, surface area, (d.) adult, nasal breathing route, surface area, (e.) infant, oral 

breathing route, number, and (f.) infant, oral breathing route, surface area.  The fractional dose in 

each region, expressed as a percentage, is shown to the right of each bar.  Note: a hygroscopic 

growth factor of 1.12 was applied to the BZ FBAP size distributions. 

 

Infant, Nasal Breathing Route, Number Adult, Nasal Breathing Route, Number

Infant, Nasal Breathing Route, Surface Area Adult, Nasal Breathing Route, Surface Area

Infant, Oral Breathing Route, Number Infant, Oral Breathing Route, Surface Area
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The magnitude of the RTDDRF for each carpet naturally follows the total FBAP number 

concentrations shown in Figure 4.9e, with the greatest RTDDRFs found for carpets 1 and 5.  Direct 

comparisons with previous estimates of RTDDRs for bioPM are difficult, as they relied on either 

bulk air measurement of culturable bacteria or fungi, such as ~0.1 to 5 CFU/min for indoor 

culturable fungi by Reponen et al.349 and ~6 to 33 CFU/min for culturable bacteria and fungi by 

Gao et al.353, or evaluated exposure to fungal spore release directly from an agar plate under high 

speed jets (1.5 x 103 and 104 spores per minute for infants and adults, respectively, by Cho et al.351).  

Regarding the latter, the magnitude of RTDDRFs reported here are similar as what one would 

receive inhaling air directly above a moldy material agitated by high air velocities.351 
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Figure 4.14 Total and regional size-resolved FBAP number respiratory tract deposited dose rates 

(RTDDRFs) (per minute crawling or walking) on carpet 1, for (a.) infant crawling, nasal 

breathing route, (b.) infant crawling, oral breathing route, and (c.) adult walking, nasal breathing 

route.  Note: a hygroscopic growth factor of 1.12 was applied to the BZ FBAP size distributions. 

 

Infant, Nasal Breathing Route

(a)

(c)

(b)

Infant, Oral Breathing Route

Adult, Nasal Breathing Route



      

 

170 

The tracheobronchial regional RTDDRF was much greater for infants (41% of total, 

2.6±1.5 x 103 min-1, nasal) compared to adults (5.4% of total, 8.3±4.2 x 102 min-1, nasal) (Figures 

4.13a,b and 4.14).  The opposite was true for the head airways, which was the predominant 

deposition region for adults (84% of total, 1.3±0.59 x 104 min-1, nasal).  Accounting for 

hygroscopic growth of inhaled FBAPs resulted in a small increase in the overall total RTDDRF for 

both infants and adults, but a reduction in the pulmonary regional RTDDRF by 15% for infants and 

13% for adults (Figure 4.13, 4.16).  This is consistent with the regional deposition analysis of 

fungal spores in Reponen et al.365  

 

 

Figure 4.15 (a.) Weight-normalized total size-resolved FBAP number respiratory tract deposited 

dose rates (RTDDRFs) for infant crawling and adult walking on carpet 1 (both nasal breathing 

route) and (b.) weight-normalized regional size-integrated (0.4-15.4 μm) FBAP number 

RTDDRFs for infant crawling and adult walking on each of the five carpets (both nasal breathing 

route).  Note in (b.), a log-scale is used for the y-axis to improve visualization of the difference 

in weight-normalized doses between an infant and adult.    The ratio of the infant to adult weight-

normalized FBAP RTDDRF in each region is shown to the right of each infant bar.  Note: a 

hygroscopic growth factor of 1.12 was applied to the BZ FBAP size distributions. 

 

A significant shift in infant respiratory tract deposition patterns can occur if nasal breathing 

transitions to oral breathing during a crawling period (Figure 4.17).  Upon oral breathing, a 

reduction in the head airways regional RTDDRF is associated with both an absolute and relative 

increase in RTDDRFs for the lower airways.  For example, on carpet 1, the pulmonary regional 

RTDDRF increased from 1.21 x 103 min-1 for nasal (10.7% of total) to 1.45 x 103 min-1 for oral 

(a)
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(14.4% of total) and the tracheobronchial RTDDRF increased from 4.89 x 103 min-1 for nasal (43.3% 

of total) to 6.04 x 103 min-1 for oral (60% of total).  The greater number of resuspended FBAPs 

that will deposit in the lower respiratory system for oral breathing is important, given the greater 

prevalence of this breathing route among infants and children compared to adults401,402 and the 

resulting change in potential colonization locations of inhaled bacterial cells and fungal spores. 

 

Figure 4.16 Total and regional size-integrated (0.4-15.4 μm) FBAP respiratory tract deposited 

dose rates (RTDDRFs) (per minute crawling or walking) for each of the five carpets (a.) infant, 

nasal breathing route, number, (b.) adult, nasal breathing route, number, (c.) infant, nasal 

breathing route, surface area, and (d.) adult, nasal breathing route, surface area. The fractional 

dose in each region, expressed as a percentage, is shown to the right of each bar.  Note: the 

hygroscopic growth factor was not applied. 

 

The size-resolved total RTDDRFs exhibit a prominent mode between 2.5 and 8 μm (Figure 

4.14).  For infants, the development of the RTDDRF mode is the result of the dominant mode of 

the BZ FBAP size distributions coinciding with the local maxima in depositions fractions for the 

pulmonary (2 to 4 μm) and tracheobronchial (3 to 7 μm) regions, whereas for adults, the mode 

develops due to the high deposition fractions (> 0.7) in the head airways for particles above 3 μm 

Infant, Nasal Breathing Route, Number Adult, Nasal Breathing Route, Number

Infant, Nasal Breathing Route, Surface Area Adult, Nasal Breathing Route, Surface Area
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(Figure 4.17).  Thus, for infants, a significant fraction of 3 to 6 μm agglomerated bacterial cells 

and fungal spores can penetrate the head airways and deposit and possibly colonize the lower 

respiratory microbiota.  As shown for carpet 1 in Figure 4.14b, the modal peak in the size-resolved 

tracheobronchial regional RTDDRF at roughly 4 μm for an infant under oral breathing is 

approximately 1.15 x 103 min-1, 73% of the corresponding modal peak in the total RTDDRF curve 

(1.58 x 103 min-1).  Furthermore, the partial second mode in the infant BZ FBAP size distributions 

above 10 μm (Figures 4.8, 4.9) occurs at the local maxima for deposition fractions in the head 

airways (Figure 4.17).  Super-10 μm bioPM and abiotic particles will preferentially deposit in this 

region, with size-resolved head airways regional RTDDRFs for carpet 1 peaking at around 4.3 x 

102 min-1 near 18 μm.  Lastly, adults will receive much of their dose to 2.5 to 7 μm bioPM in their 

upper airways, which can be of concern for those with asthma and allergic rhinitis (e.g. Baldacci 

et al.403). 
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Figure 4.17 Size-resolved total and regional deposition fractions in the respiratory system for an 

extended size range up to 18 μm to match the hygroscopic-growth shifted FBAP size 

distributions in the infant and adult BZ (Figure 4.18): (a.) a 3-month old infant, nasal breathing 

route, (b.) a 3-month old infant, oral breathing route, and (c.) a 21-year old adult, nasal breathing 

route, obtained from the Multiple-Path Particle Dosimetry (MPPD) Model for breathing 

parameters stated in Section 4.3. 

(a)

(c)

(b)
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Infants inhale considerably more air per kg body mass (650 cm3/kg-min) than do adults 

(244 cm3/kg-min).  The effect was captured through the analysis of weight-normalized RTDDRFs.  

As shown in Figure 4.15, an infant receives a 3.88±1.26-fold greater dose of respiratory tract 

deposited FBAPs per kg body mass compared to an adult (mean ± s.d.).  The difference in age-

specific weight-normalized RTDDRFs was particularly pronounced in the tracheobronchial region, 

where they were 22.4- to 44.5-fold greater for an infant compared to an adult.  This was also true 

for FBAPs between 3 and 5 μm (Figure 4.15a).  As suggested in Phalen and Phalen404, weight-

normalized RTDDRs may provide a useful basis to compare the resulting biological effects of 

exposure to inhaled particles between young children and adults.   Alternatively, RTDDRs can be 

normalized by lung mass or surface area.401  The RTDDRFs reported in this study not only account 

for infant physiology (respiratory and breathing parameters, body mass), but also a form of human 

locomotion in belly crawling that is unique to humans under the age of one.  The in situ BZ 

measurement of resuspended FBAPs with a robotic crawling platform allows for a much more 

accurate determination of early-life exposures and RTDDRs to bioPM than what can achieved 

with bulk indoor air sampling (e.g. 1-2 m above infant BZ) or settled house dust analysis. 

 

Figure 4.18 Carpet-averaged mean dNF/dlogDp (corrected by the hygroscopic growth factor of 

1.12) measured during the resuspension periods on five carpets for both crawling (a.) and 

walking (b.) experiments.  Note: the size distributions are slightly shifted to the right, with an 

upper-limit of 18 μm, compared to Figure 4.9, due to hygroscopic particle growth. 
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4.4.8 Study limitations 

An important limitation of this study is the crawling motion of the simplified robotic infant, 

which only represents a single crawling style at a given contact frequency (modified belly crawl) 

and cannot capture the true complexity of the locomotion of an infant.  It is likely that resuspension 

would vary with a particular crawling style, such as hands-and-feet crawling compared to 

creeping405, and with age, as the infant learns to walk.  Advanced anatomically-correct robotic 

platforms could be developed to simulate these movements, and their associated contact 

frequencies, more accurately and evaluate their impact on the resuspension of bioPM.  Differences 

in room airflow distribution and mixing conditions between this chamber study and real-world 

conditions will affect the measured bioPM concentrations in the BZ.  In addition, the tested carpets 

were collected from residences in Finland, where it is not common to wear shoes indoors.  It is 

likely the dust loading and microbial composition would be different for homes in other countries 

where shoes are worn indoors (e.g. track-in effect).  The RTDDRF analysis can be improved by 

accounting for the non-sphericity of bioPM through size-resolved dynamic shape factors specific 

to different bioPM types, measurement of FBAP aerodynamic diameter-based size distributions, 

and application of actual GFs.366,406  Lastly, the utility of LIF for RTDDRF analysis of resuspended 

bioPM can be further assessed through comparison with size-resolved qPCR analysis of bacteria 

and fungi and application of known DNA and filter extraction efficiencies for the given sampling 

and analysis protocol.  
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 CONCLUSIONS 

Particle size is the most basic, yet important, property for an aerosol since it governs the 

motion of a single particle, which significantly affects its fate.  The size-resolved aerosol 

concentration provides more information of an aerosol population, which may not be reflected by 

size-integrated measurement metrics.  This dissertation presents studies on the size distributions 

of urban aerosols, resuspended indoor bioPM, and synthesized salt particles used for HVAC filter 

testing.  The analysis in the dissertation reveals the importance of PSD measurements on pollutant 

source identification, aerosol inhalation exposure assessment, and understanding aerosol transport 

and transformation processes.   

The critical review on urban aerosol PSDs identifies geographical variations in the shape 

and magnitude of PSDs from cities around the globe.  The number PSDs in EA and CSSA tend to 

present peaks at larger diameters, with a meaningful contribution from the accumulation mode 

particles to the total concentration, while those in EU and NAAN present peaks at smaller 

diameters.  Mass PSDs typically exhibit one peak in the accumulation mode and another in the 

coarse mode, while those in WA tend to show only one dominant peak in the coarse mode.  The 

median mass PSDs in CSSA present the highest magnitude among all geographical regions, 

followed by the one in EA.  Geographical variations of urban aerosol PSDs suggest differences in 

emission sources and air pollution levels, and drive large differences in the urban aerosol inhaled 

deposited dose rate received in each region of the human respiratory system.  Similarly, inter-

region variations in the shape of PSDs impact the penetration of urban aerosols through filters in 

building ventilation systems, which were investigated by using a simplified single-pass filtration 

model.  For the same rated HVAC filter, the total penetration fractions of the urban aerosol might 

be greater in CSSA and EA compared to other regions, since the prominent modes of the number 

PSDs coincide with the size range where the filtration efficiency is at a minimum.  Three urban 

aerosol effective density functions were constructed, based on a literature review of size-resolved 

urban aerosol effective densities, to help in converting between number and mass PSDs.    

The review of urban aerosol PSD observations identifies current measurement gaps and 

helps frame future research directions.  Building a global network of urban aerosol observation 

stations to continuously monitor PSDs with a wide size range is helpful to further understand the 

implications of urban aerosols on human exposure, health effects, and urban air pollution levels.  
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Currently, only ~20% of the cities in the urban aerosol PSD database include measurements greater 

than 6 months, and only 14% of the PSD observations spanned from the UFP to coarse regime.  A 

severe lack of data in Africa, Latin America, West Asia, Central and Southeast Asia suggests the 

urgent need for additional PSD measurements.  In addition, more direct measurements of urban 

aerosol effective densities are needed for accurate translation of urban aerosol number PSDs to 

mass PSDs in a given urban environment. 

As shown in the literature review of urban aerosol PSDs, most of the urban emission 

sources result in particles dominant in the UFP regime, which validates the needs to develop a new 

particle generation method to reproduce PSDs similar to the typical urban aerosols PSDs for rapid 

HVAC filter ageing testing and to replace traditionally used test dusts that are too large to mimic 

the loading kinetics for realistic scenarios, where the filters are mostly exposed to the urban aerosol.  

In this dissertation, a newly designed commercially available thermal aerosol generator was 

introduced, and the physical characteristics of synthesized salt aerosol under variable operational 

conditions were evaluated.  The thermal aerosol generator produces a stable, high mass output of 

sub-micron NaCl and KCl particles by burning a stick of salt in an O2-C3H8 flame.  The generator 

is capable of creating salt aerosol with sub-micron number and mass PSDs similar in shape to 

those reported in urban and indoor environments.  The salt stick feed rate has a pronounced impact 

on the PSD output, with increasing feed rate shifting the PSDs to larger sizes.  The type of salt 

(NaCl, KCl) and salt stick diameter have a small influence on the shape of the PSD.  The feed rate 

can be varied from < 3 mm/min to 25 mm/min, providing a basis to modulate the PSD shape as 

per the requirements of the HVAC filtration experiment.  The morphological features of the salt 

aerosol suggest that NaCl and KCl particles smaller than 100 nm adopt compact spherical or cubic 

structures, while those larger than 100 nm transition to agglomerates. 

The detailed evaluation of the synthesized salt aerosol, including multi-lognormal 

distribution function parameters for number and mass PSDs, size-resolved effective densities and 

dynamic shape factors, and mass-mobility exponents provide a basis to understand how the aerosol 

characteristics can impact HVAC filtration performance during full-scale experiments.  The 

thermal aerosol generator represents a cost-effective tool for rapid loading of HVAC filters with a 

sub-micron mass PSD similar to that found in real HVAC installations, and thus, is appropriate for 

use in the proposed ASHRAE Guideline 35 for evaluating the AHU blower energy implications 

of aged HVAC filters. 



      

 

178 

The thermal flame generator is capable to produce salt particles with the number and mass 

PSDs similar to the urban aerosol in shape.  Figure 5.1 shows an example of the comparisons 

among the normalized mass PSDs of the synthesized NaCl salt particle with 12 mm stick diameter 

at variant feed rates, normalized median mass PSDs in each geographical region, and normalized 

mass PSDs of particles produced from the traditional filter loading methods.  The normalized NaCl 

salt particles mass PSDs generated at the feed rates of 10, 18, and 25 mm/min match well with the 

peaks in the accumulation mode of the normalized median mass PSDs in CSSA, EA, EU, and NA, 

while the normalized mass PSDs of the fine and coarse Arizona road dust only present peaks in 

the coarse mode.  In addition, the KCl particles generated as per ASHRAE 52.2 and the dioctyl 

phthalate (DOP) particles generated as per Mil-Std-282 also have the normalized mass PSDs 

similar to the normalized median mass PSDs in the critical review. 

 

Figure 5.1 Comparisons of the shapes between the normalized mass PSDs of the synthesized 

particles from different generation techniques with the normalized median agglomerated mass 

PSDs in different geographical regions.  The synthesized particles include the salt particles from 

the thermal aerosol generator with 12 mm NaCl stick at different feed rates, ASHRAE 52.2 KCl 

particles, MIL-ST-282 DOP, fine Arizona road dust, and coarse Arizona road dust.   

 

In the indoor environment, human-induced resuspension of the settled dusts is the main 

source of airborne coarse particles.  Since the settled dust is enriched with bioPM, this mechanism 
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becomes the main exposure pathway for occupants to inhale bioPM.  This dissertation presents a 

chamber study to characterize infant and adult inhalation exposures and respiratory tract deposited 

dose rates of resuspended bioPM from carpets.  The results show the highly transient exposure to 

the resuspended airborne bioPM in both the crawling and walking experiments.  The infants are 

exposed to the self-induced airborne bioPM only during the period of active movements, with the 

concentrations in the near-floor microenvironment higher than those in the adult breathing zone in 

the walking experiments.  The adult may be exposed to self-induced resuspended bioPM during 

post-walking periods due to the enhanced mixing of the walking.  The measured concentration of 

the airborne bioPM exhibited no or minimum drop over 200 minutes resuspension experiments, 

which indicates that the carpet can serve as a continuous reservoir for the airborne bioPM in the 

indoor environment. 

 In just one minute of crawling or walking, 103-104 resuspended FBAPs can deposit in the 

respiratory tract, with an infant receiving much of their number respiratory tract deposited dose in 

their lower airways.  Per kg body mass, an infant will receive nearly four times greater number 

respiratory tract deposited dose of resuspended FBAPs compared to an adult.   

The hourly mass respiratory tract deposited dose rates of the resuspended bioPM from the 

carpets received by the infants and adults could be much greater than those of the urban aerosol in 

the urban outdoor environments.  Figure 5.2 presents the comparisons of the mean size-integrated 

mass FBAP RTDDRF in the crawling and walking tests on five carpets with the median mass 

RTDDR in each geographical region calculated by using the urban aerosol PSD database, for the 

particles from 400 to 10000 nm.  The mean size-integrated mass FBAP RTDDRF in the crawling 

and walking tests are up to ~18 times higher than the median mass RTDDR in NAAN and EU, 

and those on carpet 1, 2, 3, and 5 are up to ~3 times higher than the median mass RTDDR in CSSA, 

indicating that the walking and crawling on a carpet indoor could results in much greater mass 

deposited dose rate than walking in the urban outdoor environment in the heavily polluted area in 

CSSA. 
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Figure 5.2 Comparisons between the mean size-integrated (400 to 10000 nm) mass RTDDRF for 

each carpet in the crawling and walking experiments and the median size-integrated mass 

RTDDR in each geographical region calculated by using the urban aerosol PSD database. 
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APPENDIX A. SUPPLEMENTAL MATERIALS FOR URBAN AEROSOL SIZE DISTRIBUTION: A 

GLOBAL PERSPECTIVE 

Table A.1 Urban aerosol size distribution measurements made with electrical mobility-based techniques covering only the sub-micron 

regime 
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CSSA IND New Delhi NU VVST A NS UFP+F EM AIT 3-800 500 9.5 1.1  48712 38.5 1.62 13125 148.5 1.73 Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST A NS UFP+F EM AIT 3-800 10216 18.1 2.24  14375 36 1.61 8550 169.7 1.67 Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST A NS UFP+F EM AIT 3-800 500 9.5 1.1  48711 38.5 1.62 13126 148.5 1.73 Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST E NS UFP+F EM ACC 3-800 26728 54.6 1.76  37507 149.4 1.6 -- -- -- Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST E NS UFP+F EM ACC 3-800 10937 47.2 1.77  35288 156.9 1.63 -- -- -- Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST E NS UFP+F EM ACC 3-800 7444 44.5 1.93  24102 160.5 1.66 -- -- -- Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST E NS UFP+F EM AIT 3-800 17291 65.6 1.37  45330 78 2.11 -- -- -- Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST E NS UFP+F EM AIT-ACC 3-800 1132 25.7 1.29  56675 96.7 1.82 557 315 1.19 Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST E NS UFP+F EM ACC 3-800 65339 95.6 2.01  6942 139.2 1.26 12090 205 1.39 Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST M NS UFP+F EM ACC 3-800 21263 47.6 2.29 
 
15841 173 1.66 -- -- -- Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST M NS UFP+F EM AIT 3-800 40586 40.1 1.8 
 

4082 40.9 1.23 17679 160.8 1.72 Mönkkönen et al. (2005) 

CSSA IND New Delhi NU VVST M NS UFP+F EM AIT 3-800 800 9 1.16  36555 37 1.62 16596 134.8 1.8 Mönkkönen et al. (2005) 

CSSA IND New Delhi NU MT ME NS UPF+F EM AIT 3-800 4433 11.9 1.36  29858 38 1.67 30735 123.1 1.87 Laasko et al. (2006) 

CSSA IND Kanpur NU ST ME NS UPF+F EM ACC 15-670 199 47 1.69  787 141.3 1.6 3451 229.5 1.83 Bhattu et al. (2014) 

CSSA IND Kanpur NU ST ME NS UPF+F EM ACC 15-670 2101 11 2.5  2031 105.6 2.47 4684 190.1 2.24 Bhattu et al. (2014) 

CSSA IND Kanpur NU ST ME NS UPF+F EM AIT-ACC 15-670 3279 35.9 1.77  1546 92.6 1.44 1838 154.9 1.81 Bhattu et al. (2014) 

CSSA IND Kanpur NU VVST ME 
background 

aerosol 
UPF+F EM NUC 15-685 76348 7.7 1.95 

 
42102 12.7 4.26 -- -- -- Misra et al. (2014) 

CSSA IND Kanpur NU VVST ME 
background 

aerosol 
UPF+F EM AIT 15-685 2239 20.5 1.27 

 
15377 46 1.73 988 202.2 1.46 Misra et al. (2014) 

CSSA IND Kanpur NU VVST ME mixed aerosol UPF+F EM NUC 15-685 12486 15.1 1.62  1532 46.2 1.43 3369 150.9 2.05 Misra et al. (2014) 

CSSA IND Kanpur NU VVST ME mixed aerosol UPF+F EM AIT 15-685 1200 40.1 1.45  314 75.3 1.26 3215 130.1 1.83 Misra et al. (2014) 
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CSSA IND Kanpur NU VVST ME 
dust dominated 

aerosol 
UPF+F EM NUC 15-685 120805 4.4 4.63 

 
259 21.6 1.07 311 45.4 1.19 Misra et al. (2014) 

CSSA IND Kanpur NU VVST ME 
dust dominated 

aerosol 
UPF+F EM AIT 15-685 443 28.1 1.29 

 
3988 92.5 2.36 -- -- -- Misra et al. (2014) 

CSSA IND Kanpur NU VVST ME 

pollution 

dominated 

aerosol 

UPF+F EM AIT 15-685 3073 19.2 1.41 

 

9945 44 1.62 1578 174.7 1.67 Misra et al. (2014) 

CSSA IND Kanpur NU VVST ME 

pollution 

dominated 

aerosol 

UPF+F EM NUC 15-685 33873 13.4 2.01 

 

1064 94.5 1.41 2756 195.3 1.64 Misra et al. (2014) 

CSSA IND Kanpur SUB VVST E NS UFP+F EM AIT-ACC 
14.6-

697 
945 28.4 1.35 

 
33361 108.6 1.7 3572 116.6 1.28 Baxla et al. (2009) 

CSSA IND Kanpur SUB VVST E NS UFP+F EM AIT-ACC 
14.6-

697 
3505 35.4 1.54 

 
5037 76.1 1.45 7286 138.9 1.52 Baxla et al. (2009) 

CSSA IND Kanpur SUB VVST E NS UFP+F EM AIT-ACC 
14.6-

697 
1619 20.2 1.36 

 
163 106.8 1.06 33725 127.3 2.08 Baxla et al. (2009) 

CSSA IND Kanpur SUB VVST E NS UFP+F EM ACC 
14.6-

697 
79484 99.5 1.95 

 
6568 137.5 1.17 -- -- -- Baxla et al. (2009) 

CSSA IND Kanpur SUB VVST M NS UFP+F EM AIT 
14.6-

697 
4344 87.7 1.31 

 
28279 109.9 1.81 -- -- -- Baxla et al. (2009) 

CSSA IND Kanpur SUB VVST M NS UFP+F EM AIT-ACC 
14.6-

697 
6176 49.8 1.81 

 
4354 79.6 1.96 4824 91.3 1.93 Baxla et al. (2009) 

CSSA IND Kanpur SUB VVST M NS UFP+F EM AIT-ACC 
14.6-

697 
770 30 1.29 

 
35265 105.5 1.82 -- -- -- Baxla et al. (2009) 

CSSA IND Kanpur SUB VVST M NS UFP+F EM AIT-ACC 
14.6-

697 
98 109.8 1.11 

 
24210 115.2 1.94 -- -- -- Baxla et al. (2009) 

CSSA IND Kanpur SUB LT ME NS UFP+F EM AIT 
13.8-

685 
4417 44.6 2.06 

 
3288 88.7 1.55 1109 199.8 1.61 Kanawade et al. (2014) 

CSSA IND Kanpur SUB LT ME NS UFP+F EM ACC 
13.8-

685 
20287 94.8 2.39 

 
7370 157.6 1.63 521 318.5 1.29 Kanawade et al. (2014) 

CSSA IND Kanpur SUB LT ME NS UFP+F EM AIT-ACC 
13.8-

685 
300 12 1.24 

 
7166 89.2 2.09 1686 128.1 1.67 Kanawade et al. (2014) 

CSSA IND Kanpur SUB LT ME NS UFP+F EM ACC 
13.8-

685 
510 14 1.2 

 
873 36.4 1.54 23561 143.7 1.89 Kanawade et al. (2014) 

CSSA NPL Lalitpur NU ST ME NS UPF+F EM AIT 10-450 2192 27.9 1.67  2433 85.2 1.64 389 193.8 1.47 Shrestha et al. (2016) 

CSSA NPL Dhulikhel SUB MT D NS UPF+F EM AIT 14-340 6210 31 3.73  863 101.8 1.51 182 191.7 1.36 Shrestha et al. (2010) 

CSSA NPL Dhulikhel SUB MT E NS UPF+F EM AIT-ACC 14-340 149 25.2 1.54  3860 103 1.85 -- -- -- Shrestha et al. (2010) 

CSSA NPL Dhulikhel SUB MT ME NS UPF+F EM AIT 14-340 3815 27.2 3.95  3639 91.3 1.79 156 219.1 1.38 Shrestha et al. (2010) 

CSSA SGP Singapore NU ST ME NS UPF+F EM AIT 8-334 5114 6.6 1.34  15987 26.6 3.16 2442 35.3 1.47 See et al. (2006) 

CSSA SGP Singapore NU ST ME HZ UPF+F EM NUC 8-334 5339 6.6 1.67  38502 50.7 2.07 2972 46 1.31 See et al. (2006) 

EA CHN Beijing NU ST D NS UFP+F EM AIT 5.6-560 2172 10.3 1.84  821 35.9 1.45 1323 61.8 1.71 Shi et al. (2007) 

EA CHN Shanghai NU VST D NS UFP+F EM AIT 10-487 93422 22 2.94  9856 39.3 1.29 8061 93.4 1.3 Li et al. (2007) 

EA CHN Shanghai NU VST D NS UFP+F EM AIT 10-487 45248 28 1.94  11387 132.3 1.77 -- -- -- Li et al. (2007) 

EA CHN Beijing NU ST E NS UFP+F EM AIT 5.6-560 458 12.3 1.42  2074 43.7 1.67 230 112.8 1.42 Shi et al. (2007) 
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EA CHN Beijing NU VVST E NPF UFP+F EM AIT 3-800 16888 44.6 2.5  5019 67.9 1.41 -- -- -- Wang et al. (2013) 

EA CHN Beijing NU VVST E NS UFP+F EM AIT 3-800 7436 61.4 2.96  8830 71.6 1.32 3841 172 1.41 Wiedensohler et al. (2009) 

EA CHN Beijing NU VVST E NS UFP+F EM AIT-ACC 3-800 5157 33.3 2.05  9311 88.8 1.36 8691 188.4 1.57 Wiedensohler et al. (2009) 

EA CHN Beijing NU VVST M NPF UFP+F EM NUC 3-800 29803 7.1 1.5  10649 13 1.19 10422 26.6 1.87 Wang et al. (2013) 

EA CHN Beijing NU VVST A NPF UFP+F EM NUC-AIT 3-800 36292 13.8 2.13  7416 23.2 1.2 -- -- -- Wang et al. (2013) 

EA CHN Beijing NU VVST A NPF UFP+F EM AIT 3-800 3000 2.6 1.2  24270 27.1 2.47 9304 37.9 1.33 Wang et al. (2013) 

EA CHN Beijing NU VVST M NS UFP+F EM NUC 3-800 18173 10.2 1.64  4806 11.9 1.27 5225 111.2 1.76 Wiedensohler et al. (2009) 

EA CHN Beijing NU VVST A NS UFP+F EM AIT 3-800 4086 29 1.26  12877 52.8 1.34 4566 143 1.48 Wiedensohler et al. (2009) 

EA CHN Shanghai NU LT ME HZ UFP+F EM AIT 10-1000 1321 22.3 1.26  2359 35.5 1.38 12940 68.8 2.24 Wang et al. (2014) 

EA CHN Shanghai NU LT ME NS UFP+F EM AIT 10-1000 1116 18.6 1.25  1827 32.7 1.32 4637 50.6 2.53 Wang et al. (2014) 

EA CHN Shanghai NU LT ME 
photochemical 

smog 
UFP+F EM AIT 10-1000 2136 24 1.32 

 
947 85.9 1.17 20566 52.9 1.99 Wang et al. (2014) 

EA CHN Shanghai NU MT ME NS UFP+F EM AIT 15-600 4449 25 1.55  5863 71 1.7 917 218 1.49 Peng et al. (2014) 

EA CHN Beijing NU MT ME NS UFP+F EM AIT 3-800 615 5.7 1.33  31702 32.8 2.61 614 114.4 1.55 Massling et al. (2009) 

EA CHN Beijing NU MT ME NS UFP+F EM AIT 3-800 12536 17.2 1.98  8605 50.5 1.79 11445 105.5 1.98 Massling et al. (2009) 

EA CHN Beijing NU MT ME NS UFP+F EM AIT-ACC 3-800 2190 14 1.53  23816 60.8 2.66 4346 128.4 1.73 Massling et al. (2009) 

EA CHN Beijing NU MT ME NS UFP+F EM AIT-ACC 3-800 3206 15.7 1.72  30012 76.4 2.21 5575 222.7 1.69 Massling et al. (2009) 

EA CHN Jinan NU ST ME NS UFP+F EM AIT 10-1000 15533 31.7 2  1200 175.7 1.57 -- -- -- Gao et al. (2007) 

EA CHN Guangzhou NU ST ME NS UFP+F EM AIT 15-600 5621 17 1.82  5404 65 1.72 3078 166 1.6 Peng et al. (2014) 

EA CHN Urumchi NU ST ME NS UFP+F EM AIT 15-600 18910 24 1.73  7122 59 1.83 555 146 1.89 Peng et al. (2014) 

EA CHN Wuxi NU ST ME NS UFP+F EM AIT 15-600 1250 29 1.33  9878 63 1.67 4972 142 1.6 Peng et al. (2014) 

EA CHN Wuxi NU ST ME NS UFP+F EM AIT 15-600 7473 23 1.59  7844 61 1.6 2092 154 1.61 Peng et al. (2014) 

EA CHN Jinhua NU ST ME NS UFP+F EM ACC 15-600 1892 36 1.52  10753 116 1.71 206 329 1.23 Peng et al. (2014) 

EA CHN Beijing NU ST ME NS UFP+F EM AIT 5.6-560 1355 11.4 1.73  1206 38.4 1.49 929 73.3 1.63 Shi et al. (2007) 

EA CHN Hong Kong NU VST ME NS UFP+F EM NUC 20-600 1102 18.3 1.48  1155 82.2 2.46 -- -- -- Ning et al. (2013) 

EA CHN Nanjing SUB LT ME NS UFP+F EM AIT 6-800 1054 17.6 1.48  11825 40.1 2.66 6692 112.2 1.95 Qi et al. (2015) 

EA CHN Guangzhou SUB ST ME NS UFP+F EM AIT 3-900 11016 65 2.13  3791 72.6 1.56 -- -- -- Rose et al. (2011) 

EA CHN Guangzhou SUB ST ME BB UFP+F EM ACC 3-900 173 30.6 1.18  10294 84.7 2.2 3865 142.2 1.54 Rose et al. (2011) 

EA CHN Beijing NU MT ME NS UPF+F EM AIT-ACC 
15-

710.5 
13379 44.6 2.08 

 
7931 145.4 1.81 743 304.1 1.43 Liu et al. (2016) 

EA CHN Beijing NU MT ME NS UPF+F EM AIT-ACC 
15-

710.5 
708 24.8 1.4 

 
12205 60.6 2.08 2862 158.5 1.66 Liu et al. (2016) 

EA CHN Beijing NU MT ME NS UPF+F EM AIT 10-500 2281 30.1 1.53  4141 91.6 1.95 113 279.9 1.13 Gao et al. (2012) 

EA CHN Hongkong NU MT ME NS UPF+F EM AIT 10-250 70 23.8 1.29  644 72.7 1.45 1089 57.2 2.32 Meng et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 52131 70.1 2.47  11313 56.4 1.61 -- -- -- Zhao et al. (2014) 
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EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 4503 24 1.37  9097 44 1.35 33604 80.9 2 Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 12134 30.3 1.33  45272 51 1.47 62442 102.6 2.3 Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 4704 19.1 1.33  3417 32.4 1.51 3512 65.6 1.89 Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 1013 18.5 1.25  8920 36.9 1.67 5202 99.8 2.21 Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 467 16.5 1.19  39153 57.4 2.02 3803 255.8 1.5 Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 530 22 1.23  6528 41.2 1.35 31198 73 2.17 Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM ACC 10-770 48781 96.1 2.26  17263 210.3 1.76 -- -- -- Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 654 19.4 1.28  3716 50.1 2.1 -- -- -- Zhao et al. (2014) 

EA CHN Lanzhou NU VVST E NS UPF+F EM AIT 10-770 10339 52.4 1.88  2252 20.9 1.39 1988 220 1.66 Zhao et al. (2014) 

EA JPN Tokyo NU ST ME NS UFP+F EM AIT 10-400 3841 29.9 1.77  3376 94.7 1.69 123 287.5 1.26 Mochida et al. (2006) 

EA JPN Kawasaki TR ST M NS UFP+F EM AIT 15-850 24173 25.4 1.46  20013 71.8 1.94 -- -- -- Hasegawa et al. (2004) 

EA JPN Kawasaki TR ST M NS UFP+F EM AIT 15-850 42393 27.1 1.45  92945 86.7 1.91 -- -- -- Hasegawa et al. (2004) 

EA JPN Kawasaki TR ST ME NS UFP+F EM NUC-AIT 10-470 15809 19.5 1.45  37303 24 1.9 11980 88.1 1.78 Fushimi et al. (2008) 

EA JPN Kawasaki UB ST ME NS UFP+F EM AIT 9.8-414 1032 20.2 1.34  7570 31.4 1.59 8605 71.8 1.79 Fushimi et al. (2008) 

EA JPN Sapporo NU VST ME NS UPF+F EM AIT-ACC 7-165 123 17.6 1.48  1799 70.5 2.05 377 125.7 1.25 Jung et al. (2013) 

EA JPN Sapporo NU VST ME NS UPF+F EM AIT-ACC 7-165 1491 35.3 1.94  822 112.6 1.54 30 117.3 1.07 Jung et al. (2013) 

EA JPN Sapporo NU VST ME NPF UPF+F EM AIT 7-165 12 14.9 1.12  2184 39.1 2.06 225 49.3 1.39 Jung et al. (2013) 

EA JPN Sapporo NU VST ME NPF UPF+F EM AIT 7-165 1293 40.5 2.09  57 69.4 1.19 61 142.6 1.23 Jung et al. (2013) 

EA JPN Sapporo NU VST ME NPF UPF+F EM AIT 7-165 1894 44.6 1.94  442 71.2 1.33 68 146.3 1.14 Jung et al. (2013) 

EA JPN Kawasaki TR VST ME NS UPF+F EM NUC 5.6-560 30806 10.9 1.54  59420 48.3 1.88 12382 10.2 1.15 Fujitani et al. (2012) 

EA JPN Kawasaki TR VST ME NS UPF+F EM NUC 5.6-560 21986 10.1 1.13  191401 20.9 1.85 -- -- -- Fujitani et al. (2012) 

EA JPN Kawasaki TR VST ME NS UPF+F EM NUC 5.6-560 22091 10.3 1.18  10045 16 1.2 83047 45.9 1.85 Fujitani et al. (2012) 

EA JPN Kawasaki TR VST ME NS UPF+F EM NUC 5.6-560 35150 10 1.16  42720 15.6 1.43 135510 22.9 2.03 Fujitani et al. (2012) 

EA KOR Kwangju NU VVST A PC UFP+F EM ACC 13-600 289 16.8 1.32  367 96.3 1.83 1006 173.7 1.45 Park et al. (2009) 

EA KOR Kwangju NU VVST A PC UFP+F EM ACC 13-600 1091 19.7 1.27  2316 77.1 1.69 1877 163.8 1.52 Park et al. (2009) 

EA KOR Kwangju NU VVST A PC UFP+F EM NUC 13-600 3349 22.1 1.35  739 62.1 1.34 3578 122.6 1.69 Park et al. (2009) 

EA KOR Kwangju NU VVST A PC UFP+F EM AIT 13-600 1032 28.6 1.19  4178 33.7 1.98 4174 116.4 1.79 Park et al. (2009) 

EA KOR Kwangju NU VVST E PC UFP+F EM AIT-ACC 13-600 2129 31.7 1.3  7057 105.5 1.85 -- -- -- Park et al. (2009) 

EA KOR Kwangju NU VVST E PC UFP+F EM AIT-ACC 13-600 118 17.3 1.17  1291 33.4 1.28 7255 107 1.82 Park et al. (2009) 

EA KOR Kwangju NU VVST E PC UFP+F EM AIT-ACC 13-600 1919 36.7 1.43  1376 79.9 1.37 4297 138.5 1.63 Park et al. (2009) 

EA KOR Kwangju NU VVST E PC UFP+F EM AIT-ACC 13-600 603 31.3 1.36  4313 101.6 1.74 829 204.8 1.47 Park et al. (2009) 

EA KOR Kwangju NU VVST E CB UFP+F EM AIT-ACC 13-600 69 40.3 1.09  4447 41 1.62 7445 124 1.68 Park et al. (2009) 

EA KOR Kwangju NU VVST E CB UFP+F EM AIT-ACC 13-600 1079 32 1.54  704 50.9 1.29 12571 95.4 1.83 Park et al. (2009) 
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EA KOR Kwangju NU VVST E CB UFP+F EM AIT 13-600 210 20.1 1.26  1539 53.6 1.26 16280 85.1 1.79 Park et al. (2009) 

EA KOR Kwangju NU VVST E CB UFP+F EM AIT 13-600 2380 49.9 2.11  252 61.8 1.16 15632 99.6 1.85 Park et al. (2009) 

EA KOR Kwangju NU VVST E CB UFP+F EM AIT-ACC 13-600 15253 87 1.65  4191 191.6 1.54 -- -- -- Park et al. (2009) 

EA KOR Kwangju NU VVST E CB UFP+F EM AIT-ACC 13-600 638 70.2 1.26  14835 110.5 1.79 -- -- -- Park et al. (2009) 

EA KOR Seoul NU VST A NS UPF+F EM AIT 20-560 934 32.6 1.52  215 54.4 1.23 2143 105.2 1.79 Hung et al. (2010) 

EA KOR Seoul NU VST E NS UPF+F EM AIT 20-560 243 61.7 1.19  1720 74.3 2.86 -- -- -- Hung et al. (2010) 

EA KOR Seoul NU VST E NS UPF+F EM AIT 20-560 375 32.6 1.28  118 57.3 1.19 2760 69.5 2.15 Hung et al. (2010) 

EA KOR Seoul NU VST M NS UPF+F EM AIT-ACC 20-560 11753 81.8 1.97  -- -- -- -- -- -- Hung et al. (2010) 

EA 
CHN: 

TWN 
Taipei TR ST D NS UFP+F EM AIT 6-225 10000 3 1.53 

 
23243 42.7 2.45 21 64.9 1.11 Cheng et al. (2013) 

EA 
CHN: 

TWN 
Taipei TR ST M NS UFP+F EM AIT 6-225 1404 51.7 1.68 

 
8097 53.1 3.54 595 132 1.35 Cheng et al. (2013) 

EA 
CHN: 

TWN 
Taipei TR ST ME NS UFP+F EM AIT 6-225 8000 3 1.55 

 
20408 44.3 2.51 -- -- -- Cheng et al. (2013) 

EU AUT Vienna NU VST E NS UFP+F EM ACC 10-925 3319 28 3.84  170 41 1.32 2061 132.8 1.7 Burkart et al. (2010) 

EU AUT Vienna NU VVST E NS UFP+F EM AIT-ACC 10-925 3390 46.1 2.63  3616 84 1.5 3103 159 1.51 Burkart et al. (2010) 

EU AUT Vienna NU VST M NS UFP+F EM AIT 10-925 4731 22.7 1.66  4411 80.8 2.11 190 88.7 1.18 Burkart et al. (2010) 

EU AUT Vienna NU VST ME NS UFP+F EM AIT-ACC 10-925 907 13 2.26  19 35.3 1.09 945 96 2 Burkart et al. (2010) 

EU AUT Vienna NU VVST E NS UFP+F EM AIT-ACC 10-925 3390 46.1 2.63  3616 84 1.5 3103 159 1.51 Burkart et al. (2010) 

EU CHE Zurich TR MT E NS UFP+F EM AIT 18-700 4559 28 1.67 
 

6211 87.2 2.17 -- -- -- Imhof et al. (2005) 

EU CHE Zurich TR MT M NS UFP+F EM AIT 18-700 26240 19.6 1.62 
 
25533 62.9 2.33 499 114 1.31 Imhof et al. (2005) 

EU CZE Prague SUB MT ME NS UPF+F EM AIT-ACC 20-540 1733 0.04 103.5  3439 81.8 2.34 -- -- -- Lazaridis et al. (2017) 

EU CZE Prague UB ST ME NS UPF+F EM AIT 
14.7-

724 
366 19.5 1.13 

 
1167 27.5 1.3 4031 63.7 2.07 Talbot et al. (2017) 

EU CZE Prague UB ST ME NS UPF+F EM AIT 
14.7-

724 
406 19.7 1.18 

 
803 27.6 1.33 4896 76 2.25 Talbot et al. (2017) 

EU DEU Erfurt NU LT ME NS UFP+F EM NUC 10-500 1562 11 1.26  12959 14.8 2.57 1878 148.1 1.59 Tuch et al. (2003) 

EU DEU Erfurt NU LT ME NS UFP+F EM NUC 10-500 1795 10.3 1.32  7473 23.5 2.94 1159 161.6 1.52 Tuch et al. (2003) 

EU DEU Erfurt NU LT ME NS UFP+F EM NUC 10-500 130836 1.5 6.04  1514 154.4 1.39 -- -- -- Tuch et al. (2003) 

EU DEU Erfurt NU LT ME NS UFP+F EM NUC 10-500 2343 11 1.26  13105 15.8 2.7 1846 149.1 1.57 Tuch et al. (2003) 

EU DEU Leipzig NU LT ME NS UFP+F EM NUC 3-800 9311 15.5 1.98  522 17.8 1.23 3523 79.9 2.31 Tuch et al. (2003) 

EU DEU Leipzig NU LT ME NS UFP+F EM NUC-AIT 3-800 1915 8.7 1.64  458 20.4 1.4 8431 31.7 2.96 Tuch et al. (2003) 

EU DEU Leipzig NU LT ME NS UFP+F EM NUC 3-800 14919 16.5 1.9  130 18.8 1.07 4270 66.6 2.35 Tuch et al. (2003) 

EU DEU Leipzig NU LT ME NS UFP+F EM NUC 3-800 195 3.2 1.13  6435 12.5 1.99 8910 33.8 2.87 Tuch et al. (2003) 

EU DEU Leipzig NU LT ME NS UFP+F EM NUC 3-800 7382 15.8 1.96  435 40.2 1.3 5640 70.6 2.3 Tuch et al. (2006) 

EU DEU Erfurt NU LT ME NS UFP+F EM NUC 10-500 15482 12.5 2.29  2439 135.6 1.85 -- -- -- Wichmann et al. (2000) 
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EU DEU Erfurt NU LT ME NS UPF+F EM NUC 10-500 141 13.1 1.18  2437 17 2.08 420 132.4 1.71 Kreyling et al. (2003) 

EU DEU Erfurt NU LT ME NS UPF+F EM NUC 10-500 763 9.6 1.31  2202 13.3 2.56 258 150.9 1.58 Kreyling et al. (2003) 

EU DEU Erfurt NU LT ME NS UPF+F EM NUC 10-500 976 8.7 1.38  1274 17.1 2.15 217 141.3 1.64 Kreyling et al. (2003) 

EU DEU Erfurt NU LT ME NS UPF+F EM NUC 10-500 3581 6.4 3.96  56 145.4 1.22 100 162.1 1.85 Kreyling et al. (2003) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT-ACC 10-360 316 14.9 1.19 

 
9313 32.5 2.34 3819 110.5 1.5 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT-ACC 10-360 930 14.8 1.34 

 
5194 35.6 2.02 3741 113.6 1.58 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT 10-360 2228 14.9 1.69 

 
4681 38.9 1.61 4690 106.2 1.6 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM 

BIM 

(AIT, ACC) 
10-360 351 12.6 1.25 

 
5148 30.3 1.68 4959 111 1.56 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT-ACC 10-360 832 14.6 1.27 

 
6132 32.3 2.1 4070 107.8 1.54 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM 

BIM 

(NUC, ACC) 
10-360 1278 14.7 1.32 

 
4550 34.9 2.3 3564 107.9 1.59 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT 10-360 880 15.7 1.22 

 
19959 34.1 2.23 1686 113.7 1.43 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT 10-360 1412 16 1.34 

 
7564 37 1.93 3599 107.4 1.5 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT 10-360 4131 15.7 1.47 

 
7690 36.5 1.56 6552 99.5 1.57 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT 10-360 512 14.4 1.3 

 
7370 39.9 1.96 3173 110 1.51 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT 10-360 551 14.8 1.23 

 
12405 33.8 2.1 3399 106.4 1.52 Ghassoun et al. (2015) 

EU DEU 
Braunschwei

g 
NU ST ME NS UPF+F EM AIT 10-360 3441 21.5 1.74 

 
6931 67.1 1.61 1933 122.4 1.4 Ghassoun et al. (2015) 

EU DEU Dresden UB MT M NS UFP+F EM AIT 5-800 2836 17 1.77  5329 71.8 2.22 225 245.6 1.35 Birmili et al. (2013) 

EU DEU Dresden UB MT M NS UFP+F EM AIT 15-800 6059 21.4 3.61  3047 103.7 1.67 760 257.4 1.36 Birmili et al. (2013) 

EU DEU Dresden UB MT M NS UFP+F EM AIT 15-800 2167 22.6 1.83  3560 94.6 1.99 248 255.5 1.35 Birmili et al. (2013) 

EU DEU Leipzig UB LT ME NS UFP+F EM NUC-ACC 3-800 14560 15.7 1.99  732 20.6 1.27 5116 74 2.3 Wehner et al. (2003) 

EU DEU Leipzig UB LT ME NS UFP+F EM NUC 3-800 4510 10.1 1.79  8405 30.4 2.24 1100 139.9 1.83 Wehner et al. (2003) 

EU DEU Leipzig UB MT ME NS UFP+F EM AIT 10-500 1977 13 2.75  3587 57.7 2.25 340 199.3 1.49 Costabile et al. (2009) 

EU DEU Leipzig UB MT ME NS UFP+F EM AIT 10-500 1610 12.9 1.5  10065 41.8 2.42 890 156.9 1.48 Costabile et al. (2009) 

EU DEU Leipzig UB MT ME NS UFP+F EM AIT 10-500 3539 27.3 2.81  215 48.8 1.28 1643 115.6 1.93 Costabile et al. (2009) 

EU DEU Leipzig UB MT ME NS UFP+F EM AIT 10-500 6426 41.4 2.42 
 

982 148.2 1.65 -- -- -- Costabile et al. (2009) 

EU DEU Leipzig UB LT ME NS UPF+F EM AIT 8-600 3687 20.1 2.22 
 

2394 77.8 2.01 219 194.9 1.4 
Von Bismarck-Osten et al. 

(2013) 

EU DEU Dresden TR MT M NS UFP+F EM NUC 5-800 16935 12.6 2.2  4891 76.3 2.04 1706 140.7 1.85 Birmili et al. (2013) 

EU DEU Leipzig TR LT ME NS UFP+F EM AIT 15-800 129 15.5 1.16  1245 24.3 1.68 1797 72.8 2.08 Franck et al. (2006) 
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EU DEU Leipzig TR LT ME NS UFP+F EM NUC 3-800 8255 12.4 1.86  682 15.4 1.26 13083 51.2 2.49 Tuch et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM AIT 10-500 139 14.5 1.18  10251 29 2.15 2789 130.8 1.66 Costabile et al. (2009) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 10-500 176 15.5 1.16  18223 17.1 3.12 2914 118.8 1.76 Costabile et al. (2009) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 3-800 10444 13.3 1.82  859 16.3 1.24 13229 53 2.39 Voigtlander et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 3-800 7528 16.8 1.97  1848 56.8 1.54 3444 105 1.9 Voigtlander et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 3-800 5190 12.3 1.72  1029 16 1.23 8161 40.8 2.82 Voigtlander et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 3-800 3956 12.8 1.96  282 16.6 1.2 5874 57.2 2.47 Voigtlander et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 3-800 8741 18.6 1.95  2060 59.3 1.56 4300 101.9 1.95 Voigtlander et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 3-800 6532 13.6 1.8  362 17.6 1.25 12595 61.7 2.29 Voigtlander et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC-AIT 3-800 3457 15.7 1.86  278 18 1.29 6622 62.9 2.27 Voigtlander et al. (2006) 

EU DEU Leipzig TR MT ME NS UFP+F EM AIT 3-800 436 14 1.26  8704 32.4 3.18 987 53.6 1.72 Voigtlander et al. (2006) 

EU DEU Essen TR MT ME NS UFP+F EM AIT 20-740 1271 24.9 1.22  6001 38.2 1.65 5706 78.5 2 Weber et al. (2013) 

EU DEU Heidelberg TR ST ME NS UFP+F EM AIT 11-392 28514 13.6 1.8  6616 64.1 1.97 -- -- -- Rosenbohm et al. (2005) 

EU DEU Heidelberg TR ST ME NS UFP+F EM NUC 20-392 4290 49.6 2.06  333 165.9 1.32 -- -- -- Rosenbohm et al. (2005) 

EU DEU Essen TR VVST ME NS UFP+F EM AIT 20-750 5005 24.3 1.35  16921 61.4 2.06 187 291 1.23 Weber et al. (2009) 

EU DEU Essen TR VVST ME NS UFP+F EM AIT 20-750 1383 25 1.21  16346 53.7 2.24 111 302.5 1.19 Weber et al. (2009) 

EU DEU Essen TR VVST ME NS UFP+F EM AIT 20-750 11281 22.4 1.62  9001 70.4 1.87 301 296.8 1.45 Weber et al. (2009) 

EU DEU Essen TR VVST ME NS UFP+F EM AIT 20-750 4639 24.7 1.34  1570 46.4 1.32 11015 63.7 2.11 Weber et al. (2009) 

EU DEU Aachen TR VVST ME NS UFP+F EM AIT 10-400 6862 12.8 2.3  123 13.9 1.05 8581 69.2 2.06 Wehner et al. (2004a) 

EU DEU Leipzig TR LT ME NS UPF+F EM AIT 8-600 148 13.6 1.22 
 

7164 20.7 2.56 3322 83.8 1.95 
Von Bismarck-Osten et al. 

(2013) 

EU DEU Leipzig UB MT ME NS UFP+F EM AIT 3-800 3168 10.8 1.45  7021 24.7 1.41 15839 41.9 3.04 Wehner et al. (2002) 

EU DEU Leipzig TR MT ME NS UFP+F EM NUC 3-800 86356 11.4 1.89  3628 14.4 1.19 59252 29.1 2.53 Wehner et al. (2002) 

EU DNK Copenhagen NU VST ME NS UPF+F EM AIT 12-580 1754 21 1.55  3493 57.4 1.65 521 200 1.54 Löndahl et al. (2009) 

EU DNK Copenhagen UB ST D NS UFP+F EM AIT 10-700 343 16.3 1.39  5228 50.9 2.11 431 238.7 1.58 Wang et al. (2010a) 

EU DNK Copenhagen UB ST E NS UFP+F EM AIT 10-700 3202 29.8 2.07  1850 58.5 1.62 662 193 1.81 Wang et al. (2010a) 

EU DNK Copenhagen UB LT ME NS UFP+F EM AIT 6-700 545 14.6 1.37  1454 25.2 1.64 5451 54.4 2.25 Anderson et al. (2007) 

EU DNK Copenhagen UB LT ME NS UFP+F EM AIT 6-700 20719 21.4 1.8  9373 66.1 2.07 -- -- -- Wåhlin et al. (2009) 

EU DNK Copenhagen UB LT ME NS UFP+F EM AIT 6-700 574 11.3 1.16  10920 20.6 1.61 21776 36.6 2.57 Wåhlin et al. (2009) 

EU DNK Copenhagen UB LT ME NS UFP+F EM AIT 6-700 1480 11.4 1.25  13611 21.4 1.67 13150 52.2 2.22 Wåhlin et al. (2009) 

EU DNK Copenhagen UB LT ME NS UFP+F EM AIT 6-700 14649 21.6 1.83  642 23.7 1.32 10488 61.5 2.11 Wåhlin et al. (2009) 

EU DNK Copenhagen UB LT ME NS UFP+F EM AIT 6-700 5254 17.4 1.81  4282 24.2 1.68 13481 50.3 2.3 Wåhlin et al. (2009) 

EU DNK Copenhagen UB LT ME NS UFP+F EM AIT 6-700 3160 17.4 1.67  2517 24.7 1.56 13544 40.9 2.44 Wåhlin et al. (2009) 

EU DNK Copenhagen UB MT ME NS UFP+F EM AIT 6-700 4948 19.2 1.52  8738 44.3 1.81 1282 137.3 1.59 Wåhlin et al. (2009) 
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EU DNK Copenhagen UB LT ME NS UPF+F EM AIT 8-610 212 17.6 1.4 
 

3578 47 1.91 421 170.8 1.51 
Von Bismarck-Osten et al. 

(2013) 

EU DNK Copenhagen UB MT ME NS UPF+F EM AIT 10-700 376 17.9 1.34  9192 36.2 2.56 -- -- -- Ketzel et al. (2003) 

EU DNK Copenhagen UB MT ME NS UPF+F EM AIT 10-700 2261 17.1 1.69  4654 60.1 2 -- -- -- Ketzel et al. (2003) 

EU DNK Copenhagen UB MT ME NS UPF+F EM AIT 9-700 907 17.8 1.45  8419 39.7 2.46 -- -- -- Ketzel et al. (2004) 

EU DNK Copenhagen UB ST ME NS UPF+F EM AIT 9-700 8106 32.8 2.29  474 197.3 1.58 -- -- -- Ketzel et al. (2004) 

EU DNK Copenhagen UB ST ME NS UPF+F EM AIT 9-700 642 16.9 1.52  3982 45.7 2.2 331 219.8 1.55 Ketzel et al. (2004) 

EU DNK Copenhagen TR ST D NS UFP+F EM AIT 10-700 17134 18.8 1.9  338 74.8 1.23 13861 59.5 2.28 Wang et al. (2010a) 

EU DNK Copenhagen TR ST E NS UFP+F EM AIT 10-700 20453 28.1 2.76  209 70.3 1.33 243.4 243.4 1.21 Wang et al. (2010a) 

EU DNK Copenhagen TR MT ME NS UFP+F EM NUC-AIT 6-700 9140 13.4 1.55  17919 22.7 1.74 14151 50.2 2.17 Wåhlin et al. (2001) 

EU DNK Odense TR ST ME NS UFP+F EM NUC-AIT 6-700 49734 19.5 1.77  12601 71.7 2.04 -- -- -- Wåhlin et al. (2001) 

EU DNK Copenhagen TR LT ME NS UPF+F EM AIT 8-610 523 10.5 1.25 
 

2895 18.8 1.59 10747 41.4 2.26 
Von Bismarck-Osten et al. 

(2013) 

EU DNK Copenhagen TR MT ME NS UPF+F EM AIT 10-700 21668 23.7 2.08  917 79.1 1.41 2116 129 1.64 Ketzel et al. (2003) 

EU DNK Copenhagen TR MT ME NS UPF+F EM AIT 10-700 14210 21.5 2.39  2485 98 1.88 -- -- -- Ketzel et al. (2003) 

EU DNK Copenhagen TR MT ME NS UPF+F EM AIT 9-700 18661 21.6 1.92  5699 80.6 1.92 -- -- -- Ketzel et al. (2004) 

EU DNK Copenhagen TR VST ME NS UPF+F EM NUC-AIT 12-580 13299 19.7 1.85  2695 57.4 1.49 4169 81.9 2.02 Löndahl et al. (2009) 

EU ESP Barcelona NU LT ME NS UFP+F EM AIT 10-800 3844 20.9 1.43  4796 36.4 1.44 8447 70 1.88 Rodríguez et al. (2007) 

EU ESP Barcelona UB MT ME NS UFP+F EM AIT 13-800 10427 30.8 1.62  7932 77.7 1.83 -- -- -- Dall'Osto et al. (2012) 

EU ESP Barcelona UB MT ME NS UFP+F EM AIT 13-800 6204 29.7 1.59  7012 64.6 1.93 -- -- -- Dall'Osto et al. (2012) 

EU ESP Barcelona UB MT ME NS UFP+F EM AIT 13-800 4636 23.6 1.55  11531 54.4 2.14 -- -- -- Dall'Osto et al. (2012) 

EU ESP Barcelona UB MT ME NS UFP+F EM AIT 13-800 15398 32.8 1.76  4879 105.6 1.7 -- -- -- Dall'Osto et al. (2012) 

EU ESP Madrid UB ST ME NS UFP+F EM AIT 15-600 5294 20.1 1.48 
 

2319 32.4 1.32 25630 47 2.34 
Gómez-Moreno et al. 

(2011) 

EU ESP Madrid UB ST ME NS UFP+F EM AIT 15-600 14538 26.4 1.7 
 
18080 79.3 1.94 -- -- -- 

Gómez-Moreno et al. 

(2011) 

EU ESP Madrid UB ST ME NS UFP+F EM AIT 15-600 4961 28.5 1.64 
 

8267 88 1.88 -- -- -- 
Gómez-Moreno et al. 

(2011) 

EU ESP Madrid UB ST ME NS UFP+F EM NUC-AIT 15-600 4531 16.2 1.47 
 

703 28.2 1.28 9107 46.2 2.3 
Gómez-Moreno et al. 

(2011) 

EU ESP Madrid UB ST ME NS UFP+F EM NUC 15-600 504 14.9 1.2 
 

4603 17.1 1.48 3976 49 2.24 
Gómez-Moreno et al. 

(2011) 

EU ESP Madrid UB VST ME NS UFP+F EM AIT 15-600 2246 26 1.58 
 

32 63.7 1.15 5263 80.3 1.92 
Gómez-Moreno et al. 

(2011) 

EU ESP Madrid UB VST ME NS UFP+F EM NUC-AIT 15-600 11461 20.3 1.8 
 

169 31 1.27 6142 54.6 2.27 
Gómez-Moreno et al. 

(2011) 

EU ESP Madrid UB VST ME NS UFP+F EM AIT 15-600 778 22.2 1.29 
 

9652 24.7 2.99 139 31 1.18 
Gómez-Moreno et al. 

(2011) 

EU ESP Barcelona UB LT ME NS UPF+F EM AIT 13-800 4268 21.6 1.46  5471 37.7 1.48 7152 77.9 1.84 Pey et al. (2008) 
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EU ESP Ciudad Real TR LT A NS UPF+F EM AIT 5.6-560 26 16.8 1.09  1146 62.1 1.44 542 110.3 1.36 Aranda et al. (2015) 

EU ESP Ciudad Real TR LT A NS UPF+F EM NUC 5.6-560 3977 7.8 1.34  2843 25.6 1.31 3289 67.1 1.82 Aranda et al. (2015) 

EU FIN Helsinki NU MT ME NS UFP+F EM NUC 8-400 14915 10.4 1.69 
 
16359 25.4 1.83 9816 59.4 2.87 Hussein et al. (2005a) 

EU FIN Helsinki NU MT ME NS UFP+F EM AIT 8-400 4720 8 1.65 
 
10184 36.9 2.13 626 119 1.58 Hussein et al. (2005a) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC-AIT 8-400 11126 11 1.9  11690 30.8 1.9 1246 135 1.79 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 14360 11.4 1.9  10358 35.2 1.9 1717 115 1.9 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC-AIT 8-400 6059 11.4 1.69  8584 37.6 1.9 1486 118 1.83 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 5391 11.7 1.62 
 
10339 31.6 1.9 1812 109 1.9 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 7255 10.9 1.9 
 

6545 35.7 1.9 878 155 1.72 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 9750 9.7 1.9 
 

7642 33.8 1.9 2189 104 1.9 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-400 4196 11.1 1.77 
 

6158 42 1.9 1173 110 1.84 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-400 5588 12.5 1.87 
 

6098 45.2 1.9 749 158 1.65 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC-AIT 8-400 10128 19.5 1.8  2124 50.2 1.8 801 150 1.8 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 8999 17 1.8 
 

3554 58.5 1.8 900 101 1.8 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 5847 14.5 1.8 
 

4000 55.4 1.8 1300 126 1.8 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 7100 17 1.65 
 

2701 50 1.65 901 130 1.8 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 3581 17.5 1.65 
 

1705 55 1.65 457 191 1.53 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-400 3900 17.5 1.75 
 

3950 55.5 1.75 543 172 1.57 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-400 2600 15.5 1.8 
 

3000 55 1.7 1200 125 1.75 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 3700 17 1.8 
 

1801 55 1.65 600 140 1.65 Hussein et al. (2004) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-500 5663 21.4 1.64  7130 38.1 1.92 2445 86.5 2.97 Hussein et al. (2005a) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-500 6049 25.6 1.85  3738 54.9 1.87 311 213.9 1.47 Hussein et al. (2005a) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 6477 10.4 1.69  7106 25.4 1.83 4261 59.4 2.86 Hussein et al. (2005a) 

EU FIN Helsinki NU ST ME NS UFP+F EM NUC 8-400 4443 9.7 1.78  8664 27.4 2.68 -- -- -- Hussein et al. (2005a) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-400 1369 8.6 1.41  623 13 1.29 29043 29.7 2.15 Hussein et al. (2005a) 

EU FIN Helsinki NU ST ME NS UFP+F EM AIT 8-400 911 7.4 1.5  596 11.8 1.34 15814 26.8 2.3 Hussein et al. (2005a) 

EU FIN Helsinki SUB MT E NS UFP+F EM NUC 7-600 1347 8 1.2  3653 11.1 1.6 8753 46.3 2.27 Hussein et al. (2004a) 

EU FIN Helsinki SUB MT E NS UFP+F EM NUC 7-600 2433 8 1.2  6269 10.5 1.6 9207 46.2 2.22 Hussein et al. (2004a) 

EU FIN Helsinki SUB MT E NS UFP+F EM AIT 7-600 3942 8.9 1.7  7950 42.7 2.12 -- -- -- Hussein et al. (2004a) 
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EU FIN Helsinki SUB MT E NS UFP+F EM 
BIM 

(NUC, AIT) 
7-600 295 8.4 1.07 

 
9196 23.5 3.36 825 41.4 1.27 Hussein et al. (2004a) 

EU FIN Helsinki SUB VVST E NS UFP+F EM AIT 3-400 2755 11.6 1.6  702 31.6 1.27 6168 63.7 2.03 Hussein et al. (2005) 

EU FIN Helsinki SUB VVST E NS UFP+F EM AIT 3-400 571 12.1 1.26  2236 27.6 1.55 3770 54.3 3.31 Hussein et al. (2005) 

EU FIN Helsinki SUB MT M NS UFP+F EM NUC 7-600 3281 8.1 1.23  5371 15 1.4 10739 39.7 2.4 Hussein et al. (2004a) 

EU FIN Helsinki SUB MT M NS UFP+F EM NUC 7-600 347 8.8 1.1  7019 11.7 2.34 4044 83.4 1.87 Hussein et al. (2004a) 

EU FIN Helsinki SUB MT M NS UFP+F EM NUC 7-600 3326 8.5 1.29  3028 14.9 1.4 9675 39.5 2.23 Hussein et al. (2004a) 

EU FIN Helsinki SUB MT M NS UFP+F EM NUC 7-600 1907 7.5 1.22  2984 13 1.44 7410 46.4 2.2 Hussein et al. (2004a) 

EU FIN Helsinki SUB MT ME NS UFP+F EM NUC 7-600 1845 8 1.23  4069 13.1 1.51 8211 43.5 2.26 Hussein et al. (2004a) 

EU FIN Helsinki SUB MT ME NS UFP+F EM NUC 7-600 1247 7.8 1.19  2524 11.7 1.5 7688 43 2.34 Hussein et al. (2004a) 

EU FIN Helsinki SUB VVST ME NS UFP+F EM 

BIM 

(NUC, 

AIT) 

3-400 1855 11 1.51 

 

3319 51.5 2.03 452 278.2 1.51 Hussein et al. (2005) 

EU FIN Helsinki UB MT ME NS UFP+F EM NUC 8-320 2048 12.7 1.4  2190 24.5 1.86 1425 89.9 2.95 Hussein et al. (2007) 

EU FIN Helsinki UB MT ME NS UFP+F EM NUC 8-320 5228 17.2 1.77  13415 19.8 3.65 -- -- -- Hussein et al. (2007) 

EU FIN Helsinki UB MT ME NS UFP+F EM NUC 8-320 4734 14 1.44  5074 31.5 2.12 -- -- -- Hussein et al. (2007) 

EU FIN Helsinki UB MT ME NS UFP+F EM NUC 8-320 2927 13.7 1.44 
 

4894 34.5 1.89 2097 127.7 2.52 Hussein et al. (2007) 

EU FIN Helsinki UB LT ME NS UPF+F EM AIT 8-600 1267 11.8 1.63 
 

3923 47.4 2.19 -- -- -- 
Von Bismarck-Osten et al. 

(2013) 

EU FIN Helsinki UB VST ME NS UPF+F EM NUC 6-610 332 10.2 1.2  1361 15.6 1.37 5475 30.9 2.49 Karl et al. (2016) 

EU FIN Helsinki UB VST ME NS UPF+F EM AIT 6-420 133 16.5 1.1  20308 22.4 1.93 3024 104.1 1.78 Karl et al. (2016) 

EU FIN Helsinki TR MT ME NS UFP+F EM NUC 3-800 6243 8.3 1.32  30523 9.3 2.22 -- -- -- Hussein et al. (2007) 

EU FIN Helsinki TR MT ME NS UFP+F EM NUC 3-800 2716 15.3 1.56  403 34 1.25 5195 64.1 2.31 Hussein et al. (2007) 

EU FIN Helsinki TR MT ME NS UFP+F EM NUC 3-800 465 10.7 1.12  18250 11.9 3.13 34480 15.1 1.7 Hussein et al. (2007) 

EU FIN Helsinki TR MT ME NS UFP+F EM NUC-AIT 3-800 263 3.4 1.25  2860 57.3 3.11 3830 22 2.22 Hussein et al. (2007) 

EU FIN Helsinki TR VST ME NS UPF+F EM NUC 6-610 105294 2.1 4.36  6168 9.3 1.18 3583 15.2 1.18 Karl et al. (2016) 

EU FIN Helsinki TR VST ME NS UPF+F EM NUC 6-420. 3364 9.4 1.03  36516 21.3 1.27 67282 17.3 2.24 Karl et al. (2016) 

EU FRA Marseilles NU VVST A NS UFP+F EM AIT 14-735 294 32.8 1.17  558 48.2 1.66 132 121.3 1.48 Cachier et al. (2005) 

EU FRA Marseilles NU VVST A NS UFP+F EM AIT 14-735 375 38.9 1.28  535 61.3 1.93 -- -- -- Cachier et al. (2005) 

EU FRA Marseilles NU VVST E NS UFP+F EM AIT 14-735 199 49.6 1.51  78 113.6 1.51 -- -- -- Cachier et al. (2005) 

EU FRA Marseilles NU VVST E NS UFP+F EM AIT 14-735 246 73.6 1.74  -- -- -- -- -- -- Cachier et al. (2005) 

EU FRA Marseilles NU VVST M NS UFP+F EM AIT 14-735 224 34.2 1.42  1254 67.9 2.02 -- -- -- Cachier et al. (2005) 

EU GBR Bloomsbury NU LT A NS UFP+F EM AIT 12-437 721 20.9 1.36  2520 30.5 1.44 7188 54 2.23 Dingenena et al. (2004) 

EU GBR Bloomsbury NU LT E NS UFP+F EM AIT 12-437 338 25 1.34  5875 52.3 2.12 -- -- -- Dingenena et al. (2004) 

EU GBR Bloomsbury NU LT M NS UFP+F EM AIT 12-437 2074 24.5 1.37  8680 51.7 2.09 -- -- -- Dingenena et al. (2004) 
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EU GBR London NU LT ME NS UFP+F EM AIT 10-800 833 29.9 1.77  6326 31.6 1.87 4552 93.1 1.81 Rodríguez et al. (2007) 

EU GBR London NU MT ME NS UFP+F EM AIT 5-673 150 5 1.16  2484 19.6 1.55 8345 94.6 2.06 Dall'Osto et al. (2011) 

EU GBR London NU MT ME NS UFP+F EM NUC 5-800 37316 8.1 2.44  2611 53 1.49 4448 98.4 1.93 Dall'Osto et al. (2011) 

EU GBR Leicester UB MT ME NS UFP+F EM AIT 10-900 3103 18.1 1.95  4200 73 2.19 111 80.9 1.33 Hama et al. (2017) 

EU GBR Leicester UB MT ME NS UFP+F EM AIT 10-900 4996 33.3 2.69  307 111.4 1.86 -- -- -- Hama et al. (2017) 

EU GBR London UB LT ME NS UPF+F EM AIT 20-600 1445 26.1 1.33 
 

2015 46.6 1.54 1797 85.4 1.89 
Von Bismarck-Osten et al. 

(2013) 

EU GBR London TR LT A NS UFP+F EM AIT 11-450 38141 28.7 1.71 
 

30 50 1.9 15910 87 1.82 
Charron and Harrison 

(2003) 

EU GBR London TR LT A NS UFP+F EM AIT 11-450 11592 27.9 1.56 
 
36542 42.6 2.32 327 136.3 1.29 

Charron and Harrison 

(2003) 

EU GBR London TR LT A NS UFP+F EM AIT 11-450 34236 29.5 1.77 
 
13379 85.8 1.86 -- -- -- 

Charron and Harrison 

(2003) 

EU GBR London TR LT E NS UFP+F EM AIT 11-450 3314 23.8 1.37 
 

4986 105.6 1.79 28687 30.2 2.03 
Charron and Harrison 

(2003) 

EU GBR London TR LT E NS UFP+F EM AIT 11-450 8516 3.6 7.21 
 
24950 26.2 1.69 15156 55.2 2.1 

Charron and Harrison 

(2003) 

EU GBR London TR LT E NS UFP+F EM AIT 11-450 33779 30.3 1.83 
 

5747 107.3 1.76 -- -- -- 
Charron and Harrison 

(2003) 

EU GBR London TR LT M NS UFP+F EM AIT 11-450 34691 25 1.66 
 
26229 64.2 2.05 -- -- -- 

Charron and Harrison 

(2003) 

EU GBR London TR LT M NS UFP+F EM AIT 11-450 12876 25.6 1.46 
 
37698 38.6 2.48 -- -- -- 

Charron and Harrison 

(2003) 

EU GBR London TR LT M NS UFP+F EM AIT 11-450 25434 25.5 1.68 
 

9747 77.9 1.86 -- -- -- 
Charron and Harrison 

(2003) 

EU GBR London TR ME ME NS UFP+F  +C 
EM+

A 
AIT 

15-

10000 
45000 9 1.25 

 
15393 24 1.51 64135 73.4 2.1 Harrison et al. (2012) 

EU GBR London TR MT ME NS UFP+F EM AIT 5-184 3868 15.1 1.44  30373 25.5 1.72 23582 79.5 1.81 Dall'Osto et al. (2011) 

EU GBR Birmingham TR VST ME NS UFP+F EM NUC-AIT 10-500 8222 19.2 1.16  158605 27.4 2.18 -- -- -- Shi et al. (1999) 

EU GBR Leeds TR ST A NS UPF+F EM 
BIM 

(NUC, AIT) 
6-225 17375 10 1.53 

 
23329 29.8 1.64 5140 108.7 1.48 Lingard et al. (2006) 

EU GBR Leeds TR ST A NS UPF+F EM NUC 6-225 3642 8.2 1.16  31429 18.9 1.9 11626 71.5 2.09 Lingard et al. (2006) 

EU GBR Cambridge TR VVST D NS UPF+F EM AIT 5-1000 5093 7.2 1.58  21513 28.9 1.64 15828 100 1.59 Kumar et al. (2008) 

EU GBR Cambridge TR VVST D NS UPF+F EM 
BIM 

(NUC, AIT) 
5-1000 5264 5.7 1.24 

 
9863 19.7 1.74 18403 72 1.9 Kumar et al. (2008) 

EU GBR Cambridge TR VVST D NS UPF+F EM AIT 5-1000 19605 30.3 1.96  8517 99.1 1.42 -- -- -- Kumar et al. (2008) 

EU GBR Cambridge TR VVST D NS UPF+F EM AIT 5-1000 6073 5.9 1.23  51712 26.8 2.08 28881 87.1 1.62 Kumar et al. (2008) 

EU GBR Cambridge TR VVST D NS UPF+F EM AIT 5-1000 6660 10.6 1.45  40193 36.5 1.78 16434 105.5 1.43 Kumar et al. (2008) 

EU GBR Cambridge TR VVST D NS UPF+F EM NUC 5-1000 3046 15.5 1.26  11701 25.2 1.78 2828 95.2 1.36 Kumar et al. (2008) 

EU GBR Cambridge TR VVST D NS UPF+F EM NUC 5-1000 14078 16.5 1.58  1134 32.7 1.17 6096 75.5 1.71 Kumar et al. (2008) 

EU GBR Leeds TR ST M NS UPF+F EM NUC 6-225 25990 16.8 1.81  9463 62 1.47 3559 138 1.31 Lingard et al. (2006) 
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EU GBR London TR LT ME NS UPF+F EM AIT 20-600 22 22.9 1.02 
 

9831 22.6 1.65 11394 65.8 1.89 
Von Bismarck-Osten et al. 

(2013) 

EU GBR Manchester NU MT ME NS UFP+F EM NUC 3-500 23759 14.2 1.85  1290 36 1.16 2119 65.3 2.83 Williams et al. (2000) 

EU GBR Manchester NU MT ME NS UFP+F EM NUC 3-500 9846 4.3 1.2  45626 13.2 1.82 4959 61.3 1.59 Williams et al. (2000) 

EU GRC Athens CC MT ME NS UPF+F EM AIT 12-450 11340 7.3 1.49  26590 30.2 1.97 6546 107.9 1.75 Lazaridis et al. (2017) 

EU GRC Chania NU MT ME NS UPF+F EM AIT-ACC 13-800 3 16.5 1.14  26 27.9 1.4 461 85.2 1.71 Kopanakis et al. (2013) 

EU GRC Chania NU MT ME NS UPF+F EM AIT-ACC 13-800 1 18.6 1.06  36 45.7 1.66 442 101.2 1.68 Kopanakis et al. (2013) 

EU GRC Chania NU MT ME NS UPF+F EM AIT 13-800 9 9.7 1.55  300 61.3 1.88 36 138.4 1.35 Kopanakis et al. (2013) 

EU GRC Chania NU ST ME NS UPF+F EM AIT 13-800 109 21.3 1.89  178 49.1 1.58 112 108 1.54 Kopanakis et al. (2013) 

EU HUN Budapest CC LT ME NS UFP+F EM AIT 6-1000 7380 40.1 2.62  454 107.5 1.34 446 245.7 1.31 Salma et al. (2014) 

EU HUN Budapest CC VVST NS NPF UFP+F EM NUC 9-1000 9375 15.4 1.47  1794 58.6 1.44 1981 123.1 1.77 Salma et al. (2014) 

EU HUN Budapest NU VVST M NPF UFP+F EM NUC 6-1000 7576 8.1 1.56  6202 49.3 1.76 449 208.4 1.35 Salma et al. (2011) 

EU HUN Budapest NU VVST ME NS UFP+F EM AIT 6-1000 6044 26.4 2.02  4828 83.1 2.06 163 261.4 1.2 Salma et al. (2011) 

EU HUN Budapest UB MT ME NS UFP+F EM AIT 6-1000 2285 56 2.28  393 122.3 1.8 165 230.3 1.26 Salma et al. (2014) 

EU HUN Budapest UB VVST NS NPF UFP+F EM NUC-AIT 6-1000 704 21.3 1.15  5948 19.7 1.41 5753 52.5 2.77 Salma et al. (2014) 

EU HUN Budapest TR/CC MT ME NS UFP+F EM AIT 6-1000 13993 39.5 2.74  502 29.9 1.44 274 248.9 1.17 Salma et al. (2014) 

EU HUN Budapest TR/CC VVST NS NPF UFP+F EM NUC 9-1000 16594 14 1.53  4704 56.3 1.55 540 197.8 1.36 Salma et al. (2014) 

EU HUN Budapest TR ST ME NS UFP+F EM AIT 6-1000 99805 45.8 2.19  1040 234.8 1.11 1364 314.1 1.21 Salma et al. (2014) 

EU ITA Milan CC MT ME NS UPF+F EM AIT 15-540 193 15.1 1.21  12656 39.2 1.95 3527 146.4 1.68 Lazaridis et al. (2017) 

EU ITA Milan NU LT A NS UFP+F EM AIT 10-800 838 21.1 1.22  1967 31.2 1.37 19461 47.9 2.48 Lonati et al. (2011) 

EU ITA Milan NU LT A NS UFP+F EM AIT 10-800 224 18.4 1.21  4645 32.9 1.46 6154 72.7 2.06 Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 7405 28.3 1.66  10378 91.1 1.8 -- -- -- Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 7521 32 1.76  7391 106.7 1.71 -- -- -- Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 907 21.5 1.22  2226 32.6 1.36 25383 46.6 2.44 Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 11325 27.8 1.72  13985 83.2 1.88 -- -- -- Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 4781 33.6 1.59  8734 72.8 1.98 -- -- -- Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 1298 26 1.49  6010 46.4 1.7 3423 110.8 1.76 Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 1574 22.1 1.35  5672 40 1.49 4815 87.4 1.87 Lonati et al. (2011) 

EU ITA Milan NU LT E NS UFP+F EM AIT 10-800 3678 24.5 1.39  5972 43.3 1.43 9172 80.7 1.89 Lonati et al. (2011) 

EU ITA Milan NU LT M NS UFP+F EM AIT 10-800 9543 31.6 1.58  31971 55.2 2.17 -- -- -- Lonati et al. (2011) 

EU ITA Milan NU LT M NS UFP+F EM AIT 10-800 1213 22.7 1.37  5900 37.2 1.52 9620 77.2 1.96 Lonati et al. (2011) 

EU ITA Milan NU LT ME NS UFP+F EM AIT 10-800 3737 19.3 1.47  5319 36.2 1.4 17541 69.3 2.06 Rodríguez et al. (2007) 

EU ITA Milan NU ST ME NS UFP+F EM AIT 15-600 2251 26.7 1.33  32763 31.6 2.53 -- -- -- Baltensperger et al. (2002) 

EU ITA Ispra SUB MT ME NS UFP+F EM AIT 10-600 630 16.6 1.74  4000 51.1 1.95 1694 126 1.66 Asmi et al. (2011) 
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EU ITA Ispra SUB MT ME NS UFP+F EM AIT 10-600 1370 19.9 2.1  2573 50.1 2 2027 106.9 1.94 Asmi et al. (2011) 

EU ITA Ispra SUB MT ME NS UFP+F EM AIT 10-600 60 14.2 1.21 
 

2264 31.4 1.79 6002 94.9 1.76 Asmi et al. (2011) 

EU ITA Ispra SUB MT ME NS UFP+F EM AIT-ACC 10-600 1022 22.1 1.59  469 36.4 1.36 9108 103.5 1.75 Asmi et al. (2011) 

EU ITA Rome SUB MT D NS UPF+F EM AIT-ACC 14-661 1912 24.4 1.49  872 51.2 1.36 4395 103.3 1.68 Costabile et al. (2010) 

EU ITA Rome SUB MT D NS UPF+F EM AIT 14-661 4887 22.3 1.74  1755 60.1 1.46 2995 130.9 1.59 Costabile et al. (2010) 

EU ITA Rome SUB MT D NS UPF+F EM AIT 14-661 489 27.4 1.24  1906 50.6 1.55 3817 107.8 1.76 Costabile et al. (2010) 

EU ITA Rome SUB MT D NS UPF+F EM AIT 14-661 1026 27.7 1.3  2687 56.4 1.6 3243 109.5 1.68 Costabile et al. (2010) 

EU ITA Rome SUB MT E NS UPF+F EM AIT-ACC 14-661 3151 32.1 1.73  5466 99.1 1.74 -- -- -- Costabile et al. (2010) 

EU ITA Rome SUB MT E NS UPF+F EM AIT 14-661 3497 28.3 2.28  3991 63 1.86 2647 123.1 1.61 Costabile et al. (2010) 

EU ITA Rome SUB MT E NS UPF+F EM AIT-ACC 14-661 362 30.1 1.29  8604 89.4 1.78 -- -- -- Costabile et al. (2010) 

EU ITA Cassino TR/CC VST ME NS UFP+F EM NUC 6-220 22094 6.6 1.04  145559 7.4 1.36 40097 21.7 1.35 Buonanno et al. (2009) 

EU ITA Cassino TR/CC VST ME NS UFP+F EM NUC 6-220 3200 7.1 1.1  31421 9.7 1.41 26221 18.6 2.04 Buonanno et al. (2009) 

EU LTU Vilnius NU VVST A NS UFP+F EM NUC 9-840 227191 16.5 1.63  32550 58.7 1.32 42208 116.2 1.7 Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST E NS UFP+F EM NUC 9-840 57763 9.5 1.45  133621 40 2.51 -- -- -- Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST E NS UFP+F EM AIT 9-840 33374 9.3 1.46  90658 62.8 2.17 -- -- -- Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST E NS UFP+F EM AIT 9-840 9000 10.5 1.25  65132 33.2 1.59 23882 124 1.62 Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST E NS UFP+F EM AIT 17-840 73817 42.2 1.52  17369 147 1.47 -- -- -- Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST E NS UFP+F EM AIT 17-840 16064 43.7 1.32  37970 56.7 2.22 7816 140.6 1.37 Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST E NS UFP+F EM NUC 17-840 84709 12.7 1.76  77974 100.6 1.94 -- -- -- Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST E NS UFP+F EM ACC 17-840 2778 9.1 1.7  32806 5.4 4.91 17416 134.6 1.89 Byčenkienė et al. (2014) 

EU LTU Vilnius NU VVST M NS UFP+F EM NUC 17-840 213206 8.7 1.95  27689 54.2 2.05 67532 86.8 2.08 Byčenkienė et al. (2014) 

EU NLD Amsterdam NU MT D NS UPF+F EM NUC 10-480 2239 12.9 1.42  14319 29.8 2.78 153 67.9 1.15 Keuken et al. (2015) 

EU NLD Amsterdam NU MT E NS UPF+F EM AIT 10-480 9058 41.9 2.34  1085 68.3 1.56 -- -- -- Keuken et al. (2015) 

EU NLD Amsterdam NU MT ME NS UPF+F EM NUC 10-480 46937 14.9 1.82  6978 62.9 1.75 203 236.4 1.2 Keuken et al. (2015) 

EU NLD Rotterdam UB ST ME NS UPF+F EM AIT 10-440 2836 38.6 2.27  12347 39.7 2.18 -- -- -- Karl et al. (2016) 

EU NLD Rotterdam 
TR/ 

SUB 
ST ME NS UPF+F EM AIT 10-440 282628 0.1 8.74 

 
878 53.3 1.33 19195 42.2 2.29 Karl et al. (2016) 

EU NOR Oslo SUB MT ME NS UPF+F EM NUC-AIT 10-420 19 10.7 1.07  2226 17.1 1.7 3170 63.4 2.44 Lazaridis et al. (2017) 

EU NOR Oslo UB MT ME NS UPF+F EM AIT 6-350 4479 22.1 2.14  789 76.7 1.68 -- -- -- Karl et al. (2016) 

EU NOR Oslo TR MT ME NS UPF+F EM NUC 6-350 15580 4.8 1.36  8016 11.6 1.82 6044 50.2 2.22 Karl et al. (2016) 

EU PRT Oporto UB VVST A NS UFP+F EM NUC 6-700 118638 5.3 1.42  104734 15.4 1.88 70977 78.3 1.95 Oliveira et al. (2009) 

EU PRT Oporto UB VVST A NS UFP+F EM NUC 6-700 21030 6.2 1.24  45948 13.7 1.62 67876 59.2 2.14 Oliveira et al. (2009) 

EU PRT Oporto UB VVST E NS UFP+F EM AIT 6-700 156 6.6 1.06  99898 30.1 2.71 17636 87.3 1.53 Oliveira et al. (2009) 



 

 

 

1
9
4
 

EU PRT Oporto UB VVST E NS UFP+F EM AIT 6-700 148491 23.4 3.05  17400 78.6 1.47 -- -- -- Oliveira et al. (2009) 

EU PRT Oporto UB VVST M NS UFP+F EM NUC 6-700 2304 6.9 1.36  64879 16.7 1.94 53495 73.9 2.08 Oliveira et al. (2009) 

EU PRT Oporto TR VVST A NS UFP+F EM NUC 6-700 4335 6.3 1.07  386241 4.5 1.71 149496 34.9 2.53 Oliveira et al. (2009) 

EU PRT Oporto TR VVST A NS UFP+F EM NUC 6-700 
186866

9 
0.8 3.19 

 
104371 40 2.33 -- -- -- Oliveira et al. (2009) 

EU PRT Oporto TR VVST E NS UFP+F EM NUC 6-700 26873 6.5 1.21  53337 12.9 1.83 113566 48 2.21 Oliveira et al. (2009) 

EU PRT Oporto TR VVST E NS UFP+F EM NUC 6-700 63831 6.3 1.24  78637 13 1.69 107200 50.8 2.13 Oliveira et al. (2009) 

EU PRT Oporto TR VVST M NS UFP+F EM NUC 6-700 48824 6.4 1.18  165165 9.5 2.28 148979 47.2 2.28 Oliveira et al. (2009) 

EU PRT Lisbon TR VVST ME NS UFP+F EM NUC 10-500 32441 16.3 1.16  15146 20.4 1.92 -- -- -- Albuquerque et al. (2012) 

EU PRT Lisbon TR VVST ME NS UFP+F EM AIT-ACC 10-500 2358 25.8 1.8  60 31.7 1.11 5292 102.6 1.76 Albuquerque et al. (2012) 

EU RUS Tiksi SUB LT ME NS UFP+F EM AIT 10-500 267 25.8 2.24  282 52.1 1.54 139 172.8 1.49 Asmi et al. (2016) 

EU SWE Gothenburg NU ST ME NS UFP+F EM NUC-AIT 10-368 2574 20.9 1.27  1816 40.8 1.26 2084 93.4 1.6 Molnár et al. (2002) 

EU SWE Gothenburg TR ST ME NS UFP+F EM NUC-AIT 10-368 778 20.2 1.18  576 35.8 1.28 3869 50.8 2.12 Molnár et al. (2002) 

EU SWE Gothenburg TR ST ME NS UFP+F EM NUC-AIT 10-368 162 18.7 1.55  88 30.5 1.14 1002 74.6 1.61 Molnár et al. (2002) 

EU SWE Stockholm TR MT A NS UPF+F EM AIT 25-606 15159 44.9 2.17  72987 2.8 3.34 -- -- -- Krecl et al. (2015) 

EU SWE Stockholm TR MT A NS UPF+F EM AIT 25-606 10041 30.3 1.55  4542 71.5 1.81 -- -- -- Krecl et al. (2015) 

EU SWE Stockholm TR MT E NS UPF+F EM AIT 25-606 15286 25.1 2.33  1446 93.9 1.73 -- -- -- Krecl et al. (2015) 

EU SWE Stockholm TR MT E NS UPF+F EM AIT 25-606 5695 25.3 2.07  6936 64.6 1.88 -- -- -- Krecl et al. (2015) 

EU SWE Stockholm TR MT M NS UPF+F EM AIT 25-606 33313 3.9 4.43  3600 60.8 1.87 -- -- -- Krecl et al. (2015) 

EU SWE Stockholm TR MT M NS UPF+F EM AIT 25-606 36564 19.4 2.31  5675 81.2 1.8 -- -- -- Krecl et al. (2015) 

EU SWE Stockholm TR MT M NS UPF+F EM AIT 25-606 9083 39 2.37  677 77.8 1.39 -- -- -- Krecl et al. (2015) 

EU SWE Stockholm TR MT M NS UPF+F EM AIT 25-606 71751 1.5 5.15  3916 56.9 1.89 -- -- -- Krecl et al. (2015) 

LA BRA São Paulo NU ST E NS UFP+F EM AIT 10-414 474 20.7 1.36  1457 45.3 1.75 322 171.8 1.77 Martins et al. (2010) 

LA BRA São Paulo NU ST E NS UFP+F EM ACC 10-414 4764 56.1 1.72  52 130.1 1.17 7976 138.7 1.66 Martins et al. (2010) 

LA BRA São Paulo NU ST E NS UFP+F EM AIT 10-414 2377 25.2 1.43  5207 45.9 1.64 1063 141.6 1.82 Martins et al. (2010) 

LA BRA São Paulo NU ST E NS UFP+F EM AIT 10-414 6150 40 1.5  395 76.7 1.23 3320 127.8 1.59 Martins et al. (2010) 

LA BRA São Paulo NU ST M NS UFP+F EM AIT 10-414 3410 25.9 1.47  5536 44.5 1.63 1448 129.3 1.78 Martins et al. (2010) 

LA BRA São Paulo NU ST M NS UFP+F EM AIT 10-414 8124 42.5 1.58  9216 123.3 1.72 -- -- -- Martins et al. (2010) 

LA BRA São Paulo NU MT A NS UPF+F EM AIT 9-414 1624 30.9 1.27 
 

596 58.6 1.21 3198 73.2 2.01 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT A NS UPF+F EM AIT 9-414 3186 36.4 1.43 
 

480 77.1 1.16 2364 107.1 1.63 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT A NS UPF+F EM AIT 9-414 766 22.4 1.26 
 

1619 55.6 1.54 774 99.3 5.83 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT A NS UPF+F EM AIT 9-414 764 24.2 1.31 
 

300 52.9 1.23 2330 57.2 2.14 
de Almeida Albuquerque 

et al. (2012) 
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LA BRA São Paulo NU VVST A NS UPF+F EM AIT 10-400 15860 30.7 3.74  4736 31.7 1.51 3434 71.9 1.59 Almeida et al. (2014) 

LA BRA São Paulo NU VVST A NS UPF+F EM NUC 10-400 100 15.1 1.07  18341 19.3 3.59 210 200.7 1.28 Almeida et al. (2014) 

LA BRA São Paulo NU ST D NS UPF+F EM AIT 10-450 5922 31.9 2.22 
 

2739 113.3 1.82 -- -- -- 
Eduardo Souto-Oliveira et 

al. (2016) 

LA BRA São Paulo NU ST D NPF UPF+F EM AIT 10-450 5884 23.3 1.73 
 

7067 63.4 2.21 -- -- -- 
Eduardo Souto-Oliveira et 

al. (2016) 

LA BRA São Paulo NU MT E NS UPF+F EM AIT 9-414 1136 37.5 1.51 
 

151 72.5 1.07 3370 100.1 1.86 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT E NS UPF+F EM AIT 9-414 1646 44 1.65 
 

168 75.8 1.18 2388 132.8 1.76 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT E NS UPF+F EM AIT-ACC 9-414 2367 34 1.42 
 

547 71.6 1.23 3097 117.5 1.56 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT E NS UPF+F EM AIT 9-414 314 21.7 1.33 
 

1017 49.1 1.78 154 222.7 1.7 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT E NS UPF+F EM AIT 9-414 316 26.7 1.37 
 

41 54.8 1.11 1265 53.3 2.2 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT E NS UPF+F EM AIT 9-414 362 22 1.27 
 

2246 49.4 1.89 136 283.3 1.5 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU ST E NS UPF+F EM AIT 10-450 67 9.1 1.2 
 

1634 14.6 2.94 3668 85.4 2.05 
Eduardo Souto-Oliveira et 

al. (2016) 

LA BRA São Paulo NU VVST E NS UPF+F EM AIT 10-400 10895 14.8 3.58  2456 60.4 1.63 163 198.6 1.27 Almeida et al. (2014) 

LA BRA São Paulo NU VVST E NS UPF+F EM NUC 10-400 18980 7 3.77  2534 64.5 1.5 668 174 1.47 Almeida et al. (2014) 

LA BRA São Paulo NU VVST E NS UPF+F EM AIT 10-400 3731 11.4 1.87  2917 48.7 1.61 788 189.6 1.77 Almeida et al. (2014) 

LA BRA São Paulo NU VVST E NS UPF+F EM NUC 10-400 6944 5 4.41  1128 54.3 1.52 398 171.1 1.55 Almeida et al. (2014) 

LA BRA São Paulo NU MT M NS UPF+F EM AIT 9-414 22.6 1.11 1.3 
 

2263 37.4 1.38 4846 83.5 2.06 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU MT M NS UPF+F EM AIT 9-414 424 23.3 1.22 
 

2710 41.5 1.81 203 201.8 1.49 
de Almeida Albuquerque 

et al. (2012) 

LA BRA São Paulo NU VVST M NS UPF+F EM NUC 10-400 6527 10.7 1.72  6685 55.5 2.4 840 7.6 1.3 Almeida et al. (2014) 

LA BRA São Paulo NU VVST M NS UPF+F EM NUC 10-400 8010 13.8 1.87  7039 60.1 2.44 900 74.7 1.27 Almeida et al. (2014) 

LA BRA São Paulo NU VVST M NS UPF+F EM NUC 10-400 15713 6.3 4.04  1099 52.3 1.66 218 199.9 1.35 Almeida et al. (2014) 

LA BRA São Paulo NU VVST M NS UPF+F EM NUC 10-400 10985 16.6 2.59  1850 55.6 1.42 652 161.1 1.65 Almeida et al. (2014) 

LA BRA São Paulo NU VVST E NS UPF+F EM AIT 10-400 9394 18.6 2.18  11973 41.6 2.97 670 86.1 1.24 Almeida et al. (2014) 

LA BRA São Paulo NU VVST E NS UPF+F EM NUC 10-400 42859 2.6 4.69  5162 49.9 2 261 250 1.37 Almeida et al. (2014) 

LA BRA Porto Alegre TR MT E NS UPF+F EM AIT 10-420 1500 14.3 1.15  16205 27.1 1.63 3157 117.1 1.45 Schneider et al. (2015) 

LA BRA Porto Alegre TR MT E NS UPF+F EM AIT 10-420 1700 15.3 1.15  25500 28.9 1.78 6999 98.1 1.72 Schneider et al. (2015) 

LA BRA Porto Alegre UB MT E NS UPF+F EM AIT 10-420 900 14.3 1.18  10386 33.4 1.73 2123 88.9 1.54 Schneider et al. (2015) 

LA CHL Santiago NU ST E NS UPF+F EM AIT 10-700 5586 26.9 1.6  15478 80.9 1.7 602 229 1.41 Gramsch et al. (2009) 

LA CHL Santiago NU ST M NS UPF+F EM AIT 10-700 1031 26.5 1.28  7795 36.6 1.74 12229 95.6 1.82 Gramsch et al. (2009) 

LA CHL Santiago TR ST E NS UPF+F EM AIT 10-700 30232 21.5 1.57  10438 42.7 1.8 35733 93.7 1.89 Gramsch et al. (2009) 
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LA CHL Santiago TR ST M NS UPF+F EM AIT 10-700 29975 19.5 1.5  26975 33 1.66 30976 100.9 1.81 Gramsch et al. (2009) 

LA CHL Santiago UB VST E NS UPF+F EM AIT 10-700 4231 24.7 1.63  8692 83.7 1.74 243 234.9 1.19 Gramsch et al. (2009) 

LA CHL Santiago UB VST M NS UPF+F EM AIT 10-700 3081 21.1 1.44  12070 53.1 2.22 1613 115.8 1.6 Gramsch et al. (2009) 

LA MEX Mexico City NU ST D NS UFP+F EM AIT 15-560 24086 31.4 2.32  1404 173.5 1.44 -- -- -- Wang et al. (2010b) 

LA MEX Mexico City NU ST M NS UFP+F EM AIT 15-560 36332 25.2 2.12  1941 87.8 1.34 6488 136.5 1.63 Wang et al. (2010b) 

LA MEX Mexico City NU ST ME NS UFP+F EM AIT 15-440 20454 18.7 1.85  8617 40.8 1.53 2953 131 1.64 Kleinman et al. (2009) 

NAA

N 
AUS Brisbane NU ST D NS UFP+F EM AIT 9-407 6132 13 1.49 

 
7921 28.9 1.53 13496 85 1.86 Holmes et al. (2005) 

NAA

N 
AUS Wollongong NU MT ME NS UPF+F EM AIT 14-660 24 11.3 1.44 

 
77 41.4 1.89 -- -- -- Dominick et al. (2018) 

NAA

N 
CAN Toronto TR ST ME NS UFP EM NUC 3-100 1878 11.2 1.42 

 
14351 30 3.56 11600 20.4 1.87 Jeong and Evans (2009) 

NAA

N 
CAN Toronto TR ST ME NS UFP EM AIT 3-100 167 12.7 1.33 

 
13005 28.2 2.79 75 40.7 1.19 Jeong and Evans (2009) 

NAA

N 
CAN Toronto NU LT A NS UFP+F EM NUC-AIT 8-300 34320 18.9 1.92 

 
440 49 1.24 2654 83.1 1.53 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU LT A NS UFP+F EM NUC-AIT 8-300 21246 20.5 2.11 

 
721 45.2 1.31 2656 88.4 1.53 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU LT E NS UFP+F EM NUC-AIT 8-300 14404 19.2 2 

 
926 47.9 1.34 2312 84.3 1.59 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU LT E NS UFP+F EM NUC-AIT 8-300 23485 19.9 2.04 

 
567 49.3 1.29 2214 87.2 1.59 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU LT E NS UFP+F EM AIT 8-300 6205 16.5 1.86 

 
5405 53.7 1.71 667 119 1.42 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU LT E NS UFP+F EM AIT 8-300 8143 15.1 1.79 

 
7790 44.2 1.68 1290 111.1 1.45 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU LT M NS UFP+F EM NUC-AIT 8-300 30118 19.5 1.92 

 
431 50.9 1.26 2660 82.2 1.59 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU LT M NS UFP+F EM NUC 8-300 11775 15.7 1.78 

 
6727 52.2 1.71 1088 113.2 1.45 Sabaliauskas et al. (2012) 

NAA

N 
CAN Toronto NU VST ME NS UFP+F EM NUC-AIT 8-100 1205 10.9 1.32 

 
2604 20 1.45 6188 39 2.18 Zimmerman et al. (2014) 

NAA

N 
CAN Toronto NU LT ME NS UPF+F EM AIT 10-300 27898 17.8 2.14 

 
4836 81.8 1.53 -- -- -- Jun et al. (2014) 

NAA

N 
CAN Toronto NU LT ME NS UPF+F EM NUC 10-300 31408 15.1 2.02 

 
562 48.5 1.25 1927 75.9 1.53 Jun et al. (2014) 

NAA

N 
CAN Hamilton NU MT ME NS UPF+F EM NUC 7-294 26087 0.2 

36.1

4 

 
2994 11.6 1.52 4244 33.9 1.92 

Chan and Mozurkewich 

(2007) 

NAA

N 
CAN Hamilton NU ST ME NS UPF+F EM AIT 7-294 273 17.6 1.32 

 
2448 41.6 1.79 1400 87.4 2.13 

Chan and Mozurkewich 

(2007) 

NAA

N 
NZL Auckland NU MT D NS UPF+F EM AIT 10-280 639 19.2 1.49 

 
1140 38.6 1.53 612 96.1 1.69 Coulson et al. (2016) 

NAA

N 
NZL Auckland NU MT E NS UPF+F EM AIT 10-280 109 15.5 1.32 

 
1690 40 1.71 547 107.1 1.67 Coulson et al. (2016) 

NAA

N 
NZL Auckland TR ST D NS UPF+F EM AIT 10-220 292 9.1 1.28 

 
1563 18.4 1.9 2191 41.9 2.29 Coulson et al. (2016) 
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NAA

N 
NZL Auckland TR VST D NS UPF+F EM AIT 10-220 2443 17.9 1.68 

 
4174 37.7 1.94 597 119.2 1.6 Coulson et al. (2016) 

NAA

N 
NZL Auckland TR ST E NS UPF+F EM AIT 10-220 292 9.1 1.28 

 
1563 18.4 1.9 2191 41.9 2.29 Coulson et al. (2016) 

NAA

N 
NZL Auckland TR VST E NS UPF+F EM AIT 10-280 1176 15.4 1.41 

 
4303 34.3 1.67 1220 95.8 1.7 Coulson et al. (2016) 

NAA

N 
NZL Auckland UB MT D NS UPF+F EM AIT 10-200 18 12.1 1.15 

 
1008 21.3 1.48 3232 59.9 1.48 Coulson et al. (2016) 

NAA

N 
NZL Auckland UB MT E NS UPF+F EM AIT 10-200 69 20.1 1.25 

 
618 50.4 1.77 1461 53.2 2.47 Coulson et al. (2016) 

NAA

N 
USA 

New York  

City 
NU MT ME NS UFP EM NUC 8-65 19582 13.2 1.52 

 
31505 33.2 2.27 -- -- -- Bae et al. (2010) 

NAA

N 
USA 

New York  

City 
NU ST ME NS UFP EM NUC 8-65 77480 12.3 1.8 

 
84470 25.2 2.16 -- -- -- Bae et al. (2010) 

NAA

N 
USA Fresno NU MT A NS UFP+F EM AIT 10-400 2305 6.7 1.42 

 
5684 25.5 2.12 4266 91.6 1.89 Hering et al. (2007) 

NAA

N 
USA Fresno NU MT A NS UFP+F EM AIT 10-400 1347 11 1.54 

 
485 23.1 1.29 8000 73.5 1.96 Hering et al. (2007) 

NAA

N 
USA Los Angeles NU MT A NS UFP+F EM AIT 

7.64-

225 
1911 27.3 1.3 

 
12297 32.5 2.1 -- -- -- Verma et al. (2009) 

NAA

N 
USA Downey NU VVST A NS UFP+F EM NUC 14-200 190 16.3 1.12 

 
1540 26 1.78 229 127.2 1.58 Kim et al. (2002) 

NAA

N 
USA Fresno NU VVST A NS UFP+F EM NUC 10-379 56880 5.9 3.23 

 
2680 37.9 1.17 1823 85.8 1.5 Watson et al. (2011) 

NAA

N 
USA Detroit NU VVST A NS UFP+F EM NUC 10-430 66119 14.2 1.57 

 
8243 47.2 1.3 15060 79.2 1.59 Young et al. (2012) 

NAA

N 
USA Detroit NU VVST A NS UFP+F EM NUC 10-430 54527 13.7 1.69 

 
15355 46.9 1.44 14157 78.4 1.8 Young et al. (2012) 

NAA

N 
USA Detroit NU VVST A NS UFP+F EM AIT 10-430 29311 17.3 1.57 

 
23611 51.4 1.43 10295 93 1.83 Young et al. (2012) 

NAA

N 
USA Detroit NU VVST A NS UFP+F EM AIT 10-430 20468 23.3 2.13 

 
9129 55.6 1.38 4984 143.1 1.55 Young et al. (2012) 

NAA

N 
USA Detroit NU VVST A NS UFP+F EM NUC 10-430 1653 12.3 1.3 

 
11560 23 2.6 3450 167.5 1.42 Young et al. (2012) 

NAA

N 
USA Detroit NU VVST A NS UFP+F EM ACC 10-430 6322 19.5 2.5 

 
3220 140.3 1.65 1010 173.4 1.33 Young et al. (2012) 

NAA

N 
USA 

New York 

City 
NU ST D NS UFP+F EM NUC-AIT 10-470 54 15.4 1.34 

 
92 20.4 1.36 1391 27.3 2.23 Hogrefe et al. (2006) 

NAA

N 
USA 

New York 

City 
NU ST D NS UFP+F EM AIT 10-470 952 20.8 1.84 

 
148 41.7 1.72 423 46.4 1.73 Hogrefe et al. (2006) 

NAA

N 
USA 

New York 

City 
NU ST D NS UFP+F EM AIT 10-470 748 19.4 1.68 

 
661 47.1 1.65 -- -- -- Hogrefe et al. (2006) 

NAA

N 
USA Fresno NU MT E NS UFP+F EM AIT 10-400 5434 11.3 1.62 

 
2136 23.9 1.34 15903 61.7 1.86 Hering et al. (2007) 

NAA

N 
USA Fresno NU MT E NS UFP+F EM AIT 10-400 2821 13.5 1.62 

 
2124 27.2 1.32 34157 77.1 1.62 Hering et al. (2007) 

NAA

N 
USA Fresno NU MT E NS UFP+F EM AIT 10-400 3343 11.5 1.62 

 
1713 24.8 1.33 18621 68.6 1.68 Hering et al. (2007) 
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NAA

N 
USA Fresno NU MT E NS UFP+F EM AIT 10-400 2002 15 1.57 

 
1184 28.5 1.3 40163 77.3 1.61 Hering et al. (2007) 

NAA

N 
USA Downey NU VVST E NS UFP+F EM AIT 14-200 500 28.8 1.2 

 
3218 43.6 2.7 -- -- -- Kim et al. (2002) 

NAA

N 
USA Fresno NU VVST E NS UFP+F EM AIT 10-379 23002 1.8 3.81 

 
1534 31.9 1.47 6575 79.3 1.64 Watson et al. (2011) 

NAA

N 
USA Fresno NU MT M NS UFP+F EM AIT 10-400 13520 6.6 2.53 

 
2554 26.3 1.42 18780 54.3 2.1 Hering et al. (2007) 

NAA

N 
USA Fresno NU MT M NS UFP+F EM AIT 10-400 3552 9.9 2.19 

 
1932 27.1 1.41 13948 81.4 1.85 Hering et al. (2007) 

NAA

N 
USA Los Angeles NU MT M NS UFP+F EM AIT 

7.64-

225 
10599 36.3 2.59 

 
885 69.1 1.47 -- -- -- Verma et al. (2009) 

NAA

N 
USA Downey NU VVST M NS UFP+F EM AIT 14-200 5858 24.4 3.25 

 
1901 28.2 1.36 -- -- -- Kim et al. (2002) 

NAA

N 
USA Downey NU VVST M NS UFP+F EM AIT 14-200 2479 24.6 1.66 

 
165 74.4 1.2 305 124.4 1.48 Kim et al. (2002) 

NAA

N 
USA Atlanta NU VVST M NS UFP+F EM NUC 7-400 8193 17.2 1.24 

 
29954 13.7 1.73 7582 36.6 3.15 Stolzenburg et al. (2005) 

NAA

N 
USA Atlanta NU VVST M NS UFP+F EM NUC 3-400 22721 9.3 1.4 

 
15785 23.2 1.31 16188 24.3 7.67 Stolzenburg et al. (2005) 

NAA

N 
USA Atlanta NU VVST M NS UFP+F EM AIT 3-600 10680 22.7 2.17 

 
9567 27.4 1.49 2609 90.8 1.62 Woo et al. (2001) 

NAA

N 
USA Atlanta NU VVST M NS UFP+F EM AIT 3-600 970 11.9 1.2 

 
11065 24.1 1.84 7274 83.8 2.43 Woo et al. (2001) 

NAA

N 
USA Pittsburgh NU LT ME NS UFP+F EM NCA 10-1000 2854 9.3 1.72 

 
16300 32.2 2.37 866 115.7 1.52 Stanier et al. (2004) 

NAA

N 
USA Los Angeles NU MT ME NS UFP+F EM AIT 14-700 796 34.1 1.29 

 
2920 56.8 1.53 3544 112.2 1.96 Singh et al. (2006) 

NAA

N 
USA Houston NU MT ME NS UFP+F EM AIT 30-700 3909 23.9 1.56 

 
9445 66.7 1.86 -- -- -- Gasparini et al. (2004) 

NAA

N 
USA Los Angeles NU MT ME NS UFP+F EM AIT 16-180 10573 26 1.54 

 
4673 73.8 1.94 -- -- -- Ntziachristos et al. (2007) 

NAA

N 
USA Riverside NU MT ME NS UFP+F EM AIT 14-700 243 21.8 1.28 

 
1471 34.5 1.55 6433 75.5 2.13 Singh et al. (2006) 

NAA

N 
USA Los Angeles NU MT ME NS UFP+F EM AIT 14-700 7745 26.7 1.73 

 
6962 78.9 1.78 384 207.8 1.56 Singh et al. (2006) 

NAA

N 
USA Los Angeles NU MT ME NS UFP+F EM AIT 

14.6-

180 
43499 30.3 1.45 

 
51304 49.7 2.58 18366 89.2 1.57 Verma et al. (2011) 

NAA

N 
USA Los Angeles NU MT ME NS UFP+F EM AIT 

14.6-

180 
18942 27.2 1.36 

 
53543 49.5 2.33 1838 99.1 1.33 Verma et al. (2011) 

NAA

N 
USA Los Angeles NU MT ME NS UFP+F EM AIT 

14.6-

180 
22790 16.8 1.54 

 
10401 30.1 1.35 65224 81.3 2.34 Verma et al. (2011) 

NAA

N 
USA Pittsburgh NU MT ME NS UFP+F EM NUC 3-583 13853 2.6 1.25 

 
16975 12.4 3.74 4762 88.2 1.98 Zhou et al. (2004) 

NAA

N 
USA Riverside NU ST ME NS UFP+F EM AIT 22-800 36 62.2 1.13 

 
7544 67.1 2.57 131 97.9 1.37 Pratt and Prather (2009) 

NAA

N 
USA Los Angeles NU VST ME NS UFP+F EM NUC-AIT 14-736 1342 19.1 1.18 

 
2327 24.1 1.37 17736 24.4 2.56 Krudysz et al. (2009) 
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NAA

N 
USA Los Angeles NU VST ME NS UFP+F EM NUC-AIT 14-736 398 19.7 1.14 

 
932 25.9 1.36 21144 32.6 2.48 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles NU VST ME NS UFP+F EM AIT 14-736 2071 22.2 1.32 

 
6327 37.2 1.91 7646 49 2.07 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles NU VST ME NS UFP+F EM NUC-AIT 14-736 1590 19.4 1.21 

 
3543 24.7 1.46 7811 49.7 2.11 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles NU VST ME NS UFP+F EM AIT 14-736 1060 22.4 1.25 

 
3567 32.6 1.47 16713 58.7 2.07 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles NU VST ME NS UFP+F EM AIT 14-736 554 19.3 1.13 

 
1556 25.3 1.28 11381 43 2.21 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles NU VST ME NS UFP+F EM AIT 14-736 1424 19.9 1.18 

 
2916 26.3 1.33 16461 44.2 2.21 Krudysz et al. (2009) 

NAA

N 
USA Boulder NU VVST ME NPF UFP+F EM NUC 3-100 17850 5.2 1.49 

 
14724 12.3 1.56 11060 24.8 2.2 Iida et al. (2006) 

NAA

N 
USA Los Angeles NU VVST ME NS UFP+F EM AIT 14-700 1133 35.4 1.28 

 
3901 63.6 1.56 6423 110.3 1.83 Singh et al. (2006) 

NAA

N 
USA Riverside NU VVST ME NS UFP+F EM AIT 14-700 1405 21.9 1.38 

 
9996 49.9 2.31 -- -- -- Singh et al. (2006) 

NAA

N 
USA Los Angeles NU VVST ME NS UFP+F EM AIT 14-700 15514 19 4.15 

 
1969 27 1.58 2103 81.1 1.58 Singh et al. (2006) 

NAA

N 
USA Claremont NU VVST E NS UPF+F EM AIT-ACC 14-430 685 98.9 1.63 

 
216 351.3 3 -- -- -- Fine et al. (2004) 

NAA

N 
USA Claremont NU VVST E NS UPF+F EM AIT 14-430 499 27.1 1.25 

 
1015 43.9 1.43 428 98.3 1.92 Fine et al. (2004) 

NAA

N 
USA Claremont NU VVST E NS UPF+F EM AIT 14-430 167 32.2 1.24 

 
806 72.2 2.19 -- -- -- Fine et al. (2004) 

NAA

N 
USA Riverside NU VVST E NS UPF+F EM AIT 14-430 1639 40.6 1.4 

 
2539 130.2 1.91 -- -- -- Fine et al. (2004) 

NAA

N 
USA Riverside NU VVST E NS UPF+F EM AIT 14-430 1348 31.4 1.18 

 
2433 56.5 1.26 1737 167.2 1.49 Fine et al. (2004) 

NAA

N 
USA Riverside NU VVST E NS UPF+F EM AIT 14-430 578 37.9 1.08 

 
3319 49.6 1.71 793 184.1 1.43 Fine et al. (2004) 

NAA

N 
USA Claremont NU VVST M NS UPF+F EM AIT-ACC 14-430 153 61.8 1.15 

 
1723 84.8 2.26 446 141.6 1.36 Fine et al. (2004) 

NAA

N 
USA Claremont NU VVST M NS UPF+F EM AIT-ACC 14-430 1631 83.4 2.06 

 
382 75.1 1.23 474 150.5 1.31 Fine et al. (2004) 

NAA

N 
USA Riverside NU VVST M NS UPF+F EM ACC 14-430 720 43.5 1.75 

 
1774 170.3 1.78 -- -- -- Fine et al. (2004) 

NAA

N 
USA Riverside NU VVST M NS UPF+F EM ACC 14-430 1442 53.4 1.97 

 
705 109.6 1.16 1955 224.4 1.39 Fine et al. (2004) 

NAA

N 
USA Rochester NU LT ME NS UPF+F EM AIT 10-500 366 19.7 1.28 

 
2412 32 1.65 2288 85.1 1.85 Wang et al. (2010c) 

NAA

N 
USA Los Angeles TR ST E NS UFP+F EM NUC 7.4-290 5108 15.4 1.33 

 
7467 23.7 1.46 5965 61.3 1.98 Zhu et al. (2006) 

NAA

N 
USA Los Angeles TR ST E NS UFP+F EM NUC 7.4-290 879 12 1.22 

 
1461 19 1.41 2020 45.6 1.82 Zhu et al. (2006) 

NAA

N 
USA Los Angeles TR MT ME NS UFP+F EM NUC 6-523 3811 10.1 1.15 

 
852 16.3 1.15 23563 20.8 2.02 Ning et al. (2010) 
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NAA

N 
USA Los Angeles TR MT ME NS UFP+F EM NUC 6-523 10399 11 1.34 

 
893 17.8 1.12 17216 38.2 1.74 Ning et al. (2010) 

NAA

N 
USA Los Angeles TR MT ME NS UFP+F EM NUC 6-523 4208 10.1 1.12 

 
20419 11.4 1.65 21768 37.8 1.85 Ning et al. (2010) 

NAA

N 
USA Los Angeles TR MT ME NS UFP+F EM NUC 6-523 1528 10.1 1.13 

 
1463 15.9 1.2 29289 26.9 2.11 Ning et al. (2010) 

NAA

N 
USA 

Corpus 

Christi 
TR MT ME NS UFP+F EM NUC 6-220 15881 17 1.46 

 
39825 22.4 3.29 1145 31.3 1.23 Wang et al. (2010c) 

NAA

N 
USA 

Corpus 

Christi 
TR MT ME NS UFP+F EM AIT 6-220 1183 19.5 1.54 

 
10164 45.9 2.91 92 56.8 1.09 Wang et al. (2010c) 

NAA

N 
USA 

Corpus 

Christi 
TR MT ME NS UFP+F EM NUC 6-220 2226 13.9 1.26 

 
195 23.5 1.13 12170 29.4 2.63 Wang et al. (2010c) 

NAA

N 
USA 

Corpus 

Christi 
TR MT ME NS UFP+F EM NUC 6-220 34970 11.1 5.82 

 
3368 15.9 1.24 2543 37.5 1.73 Wang et al. (2010c) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM NUC 6-220 15330 14.3 1.4 

 
12001 33.9 1.58 8154 87.9 1.71 Barone and Zhu (2008) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM NUC 6-220 11418 12.8 1.4 

 
8505 31.6 1.37 5734 87 1.58 Barone and Zhu (2008) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM AIT 6-220 14192 26.6 1.76 

 
862 52.1 1.14 2398 110.5 1.56 Barone and Zhu (2008) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM AIT 6-220 4458 14.1 1.4 

 
9459 39 1.43 2788 109.1 1.43 Barone and Zhu (2008) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM AIT 14-736 2111 21.7 1.27 

 
14959 35.8 1.59 9649 67.5 2.21 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM AIT 14-736 2401 22.5 1.38 

 
15531 37.5 1.86 494 157.8 1.39 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM AIT 14-736 2342 21.1 1.31 

 
7766 38.6 1.73 652 124.2 1.47 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM AIT 14-736 877 19.7 1.19 

 
5720 27.6 1.63 7237 45.6 2.24 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles TR VST ME NS UFP+F EM AIT 14-736 1458 20.9 1.23 

 
23371 30 1.89 8766 86.4 1.98 Krudysz et al. (2009) 

NAA

N 
USA Los Angeles TR VVST ME NS UFP+F EM NUC-AIT 16-600 22051 17.6 1.29 

 
8119 21 1.36 61492 46.7 2.25 Westerdahl et al. (2005) 

NAA

N 
USA Los Angeles TR VVST ME NS UFP+F EM AIT 16-600 7108 28.4 1.31 

 
36318 34.9 2.14 1440 77.3 2.81 Westerdahl et al. (2005) 

NAA

N 
USA Buffalo TR VVST ME NS UFP+F EM NUC 6-500 7092 9.1 3.11 

 
167 10.1 1.13 356 81.7 1.41 Ogulei et al. (2007) 

NAA

N 
USA Buffalo TR VVST ME NS UFP+F EM AIT 6-500 1620 7.2 1.7 

 
1008 36.1 1.43 728 76.7 1.5 Ogulei et al. (2007) 

NAA

N 
USA Buffalo TR VVST ME NS UFP+F EM AIT 6-500 976 8.1 1.59 

 
817 40.6 1.45 795 75 1.49 Ogulei et al. (2007) 

NAA

N 
USA Buffalo TR VVST ME NS UFP+F EM AIT 6-500 496 7.2 1.57 

 
499 39 1.67 345 87.3 1.48 Ogulei et al. (2007) 

NAA

N 
USA Buffalo TR VVST ME NS UFP+F EM AIT 6-500 1767 2.8 5.47 

 
194 10.6 1.32 726 50.8 1.53 Ogulei et al. (2007) 

NAA

N 
USA Buffalo UB VVST ME NS UFP+F EM AIT 6-500 218 19.3 1.93 

 
18 41.8 1.2 400 56 1.54 Ogulei et al. (2007) 
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WA JOR 
Multiple 

cities 
NU VST ME NS 

UFP+F 

+C 

EM+

O 
AIT 10-1000 20000 30 1.6 

 
500 150 1.7 6 2500 1.6 Hussein et al. (2017) 

WA KWT Fahaheel TR ST E NS UFP+F EM NUC 5-1000 100433 13.4 1.7 
 
25444 70.3 2.37 -- -- -- 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST E NS UFP+F EM NUC 5-1000 115174 12.4 1.57 
 
18822 52.7 2.02 5487 161.1 1.53 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST E NS UFP+F EM NUC 5-1000 82110 13.4 1.71 
 
13546 71.6 1.88 2114 190.3 1.33 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST E NS UFP+F EM NUC 5-1000 56929 12.1 1.5 
 
37972 14.2 1.79 13782 95.3 2.03 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST E NS UFP+F EM NUC 5-1000 74882 13.1 1.69 
 
12314 69.3 1.77 2691 200.3 1.39 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST E NS UFP+F EM NUC 5-1000 75180 12.1 1.53 
 
30645 38.3 3.18 -- -- -- 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST M NS UFP+F EM NUC 5-1000 160348 12.9 1.61 
 
11772 55.0 1.56 11284 142.7 1.54 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST M NS UFP+F EM NUC 5-1000 127942 12.9 1.59 
 

8969 48.5 1.58 9832 131.5 1.57 
Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST M NS UFP+F EM NUC 5-1000 104919 12.5 1.62 
 
15965 72.7 1.91 2709 188.6 1.31 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST ME NS UFP+F EM NUC 5-1000 70353 11.7 1.62 
 
24544 62.8 2.31 1641 180.9 1.3 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST ME NS UFP+F EM NUC 5-1000 54414 11.5 1.59 
 
15619 38.9 2.18 6418 140.2 1.63 

Al-Dabbous and Kumar 

(2014) 

WA KWT Fahaheel TR ST ME NS UFP+F EM NUC 5-1000 53665 11.6 1.61 
 
17789 67.7 2 2884 186.3 1.32 

Al-Dabbous and Kumar 

(2014) 
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Table A.2 Urban aerosol size distribution measurements made with both electrical mobility-based techniques and aerodynamic-based 

techniques covering the sub-micron and coarse regime. 
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CSSA IND 
Trivandru

m NU MT ME NS UFP+F+C 
EM+

A 

AIT-

ACC 
14.6-

661.2 
458 30.4 1.57 5934 111.8 1.7 424 368.2 1.34 

700-

10000 
302.9 6.2 7.65 3.5 2082.5 1.38 7.8 4716.4 1.65 266 0.7 62.37 4 2206.9 1.32 6.2 4858.5 1.44 

Babu et al. 

(2016) 

CSSA IND 
Trivandru

m NU MT ME NS UFP+F+C 
EM+

A 

AIT-

ACC 
14.6-
661.2 

1750 71.2 2.11 2424 121.1 1.64 253 319.5 1.4 
700-

10000 
1737.5 0.1 20.92 1.3 2301.2 1.29 12.5 5228.7 1.87 172.2 0.4 86.16 3.7 2409.8 1.34 11 5468.4 1.51 

Babu et al. 

(2016) 

CSSA IND 
Trivandru

m NU MT ME NS UFP+F+C 
EM+

A 

AIT-

ACC 
14.6-

661.2 
114 22.3 1.44 275 95.5 1.28 3380 96.6 1.89 

700-

10000 
15.1 2611.4 1.25 65.9 3826.5 2.18 34.5 4543.5 1.36 29.7 1945.7 2.15 130.9 3966.3 1.63 -- -- -- 

Babu et al. 

(2016) 

CSSA IND 
Trivandru

m NU MT ME NS UFP+F+C 
EM+

A 

AIT-

ACC 
14.6-
661.2 

227 24.4 1.42 1762 96.9 1.44 9030 110.7 1.87 
700-

10000 
450.8 2 12.79 4.2 2424.2 1.34 4.5 4964.2 1.45 1501.5 2.6 8.27 5.9 2362.8 1.48 8.4 4610.4 1.73 

Babu et al. 

(2016) 

EA CHN Beijing NU VVST A DS UFP+F+C 
EM+

A 
NUC 31-800 36107 9.6 1.6 5728 23.4 3.6 297 34.4 1.21 900-2600 0.9 1085.5 1.26 86.7 8430.5 2.13 -- -- -- 2687.9 18799.2 1.79 122.1 18200.6 3.97 -- -- -- 

Wehner et al. 

(2004b) 

EA CHN Beijing NU VVST E DS UFP+F+C 
EM+

A 

AIT-

ACC 
3-800 40363 103.7 2.08 4329 110.7 1.36 5841 275.4 1.48 

1000-

5000 
61669.3 135.9 1.78 214.1 3978.1 1.93 -- -- -- 133819.9 74.3 2.11 282.9 3979.3 1.86 -- -- -- 

Wehner et al. 

(2004b) 

EA CHN Beijing NU VVST E DS UFP+F+C 
EM+

A 
NUC 3-800 1789 11 1.58 1910 69.8 5.35 160 42.5 1.28 

1000-
6000 

415.2 2723.2 1.51 236 5023.3 1.26 -- -- -- 1081.6 3694.5 1.85 58.9 5249.4 1.23 -- -- -- 
Wehner et al. 

(2004b) 

EA CHN Beijing NU VVST E 
high vol. 

conc. 
UFP+F+C 

EM+

A 
ACC 3-800 4310 17.3 1.37 8186 42.1 1.42 24195 135.1 1.79 

1000-

5000 
178827.3 194 1.48 70.3 2601.8 4.02 42.1 3680.7 1.58 

4352276

9 
2.2 3.41 124.3 3823 1.86 -- -- -- 

Wehner et al. 

(2004b) 

EA CHN Beijing NU VVST E NPF UFP+F+C 
EM+

A 
NUC 3-800 88923 6.3 1.48 53066 13.2 1.37 7020 35.5 2.06 

1000-

3000 
0.3 1020 1.05 4.6 2000 1.81 6.6 3000.1 1.39 0.8 1000 1.08 2.2 2000 1.49 31.7 5000 2.05 

Wehner et al. 

(2004b) 

EA CHN Beijing NU VVST E NPF UFP+F+C 
EM+

A 
AIT 3-800 6116 17 1.24 12154 36.2 1.46 19996 29.7 2.86 900-3000 0.9 889.4 1.15 33.3 6000 2.09 -- -- -- 1 900 1.11 42 6000 2.37 -- -- -- 

Wehner et al. 

(2004b) 

EA CHN Beijing NU VVST M 
high vol. 

conc. 
UFP+F+C 

EM+

A 
AIT 3-800 8514 16 1.42 41775 74.9 1.94 -- -- -- 

1000-

4000 
332.5 5 914.14 18.9 3143.1 1.34 -- -- -- 11.3 912.5 1.33 2.2 2838.5 1.12 118.4 4997.2 2.35 

Wehner et al. 

(2004b) 

EA CHN Beijing NU VVST M NPF UFP+F+C 
EM+

A 
NUC 3-800 28176 8.1 1.62 14936 15.5 1.26 31980 32.3 1.86 

1000-
3000 

40.8 6872.8 2.23 -- -- -- -- -- -- 7.5 2000 3.27 7.8 2700.1 1.49 2.8 3059.6 1.18 
Wehner et al. 

(2004b) 

EA CHN Beijing NU LT ME NS UFP+F EM AIT 3-800 12122 18.6 2.18 361 39.2 1.26 15689 72.1 2.19 
800-

10000 
92378 3.6 3.73 18.2 3029.9 1.6 -- -- -- 46852.6 7.9 3.37 25.3 2981.3 1.61 -- -- -- Wu et al. (2008) 

EA CHN Beijing NU LT ME NS UFP+F EM AIT 3-800 3288 13.4 1.79 6095 31 1.69 13619 94.2 2.04 
800-

10000 
1231.8 13.5 4.89 16.2 3100.5 1.52 -- -- -- 6845.6 7.4 4.78 23.1 3039.2 1.54 -- -- -- Wu et al. (2008) 

EA CHN Beijing NU LT ME NS UFP+F EM AIT 3-800 3525 14.9 1.72 6604 34.4 1.62 15456 97.9 2 
800-

10000 
59 246.5 3.22 15.6 3019 1.46 1.6 4212.4 1.6 47.5 527.4 1.25 12 1216.2 1.5 25.9 3075.2 1.49 Wu et al. (2008) 

EA CHN Beijing NU LT ME NS UFP+F EM AIT 3-800 6907 21 2 846 34.4 1.37 19252 78 2.02 
800-

10000 
128 71.8 3.62 6.5 2301.7 1.65 10.5 3785.6 1.47 15645.2 6.3 4.09 23.5 2943.5 1.8 2.6 3442.6 1.23 Wu et al. (2008) 

EA CHN Lanzhou NU MT ME NS F+C A -- 10-100 -- -- -- -- -- -- -- -- -- 
500-

10000 
3.3 497.8 1.3 12.4 1203 2.79 14.3 3777 1.58 5.1 505.6 1.25 23.9 1228.5 2.92 16.7 3847.8 1.51 

Yu et al. 

(2017b) 

EA CHN Beijing NU MT ME NS UFP+F+C 
EM+

A 
AIT 3-800 1589 9.9 1.72 9660 49.2 2.25 3702 143.5 1.77 

850-

10000 

1.708E+1

3 
5.7 1.95 8.3 2840.2 1.87 12.8 5049.1 2.2 2.5 804.4 1.06 6.5 3196.1 1.51 51.6 8832.7 8.69 Yue et al. (2009) 

EA CHN 
Guangzho

u NU VVST ME NS UFP+F+C 
EM+

A 
AIT 15-660 21532 52 2.4 2848 99.4 1.59 -- -- -- 

660-

10000 
17 444.9 1.39 12.4 2736.3 2.68 2.8 3543.4 1.37 79.1 311.1 1.65 1.6 1284.2 1.25 15.8 3389.9 1.76 Yue et al. (2010) 

EU DEU Augsburg UB LT ME NS UFP+F+C 
EM+

A 
AIT 3-900 66772 16.1 1.92 52675 38.9 1.67 35274 96 1.89 

900-
10000 

95082.9 29.8 2.31 17.5 2746.7 1.77 1.1 7775.4 1.28 
2746216

02.3 
28.7 1.84 27.1 2433.8 1.83 2.8 6730.6 1.6 Pitz et al. (2008) 

EU DEU Augsburg UB LT ME NS UFP+F+C 
EM+

A 
AIT 3-800 469 10.2 1.47 7144 35.6 2.08 1411 135.8 1.73 800-8000 19.1 169.5 2.04 1.6 2661.9 1.59 5.6 135389.7 137.19 510.7 31.5 2.88 1.2 2377.4 1.42 2.6 2982.8 2.21 

Birmili et al. 

(2010) 

EU DEU Karlsruhe SUB VVST ME NS UFP+F+C 
EM+

A 

AIT-

ACC 
15-800 2017 27.2 1.92 290 53.1 1.15 3154 106.8 1.7 900-4000 0.02 1114.5 1.06 0.1 3622.9 1.14 2.7 3641.6 2.99 3.1 2527.8 2.39 0.9 4971.9 1.24 -- -- -- 

Bäumer et al. 

(2008) 
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EU DEU Karlsruhe SUB VVST ME NS UFP+F+C 
EM+

A 
ACC 15-800 2245 59.9 2.09 456 69.6 1.38 1608 169.5 1.46 900-4000 0.16 993.4 1.19 0.2 1704.5 1.25 10.2 14318.4 2.37 0.3 1298.9 1.89 1.7 2715.6 2.1 1.8 5942.2 1.42 

Bäumer et al. 

(2008) 

EU DEU Karlsruhe SUB VVST ME NS UFP+F+C 
EM+

A 
ACC 15-800 2654 87.3 2.1 573 193.1 1.41 -- -- -- 900-3600 0.02 993.2 1.16 0.7 1716.1 1.97 0.7 3914.1 1.33 0.7 1174.9 1.79 30.9 27384.8 2.75 -- -- -- 

Bäumer et al. 

(2008) 

EU DEU Karlsruhe SUB VVST ME NS UFP+F+C 
EM+

A 
AIT 15-800 1237 27.9 1.36 3593 57.7 1.34 2846 137.9 1.71 900-5000 0.1 886.7 1.61 2.5 2553.9 2.46 4.9 8325.7 1.74 0.7 1202 1.76 2.6 2351.1 1.95 4.1 6050.3 1.53 

Bäumer et al. 

(2008) 

EU DEU Karlsruhe SUB VVST ME NS UFP+F+C 
EM+

A 
AIT 15-800 39 18.8 1.11 2712 60.7 1.7 1957 166.2 1.69 900-4000 0.39 967.6 1.14 4.2 1611.3 2.15 24 18669.1 2.17 4.2 909.4 1.83 3.3 1482.2 2 6.1 6027.1 1.76 

Bäumer et al. 

(2008) 

EU FRA Paris SUB ST ME NS UFP+F+C 
EM+

A 
NUC 4.86-486 8089 14.4 1.74 5198 82 1.97 1617 125.5 1.34 600-8000 4.8 375.8 1.44 3.1 3050.1 2.46 1.6 3372.5 1.44 8.7 362.4 1.53 2.1 2164.1 1.8 4.2 3533.8 1.64 

Freutel et al. 

(2013) 

EU FRA Paris SUB ST ME NS UFP+F+C 
EM+

A 
AIT 4.86-486 10711 23.5 2.44 420 55.2 1.27 2699 93.3 1.49 600-8000 1.5 1954.2 1.56 1.4 3361.9 1.35 0.2 5900 1.14 1.6 1657.1 1.66 2.9 2969.4 1.46 0.23 5900 1.2 

Freutel et al. 

(2013) 

EU FRA Paris SUB ST ME NS UFP+F+C 
EM+

A 
NUC 4.86-486 7458 16.5 1.78 923 38.8 1.35 3528 77.5 1.66 600-8000 2.8 2263.3 1.72 0.7 3109.3 1.26 -- -- -- 4.6 2257.5 1.64 0.08 6512.3 1.2 -- -- -- 

Freutel et al. 

(2013) 

NAA

N 
AUS Brisbane NU LT ME NS UFP+F+C 

EM+

A 
AIT 16-480 160 24.4 1.36 159 29.9 2.98 -- -- -- 

700-
10000 

0.2 8744.7 2.26 -- -- -- -- -- -- 0.3 8000 2.33 -- -- -- -- -- -- 
Morawska et al. 

(1998) 

NAA

N 
USA Pittsburgh NU LT ME NS UFP+F+C 

EM+

A 
AIT 3-600 8000 2.5 1.28 10925 11.9 2.53 11291 49.3 2.29 600-2500 5.9 436.4 1.5 0.2 1230.5 1.2 1.9 2489.4 1.4 9 436.4 1.5 0.3 1230.5 1.2 2.88 2489.4 1.4 

Stanier et al. 

(2004) 
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Table A.3 Urban aerosol size distribution measurements made with electrical mobility-based techniques and/or optical-based 

techniques covering the sub-micron and coarse regimes 
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CSSA SGP Singapore NU ST ME HZ UPF+F+C EM+O ACC 13-200 3778 28.6 1.78 13465 153.2 1.68 -- -- --  200-9000 149 388.8 1.67 108.2 2078.4 1.65 109.7 6791.9 1.4 Chen et al. (2016) 

CSSA SGP Singapore NU ST ME HZ UPF+F+C EM+O ACC 13-200 153 31.8 1.11 3451 33.9 1.8 11085 152.5 1.64  200-9000 102.7 354.9 1.51 76.9 1999.9 1.75 57 6749.7 1.39 Chen et al. (2016) 

CSSA SGP Singapore NU ST ME HZ UPF+F+C EM+O AIT 13-200 810 17.4 1.19 5847 31.3 1.48 8818 96.8 1.91  200-9000 58.9 271.1 1.7 22.3 2232.4 1.53 28.5 6888.4 1.45 Chen et al. (2016) 

CSSA SGP Singapore NU ST ME NS UPF+F+C EM+O AIT 13-200 1159 16.7 1.2 14406 42.3 1.74 8709 102.9 1.54  200-9000 0.04 8639.5 38.55 6 2415.6 1.33 24.2 6917.1 1.45 Chen et al. (2016) 

EA CHN Shanghai NU MT ME NS UFP+F+C EM+O AIT 10-1000 297 22.2 1.24 8641 44.8 1.78 3247 174 1.69  1000-10000 16.1 1203.8 1.2 5.4 2349.6 1.09 16.2 4386.6 1.5 Du et al. (2012) 

EA CHN Shanghai NU MT ME NS UFP+F+C EM+O AIT 10-1000 346 22.4 1.22 6165 34.2 1.64 5784 100.3 1.92  1000-10000 19.9 1289.3 1.19 10.7 2320.7 1.08 36 4494.3 1.59 Du et al. (2012) 

EA CHN Nanjing SUB ST ME NS UPF+F+C EM+O 
AIT-

ACC 
10-500 4419 26.7 1.57 1740 42.3 1.33 16841 111 1.84  500-10000 147.4 543.8 1.88 56 3415.5 1.37 21.6 6187.2 1.22 Kang et al. (2013) 

EU CHE Zürich TR VVST D NS UFP+F+C EM+O NUC 8-300 13281 8.2 1.2 65654 15.9 1.85 14403 89.3 1.84  300-7000 18.6 396.8 1.4 9 3449.5 1.96 -- -- -- 
Bukowiecki et al. 

(2002) 

EU CHE Zürich TR VVST E NS UFP+F+C EM+O 
AIT-

ACC 
8-300 1206 27.7 1.46 7073 99.3 2.17 -- -- --  300-7000 15 370.3 1.38 4.6 2462.6 1.92 -- -- -- 

Bukowiecki et al. 

(2002) 

EU GBR Manchester TR VVST A NS UFP+F+C EM+O AIT 
10-

10000 
78495 27.6 1.51 6044 103.8 1.36 -- -- --  10-10000 3.2 47.9 1.57 9.6 144.8 1.38 21 6000 3.1 Longley et al. (2003) 

EU GBR Manchester TR VVST E NS UFP+F+C EM+O AIT 
10-

10000 
8793 30.1 2.03 906 126.1 1.36 -- -- --  10-10000 3.8 158.1 1.47 5.8 1600 1.9 11 3993.8 1.29 Longley et al. (2003) 

EU GBR Manchester TR ST ME NS UFP+F+C EM+O AIT 
10-

10000 
29862 25 1.65 7786 88 1.56 -- -- --  10-10000 10.3 145.7 1.49 9 3600 1.26 35 8000 1.8 Longley et al. (2003) 

NAA

N 
USA Fresno NU LT ME NS UFP+F+C EM AIT 9-392 11810 37.8 2.7 11769 82.4 1.58 -- -- --  400-5000 28.6 300 1.37 11.6 777.2 1.56 14.8 3122.4 1.27 Watson et al. (2002) 

AF 
BW

A 
Gaborone NU VVST E 

smoke-

filled air 
F+C O -- -- -- -- -- -- -- -- -- -- --  100-5000 44.6 227.4 1.6 106.4 3617.2 2.24 2.4 5107.9 1.14 Jayaratne et al. (2001) 

AF 
BW

A 
Gaborone NU VVST A NS F+C O -- -- -- -- -- -- -- -- -- -- --  100-5000 0.6 176.7 1.56 1.1 2337.2 1.78 0.1 5576.2 1.19 Jayaratne et al. (2001) 

AF 
BW

A 
Gaborone NU VVST ME 

residual 

smoke 
F+C O -- -- -- -- -- -- -- -- -- -- --  100-5000 7.8 210.1 1.46 5.6 3110.2 1.83 0.7 5270.7 1.2 Jayaratne et al. (2001) 

AF CPV Praia City SUB LT ME NS F+C O -- -- -- -- -- -- -- -- -- -- --  250-10000 6.9 737.3 1.56 30.1 3276.2 1.6 37.1 10110.5 2.26 Pio et al. (2014) 

CSSA PAK Lahore SUB VST ME NS F+C O -- -- -- -- -- -- -- -- -- -- --  250-10000 29.1 298.5 1.32 79.3 5668.3 1.54 109.7 15682.9 14.81 Majid et al. (2013) 

CSSA PAK Karachi TR VST ME NS F+C O -- -- -- -- -- -- -- -- -- -- --  250-10000 76 280.3 1.34 62.5 3555 2.49 239.3 6588.4 1.54 Majid et al. (2013) 

CSSA PAK Rawalpindi NU VST ME NS F+C O -- -- -- -- -- -- -- -- -- -- --  250-10000 63.3 266.9 1.33 189.8 6679.5 1.67 1362.9 7574020 42.33 Majid et al. (2013) 

CSSA PAK Peshawar TR VST ME NS F+C O -- -- -- -- -- -- -- -- -- -- --  250-10000 83.3 250.6 1.4 141.9 0.8 287.83 246.6 6317.6 1.63 Majid et al. (2013) 
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 Table A.4 Urban aerosol size distribution measurements made with gravimetric methods employing inertial impactors  
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AF KEN Nairobi UB MT ME NS F+C A-G 400-10000 2.7 216.4 2.27 1.7 1826.4 1.7 1.8 5349.3 2.13 -- -- -- 4.4 243.9 2.54 1.5 1589.8 1.52 3.2 4069 2.09 -- -- -- Gaita et al. (2016) 

AF MLI Bamako TR/CC VST ME NS UFP+F+C A 30-10000 67.9 130.3 219 4.2 331.8 1.12 36 1916.5 1.76 -- -- -- 63 102.5 1.95 9.6 376.1 1.29 53 1862.7 1.82 -- -- -- Val et al. (2013) 

AF SEN Dakar TR/CC VST ME NS UFP+F+C A 30-10000 39.4 166.6 2.32 2 358.6 1.2 37.6 1957.4 1.82 -- -- -- 35.2 125.6 2.11 53.5 1603.8 2.08 7.8 2326.5 1.31 -- -- -- Val et al. (2013) 

CSSA IND Durg NU MT ME NS F+C A-G 400-10000 31.9 948.9 2.28 5.7 2332.5 1.27 12.2 7418.1 1.64 -- -- -- 23.6 588.7 1.68 39.8 1950 1.97 7 7078.4 1.29 -- -- -- 
Deshmukh et al. 

(2012) 

CSSA IND Durg NU MT ME NS F+C A-G 400-10000 22.9 834.2 2.6 2.6 2628.2 1.23 14.7 6925.3 2.02 -- -- -- 19.3 606 2.67 19.7 1000 2.27 7.6 2999.9 1.3 10.7 6650.7 1.38 
Deshmukh et al. 

(2012) 

CSSA IND Durg NU MT ME NS F+C A-G 400-10000 10.2 914.3 1.99 5 2595.2 1.27 10.4 6654.3 1.63 -- -- -- 16.2 865.4 1.91 10.7 2814 1.33 9.2 6793.1 1.29 -- -- -- 
Deshmukh et al. 

(2012) 

CSSA IND Durg NU MT ME NS F+C A-G 400-10000 4 676.5 1.87 1.4 2582.4 1.27 24.6 7139.7 4.83 -- -- -- 16 859.3 2.14 9 3240.4 1.51 5.1 7262.1 1.29 -- -- -- 
Deshmukh et al. 

(2012) 

CSSA IND Mumbai UB MT ME NS F+C A-G 350-10000 46 601.2 1.66 42.5 3990.9 1.9 -- -- -- -- -- -- 11.3 454.9 1.35 67.1 661.8 1.62 59.4 3977.9 1.88 -- -- -- 
Venkataraman et 

al. (2002) 

CSSA IND Mumbai UB MT ME NS F+C A-G 350-10000 17.5 457.2 1.61 5.7 973.6 1.38 53.1 4385.1 1.74 -- -- -- 35.7 533.5 1.66 4.7 1186 1.31 72.2 4370.7 1.7 -- -- -- 
Venkataraman et 

al. (2002) 

CSSA VNM 
Ho Chi 

Minh 
NU ST ME NS F+C A-G 400-5000 59.3 385.3 2.26 218.9 6270.2 1.81 -- -- -- -- -- -- 93.1 421.9 2.11 261.8 5427.2 1.69 -- -- -- -- -- -- Hien et al. (2007) 

CSSA VNM 
Ho Chi 

Minh 
NU ST ME NS F+C A-G 400-5000 10.6 426.6 2.73 12.7 4039.69 1.88 21.4 8118.3 1.36 -- -- -- 9.3 462.7 1.7 15.6 2659.3 2.14 33.4 7726.1 1.49 -- -- -- Hien et al. (2007) 

EA CHN Beijing NU ST A NS UFP+F+C A-G 56-10000 64.6 701.7 1.89 17 3585.9 1.35 48.5 6829.4 2.01 -- -- -- 2.9 519 1.14 98.6 684.9 1.76 90.3 4785.8 1.89 -- -- -- Guo et al. (2010) 

EA CHN Beijing NU ST E NS UFP+F+C A-G 56-10000 13 189.4 3.51 51 805.7 1.94 55.5 5136.4 1.68 -- -- -- 68.8 601.1 1.78 17.7 1124.6 1.33 86.3 4807.3 1.81 -- -- -- Guo et al. (2010) 

EA CHN Beijing NU ST M NS UFP+F+C A-G 56-10000 65.2 153.5 4.05 49.4 686.9 1.7 64.4 5004.8 1.8 -- -- -- 184.8 431.5 13.02 65.5 645.9 1.59 51.6 5248.2 1.6 -- -- -- Guo et al. (2010) 

EA CHN Shanghai NU MT ME NS UFP+F+C A-G 56-10000 15.5 238.4 2 3.5 610 1.22 33.5 2960.7 2.6 6.5 6700 1.3 20 230 2 6.5 620 1.22 63.2 3416.6 3.7 6.5 6700 1.25 Ding et al. (2017) 

EA CHN Shanghai NU MT ME NS UFP+F+C A-G 56-10000 14 465 2.4 3.2 590 1.3 14.5 4060.7 2.4 3.6 6700 1.47 25.4 537.2 2.54 6 595 1.28 6.5 2501.3 1.71 14 6700 1.55 Ding et al. (2017) 

EA CHN Shanghai NU MT ME NS UFP+F+C A-G 56-10000 3.2 565.7 1.28 20.6 728 3.29 6122.1 1.62 10.1 -- -- -- 6.7 580 1.32 28.9 643.3 2.86 15.6 5736.3 1.69 -- -- -- Ding et al. (2017) 

EA CHN Shanghai NU MT ME NS UFP+F+C A-G 56-10000 3.6 560 1.27 54 938.4 3.04 10.3 6337.7 1.46 -- -- -- 61.5 624.4 1.9 39.5 3939.4 2.27 2.5 6420.2 1.25 -- -- -- Ding et al. (2017) 

EA CHN Guangzhou NU MT ME NS UFP+F+C A-G 56-10000 26 439 2.33 25.2 4726.8 1.72 -- -- -- -- -- -- 98.2 499.9 2.36 91.1 5531.2 1.93 1365.2 9372261.8 11.74 -- -- -- Duan et al. (2007) 

EA CHN Guangzhou NU MT ME NS UFP+F+C A-G 56-10000 24.1 598.1 2 16.3 4578.7 1.5 380.1 36304359 71 -- -- -- 43.2 609.8 1.92 36.2 5014.8 1.71 -- -- -- -- -- -- Duan et al. (2007) 

EA CHN Guangzhou NU MT ME NS UFP+F+C A-G 56-10000 26.9 446.5 2 6 1100 1.32 35.3 4918.1 2.03 -- -- -- 63.9 671.9 2.39 38.9 6028.6 1.76 -- -- -- -- -- -- Duan et al. (2007) 

EA CHN Guangzhou NU MT ME NS UFP+F+C A-G 56-10000 29.7 501 2.33 24.2 4690.7 1.71 -- -- -- -- -- -- 47.7 525.1 2.24 34.3 4937.9 1.76 -- -- -- -- -- -- Duan et al. (2007) 
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EA CHN Shenzhen NU MT ME NS UFP+F+C A-G 56-10000 3.9 712.9 3.05 0.3 829.1 1.5 1 5242.2 1.5 -- -- -- 6.1 705.5 2.45 1 4300 1.36 0.6 7909 1.28 -- -- -- 
Huang et al. 

(2006) 

EA CHN Shenzhen NU MT ME NS UFP+F+C A-G 56-10000 4.1 565 2.29 1 900 1.4 2.8 4687.1 2.12 -- -- -- 8.2 752.9 2.24 0.9 792.4 1.36 2.3 5398.4 1.6 -- -- -- 
Huang et al. 

(2006) 

EA CHN Shenzhen NU MT ME NS UFP+F+C A-G 56-10000 2.2 542.4 1.62 0.5 2643.7 1.8 8.4 8328.9 
22.0

1 
-- -- -- 0.9 299.8 1.69 2.7 588 1.44 8.9 2431.8 6.49 -- -- -- Lan et al. (2011) 

EA CHN Beijing NU VST ME NS UFP+F+C A-G 28-9920 13.7 375.7 1.68 28.5 2489.6 1.71 20 10000 1.6 -- -- -- 22.5 400.8 1.67 35.3 2129.1 1.61 27.7 7600.2 1.68 -- -- -- Duan et al. (2012) 

EA CHN Beijing NU VST ME NS UFP+F+C A-G 28-9920 21.9 507.5 1.43 84.7 903.7 2.64 12 9000 1.85 -- -- -- 37.9 533.5 1.37 134.9 849.6 2.39 20 9000 1.87 -- -- -- Duan et al. (2012) 

EA CHN Beijing NU VST ME NS UFP+F+C A-G 56-10000 6.3 315.9 1.26 13.6 457.7 2.4 12.4 5115.7 2.17 -- -- -- 10.5 329 1.28 22.9 520.8 2.49 14.2 5158 1.89 -- -- -- Hu et al. (2012) 

EA CHN Beijing NU VST ME NS UFP+F+C A-G 56-10000 1.2 307.1 1.27 5.9 498.3 3.08 3.9 7267.6 2.01 -- -- -- 2.1 333.6 1.32 9.5 577.6 3.25 3.9 6710.8 1.7 -- -- -- Hu et al. (2012) 

EA CHN Zhengzhou NU VST ME HZ UFP+F+C A 100-8000 13.2 757.3 1.75 8 950 1.25 187.3 11081.1 4.91 -- -- -- 19.9 562.6 1.53 28.2 1026.1 1.26 164 5402.7 3.04 -- -- -- Yu et al. (2017) 

EA CHN Zhengzhou NU VST ME NS UFP+F+C A 100-8000 13.6 1641.4 3.99 2.5 2400 1.2 24.2 9814.2 1.79 -- -- -- 9.7 635.2 2.49 55.7 9620.2 2.96 -- -- -- -- -- -- Yu et al. (2017) 

EA CHN Guangzhou SUB 
VVS

T 
ME NS UFP+F+C A-G 56-10000 43.3 454.5 2.2 20.1 3586.3 1.36 8 7543.7 1.32 -- -- -- 56.4 477.9 2.04 43.4 3640.3 4.56 17 4200 1.35 -- -- -- Liu et al. (2008) 

EA CHN Guangzhou SUB 
VVS

T 
ME NS UFP+F+C A-G 56-10000 23.4 419.7 1.85 8.5 1100.3 1.3 22.4 3860.3 1.72 -- -- -- 43.5 500 2.1 10.9 1050 1.3 32.6 4219 1.7 -- -- -- Liu et al. (2008) 

EA CHN Guangzhou SUB 
VVS

T 
ME NS UFP+F+C A-G 56-10000 19.7 419.6 1.61 10 1100.3 1.35 20 4600 1.8 -- -- -- 29.4 416.7 1.59 18.2 1050 1.38 26.9 4200 1.7 -- -- -- Liu et al. (2008) 

EA CHN Guangzhou SUB 
VVS

T 
ME NS UFP+F+C A-G 56-10000 14 370.2 1.55 9 1050 1.29 17 3900.3 1.6 49 6000 8.75 36.5 408 1.68 17.4 1050 1.3 56.4 4026.8 1.91 -- -- -- Liu et al. (2008) 

EA CHN Guangzhou SUB 
VVS

T 
ME NS UFP+F+C A-G 56-10000 23.6 340.6 2.16 9 1050.3 1.25 34.7 3790.4 1.85 -- -- -- 37.2 360.7 2.1 15.6 1050 1.26 46.6 4155.8 1.93 -- -- -- Liu et al. (2008) 

EA CHN Guangzhou SUB 
VVS

T 
ME NS UFP+F+C A-G 56-10000 16.3 323.1 1.67 14.8 1150 1.37 18.5 3251.3 1.55 6.9 11000 1.4 28.1 363.1 1.81 20 1100 1.33 28 3251.3 1.55 10 11000 1.4 Liu et al. (2008) 

EA 
CHN:T

WN 
Taichung NU MT ME NS F+C A-G 210-9900 14.6 343.5 1.52 22.2 820 1.55 29.8 4597 1.95 -- -- -- 68.2 667.3 2.02 35.5 5357.6 1.75 -- -- -- -- -- -- 

Cheng et al. 

(2000) 

EA JPN Kawasaki UB MT ME NS UFP+F+C A-G 30-8000 7.6 231.2 2.46 0.7 410 1.16 7.4 1590.6 3.95 -- -- -- 4 165.7 2.19 1.3 410 1.19 16.7 695 3.54 -- -- -- 
Fushimi et al. 

(2008) 

EA JPN Kawasaki TR MT ME NS UFP+F+C A-G 30-6000 12.9 115.2 1.75 7.1 360.4 1.36 14.1 1081 2.8 -- -- -- 12.9 94.6 1.53 5 250 1.43 9.4 695 1.7 10.2 2000.8 2.09 
Fushimi et al. 

(2008) 

EA JPN Sapporo NU VST ME NS UFP+F+C A-G 56-10000 1.2 180 1.52 4.1 641.5 1.68 2 7865.1 1.54 -- -- -- 1.4 150 1.45 6.6 646.4 1.66 2.5 7484.3 1.58 -- -- -- 
Agarwal et al. 

(2010) 

EA KOR Ulsan NU MT ME NS F+C A-G 400-10000 13 532 1.57 216.8 42160.4 4.64 1346.2 25550.5 1.51 -- -- -- 18 515 1.5 31 2700 2.6 15152.7 250852.9 3.28 -- -- -- Ny et al. (2011) 

EA KOR Ulsan NU MT ME NS F+C A-G 400-10000 13.9 733.6 1.74 10.9 3213.9 1.39 137.9 15000.1 1.59 -- -- -- 23 734.1 1.74 17 3400 1.46 139 13000 1.53 -- -- -- Ny et al. (2011) 

EA KOR Ulsan NU MT ME NS F+C A-G 400-10000 14.2 742.3 1.52 14.2 3499 1.53 135.8 13000 1.41 -- -- -- 24.2 752.8 1.54 18 3141.3 1.43 180.2 13000 1.51 -- -- -- Ny et al. (2011) 

EA KOR Ulsan NU MT ME NS F+C A-G 400-10000 14.5 701.3 1.86 24.2 5005.2 2.02 309.8 15000 1.39 -- -- -- 22.9 688.4 1.62 34.7 4560.9 2.13 222.7 13080.6 1.4 -- -- -- Ny et al. (2011) 

EA KOR Gwangju NU MT ME NS UFP+F+C A-G 55-9900 27.1 457.9 1.78 6.7 1055.8 1.22 26.8 4727 2.6 -- -- -- 44.3 491.7 1.8 10 1050 1.22 39.9 4771.6 2.62 -- -- -- Yu et al. (2017) 

EA KOR Gwangju NU MT ME NS UFP+F+C A-G 55-9900 2.7 332 1.25 9.5 585.3 2.32 4.7 5428.3 1.74 -- -- -- 4.9 335.1 1.24 5 621.1 1.66 13.3 1186.8 4.36 2.9 5809.8 1.45 Yu et al. (2017) 

EU AUT Vienna NU ST D NS UFP+F+C A-G 60-10000 6.6 274.3 2.89 3.7 384 1.6 2.5 3871.9 1.83 -- -- -- 1.4 80 1.45 13.7 366.5 1.85 4.3 3183.7 1.99 -- -- -- 
Berner et al. 

(2004) 

EU AUT Vienna NU ST D NS UFP+F+C A-G 60-10000 8.3 330.6 2.26 3.2 3202.3 1.62 -- -- -- -- -- -- 0.8 70 1.3 12.7 351.5 2.18 4.7 3250.8 1.77 -- -- -- 
Berner et al. 

(2004) 

EU BEL Gent NU MT ME NS UFP+F+C A-G 53-10000 4.7 224.7 1.89 1.8 739.2 1.6 5.8 4434.3 2.04 -- -- -- 7.2 272.7 2.27 5.3 1198.4 2.89 5.7 5144.1 1.83 -- -- -- 
Maenhaut et al. 

(2002) 

EU CZE Prague UB MT ME NS UFP+F+C A-G 35-10000 20.7 389.5 2.44 7.5 482.7 1.37 6.2 4385 1.7 -- -- -- 6.3 127.6 1.6 34.3 469.7 1.59 11 3385 1.6 -- -- -- 
Pennanen et al. 

(2007) 
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EU DEU Duisburg UB MT ME NS UFP+F+C A-G 35-10000 4.3 246.5 2.29 4.6 450.5 1.42 3.8 3335.9 2.08 -- -- -- 3.3 206.9 1.9 6.5 445.1 1.36 13.9 3648.1 7.3 -- -- -- 
Pennanen et al. 

(2007) 

EU ESP Barcelona UB MT ME NS UFP+F+C A-G 35-10000 0.8 60 1.25 8.8 296.7 1.83 19.8 4395.4 2.46 -- -- -- 1 62 1.23 10.7 309.9 1.69 35.2 4797.6 3.21 -- -- -- 
Pennanen et al. 

(2007) 

EU FIN Helsinki TR LT ME NS UFP+F+C A-G 35-10000 6.1 278.7 2.27 0.7 375 1.15 2.7 2389.9 1.59 7.3 8680.6 1.6 4.2 181.3 2.07 2.3 529.8 1.42 4.1 2114.5 1.61 11.1 8246.4 1.63 
Pakkanen et al. 

(2001) 

EU FIN Helsinki UB MT ME NS UFP+F+C A-G 35-10000 6.6 289.3 2.1 4.7 3779.3 1.97 -- -- -- -- -- -- 6.3 257.1 1.91 1.1 444.5 1.33 13.2 4856.9 4.68 -- -- -- 
Pennanen et al. 

(2007) 

EU FRA Dunkirk SUB MT ME NS UFP+F+C A-G 30-10000 5.5 393.4 1.51 9.5 964.7 4.12 4.5 1720.2 1.89 -- -- -- 10.4 401.4 1.5 10.3 1104.8 5.57 10.1 1519.8 1.86 -- -- -- 
Mbengue et al. 

(2014) 

EU FRA Dunkirk SUB MT ME NS UFP+F+C A-G 30-10000 2.9 194.8 3.4 2.6 402.9 1.5 6.6 1502.8 1.95 -- -- -- 3 140.4 2.33 5.9 463.1 1.51 10.1 1578.4 1.81 -- -- -- 
Mbengue et al. 

(2014) 

EU GRC Athens NU MT ME NS UFP+F+C A-G 30-10000 3.8 125.5 4.19 3.7 254.7 1.41 181.9 22455345 
143.

95 
-- -- -- 4.5 267.8 1.47 14.3 327.3 5.71 2.6 1900 1.43 7.3 7300 1.9 

Karanasiou et al. 

(2007) 

EU GRC Athens UB MT ME NS UFP+F+C A-G 35-10000 12.2 300.7 2.29 0.7 1900 1.21 16.4 4870.1 1.92 -- -- -- 18.8 319.6 2.39 5.7 2221.6 1.34 14.6 5500 1.56 -- -- -- 
Pennanen et al. 

(2007) 

EU ITA Bologna NU MT ME NS UFP+F+C A-G 50-10000 22.5 552.2 1.8 40.6 2499.7 44.91 2.5 3000 1.75 -- -- -- 18.5 540.4 1.45 55.6 1000.3 5.58 -- -- -- -- -- -- Matta et al. (2003) 

EU ITA Bologna NU MT ME NS UFP+F+C A-G 50-10000 10.6 200 2.81 6.1 600 1.94 5.1 10000 1.91 -- -- -- 21.4 299.9 3.57 3.9 600 1.5 4.7 5500.6 1.7 -- -- -- Matta et al. (2003) 

EU NLD Amsterdam UB MT ME NS UFP+F+C A-G 35-10000 34.9 242.1 1.76 10.7 2945.5 2.21 5 7500 1.5 -- -- -- 41.6 260 1.69 33.7 2931.5 7.68 6 7500 1.7 -- -- -- 
Pennanen et al. 

(2007) 

LA BRA Sao Paulo NU MT ME NS UFP+F+C A-G 93-4000 31.1 193.8 2.17 16.8 2000 1.52 3.8 2500 1.61 -- -- -- 47.3 205.2 2.24 29.9 2095.4 1.59 -- -- -- -- -- -- 
Miranda et al. 

(2002) 

LA BRA Sao Paulo NU MT ME NS UFP+F+C A-G 93-4000 8 216.3 1.8 6.5 2000 2.56 17.6 5000 1.52 -- -- -- 5.2 237 1.53 27.3 840.3 16.52 15.6 4000.1 1.4 -- -- -- 
Miranda et al. 

(2002) 

NAAN AUS Launceston NU 
VVS

T 
ME NS UFP+F+C A-G 56-10000 6.2 304.9 2.05 1.1 1129.2 1.42 21.5 4473.5 2.87 -- -- -- 3.4 229.1 2.11 0.8 317.6 1.22 41.9 3547 4.3 -- -- -- 

Keywood et al. 

(2000) 

NAAN AUS Launceston NU 
VVS

T 
ME NS UFP+F+C A-G 56-10000 4.4 298.3 1.42 16.2 595.4 1.9 33.4 2411.6 8.08 -- -- -- 3.7 348.2 1.29 51.6 613 2.29 18.2 6261.5 2.52 -- -- -- 

Keywood et al. 

(2000) 

NAAN AUS Launceston NU 
VVS

T 
ME NS UFP+F+C A-G 56-10000 2.4 233.6 1.76 29.3 2590.1 4.86 -- -- -- -- -- -- 18.1 484.2 2.59 4.8 1661 1.62 22.1 5221.8 2.67 -- -- -- 

Keywood et al. 

(2000) 

NAAN AUS Launceston NU 
VVS

T 
ME NS UFP+F+C A-G 56-10000 2.6 317.6 1.33 20.9 578.4 1.96 13.1 1952.9 8.64 -- -- -- 5.3 345.3 1.34 29.9 643.3 1.86 22.2 1265 9.12 -- -- -- 

Keywood et al. 

(2000) 

NAAN AUS Launceston NU 
VVS

T 
ME NS UFP+F+C A-G 56-10000 10.4 375.2 1.47 16.8 935.5 1.66 50.9 1214.3 4.6 -- -- -- 11.8 360.6 1.42 56.9 895.9 1.95 56.1 1575.4 6.69 -- -- -- 

Keywood et al. 

(2000) 

NAAN AUS Launceston NU 
VVS

T 
ME NS UFP+F+C A-G 56-10000 3.7 322.4 1.43 5.3 980.5 1.68 37.6 1952.3 3.89 -- -- -- 3 330 1.3 39.6 1104.3 2.4 41 7240.5 8.37 -- -- -- 

Keywood et al. 

(2000) 

NAAN AUS Launceston NU 
VVS

T 
ME NS UFP+F+C A-G 56-10000 4.6 366.7 1.49 7.9 1130.2 1.75 21.1 1929.3 4.75 -- -- -- 6.8 365.4 1.47 19.9 1134.6 1.89 27.2 2608.1 6.4 -- -- -- 

Keywood et al. 

(2000) 

NAAN USA Pittsburgh NU MT ME NS UFP+F+C A-G 56-10000 10.7 308.7 2.1 1.7 630 1.3 4.5 4998.9 2.84 -- -- -- 17.3 385.5 2.41 3.2 550.1 1.35 3.5 4982.8 1.68 -- -- -- 
Cabada et al. 

(2004) 

NAAN USA Pittsburgh NU MT ME NS UFP+F+C A-G 56-10000 0.5 196 1.27 7.5 315.4 2.41 2.9 4500 1.76 -- -- -- 11.7 328.6 2.37 4.6 4927.2 1.98 -- -- -- -- -- -- 
Cabada et al. 

(2004) 

NAAN USA Pittsburgh NU MT ME NS UFP+F+C A-G 56-3000 3.3 214.1 1.54 1.6 603.8 1.34 7.8 9999.9 
60.0

6 
-- -- -- 3.6 230.2 1.67 6.2 514.1 3.42 1.4 603.1 1.25 -- -- -- 

Cabada et al. 

(2004) 

NAAN USA Pittsburgh NU MT ME NS UFP+F+C A-G 56-3000 5.9 274 1.67 2.6 613.5 1.31 9 799.1 
26.0

4 
-- -- -- 9.6 324 1.87 3.4 560 1.35 11.7 895.2 15.19 -- -- -- 

Cabada et al. 

(2004) 

NAAN USA Fresno NU MT ME NS UFP+F+C A-G 56-10000 4.1 247.2 1.38 39.3 509.8 2.96 -- -- -- -- -- -- 52.9 391.4 2.25 10 1600 1.48 1.9 3999.9 1.41 -- -- -- Chow et al. (2008) 

NAAN USA Raleigh TR ST ME NS UFP+F+C A-G 30-10000 4.6 380.8 1.23 14.5 622.8 2.62 3.3 4200 1.94 -- -- -- 2.2 495 1.16 3.5 525 1.45 21.1 1094.6 3.76 -- -- -- Hays et al. (2011) 

NAAN USA Newark NU VST ME NS F+C A-G 56-10000 14.8 422.9 1.94 4.6 4754.3 1.74 -- -- -- -- -- -- 6.6 418.4 1.37 18 453.2 2.56 5.3 5300 1.6 -- -- -- Zhao et al. (2008) 

NAAN USA Newark NU VST ME NS F+C A-G 56-10000 5.9 395.4 1.94 2.2 1000.5 2.73 1.2 5000 1.45 -- -- -- 8.7 387.4 1.72 2.7 1118.4 1.49 2.4 4400 1.5 -- -- -- Zhao et al. (2008) 
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WA SAU Yanbu TR MT ME 
land 

breeze 
F+C A 20-10000 15.43 358.1 1.98 9.9 355.8 1.16 35.7 2170.9 1.9 71 10000 1.7 13.5 379.3 1.41 143.9 6014.6 3.81 15.7 11000 1.4 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu TR MT ME 
transition 

period 
F+C A 20-10000 22.98 368.9 1.99 4.2 354.3 1.11 16.1 1680.1 1.52 170 13044.3 2.5 13.5 379.3 1.41 143.9 6014.6 3.81 15.7 11000 1.4 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu TR MT ME 
sea 

breeze 
F+C A 20-10000 11.61 299.6 1.74 7 365.7 1.22 50.4 2599 2.1 67 10044.3 1.6 9.5 375.2 1.47 4.4 1930.3 1.31 582.6 73576.8 9.86 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu UB MT ME 
land 

breeze 
F+C A 20-10000 9.3 348 1.61 1 352.4 1.16 12.5 2462.4 1.91 34 11044.3 1.8 16.2 369 1.52 11.7 1731.5 1.64 30.7 7102 1.69 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu UB MT ME 
transition 

period 
F+C A 20-10000 12.4 395.2 1.78 2.1 334.8 1.21 14.6 2601.3 1.72 39.9 11044.3 1.8 19.7 372.2 1.54 29.8 2610 2.15 35.6 11000 1.75 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu UB MT ME 
sea 

breeze 
F+C A 20-10000 10.1 346.1 1.5 24.1 2591.3 2.06 89.1 14125.4 1.99 -- -- -- 14.3 363.1 1.49 2.7 1540.1 1.25 231.6 26021.8 5.28 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu NU ST ME 
land 

breeze 
F+C A 20-10000 7.4 345.1 1.63 25.1 2417.4 1.67 3091.4 379906.7 5.74 -- -- -- 11.7 363.8 1.62 18.8 1956.4 1.55 173.2 10127.8 2.95 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu NU ST ME 
transition 

period 
F+C A 20-10000 14.6 345.4 1.82 56.9 2686.9 1.68 101 8388.9 1.52 -- -- -- 22.6 361.4 1.8 24.2 1948.5 1.48 247.1 9228.3 2.61 -- -- -- 

Al-Mahmodi 

(2011) 

WA SAU Yanbu NU ST ME 
sea 

breeze 
F+C A 20-10000 13.8 321.6 1.71 76.6 2718.4 1.77 312.5 14735.7 1.95 -- -- -- 21 333.2 1.7 36.9 1979.1 1.59 343.4 10194.9 2.75 -- -- -- 

Al-Mahmodi 

(2011) 

WA TUR Istanbul NU MT ME NS F+C A 400-9000 3.9 996.2 1.43 1.4 1931.2 1.22 140.7 330222.9 5.36 -- -- -- 6 942.3 1.38 3 1820.6 1.29 5.2 8663.1 1.78 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU MT ME NS F+C A 400-9000 0.9 1133.5 2.28 1.2 1744.3 1.38 272 982266.8 8.13 -- -- -- 1.8 1102.1 2.67 1.9 1613.3 1.35 21.8 25485.9 3.57 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 6.8 1356.7 2 0.8 4351.1 1.21 4 9452.6 1.42 -- -- -- 9.8 1182.1 1.83 0.2 2058.2 1.13 0.7 3762.3 1.15 6.1 8085.1 1.65 Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 6 1631.3 1.77 0.3 1980 1.12 77.6 73724.3 3.07 -- -- -- 7.6 1405 1.66 0.5 1982.6 1.19 18.9 20688.4 3.29 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 0.9 993 1.87 1.9 1815.5 1.39 3.4 8723.2 1.68 -- -- -- 1.1 785.5 1.86 3.2 1726.5 1.41 3.7 7365 1.58 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 2.5 1248 2.31 1.4 1768 1.34 315.2 251644.5 4.33 -- -- -- 3.6 1124.3 2.2 2.4 1676.8 1.35 11.9 10423.4 1.97 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 2.5 1720.7 1.34 2.2 868.2 2.91 546.7 1150100.6 6.83 -- -- -- 3.4 719.1 2.64 4.1 1668.7 1.35 10.5 11188.4 2.18 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 4.5 1181.9 2.18 0.4 4107.3 1.16 5.8 10158.6 1.53 -- -- -- 2.5 339.4 2.44 5 1195.4 1.75 8.9 9228.2 1.82 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 6 1667.4 2.69 0.3 4050.1 1.17 8 11523.7 1.56 -- -- -- 3 401.1 2.87 4.7 1309.2 1.78 12 9442.2 2.01 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 3 697.1 2.89 4.9 6681.9 2.27 6.3 11029.5 1.45 -- -- -- 6.8 1004.8 3.51 12.9 10508.7 1.88 -- -- -- -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 5 1019.5 3.27 4.1 6226.7 1.67 2.6 9859.6 1.26 -- -- -- 5.9 706.9 2.89 1 1023.7 1.67 15.2 10253.8 2.17 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 3.1 704.5 2.66 1.9 4703.7 1.6 2 9472.5 1.29 -- -- -- 2.8 550.9 1.86 0.4 1019.9 1.58 44.4 87243 6.49 -- -- -- Onat et al. (2012) 

WA TUR Istanbul NU ST ME NS F+C A 400-9000 2.4 651.6 2.35 2 3581.6 1.51 2.4 10162.5 1.38 -- -- -- 4 677.1 2.17 2.7 3616.3 1.46 1.7 8147.8 1.26 -- -- -- Onat et al. (2012) 
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Table A.5 Urban aerosol columnar volume size distribution measurements made with sun/sky radiometers 
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AF EGY Cairo NU MT ME NS F+C RS 100-10000 11.8 250.7 1.47 9.7 527.4 1.95 16.1 5697.3 1.87 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 11.7 271.6 1.56 1.7 889 1.27 24.1 4288.2 1.89 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 8.2 223.5 1.43 4 450.4 1.68 26.9 4140.1 1.97 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 16.1 239.4 1.48 5.3 875.5 1.58 38.5 4189.5 1.76 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 12.2 207 1.4 5.1 680.6 1.62 45.8 3873.6 1.83 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 15.6 255.9 1.48 27.7 4731.2 2.09 4.7 7709.7 1.22 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 20.2 249.1 1.51 1.8 927.8 1.26 46.2 4919.2 1.98 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 28.4 265.6 1.41 19.8 5104.5 2.09 4.8 8094.6 1.25 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 17.1 263.9 1.39 8.8 719.6 2.25 22.6 6317.1 1.75 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 13.4 222.2 1.36 8.1 499.5 1.98 37.4 5247.3 1.93 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 26.4 246.7 1.41 26.1 3885.4 2.23 17 7481.4 1.42 El-Metwally et al. (2011) 

AF EGY Cairo NU MT ME NS F+C RS 100-10000 13.7 238.8 1.39 9.9 1025.7 2.81 18.4 6530.8 1.77 El-Metwally et al. (2011) 

AF ZAF Johannesburg NU MT ME NS F+C RS 100-10000 0.6 247.8 1.48 0.3 8267.1 1.34 1.7 9219.2 2.55 Adesina et al. (2014b) 

AF ZAF Johannesburg NU MT ME NS F+C RS 100-10000 1.3 280 1.46 1.8 11264.1 2.64 -- -- -- Adesina et al. (2014b) 

AF ZAF Pretoria NU MT ME NS F+C RS 100-10000 1.3 336.1 1.49 0.4 590.6 2.48 1.3 8877.3 2.2 Adesina et al. (2014a) 

AF ZAF Pretoria NU MT ME NS F+C RS 100-10000 1 289.2 1.47 0.6 3350.8 3.41 1 8620.8 1.77 Adesina et al. (2014a) 

AF ZAF Pretoria NU MT ME NS F+C RS 100-10000 1.1 275.9 1.44 0.8 8997.9 1.65 1.9 11619.1 3.9 Adesina et al. (2014a) 

AF ZAF Pretoria NU MT ME NS F+C RS 100-10000 1.5 274.4 1..48 0.3 8516.6 1.34 2 9079.5 2.94 Adesina et al. (2014a) 

AF ZMB Mongu NU LT ME BB F+C RS 100-10000 0.9 295.2 1.45 0.9 5546.4 4.01 0.3 9564.7 1.45 Queface et al. (2011) 

AF ZMB Mongu NU LT ME BB F+C RS 100-10000 0.2 379.7 1.39 0.5 241.7 1.34 6.2 252738.9 10.62 Queface et al. (2011) 

AF ZMB Mongu NU LT ME BB F+C RS 100-10000 1.7 268.2 1.43 0.3 1031.3 2.47 1.2 9428 1.86 Queface et al. (2011) 

AF ZMB Mongu NU LT ME BB F+C RS 100-10000 2.9 274.1 1.42 0.4 582.3 1.82 2.8 10612.2 2.39 Queface et al. (2011) 

EA CHN Hong Kong NU LT ME NS UFP+F+C RS 25-10000 24.9 402.1 1.63 7.7 2333.9 1.57 13.8 7380.4 1.83 Yang et al. (2009) 
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EA CHN Hong Kong NU LT ME NS UFP+F+C RS 25-10000 24.4 362.3 1.65 5.9 2239.7 1.55 14.7 7129.1 1.83 Yang et al. (2009) 

EA CHN Hong Kong NU LT ME NS UFP+F+C RS 25-10000 33 392.3 1.63 8.8 2513.9 1.55 15.5 8166.7 1.73 Yang et al. (2009) 

EA CHN Hong Kong NU LT ME NS UFP+F+C RS 25-10000 29.2 393.9 1.65 9.7 2614.7 1.61 10.7 9007.4 1.77 Yang et al. (2009) 

CSSA IND Pune NU MT ME NS F+C RS 100-10000 2.5 318.9 1.64 1.4 3866.1 2.22 1.8 8444.4 1.51 More et al. (2013) 

CSSA IND Pune NU MT ME NS F+C RS 100-10000 1.9 269.3 1.48 4.9 4101.4 2.11 1.8 8566 1.43 More et al. (2013) 

CSSA PAK Lahore NU MT ME NS F+C RS 50-10000 1.7 122.8 1.6 6.6 2578.7 2.28 10.8 5010.1 1.8 Alam et al. (2012) 

CSSA PAK Lahore NU MT ME NS F+C RS 50-10000 3.6 196.7 1.72 2.3 2199 2.54 3.5 5783.3 1.63 Alam et al. (2012) 

CSSA PAK Karachi NU MT ME NS F+C RS 50-10000 1 125.9 1.58 0.5 561.5 1.53 13.5 3522.9 1.93 Alam et al. (2012) 

CSSA PAK Karachi NU MT ME NS F+C RS 50-10000 1.5 171.9 1.66 5.2 3965.6 2.23 0.5 6101.6 1.37 Alam et al. (2012) 

CSSA THA Chiang Mai NU LT ME NS F+C RS 100-10000 4.7 286.4 1.5 1.2 524 1.82 3.3 6497.3 2.11 Gautam et al. (2013) 

CSSA THA Silpakorn NU LT ME NS F+C RS 100-10000 3.7 315.5 1.55 1.4 1535.9 2.81 2.4 7849.4 1.73 Gautam et al. (2013) 

EU ITA Cagliari NU MT ME NS F+C RS 100-10000 0.7 254.1 1.54 0.4 669 2.19 2.2 5818.9 2.26 Mallet et al. (2015) 

EU MDA Chisinau NU ST ME NS F+C RS 100-10000 91.5 503 1.39 36.2 1343.4 2.17 167.1 219174.3 5.24 Eck et al. (2003) 

LA CUB Camagüey NU ME ME NS F+C RS 100-10000 62.2 307.6 1.55 186.5 5655.7 2.45 29.3 9245.1 1.44 Estevan et al. (2011) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.2 287.6 1.53 0.1 1038.6 2.21 2.8 5772.5 2.01 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.7 322.3 1.58 1.4 4795.7 1.91 -- -- -- Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.7 309 1.55 0.4 5990.5 1.95 -- -- -- Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.1 298.7 1.56 0.4 4984.6 1.61 1.8 181617.9 11.77 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.7 332.2 1.72 2.8 4712.9 1.86 -- -- -- Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.6 338.2 1.63 0.3 5008.7 1.47 2.5 4901.5 1.83 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.2 278 1.54 3.9 4979.4 1.91 1.6 12523.4 4.4 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.6 287.5 1.45 1.5 2936.2 1.72 6.7 5263 1.92 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.1 288.4 1.56 3.5 4532.7 1.88 1.9 6874.3 1.69 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.5 273.7 1.55 4.7 5237.5 2.01 -- -- -- Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.8 376.4 1.61 1 4927.9 1.92 -- -- -- Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.6 407.6 1.61 1.2 4028.9 1.82 0.1 5274.6 1.77 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.9 358.9 1.63 0.2 2068.6 1.45 3.8 4907.5 1.93 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.3 307.4 1.65 5.9 4848.3 1.94 -- -- -- Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.9 285.9 1.6 0.1 1916.4 1.07 7.2 5046.5 1.87 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 0.8 283.1 1.48 6 5040.1 1.82 16.6 591897.4 18.13 Masoumi et al. (2013) 
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WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.2 329.9 1.63 0.3 1907.4 1.52 5.3 5215 1.84 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.1 285.8 1.42 0.9 438 1.58 2.9 5750.6 1.82 Masoumi et al. (2013) 

WA IRN Zanjan NU MT ME NS F+C RS 100-10000 1.2 328.4 1.68 3.1 4993.5 1.84 -- -- -- Masoumi et al. (2013) 

WA IRN Zanjan NU LT ME NS F+C RS 100-10000 0.7 290.1 2.02 0.1 3237.6 1.09 4.6 4258.6 2.05 Gharibzadeh et al. (2017) 

WA IRN Zanjan NU LT ME NS F+C RS 100-10000 0.8 258.2 3.9 3.9 5145.8 2.08 0.6 8183.5 1.39 Gharibzadeh et al. (2017) 

WA IRN Zanjan NU LT ME NS F+C RS 100-10000 0.6 281.6 1.63 3.3 5526.2 2.16 0.2 7827.2 1.26 Gharibzadeh et al. (2017) 

WA IRN Zanjan NU LT ME NS F+C RS 100-10000 0.4 337.9 1.58 1.8 4012.7 2.22 0.1 4244.2 1.32 Gharibzadeh et al. (2017) 
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APPENDIX B. SUPPLEMENTAL MATERIALS FOR INFANT AND 

ADULT INHALATION EXPOSURE TO RESUSPENDED BIOLOGICAL 

PARTICULATE MATTER 
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Figure B.1 Time-series plots of FBAP number size distributions (dNF/dlogDp) for all fifty 

crawling (infant breathing zone) and walking (adult breathing zone) resuspension experiments. 
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Figure B.2 Carpet-averaged dNF/dlogDp (left), dNT/dlogDp (middle), and size-resolved NF/NT 

ratios (right) measured during the crawling and walking periods on carpets 1-4 (carpet 5 

presented in the main body of the text).  Blue curves represent mean values, green curves 

represent median values, dark gray regions represent the interquartile range (IQR), and light gray 

regions represent the 5-95th percentile range among five crawling or walking paths on the same 

carpet (100 minutes in total).  Black curves show the lognormal fitting of the dominant peaks.  

The mode, geometric standard deviation (σg), and amplitude (A) are presented. 
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Figure B.3 Median and mean total particle size distributions as measured by the BioScout and 

OPS during the resuspension periods in the crawling and walking experiments on all five carpets.  

The size distributions measured by the OPS in the crawling experiments were re-scaled on a 

secondary y-axis.
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Table B.1 Summary tables for the fifty crawling and walking resuspension experiments. 

Carpet Movement Test Path 

Temperature (°C) 

(mean ± standard 

deviation) 

Relative  

Humidity (%) 

(mean ± standard 

deviation) 

BioScout 

NF  

(cm-3) 

NF,bgd 

(cm-3) 

NT 

(cm-3) 

NT,bgd 

(cm-3) 

dNF/dlogDp dNT/dlogDp 
MF  

(μg m-3) 

MT  

(μg m-3) 
ModeFBAP ModeTotal 

A (cm-3) Dpg (μm) σg A (cm-3) Dpg (μm) σg 

1 Crawling 

n = 1 A 23.34 ± 0.11 25.98 ± 0.93 2.513  0.017  5.014  0.082  2.33  3.64 1.62 4.05  2.64  1.97  527.70  538.24  

n = 2 B 23.66 ± 0.08 27.18 ± 0.86 2.119  0.044  4.484  0.128  1.92  3.71  1.52  3.24  2.87  1.81  388.08  399.48  

n = 3 C 23.85 ± 0.07 27.31 ± 0.52 2.666  0.116  4.685  0.685  2.53  3.69  1.59  4.33  2.73  1.89  484.90  500.80  

n = 4 D 23.94 ± 0.05 27.46 ± 0.71 2.440  0.095  4.704  0.233  2.24  3.85  1.67  3.64  2.91  1.96  686.45  701.92  

n = 5 E 24.07 ± 0.07 26.63 ± 0.91 1.539  0.057  3.170  0.123  1.50  3.78  1.61  2.54  2.80  1.92  392.59  400.33  

Mean 23.76 ± 0.26 26.90 ± 1.52 2.255  0.066  4.411  0.250  2.11  3.73  1.61  3.76  2.69  1.99  495.94  508.16  

2 Crawling 

n = 6 A 23.97 ± 0.09 25.59 ± 0.57 0.958  0.048  1.466  0.181  0.75  4.06  1.68  1.06  3.42  1.95  472.00  476.50  

n = 7 B 24.14 ± 0.07 26.08 ± 0.37 0.755  0.059  1.363  0.139  0.66  3.84  1.75  1.08  2.85  2.17  270.92  276.79  

n = 8 C 24.22 ± 0.05 26.33 ± 0.31 0.871  0.075  1.742  0.197  0.77  3.75  1.65  1.31  2.74  1.97  278.72  283.25  

n = 9 D 24.29 ± 0.06 26.61 ± 0.60 0.871  0.095  1.963  0.219  0.79  3.73  1.68  1.55  2.46  2.07  263.31  269.98  

n = 10 E 24.30 ± 0.09 25.75 ± 0.24 0.877  0.045  1.630  0.142  0.78  3.90  1.66  1.27  2.97  1.98  261.00  265.38  

Mean 24.2 ± 0.14 26.17 ± 0.61 0.866  0.065  1.633  0.176  0.76  3.93  1.71  1.32  2.75  2.13  309.19  314.38  

3 Crawling 

n = 11 A 22.96 ± 0.01 23.23 ± 0.06 0.773  0.020  1.015  0.053  0.63  5.01  1.75  0.82  4.58  2.06  414.69  416.49  

n = 12 B 22.95 ± 0.01 23.77 ± 0.13 0.661  0.006  0.934  0.019  0.58  4.22  1.71  0.79  3.62  2.02  221.79  223.05  

n = 13 C 22.93 ± 0.01 24.24 ± 0.09 0.617  0.025  1.145  0.082  0.56  3.96  1.66  0.71  3.42  1.84  174.96  176.33  

n = 14 D 23.82 ± 0.08 28.18 ± 0.53 1.178  0.020  1.660  0.065  1.00  4.21  1.81  1.44  3.46  2.20  497.43  501.33  

n = 15 E 24.00 ± 0.08 28.35 ± 0.38 1.221  0.071  1.683  0.129  1.09  4.23  1.73  1.32  3.74  1.90  447.56  449.75  

Mean 23.3 ± 0.48 25.40 ± 2.25 0.890  0.028  1.288  0.070  0.80  4.40  1.80  1.00  3.71  2.00  351.29  353.39  

4 Crawling 

n = 16 A 24.13 ± 0.07 26.78 ± 0.68 0.592  0.010  0.918  0.028  0.39  4.08  1.72  0.63  3.27  2.13  441.52  443.58  

n = 17 B 24.26 ± 0.05 27.68 ± 0.48 0.439  0.035  0.655  0.089  0.27  4.97  1.72  0.43  4.16  2.34  384.86  386.97  

n = 18 C 24.36 ± 0.04 28.75 ± 0.69 0.474  0.048  0.737  0.088  0.28  3.95  1.60  0.48  3.18  1.98  385.68  387.85  

n = 19 D 24.41 ± 0.06 28.77 ± 0.37 0.502  0.030  0.696  0.075  0.28  4.67  1.87  0.57  3.94  3.23  503.03  504.83  

n = 20 E 24.50 ± 0.03 29.01 ± 0.24 0.430  0.037  0.647  0.075  0.26  4.70  1.89  0.45  3.64  2.64  402.42  404.30  

Mean 24.32 ± 0.14 28.10 ± 1.03 0.488  0.032  0.731  0.071  0.29  4.42  1.72  0.48  3.34  2.25  423.50  425.51  

5 Crawling 

n = 21 A 24.29 ± 0.08 26.51 ± 0.33 1.026  0.022  1.640  0.114  0.91  3.46  1.56  1.31  2.96  1.71  220.95  226.42  

n = 22 B 24.46 ± 0.05 27.37 ± 0.54 1.422  0.110  2.547  0.207  1.27  3.37  1.57  1.97  2.77  1.73  288.81  295.39  

n = 23 C 24.56 ± 0.05 28.05 ± 0.49 1.644  0.066  2.961  0.137  1.50  3.42  1.57  2.30  2.80  1.74  305.74  314.62  
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n = 24 D 24.66 ± 0.05 28.37 ± 0.23 2.329  0.124  4.038  0.260  2.15  3.46  1.55  3.17  2.89  1.72  353.03  363.65  

n = 25 E 24.73 ± 0.04 27.93 ± 0.04 3.216  0.149  5.450  0.276  2.93  3.43  1.59  4.22  2.87  1.76  616.70  627.59  

Mean 24.52 ± 0.16 27.61 ± 0.79 1.928  0.094  3.327  0.199  1.63  3.43  1.57  2.24  2.86  1.73  357.04  365.53  

 

Carpet Movement Test Path 

OPS IOM Data 

NT 

(cm-3) 

NT,bgd 

(cm-3) 

Avg. 

PM2.5  

(μg/m3) 

Avg. 

PM10  

(μg/m3) 

dN/dlogDp Avg. PM100 (μg/m3) 

Mode 1 Mode 2 

Infant BZ Adult BZ 

Infant 

BZ/ 

Adult 

BZ 

A (cm-3) Dpg (μm) σg A (cm-3) Dpg (μm) σg 

1 Crawling 

n = 1 A 0.983  0.035  0.963  43.355  2.56  2.90  1.60  1.18  5.90  1.20  

187.76 57.95 3.24 

n = 2 B 1.026  0.049  0.807  36.823  2.15  2.90  1.60  1.03  5.80  1.20  

n = 3 C 0.891  0.050  0.739  28.241  1.87  2.80  1.60  0.80  5.80  1.20  

n = 4 D 0.896  0.099  0.637  42.517  2.06  3.20  1.70  0.90  6.20  1.20  

n = 5 E 0.801  0.054  0.470  24.872  1.36  3.00  1.60  0.64  5.90  1.20  

Mean 0.919  0.057  0.715  34.279  1.87  2.87  1.57  0.96  5.89  1.20  

2 Crawling 

n = 6 A 0.118  0.073  0.154  10.810  0.57  3.30  1.70  0.18  5.80  1.10  

259.03 -- -- 

n = 7 B 0.365  0.054  0.250  13.071  0.47  2.50  1.40  0.58  5.80  1.30  

n = 8 C 0.559  0.062  0.425  19.773  1.06  2.70  1.60  0.84  6.40  1.30  

n = 9 D 0.496  0.104  0.369  12.927  0.74  2.50  1.50  0.74  6.60  1.40  

n = 10 E 0.348  0.061  0.256  14.323  1.08  3.80  1.80  0.21  5.90  1.10  

Mean 0.377  0.071  0.291  14.181  0.77  2.87  1.60  0.43  6.02  1.22  

3 Crawling 

n = 11 A 0.147  0.022  0.111  12.009  0.37  3.20  1.50  0.31  6.10  1.20  

207.57 17.73 11.7 

n = 12 B 0.142  0.009  0.123  9.925  0.31  2.90  1.50  0.27  6.10  1.20  

n = 13 C 0.548  0.034  0.290  10.609  0.38  2.20  1.40  0.71  6.10  1.40  

n = 14 D 0.179  0.030  0.161  13.512  0.47  3.00  1.50  0.30  5.90  1.20  

n = 15 E 0.216  0.060  0.193  17.840  0.86  3.70  1.80  0.28  5.90  1.10  

Mean 0.247  0.031  0.175  12.779  0.47  2.96  1.60  0.36  6.03  1.22  

4 Crawling 

n = 16 A 0.226  0.013  0.200  12.837  0.59  3.00  1.60  0.34  6.00  1.20  

306.63 149.93 2.05 
n = 17 B 0.089  0.035  0.067  4.630  0.14  2.70  1.40  0.14  5.90  1.20  

n = 18 C 0.136  0.033  0.110  7.829  0.34  3.00  1.70  0.15  6.20  1.20  

n = 19 D 0.234  0.037  0.170  19.901  0.51  3.20  1.60  0.44  6.10  1.20  
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n = 20 E 0.199  0.039  0.158  14.011  0.42  3.10  1.60  0.34  6.10  1.20  

Mean 0.177  0.031  0.141  11.842  0.37  2.92  1.53  0.32  6.10  1.22  

5 Crawling 

n = 21 A 0.688  0.051  0.783  43.342  2.27  3.00  1.50  1.38  5.80  1.20  

86.76 67.79 1.28 

n = 22 B 0.935  0.076  1.100  47.959  2.99  2.90  1.50  1.59  5.80  1.20  

n = 23 C 1.399  0.060  1.578  72.060  4.20  2.90  1.50  2.38  5.80  1.20  

n = 24 D 1.754  0.113  2.014  90.030  5.09  2.80  1.50  4.39  6.20  1.30  

n = 25 E 2.212  0.113  2.623  114.169  7.08  2.90  1.50  3.98  5.90  1.20  

Mean 1.398  0.082  1.508  68.995  3.76  2.80  1.48  3.06  5.97  1.27  

 

 

Carpet Movement Test Path 

Temperature (°C) 

(mean ± standard 

deviation) 

Relative  

Humidity (%) 

(mean ± standard 

deviation) 

BioScout 

NF  

(cm-3) 

NF,bgd 

(cm-3) 

NT 

(cm-3) 

NT,bgd 

(cm-3) 

dNF/dlogDp dNT/dlogDp 
MF  

(μg m-3) 

MT  

(μg m-3) 
ModeFBAP ModeTotal 

A (cm-3) Dpg (μm) σg A (cm-3) Dpg (μm) σg 

1 Walking 

n = 26 A 24.26 ± 0.04 21.43 ± 0.33 1.601  0.016  3.952  0.037  1.53  3.18  1.52  2.79  2.38  1.73  149.36  156.47  

n = 27 B 24.43 ± 0.04 22.05 ± 0.44 0.970  0.150  2.592  0.375  0.93  3.29  1.51  1.88  2.30  1.80  88.44  94.67  

n = 28 C 24.45 ± 0.02 21.64 ± 0.38 0.864  0.030  2.036  0.096  0.84  3.23  1.56  1.39  2.49  1.75  100.59  103.99  

n = 29 D 24.59 ± 0.02 21.76 ± 0.34 0.564  0.038  1.227  0.125  0.52  3.30  1.51  0.84  2.65  1.69  62.84  65.27  

n = 30 E 24.61 ± 0.03 21.49 ± 0.27 0.726  0.070  1.629  0.166  0.71  3.51  1.60  1.27  2.52  1.87  95.40  99.09  

Mean 24.47 ± 0.13 21.67 ± 0.41 0.945  0.061  2.287  0.160  0.92  3.27  1.55  1.65  2.42  1.78  99.33  103.90  

2 Walking 

n = 31 A 23.95 ± 0.07 16.02 ± 0.38 -- -- -- -- -- -- -- -- -- -- --   

n = 32 B 24.07 ± 0.2 16.46 ± 0.60 0.841  0.071  1.876  0.146  0.75  3.35  1.60  1.31  2.50  1.87  167.53  171.06  

n = 33 C 24.14 ± 0.02 16.43 ± 0.46 0.876  0.099  1.784  0.239  0.83  3.50  1.64  1.38  2.61  1.93  150.09  153.81  

n = 34 D 24.20 ± 0.03 16.38 ± 0.34 1.169  0.142  2.564  0.306  1.02  3.43  1.66  1.82  2.42  2.00  292.15  297.38  

n = 35 E 24.31 ± 0.03 16.23 ± 0.12 0.824  0.171  1.639  0.386  0.78  3.32  1.65  1.30  2.49  1.88  156.94  162.19  

Mean 24.13 ± 0.13 16.30 ± 0.43 0.927  0.121  1.966  0.269  0.86  3.41  1.66  1.45  2.50  1.93  191.68  196.11  

3 Walking 

n = 36 A 24.32 ± 0.07 30.26 ± 0.70 0.496  0.004  0.746  0.014  0.45  3.47  1.61  0.61  3.04  1.74  86.79  88.65  

n = 37 B 24.51 ± 0.05 30.92 ± 0.48 0.647  0.052  1.056  0.093  0.60  3.31  1.54  0.81  2.89  1.71  59.54  61.20  

n = 38 C 24.62 ± 0.07 30.79 ± 0.27 0.454  0.095  0.659  0.165  0.46  3.50  1.77  0.58  3.02  1.86  73.95  75.05  

n = 39 D 24.66 ± 0.03 30.84 ± 0.39 0.673  0.058  1.110  0.095  0.65  3.25  1.61  0.89  2.76  1.78  76.25  77.94  

n = 40 E 24.72 ± 0.03 31.16 ± 0.44 0.836  0.062  1.384  0.114  0.83  3.33  1.60  1.15  2.80  1.73  83.64  86.10  

Mean 24.57 ± 0.15 30.79 ± 0.54 0.621  0.054  0.991  0.096  0.60  3.37  1.63  0.82  2.86  1.78  76.03  77.79  

4 Walking n = 41 A 24.09 ± 0.05 19.07 ± 0.20 0.199  0.028  0.346  0.078  0.19  4.05  1.72  0.30  3.03  1.98  49.83  50.85  



     

 

 

2
3
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n = 42 B 24.26 ± 0.05 19.11 ± 0.50 0.175  0.031  0.353  0.077  0.14  3.67  1.58  0.27  2.68  1.94  59.17  60.65  

n = 43 C 24.31 ± 0.04 18.93 ± 0.47 0.166  0.036  0.337  0.085  0.14  3.94  1.54  0.23  3.10  1.92  41.70  42.68  

n = 44 D 24.44 ± 0.02 18.92 ± 0.73 0.181  0.010  0.386  0.023  0.16  4.06  1.54  0.28  3.02  1.92  42.32  43.39  

n = 45 E 24.54 ± 0.02 20.23 ± 0.62 0.461  0.043  0.850  0.098  0.42  3.70  1.62  0.65  2.91  1.78  113.95  116.26  

Mean 24.33 ± 0.16 19.25 ± 0.71 0.236  0.030  0.454  0.072  0.20  3.78  1.57  0.35  2.92  1.88  61.40  62.77  

5 Walking 

n = 46 A 24.48 ± 0.06 28.21 ± 0.39 0.909  0.027  1.699  0.086  0.88  3.07  1.58  1.36  2.52  1.73  91.55  95.27  

n = 47 B 24.55 ± 0.03 28.21 ± 0.53 1.359  0.109  2.223  0.214  1.30  3.31  1.52  1.86  2.81  1.65  115.01  119.42  

n = 48 C 24.55 ± 0.04 28.82 ± 0.18 1.732  0.126  2.945  0.215  1.69  3.26  1.57  2.41  2.74  1.69  131.04  136.89  

n = 49 D 24.67 ± 0.04 28.30 ± 0.16 1.778  0.244  3.071  0.434  1.68  3.27  1.49  2.30  2.86  1.58  127.24  134.05  

n = 50 E 24.80 ± 0.01 28.62 ± 0.28 1.424  0.229  2.617  0.376  1.42  3.17  1.55  2.06  2.64  1.67  86.10  90.86  

Mean 24.61 ± 0.12 28.67 ± 0.54 1.440  0.147  2.511  0.265  1.40  3.23  1.54  1.93  2.79  1.64  110.19  115.30  

 

 

Carpet Movement Test Path 

OPS IOM Data 

NT 

(cm-3) 

NT,bgd 

(cm-3) 

Avg. 

PM2.5  

(μg/m3) 

Avg. 

PM10  

(μg/m3) 

dN/dlogDp Avg. PM100 (μg/m3) 

Mode 1 Mode 2 

Infant BZ Adult BZ 

Infant 

BZ/ 

Adult 

BZ 

A (cm-3) Dpg (μm) σg A (cm-3) Dpg (μm) σg 

1 Walking 

n = 26 A 2.119  0.057  2.589  54.665  5.30  2.50  1.50  2.97  5.80  1.30  

21.96  52.50  0.42 

n = 27 B 1.450  0.316  1.771  34.254  4.06  2.60  1.60  1.16  5.80  1.20  

n = 28 C 1.103  0.130  1.315  30.170  2.65  2.50  1.50  1.54  5.90  1.30  

n = 29 D 0.646  0.157  0.761  20.760  1.62  2.60  1.50  0.71  5.70  1.20  

n = 30 E 0.888  0.164  1.058  26.842  2.57  2.70  1.60  0.89  5.80  1.20  

Mean 1.241  0.165  1.499  33.338  3.24  2.58  1.53  1.34  5.73  1.22  

2 Walking 

n = 31 A 0.673  0.288  0.737  32.449  1.82  2.80  1.50  1.08  5.90  1.20  

52.04  37.90  1.37 

n = 32 B 0.989  0.241  1.113  37.335  2.67  2.70  1.60  1.19  5.90  1.20  

n = 33 C 0.984  0.271  1.077  39.565  2.76  2.80  1.60  1.18  5.90  1.20  

n = 34 D 0.959  0.362  1.072  38.676  2.68  2.80  1.60  1.25  5.80  1.20  

n = 35 E 0.850  0.413  0.951  38.862  2.12  2.70  1.50  1.36  5.80  1.20  

Mean 0.891  0.315  0.990  37.377  2.54  2.83  1.59  1.07  5.87  1.18  

3 Walking 
n = 36 A 0.324  0.212  0.393  17.628  1.07  2.90  1.50  0.65  5.90  1.20  

68.52  35.80  1.91 
n = 37 B 0.501  0.103  0.614  23.078  1.55  2.80  1.50  0.85  5.80  1.20  
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n = 38 C 0.266  0.178  0.304  17.783  1.12  3.30  1.60  0.50  6.10  1.20  

n = 39 D 0.538  0.120  0.647  23.198  1.67  2.80  1.50  0.91  5.80  1.20  

n = 40 E 0.716  0.131  0.896  32.782  2.36  2.90  1.50  1.15  5.90  1.20  

Mean 0.469  0.149  0.571  22.894  1.55  2.90  1.52  0.86  5.92  1.22  

4 Walking 

n = 41 A 0.174  0.028  0.188  9.484  0.47  2.80  1.50  0.33  5.80  1.20  

27.03  17.03  1.59 

n = 42 B 0.180  0.039  0.158  6.552  0.42  2.80  1.60  0.22  5.70  1.20  

n = 43 C 0.210  0.036  0.161  8.049  0.44  2.90  1.60  0.25  5.90  1.20  

n = 44 D 0.317  0.008  0.183  9.543  0.51  3.00  1.60  0.29  5.90  1.20  

n = 45 E 0.487  0.045  0.500  21.081  1.22  2.80  1.50  0.68  5.80  1.20  

Mean 0.274  0.031  0.238  10.942  0.67  2.95  1.59  1.09  5.82  1.17  

5 Walking 

n = 46 A 0.739  0.040  1.055  28.942  2.66  2.80  1.50  1.11  5.80  1.20  

78.56  69.95  1.12 

n = 47 B 1.050  0.089  1.233  50.745  3.67  3.00  1.50  1.99  5.90  1.20  

n = 48 C 1.459  0.094  1.719  64.747  4.81  2.90  1.50  2.48  5.80  1.20  

n = 49 D 1.521  0.169  1.965  62.614  4.11  2.60  1.40  3.95  5.70  1.30  

n = 50 E 1.374  0.150  1.699  49.064  4.26  2.80  1.50  2.06  5.70  1.20  

Mean 0.916  0.109  1.534  51.223  3.35  2.64  1.42  3.17  5.79  1.31  

 

Notes: 

NF: Averaged size-integrated (0.4-15.4 μm) FBAP number concentration measured during the 20-minute resuspension periods. 

NT: Averaged size-integrated (0.4-15.4 μm for the BioScout, 1-11.2 μm for the OPS) total particle number concentration measured during the 20-minute resuspension periods. 

NF,bgd: Averaged size-integrated (0.4-15.4 μm) FBAP number concentration measured during the 10 minute background periods. 

NT,bgd: Averaged size-integrated (0.4-15.4 μm for the BioScout, 1-11.2 μm for the OPS) total particle number concentration measured during the 10 minute background periods. 

MF: Averaged size-integrated (0.4-15.4 μm) FBAP mass concentration measured during the 20-minute resuspension periods. 

MT: Averaged size-integrated (0.4-15.4 μm for the BioScout) total particle mass concentration measured during the 20-minute resuspension periods. 

dN/dlogDp: Lognormal fitting parameters of the mean number concentration size distribution measured during the resuspension periods, including amplitude (A), modal diameter (Dpg), and standard 

deviation (σg). 

Avg. PM2.5: Averaged particle mass concentration (< 2.5 μm) measured during the 20-minute resuspension periods, from OPS (eff=1.204 g cm-3). 

Avg. PM10: Averaged particle mass concentration (< 10 μm) measured during the 20-minute resuspension periods, from OPS (eff=1.204 g cm-3). 

Avg. PM100: Averaged particle mass concentration (< 100 μm) over all five paths on each carpet measured during the resuspension periods (100 minute in total), from IOM.
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