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Response to Anonymous Referee #1

This paper presents a compilation of observed particle size distributions in urban environments for many locations around the
globe from the existing literature over the last 20 years. An important contribution of this paper is that the authors unified the
many size distributions measured by different instruments to mobility diameter-based size distribution and fitted lognormal
functions, providing the lognormal function parameters to be used for future studies. The paper also evaluates the implications
for human inhalation exposure.

1 think this paper will be a very useful reference for the community, since aerosol size distributions are so fundamental to the
many science questions. To my knowledge, a compilation like this does not exist yet, so this paper fills an important gap. I
commend the authors for their work and recommend publication after the following comments are addressed.:

Major comments: 1.The analysis focuses on the spatial variation, but since the data includes measurements over 20 years,
there is temporal variation as well (i.e. particle numbers have decreased over the years in certain areas and increased in
others, plus there are seasonal variations within a year as well). In other words, it is reasonable to assume that there is a lot
of temporal variation within the data from a single site on various time scales. The paper doesn’t mention these issues at all,
but it needs to be discussed.

Response: We agree that temporal variations exist for the data collected from a single site. Section 8.5 Temporal variations
of urban aerosol PSDs has been added to discuss this in detail:

‘8.5 Temporal variations of urban aerosol PSDs

Since the PSD observations collected in this study span over 20 years, temporal variations are expected for the PSDs measured
at the same sampling site, although the analysis of this study focuses on the geographical variations. The temporal variations
may exist on different time scales, from short-term hourly variations to long-term yearly changes. The diurnal, weekly and
seasonal variations in urban aerosol number PSDs, due to the changes in meteorological conditions and emission sources,
have been discussed in many studies (Babu et al., 2016; Baxla et al., 2009; Gomez-Moreno et al., 2011; Hussein et al., 2004;
Kanawade et al., 2014; Ketzel et al., 2003, 2004; Kim et al., 2002; Monkkonen et al., 2005; Peng et al., 2014; Salma et al.,
2011, 2014; Sowlat et al., 2016; Stanier et al., 2004a; Wang et al., 2014, 2013b; Wehner et al., 2004a, 2008; Wehner and
Wiedensohler, 2003; Wiedensohler et al., 2009; Wu et al., 2008; Yue et al., 2013, 2008; Zhang et al., 2017).

In addition, long-term trends in the urban aerosol number PSDs, UFP concentrations, and size-integrated metrics (e.g. PMas,
PMio) were reported in several studies, and they have been associated with changes in economic conditions and emission
sources, adaption of control strategies, and implementation of regulations. The long-term measurements of urban aerosol
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PSDs and gaseous pollutants at Rochester, NY showed significant emission reductions in PMzs, UFP concentrations, and
major gaseous pollutants (e.g. SO2, NOx, CO) over the last two decades (Masiol et al., 2018; Squizzato et al., 2018, 2019). A
downward trend in particle number concentrations was observed from 2005 to 2011 and it was attributed to reductions in fuel
sulfur content and economic conditions. The annual decrease was estimated to be -323 particles/cm?/year, with the main
contribution from the particles in the range of 11-50 nm. Subsequently, a small upward trend in particle number concentrations
was observed between 2011 and 2017 due to the increase of vehicular traffic. A decrease in secondary sulfate and nitrate in
PMa25 was observed from 2005-2016, likely due to the implementation of mitigation measures, closure of coal-fired power
plants, and improvements of the fuel quality (Masiol et al., 2019; Squizzato et al., 2018). Long-term measurements over the
last two decades in Australia showed slight declines in PM2.s and PMio due to the effectiveness of emission reduction policies
for vehicle emissions and power generations (de Jesus et al., 2020). Long-term measurements by German Ultrafine Aerosol
Network present statistically significant decreasing trends of particle number concentration and equivalent black carbon in
urban sites in Germany, which are mainly resulted from the mitigation policies for road transport and residential emissions
(Sun et al., 2020). With the air pollution prevention and control action plan in Beijing, its annual PMa.s decreased from ~90
pug m> in 2013 to ~60 ug m™ in 2017 (Cheng et al., 2019; Zhang et al., 2019). The analysis showed that coal-fired boiler
control, clean fuels in the residential sector, and optimize industrial structure were the most effective strategies for emission
reduction and pollution control. An important implication from these long-term monitors is that the combination of emission
policies and mitigation techniques can effectively reduce aerosol concentrations and improve the urban air quality.’

2. Another question is how representative the compiled observations are for urban environments in the different regions. One
way to check this (at least for the US region) would be to construct a histogram of PM2.5 concentrations from the studies
included here and compare these to EPA long term data.

Response: The length of the measurements may somehow indicate how representative the PSDs are. Some of the long-term
PSD observations collected in this study may be representative of a given urban environment. However, we would like to
carefully present the observations we collected and discuss them as aggregates, but not to conclude any representative or
characteristic urban PSDs in a given city or geographical region, as we understand the profile and magnitude of PSDs could
be site-specific, even within the same city. In addition, the urban PSDs at a given sampling site exhibit temporal variations
across varying time scales. By nature, it is difficult to use a single PSD to represent a city or geographical region. To more
confidently identify the characteristic PSDs in urban environments, long-term and high spatial-resolution measurements are
needed, as we discussed in the last section of the paper.

Figure 7 was added to compare the PM2s derived from the PSDs collected in this study with those measured by local
monitoring stations in the same city over the same sampling periods.
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*PSDs from Ding et al. (2017), PM2:s from Shanghai Environment Monitoring Center at Hongkou Liangcheng Station,
including four different sampling periods.
"PSDs from Cabada et al. (2004), PMa5 from EPA monitoring station (42-003-0021), including four different sampling
periods.
‘PSD from Watson et al. (2002), PMa.s from EPA monitoring station (06-019-0008).
4PSDs from Harrison et al. (2012), PM2.s from UK Automatic Urban and Rural Monitoring Network at London Marylebone
Road. Three PSDs were measured at three different sampling sites over the same period.
Figure 7. Comparison of the PMz s derived from the PSDs collected in this study (blue circular markers) with those measured
by local monitoring stations in the same city over the same sampling periods (green diamond markers and error bars). The
green diamond markers represent the mean values of the PMa.s from local sampling stations over the sampling period of the
corresponding PSD and the error bars represent the standard deviations.

[
S

The following discussions were added to Section 4.1.5:

“To validate the PSDs compiled in this study, we selected several cities to compare the PMa2.s derived from the compiled PSDs
(Fig.7; blue circular markers) with those measured by local monitoring stations over the same sampling periods (green diamond
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markers and error bars). The green diamond markers in Fig. 7 represent the mean values of the PMzs from local sampling
stations measured over the sampling period of the corresponding PSD and the error bars represent the standard deviations.
The blue circular markers represent the derived PMz.5 from mass PSDs. The PSDs from four studies (Cabada et al., 2004;
Dingetal., 2017; Harrison et al., 2012; Watson et al., 2002) were selected since long-term PMa.5s data from a monitoring station
near the PSD sampling site are available. The PMzs derived from the PSDs exhibit a good agreement with those measured at
local sampling stations, indicating the validity of the collected PSDs. Small discrepancies exist due to the difference in
sampling locations between the PSD and local PM2.s measurements.’

3. Rearrange figures so that they are referenced in sequential order. For example, Figure 9 is referred to as the first figure in
the paper, which is strange. This happens because the method description is separated out from the results, which is the usual
way of structuring a manuscript. However, in this case, I think it would work to have one section (Section 3) about the
“Geographical trends in size-resolved urban aerosol effective densities” which would include the methods and the results.
Similar for the other topics covered. This would make the paper more cohesive and easier to read.

Response: The order of figures has been rearranged. The results and discussions of the urban aerosol effective densities have
been move to Section 3.7.

3.7 Summary of size-resolved urban aerosol effective densities

The size-resolved pey functions for Groups A, B, and C are illustrated in Fig. 2. The blue lines indicate the mean pef values
derived from direct measurements of pey, 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 pesfor each group. The associated
measurement techniques for pes are noted. The directly measured pey 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). Furthermore, across the size range covered by direct p.y measurements in Groups A and B, there is
no clear size-dependency of pey, in part because organics and secondary inorganic ions are dominant in this size range.

The directly measured pey values collected from cities in the United States (Group B) are between 1.1 to 1.6 g cm™, while
those measured in China (Group A) are slightly greater, with values between 1.3 to 1.9 g cm™, possibly due to a greater
abundance of secondary inorganic species. The directly measured pes in the ‘traffic’ environment (Group C) presents a
decreasing trend with the increase in particle size for 50 nm < Den < 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 (Barone et al., 2011; Pagels et al., 2009; Rawat et al., 2016; Rissler et al., 2013, 2014).
Numerous studies have revealed the decrease of p.y with the increase in particle size for vehicle exhaust aerosol (Barone et al.,
2011; Maricq et al., 2000; Olfert et al., 2007; Park et al., 2003; Rissler et al., 2013; Virtanen et al., 2006). For size ranges
where direct measurement of p.sare unavailable, various assumptions were made to estimate a range of pe;values, as discussed
in Sect. 3. The light blue, yellow, and light green areas in Fig. 2 represent the range of possible pey values for the three size
fractions, and the red lines represent the mean values. The light green area in the coarse regime shows estimated pey values
derived from a combination of different y and p, (e.g. Fig. 1), which take a variety of particle morphologies and chemical
compositions into consideration. The wide variation in pey 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).

pefris dependent on the chemical composition and morphological features (y and pp) of an urban aerosol population. Typically,
direct pey measurements are conducted between Den = 30 to 400 nm. Particles in this size range often consist of organics,
secondary inorganic material, and black carbon. As discussed in Sect. 3.5, studies have found SOA to have p¢s values between
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1 to 1.65 g cm™ and secondary inorganic material, such as H2SO4, (NH4)2SO4, and NH4NOs to have pey values between 1.7
and 1.83 g cm™ (Kostenidou et al., 2007; Lide, 2005; Malloy et al., 2009; Mikhailov et al., 2013; Nakao et al., 2013; Neusiil3
et al., 2002; Tang, 1996; Xiao et al., 2015; Zelenyuk et al., 2008). The pey of soot particles can fall below 1 g cm™, 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 pey for the externally and internally mixed aerosol population. For example, previous direct pos measurements conducted
in Los Angeles, Copenhagen, and Beijing found pey to be inversely proportional to particle size when the fraction of soot
particles from vehicle emissions were relatively abundant due to elevated traffic intensity (Geller et al., 2006; Rissler et al.,
2014; Qiao et al., 2018). Conversely, a study in Shanghai observed an increase in pey with particle size (Table 2), which was
attributed to an abundance of hygroscopic species, such as (NH4)2SO4 and NH4aNOs (Ye et al., 2011; Yin et al., 2015).

Urban aerosol peyis 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 pesas
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 (Rissler et al., 2014). Two minima in pes 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
(Levy et al., 2013). In Beijing, one study found peyto decrease during the nighttime due to an increase in the abundance of
soot particles (Hu et al., 2012). This temporal shift in the urban aerosol pey 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.

Urban aerosol pesris also influenced by air pollution events and air mass origins. Direct p.ymeasurements in Beijing observed
higher pey values during clean air quality episodes compared to polluted air quality episodes (Hu et al., 2012). 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 (Hu et al., 2012). The pes can shift during
atmospheric NPF events, depending on the dominant condensable vapor during the particle growth period. Qiao et al. (2018)
found peyto 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, pes
measurements in Shanghai observed an increase in pes during NPF events, suggesting that relatively heavier secondary
inorganic materials were the primary driver for particle condensational growth (Xie et al., 2017; Yin et al., 2015). Wind
direction can affect poy by changing the air mass origin. Direct pey 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 (Rissler et al., 2014).

While the studies summarized in Fig. 2 and Table 2 provide valuable insights into variations of pey 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 pes. In particular, direct poy 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 (Sect. 8). Doing
so will provide a basis to better translate measured number PSDs to mass PSDs and Ds-based PSDs to D.n-based PSDs.’
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Minor comments: 1. Introduction: Mention the relevance of particle size for aerosol climate impacts. As global and regional
climate models move to higher and higher spatial resolution, a compilation of size distributions in urban areas such as

presented in this paper will be very useful.

Response: The following texts have been added to Introduction:

‘In addition, the measurement of aerosol PSD is important for evaluating the global climate change, since aerosol size strongly
affects the interaction of aerosols with radiation and its ability to form fog and cloud droplets (Mahowald, 2011; Seinfeld and
Pandis, 2012; Zhang et al., 2012).” “As the climate models have been improved significantly in terms of spatial resolution, a
compilation of urban PSDs can also serve as useful inputs for models to estimate the direct and indirect influence of aerosol

on regional and global climates.’

2. A list of symbols and abbreviations would be helpful.

Response: A list of symbols and abbreviations has been added to Appendix A.

Appendix A: List of symbols and abbreviations.
Table Al. List of symbols and abbreviations.

AF Africa

APM Acrosol particle mass analyzer

APS Aerodynamic Particle Sizer

CcC City center

CMD Count median diameter

CSSA Central, South, and Southeast Asia

DMA Differential mobility analyzer

EA East Asia

ELVOC Extremely low volatility organic compound

EU Europe

HOM Highly oxygenated molecule

HVAC Heating, ventilation, and air-conditioning

LA Latin America

LT Long term (>6 months)

MERV Minimum efficiency reporting value

MOUDI Micro-orifice uniform deposit impactor

MPPD Multiple-Path Particle Dosimetry

MT Moderate term (1 - 6 months)

NAAN North America, Australia, and New
Zealand

NPF New particle formation

NU Non-specific urban

OPC/OPS Optical particle counter/Optical particle
sizer

PMx Integrated mass concentration for particles
smaller than X pm

PSD Particle size distribution

Dem
Da

Dop
Dye
Pelf

Electrical mobility diameter
Aerodynamic diameter

Optical diameter

Volume equivalent diamter

Aerosol effective density

Acrosol particle density

Dynamic shape factor

Particle mass

Particle volume

Cunningham slip correction factore
Particle number concentration for mode i
Geometric mean diameter for mode i

Geometric standard deviation for mode i
Particle volume concentration for mode i
Particle mass concentration for mode i
Tidal volume

Breathing frequency

Deposition fraction
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RTDDR Respiratory tract deposited dose rate
SMPS Scanning Mobility Particle Sizer
SOA Secondary organic aerosol

ST Short term (1 week — 1 month)
SUB Sub-urban

TR Traffic-influenced

UB Urban background

UFP Ultrafine particle (<100 nm)
VOC Volatile organic compound

VST Very short term (1 day — 1 week)
VVST Very very short term (<1 day)
WA West Asia

3. Section 3.1, eq. 1-4: What is the relationship of rho_eff and rho_p. Is to some extent mentioned later in eq. (6), but would
be good to get this out of the way here.

Response: The following texts have been added to Section 3.1:

‘For a spherical particle, y equals to 1; Den equals to Dve; and perequals to pp. For particles with irregular shapes, y is greater
than 1; Den is greater than Dye; and peyis less than pp.”.

The texts originally in Section 3.5 have been moved to Section 3.1:

‘For coarse mode particles, the value of % is approximately unity, such that the Cunningham slip correction factors in Eq.
c em

(4) can be reasonably neglected. Therefore, Eq. (4) becomes D,,,, = D,.x. Plugging this into Eq. (1), we arrive at Eq. (5):

_ _omy
Peff = 7rapa » (%)

Combining Eq. (3) and (5), we can derive Eq. (6), which describes the relationship between peg, pp, and y for coarse mode
particles (an example is given in Fig. 2):

p 9
Perr = X_z;’ (6).
4. p. 7, 1. 12: The shape parameter is usually not used to characterize soot, but rather fractal dimension.

Response: The sentence about soot particles has been removed.

5.p. 7, L 15: Complications in estimating rho_eff for coarse mode because of mixing state — I think the same can be said for
the accumulation mode.

Response: The sentence has been modified to:

‘The complicated mixing state of urban aerosols introduces additional uncertainties in estimating the pef for both accumulation
and coarse mode particles’.
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6. p. 7, 1. 16: Avoid starting a sentence with a mathematical symbol. (This happens several times throughout the manuscript).
Response: This issue has been corrected for the manuscript.

7.p. 9, 1. 72: Notation: Is log referring to logl0 or natural log?

Response: ‘logarithm base 10’ has been added.

‘The extracted measured data for these PSDs were fit to the multi-modal lognormal distribution function (dN/dLogD,, cm™,
Eq. 7; logarithm base 10) by using a lognormal fitting code in MATLAB based on the nonlinear least-squares curve fitting
function’

8. p. 9, equation (7): Determining the number of modes to achieve best fit — how many modes are usually needed to achieve
best fit? (i.e. is it mostly 3 modes or are sometimes more needed?)

Response: For number PSDs, two or three modes can achieve the best fit.
‘Two or three modes can achieve the best fit.’

For the volume and mass PSDs described in Section 4.1.2 and 4.1.3, typically three modes can achieve the best fit, but
sometimes it requires four modes.

‘Typically three modes are enough to achieve the best fit, but sometimes four modes are needed.’

‘For the volume and mass PSDs measured by inertial impactors, typically three modes can achieve the best fit, but sometimes
they need four modes.’

9. Figure 1: Include abbreviation of different regions from the legend in the figure caption.
Response: The name and abbreviation of geographical regions have been added to the figure caption.

Figure 10. Temporal and geographical distribution by year of the urban PSD references analyzed in this study (1998-2017).
The geographical regions include North America, Australia, and New Zealand (NAAN), Europe (EU), East Asia (EA), Central,
South, and Southeast Asia (CSSA), Latin America (LA), West Asia (WA), and Africa (AF).

10. Tables 1 & 2: Include sampling frequency for the various studies or any information if the size distribution is an
instantaneous snapshot or the result of a time-average.

Response: Given the great uncertainty of instantaneous snapshots, the PSDs and size-resolved pey collected in this study are
all time-average results over a given sampling period. They were all collected from peer-review journal articles in the form
of figures or fitting parameters. The sampling duration for individual PSD has been listed in the SI.

The following two sentences have been added to Section 2 and Section 3.2:

‘All the PSDs are the results of a time-average over certain sampling periods’; ‘All the results are the averages over given
sampling periods’.

11. Figure 5: Considering that the Aitken mode is only incompletely captured, the fit is doing some extrapolation.
Mathematically, this is fine, but given that there is some noise, the fitted size distribution parameters could be way off. How
reliable is the fit in such a case?
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Response: The following texts were added to Section 4.2:

“The size range over which the fitting is effective is listed in each fitted PSD. To reproduce the urban aerosol PSDs by using
the fitting parameters, the size range of PSDs should not exceed the listed effective size range. The fitted size range was not
necessarily equivalent to the size range of the measurement.’

The effective size range was defined as the range where the fitted curve visually matches the extracted PSD data points. The
effective size range can never exceed the original measurement size range, which avoids extrapolation.

Figure 5 shows the measurement spanning from the accumulation and coarse modes. The listed effective size range for fitting
is 660-10000 nm. Therefore it will not be extrapolated to Aitken or nucleation mode when being reproduced.

12. p. 17, 1 10: It would be helpful to include some references to papers where the issues mentioned here are considered and
also give the reader some context about how important these issues might be.

Response: Several references have been added.

‘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 Hofacre (2008),
as illustrated in Fig. 9. The impact of acrosol 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 (Chang et al.,
2016; Montgomery et al., 2015; Podgorski et al., 2006; Wang and Otani, 2013; Wang et al., 2006). The transformation of the
urban aerosol PSD due to penetration through the building envelope (e.g. infiltration) was not evaluated.’

13. Figure 17: Are the PSD assigned to UB and to TR significantly different (in a technical sense)? In other words, does the
grouping into UB and TR make sense? Did you try to do a cluster analysis based on the PSD shapes to see what different types
in terms of shape emerge (=size distribution regimes), and if they tend to include size distributions from the same geographical
region? Given the many factors that influence the shape of size distributions (as mentioned on p. 23), I question if the a priori
separation into geographical regions is the best way to look at the data.

Response: Although the difference of the PSDs between UB and TR sites is not the main focus of this paper, we feel that it is
worth it to discuss since traffic emission is an important pollution source in urban environments, and it is the main source of
UFPs in high-isolation developed world cities (Brines et al., 2015). The evolution of the PSDs of traffic-related emissions has
been discussed in many papers, and it is worthwhile to summarize in this section.

We did not try to do any cluster or statistical analysis for the PSDs at UB and TR sites. Instead, we added two metrics to show
the difference between the two sites: mean CMD and fraction of the particles < 20 nm in total number concentration. The
following text has been modified:

‘UB measurements are typically dominated by Aitken mode particles, with peaks ranging from Dem = 20 to 90 nm, with the
mean CMD of 45 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, with the mean CMD of 33 nm. The mean concentration fraction
of the particles smaller than 20 nm is 35% and 19% for the PSDs measured at TR and UB sites, respectively.’

We think the geographical separation provides a novel perspective to analyze the data. We would not like to conclude that the
geographical separation is the best way to look at the PSDs we collected, but we would like to present the results and differences
we found, and provide possible explanations.
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14. Section 10 and 11: It is not clear to me what the take home message is of these sections. This needs to be more clearly
formulated and presented. To better gauge the differences in particle exposure for different regions, I recommend introducing
a couple of integrated metrics, e.g. number concentrations of particles smaller than 100 nm/I micron etc.

Response: Size-integrated metrics on aerosol inhalation exposure and penetrated urban aerosol through an air filter have been
added (Figures 24 & 27). The metrics include mean size-integrated RTDDRy (10-100 nm) and RTDDRy (100-2500 nm) in
the respiratory tract and mean size-integrated number concentration (10-100 nm) of penetrated urban aerosol through a MERV
filter in different geographical regions. The discussions were also added to the two sections:

‘The size-integrated metrics were utilized to better illustrate the difference in aerosol inhalation exposure in different
geographical regions. The mean size-integrated (10-100 nm) RTDDRn (Fig. 24, left) shows the highest value in CSSA,
following by EA, EU, NAAN, and LA. The mean size-integrated (100-2500 nm) RTDDRuwm (Fig. 24, right) also shows the
highest value in CSSA, which is twice higher than the second highest in EA and third highest in WA. This is attributable to
the abundant accumulation mode particles in CSSA due to strong air pollutions. EU and NAAN present much lower values
due to the better urban air quality.’

‘Fig. 27 shows the mean size-integrated number concentration (10-100 nm) of urban aerosol that penetrates through a MERV
8 (left) and MERV 14 (right) in different regions. This metric reflects the impact of geographical variations in urban PSDs on
indoor air quality. For both grades of filters, the poor urban air quality in CSSA results in the highest penetrated aerosol
concentration, following by EA, EU, NAAN, and LA’

15. Data availability statement: Suggest posting an electronic version of the supplement to some databank (with doi) so that
it can be easily used by the community for future studies.

Response: The Supplement has been uploaded to the Purdue University Research Repository (PURR) DOI: 10.4231/MWMS5-
JQ30.

Additional changes:

1. The table of “List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city” has
been corrected.

Table 1. List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city.

Region Country City
Botswana (3) Gaborone (3)
Cape Verde (1) Praia City (1)
Egypt (12) Cairo (12)
Kenya (1) Nairobi (1)

Africa (n=29) Mali (1) Bamako (1)
Senegal (1) Dakar (1)
South Africa (6) Johanr.lesburg @)

Pretoria (4)

Zambia (4) Mongu (4)
India (48) Durg (4)

10



Central, South,
and Southeast
Asia (n=70)

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)

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)
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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)

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)
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00
01

02
03

04
05

Stockholm (8)

Moldova (1)

Chisinau (1)

Latin America
(n=48)

Brazil (38)

Porto Alegre (3)

Sao Paulo (35)

Chile (6)

Santiago (6)

Mexico (3)

Mexico City (3)

Cuba (1)

Camagiiey (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)

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)

13

2. A paragraph of discussion on the influence of environmental factors in different geographical locations on filter performance
has been added to Section 10.

‘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




06 geographical regions with annual rainy seasons when the relative humidity increases significantly. The dendrites may
07 restructure to adopt a compact morphology under elevated humidity due to the capillary effect of condensed water, which will
08 lower the filtration efficiency and pressure drop across the filter (Pei et al., 2019). In addition, the hygroscopic content of the
09 dendrites may transition to form a liquid film on the filter fiber, and decrease the filtration efficiency before eventually reaching
10 an equilibrium (Li et al., 2014; Walsh et al., 1996). This is attributes to the low viscosity of the liquid film, which allows the
11 liquid particles to coalesce, relocate, and drain along the filter fiber.’

12

13 3. Errors in some figures have been corrected. Order of the figures has been rearranged.
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14
15 Figure 1. Effective densities (pe) as derived from different values of dynamic shape factors (y) and particle densities (pp),

16 assuming the value of % is approximately unity for coarse particles.
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Applied to Urban PSDs: CSSA, WA, LA, AF, and China
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Applied to Urban PSDs: EU, NAAN, Japan, and Korea
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21
22

23
24
25
26
27

Applied to Traffic PSDs: Global (w/o China)

C

peff Estimated from Py of HZSO 4

and ELVOCs/HOMs (x=1)

N
(&)
L
T

Pt of DENSE particles
(Rissler et al., 2014)
\

N
1
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v
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—
|

Effective Density (peff) [g cm'3]
o

Estimated from
a range of Pp and y -

o
o
|

United States, Denmark, and,Finland (Traffic), n=3

3 10 100 1000 10000
Electrical Mobility Diameter, Dem [nm]

Figure 2. Size-resolved urban aerosol effective density functions (pe) 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 p.ymeasurements are summarized in Table 2. pey
values for different combinations of y and p, are illustrated in Fig. 2. 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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*PSDs from Ding et al. (2017), PM2:s from Shanghai Environment Monitoring Center at Hongkou Liangcheng Station,

including four different sampling periods.

"PSDs from Cabada et al. (2004), PMa5 from EPA monitoring station (42-003-0021), including four different sampling

periods.

‘PSD from Watson et al. (2002), PMa.s from EPA monitoring station (06-019-0008).

4PSDs from Harrison et al. (2012), PM2.s from UK Automatic Urban and Rural Monitoring Network at London Marylebone

Road. Three PSDs were measured at three different sampling sites over the same period.

Figure 7. Comparison of the PMz s derived from the PSDs collected in this study (blue circular markers) with those measured
by local monitoring stations in the same city over the same sampling periods (green diamond markers and error bars). The
green diamond markers represent the mean values of the PMa.s from local sampling stations over the sampling period of the

corresponding PSD and the error bars represent the standard deviations.
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Figure 8. 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) (Miller et al., 2016) for an adult with an upright upper body.
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47 Figure 9. Size-resolved filtration efficiency curves for MERV 8 and MERV 14 filters for estimating the number PSDs of the
48  penetrated urban aerosol (Hecker and Hofacre, 2008).
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50 Figure 10. Temporal and geographical distribution by year of the urban PSD references analyzed in this study (1998-2017).
51 The geographical regions include North America, Australia, and New Zealand (NAAN), Europe (EU), East Asia (EA), Central,
52 South, and Southeast Asia (CSSA), Latin America (LA), West Asia (WA), and Africa (AF).
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Figure 12. 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 (#=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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61 Figure 13. Median number PSDs for each geographical region.
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63 Figure 14. Normalized urban acrosol number PSDs analyzed in this study from around the globe. The country codes are listed
64 on the left and the region codes are listed on the right.
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66 Figure 15. Relationship between the total particle number concentration, integrated over the measured size range, and the

67 count median diameter (CMD), determined for each sub-micron number PSD measured by electrical mobility-based
68  techniques (n=624) and grouped by geographical region.
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Figure 16. 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.
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Figure 17. 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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Figure 18. 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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*Dry period in Fig. 4a in Rissler et al. (2006).
bedpSD after ageing of 30 min in Fig. 6 in Zhang et al. (2011).
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—A— BB, grass (Reid et al. (1998))
—©— BB, cerrado (Reid et al. (1998))

i BB, Amazonia (Rissler et al. (2006))?

BB, corn straw (Zhang et al. (2011 ))b

----------- BB, rice straw (Zhang et al. (2011))°

= = = "BB, rice straw (Zhang et al. (2011))d

—A— BW, LM (Wahlstrém et al. (2010))°

== BW, NAO (Wahistrém et al. (2010))"

e BW, LM (Kukutschova et al. (2011))°

BW, LM (Nosko et al (2017))"

= = = *BW, NAO (Nosko et al (2017))

~ = = "CK, gas stove (Wallace et al.(2004))‘

Simessas CK, electric stove (Glytsos et al. (201()))k

""""""" CK, gas stove (Buonanno et al. (2009))I

CK, gas stove (See et al. (2006))™

Power plant, pulverized coal (Ohlstrém et al. (2000))
Residential/commercial heating, via PMF (Ogulei et al. (2007))"
Power plant, coal, via PMF (Ogulei et al. (2005))
Power plant, oil, via PMF (Ogulei et al. (2005))
Power plant, coal (Wang et al. (2008))

= = = *VE, diesel truck (R6nkkd et al. (2007))°

esesnecy VE, environmentally friendly vehicle (Jarvinen et al. (2019))
""""""" VE, gasoline vehicle (Harris et al. (2001))P

°LMI in Fig. 7 in Wahlstrom et al. (2010). Brake pad material: low metallic (LM).
NAO1 in Fig. 7 in Wahlstrém et al. (2010). Brake pad material: non-asbestos organic (NAO).
£t0+30 min in Fig. 6a in Kukutschova et al. (2011). Brake pad material: LM.

BLM 175 °C in Fig. 7 in Nosko et al. (2017). Brake pad material: LM.
'NAO 175 °C in Fig. 7 in Nosko et al. (2017). Brake pad material: NAO.
'DMA-CPC measurement in Fig. 4 in Wallace et al. (2004).

Frying onion, t=7 min in Fig. 13 in Glytsos et al. (2010).

IGrilling bacon with maximum power in Fig. 6a in Buonanno et al. (2009a).

"Boiling in Fig. 2a in See and Balasubramanian (2006).

"Residential/commercial heating in winter in Fig. 6 in Ogulei et al. (2007b).
°Test condition 8 without thermodenuder in Fig. 2a in Ronkkd et al. (2007).

PGasoline engine #2 at 96 km h™!' in Fig. 4 in Harris and Maricq (2001).

Figure 19. 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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Figure 21. Median dRTDDRy /dLogD,,, in each geographical region (black lines in Fig. 19).
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Figure 23. Median dRTDDR,,/dLogD,,, in each geographical region (black lines in Fig. 21).
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Figure 24. Mean size-integrated (10-100 nm) R7DDRy and size-integrated (100-2500 nm) RTDDRy in the respiratory tract in
different geographical regions determined using the urban mass PSDs analyzed in this study.
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each geographical region, estimated using the number PSDs collected in this study (Fig. 11) and assuming single-pass MERV
8 and MERYV 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.
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We would like to thank the two reviewers for their insightful comments and helpful feedback. We have revised our manuscript,
as outlined below. Comments from the reviewers are in italic black font. Our responses are in normal black font. Revised text
are in normal red font. Revised figures and tables are included.

Response to Anonymous Referee #2

1 commend the authors for attempting this expansive review, which will be very helpful to the aerosol community. I apologize
for not submitting a review in time, and even now my work is incomplete. Normally, I spend a couple of hours on a review; 1
have spent well over that on this manuscript and I am still less than a third of the way through it.

Some of that is apparently because of ACP’s format requirements - with 25 figures at the end, reading and relating discussions
to figures becomes very difficult. For what it’s worth, the comments I have so far are mostly grammatical or ways to frame it
better.

Some general comments:

1. This review attempts to not only review worldwide PSDs, but also applications in exposure and filtration. The latter two
are fields in their own right for good reason and should perhaps be separated as a companion paper (or papers) that can be
reviewed by experts in those fields. 2. Perhaps this expansive work is better as a monograph that can be fact-checked, verified,
and copy-edited by paid staff, or at least split into three or four papers, with measurement experts, atmospheric chemists,
inhalation modelers, and building/indoor air quality experts reviewing the different parts. The latter might also make it easier
for an individual reviewer to spend a few hours and do a satisfactory job within their expertise.

Response: We understand that this review is very long with nearly 30 figures. One of the most important reasons that we
chose to submit our review to ACP is that it is a high-quality, open-access, interdisciplinary journal without word/page limits.
It has a broad audience interested in atmospheric science, air quality, climate, and human health impacts. This long review
allows readers with different backgrounds to retrieve the relevant information they need, but not necessarily having to read the
entire paper. We feel that the geographical variations in urban PSDs provides important implications for human exposure and
indoor air quality, which may be of interest to many readers. Therefore, we think it is logical to discuss these topics in one
paper. In addition, expansive and lengthy reviews have been published in ACP in the past, such as Fuzzi et al. (2015), Lawrence
and Lelieveld (2010), Kukkonen et al. (2012), Bartels-Rausch et al. (2014), Vihma et al. (2014), and Tang et al. (2019).

3. One of my comments was whether 1 nm species can even be called aerosol particles, and that seems a definitional rabbit
hole. If one were to focus on urban air quality and exposure/HVAC applications, the sub-10 nm aerosols may not even be
practically relevant or can be left for another paper.

Response: Although previous papers referred to the species between 1-3 nm as nanocluster aerosols, here we would not like
to debate if they are aerosol particles. ‘a diverse mixture of liquid and solid particles spanning in size from a single nanometer



36
37

38

39

40
41
42

43
44

45
46
47
48
49
50
51

52

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

74

to tens of micrometers’ has been changed to ‘a diverse mixture of liquid and solid particles spanning in size from several
nanometers to tens of micrometers’.

Specific comments: Abstract, line 3: replace “enable for characterization” with “enable characterization”
Response: This has been changed.

Introduction, line 2/para 1: “spanning in size from a single nanometer to tens of micrometers” - can 1 nm actually be
considered an aerosol particle? Seems like an issue of definition - has previous work established a lower size limit for the
transition from molecules to aerosol particles? (The authors limit their own review to aerosol sizes above 3 nm.)

Response: ‘spanning in size from a single nanometer to tens of micrometers’ has been changed to ‘spanning in size from
several nanometers to tens of micrometers’.

Introduction, para 2: “Measurement of urban aerosol PSDs provides. . .” and “UFPs...are associated with various deleterious
human health outcomes.” These statements should be backed up by references to epidemiological and toxicological studies,
especially as the paragraph criticizes current air quality standards that are based on PM mass (and which have been quite
effective at improving human health). A problem could very well be (as the authors state) that most PSD measurements are
not longterm, which is necessary for epidemiological studies; but that surely is the end product of the current manuscript (e.g.
“we recommend more long-term studies”) rather than a declarative statement at the outset. Toxicological studies do not
require long-term studies, the authors should be able to cite studies that back up their claims.

Response: References have been added to para. 2 to support the claims.

‘Of particular importance are measurements of urban aerosol particle size distributions (PSDs). Measurement of urban aerosol
PSDs provides a basis for in-depth evaluation of size-resolved aerosol transport and transformation processes in the urban
atmosphere (e.g. Hussein et al., 2004; Peng et al., 2014; Salma et al., 2011; Wehner et al., 2008; Wu et al., 2008), air pollution
source apportionment (e.g. Harrison et al., 2011; Sowlat et al., 2016; Wang et al., 2013b), aerosol deposition in the human
respiratory system (e.g. Hussein et al., 2019, 2020; Kodros et al., 2018; Zwozdziak et al., 2017), and associated toxicological
effects on the human body (e.g. Bentayeb et al., 2015; Burnett et al., 2014; Oberdiirster, 2000; Shiraiwa et al., 2017; Tseng et
al., 2015; Wong et al., 2015). In addition, the measurement of aerosol PSD is important for evaluating the global climate
change, since aerosol size strongly affects the interaction of aerosol with radiation and its ability to form fog and cloud droplets
(Mahowald, 2011; Seinfeld and Pandis, 2012; Zhang et al., 2012). 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, 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 (Allen et al., 2017;
Delfino et al., 2005; Jiang et al., 2009; Li et al., 2016, 2017a; Oberdorster, 2001; Oberdorster et al., 2004, 2005; Rychlik et al.,
2019; Sioutas et al., 2005; Weichenthal et al., 2017).

Introduction/last paragraph: replace “enables for identification of gaps” with “enables identification of gaps” (Please check
the manuscript for similar language corrections, I will stop now.) Also, the authors should probably state in the introduction
that their 3 nm to 10 micron size range refers to electrical mobility diameter.

Response: The language has been corrected. Clarification has been made: 3 to 10,000 nm as electrical mobility diameter’.
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Methodology: What is the time duration of an individual PSD? Typical SMPS scans are 2 minutes, optical sizing can be at 1
Hz. Or do they mean 793 measurement campaigns or days of data?

Response: The time duration of each individual PSD has been listed in the SI. Given the great uncertainty of instantaneous
snapshots, the PSDs and size-resolved pefr collected in this study are all time-average results over a given sampling period.
The following sentences have been added to Section 2 and Section 3.2:

‘These articles presented n=793 individual PSDs (182 of which covered both the sub-micron and coarse regime), which have
been reported in previous peer-review journal articles in the form of figures or fitting parameters’; ‘All the PSDs are the results
of a time-average over certain sampling periods’.

Abbreviations for geographical regions: I had a hard time remembering what each stood for, e.g. CSSA or WA. Suggest the
use of Africa, EAsia, WAsia, CSSAsia, etc. Why is the EU separated from North America/Australia/New Zealand - these are
all OECD regions with greater similarities in emissions control regimes compared to Asia or Africa.

Response: A list of symbols and abbreviations has been added to Appendix A, which could help the readers to identify the
abbreviations for geographical regions more easily.

Appendix A: List of symbols and abbreviations.
Table Al. List of symbols and abbreviations.

AF Africa Dem Electrical mobility diameter
APM Acrosol particle mass analyzer Dy Aerodynamic diameter
APS Aerodynamic Particle Sizer Dop Optical diameter
CC City center Dye Volume equivalent diamter
CMD Count median diameter Peff Acrosol effective density
CSSA Central, South, and Southeast Asia P Acrosol particle density
DMA Differential mobility analyzer x Dynamic shape factor
EA East Asia mp Particle mass
ELVOC Extremely low volatility organic compound  Vp Particle volume
EU Europe Ce Cunningham slip correction factore
HOM Highly oxygenated molecule Ni Particle number concentration for mode i
HVAC Heating, ventilation, and air-conditioning m Geometric mean diameter for mode i
LA Latin America i Geometric standard deviation for mode i
LT Long term (>6 months) Vi Particle volume concentration for mode i
MERV Minimum efficiency reporting value M; Particle mass concentration for mode i
MOUDI Micro-orifice uniform deposit impactor Vr Tidal volume
MPPD Multiple-Path Particle Dosimetry f Breathing frequency
MT Moderate term (1 - 6 months) DF Deposition fraction
NAAN North America, Australia, and New
Zealand
NPF New particle formation
NU Non-specific urban
OPC/OPS Optical particle counter/Optical particle
sizer
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PMx Integrated mass concentration for particles
smaller than X pm

PSD Particle size distribution

RTDDR Respiratory tract deposited dose rate

SMPS Scanning Mobility Particle Sizer

SOA Secondary organic aerosol

ST Short term (1 week — 1 month)

SUB Sub-urban

TR Traffic-influenced

UB Urban background

UFP Ultrafine particle (<100 nm)

VOC Volatile organic compound

VST Very short term (1 day — 1 week)

VVST Very very short term (<1 day)

WA West Asia

We would like to group the PSDs according to geographical regions to investigate the spatial variations in PSDs, therefore we
separated EU from North America. In the early stages of our analysis, we grouped Australia and New Zealand as Oceania,
separately from North America. However, the sample size of Oceania is too small for conducting a meaningful analysis.
Therefore, we grouped Australia and New Zealand with North America, rather than Europe, since their population density is
closer to North America.

Figure 9 is introduced and discussed before Figure 2. Suggest re-ordering the figures in the order they are discussed.
Response: The figures have been re-ordered.

Section 3.4: what did Rissler et al. report as density for soot aggregates - that seems relevant for group C (traffic environments)
if EC can be a quarter of particle mass. A statement about the material density of soot appears at the end of the first paragraph
of Sec 3.5 - which is supposed to be about coarse particles that likely don’t have a lot of EC. Perhaps that should be moved to
Sec 3.4. The last sentence seems unclear - if both soot particles and denser(?) components can exist in the 400-1000 nm size
range, why pick one over the other unless one component dominates the mass?

Response: Direct measurements of effective density are missing for the particles between 400-1000 nm. The measurements
in Rissler et al. (2014) are from 50 to 350 nm. Since at 350 nm, dense particles contributed more than 80% to the total particle
mass in Rissler et al. (2014), the effective density of dense mode particles (1.46 g cm™) was chosen for the size range of 400-
1000 nm. In addition, the HR-AMS analysis in Rissler et al. (2014) indicated that the dense mode particles were made of
ammonium nitrate, ammonium sulfate, and organic carbon. Although soot particles also exist in the size range of 400-1000
nm, the fraction of particles with greater effective densities than the dense mode particles, such as crustal materials, could be
higher (Daher et al., 2013) than in the size range of 50-350 nm, which to some extent offsets the low density of soot particles.

The sentence, ‘The inherent material density of diesel soot was measured to be 1.77 g cm™ (Park et al., 2004)’, has been
removed.

References:

Bartels-Rausch, T., Jacobi, H.-W., Kahan, T. F., Thomas, J. L., Thomson, E. S., Abbatt, J. P., Ammann, M., Blackford, J. R.,
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Bluhm, H. and Boxe, C.: A review of air—ice chemical and physical interactions (AICI): liquids, quasi-liquids, and solids in
snow, Atmos. Chem. Phys., 14(3), 2014.

Brines, M., Dall’Osto, M., Beddows, D. C. S., Harrison, R. M., Gémez-Moreno, F., Nuiiez, L., Artifano, B., Costabile, F.,
Gobbi, G. P. and Salimi, F.: Traffic and nucleation events as main sources of ultrafine particles in high-insolation developed
world cities, Atmos. Chem. Phys., 15(10), 5929-5945, 2015.

Daher, N., Saliba, N. A., Shihadeh, A. L., Jaafar, M., Baalbaki, R. and Sioutas, C.: Chemical composition of size-resolved
particulate matter at near- freeway and urban background sites in the greater Beirut area, , 80, 96106, 2013.

Fuzzi, S., Baltensperger, U., Carslaw, K., Decesari, S., Denier Van Der Gon, H., Facchini, M. C., Fowler, D., Koren, 1.,
Langford, B., Lohmann, U., Nemitz, E., Pandis, S., Riipinen, 1., Rudich, Y., Schaap, M., Slowik, J. G., Spracklen, D. V.,
Vignati, E., Wild, M., Williams, M. and Gilardoni, S.: Particulate matter, air quality and climate: Lessons learned and future
needs, Atmos. Chem. Phys., 15(14), 8217-8299, doi:10.5194/acp-15-8217-2015, 2015.

Kukkonen, J., Olsson, T., Schultz, D. M., Baklanov, A., Klein, T., Miranda, A. 1., Monteiro, A., Hirtl, M., Tarvainen, V. and
Boy, M.: A review of operational, regional-scale, chemical weather forecasting models in Europe, Atmos. Chem. Phys.,
2012.

Lawrence, M. G. and Lelieveld, J.: Atmospheric pollutant outflow from southern Asia: a review, Atmos. Chem. Phys.,
10(22), 11017, 2010.

Tang, M. J., Chan, C. K., Li, Y. J,, Su, H., Ma, Q. X., Wu, Z. J., Zhang, G. H., Wang, Z., Ge, M. F. and Hu, M.: A review of
experimental techniques for aerosol hygroscopicity studies, Atmos. Chem. Phys., 2019.

Vihma, T., Pirazzini, R., Fer, 1., Renfrew, 1. A., Sedlar, J., Tjernstrom, M., Liipkes, C., Nygard, T., Notz, D. and Weiss, J.:
Advances in understanding and parameterization of small-scale physical processes in the marine Arctic climate system: a
review, Atmos. Chem. Phys., 14(17), 9403-9450, 2014.

Additional changes:

1. The table of “List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city” has
been corrected.

Table 1. List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city.

Region Country City
Botswana (3) Gaborone (3)
Cape Verde (1) Praia City (1)
Egypt (12) Cairo (12)
Kenya (1) Nairobi (1)

Africa (n=29) Mali (1) Bamako (1)
Senegal (1) Dakar (1)
South Africa (6) Johannesburg (2)

Pretoria (4)

Zambia (4) Mongu (4)
India (48) Durg (4)




Central, South,
and Southeast
Asia (n=70)

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)

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)

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)




41
42

43
44

45
46

Stockholm (8)

Moldova (1)

Chisinau (1)

Latin America
(n=48)

Brazil (38)

Porto Alegre (3)

Sao Paulo (35)

Chile (6)

Santiago (6)

Mexico (3)

Mexico City (3)

Cuba (1)

Camagiiey (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)

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)

2. A paragraph of discussion on the influence of environmental factors in different geographical locations on filter performance
has been added to Section 10.

‘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




47 geographical regions with annual rainy seasons when the relative humidity increases significantly. The dendrites may
48 restructure to adopt a compact morphology under elevated humidity due to the capillary effect of condensed water, which will
49 lower the filtration efficiency and pressure drop across the filter (Pei et al., 2019). In addition, the hygroscopic content of the
50 dendrites may transition to form a liquid film on the filter fiber, and decrease the filtration efficiency before eventually reaching
51 an equilibrium (Li et al., 2014; Walsh et al., 1996). This is attributes to the low viscosity of the liquid film, which allows the
52 liquid particles to coalesce, relocate, and drain along the filter fiber.’

53

54 3. Errors in some figures have been corrected. Order of the figures has been rearranged.
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55
56 Figure 1. Effective densities (pe) as derived from different values of dynamic shape factors (y) and particle densities (pp),

57 assuming the value of % is approximately unity for coarse particles.
c em
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Applied to Urban PSDs: CSSA, WA, LA, AF, and China
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Applied to Urban PSDs: EU, NAAN, Japan, and Korea
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Applied to Traffic PSDs: Global (w/o China)
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Figure 2. Size-resolved urban aerosol effective density functions (pe) 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 p.ymeasurements are summarized in Table 2. pey
values for different combinations of y and p, are illustrated in Fig. 2. 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 7. Comparison of the PMz s derived from the PSDs collected in this study (blue circular markers) with those measured
by local monitoring stations in the same city over the same sampling periods (green diamond markers and error bars). The
green diamond markers represent the mean values of the PMa.s from local sampling stations over the sampling period of the

corresponding PSD and the error bars represent the standard deviations.
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—A— BW, LM (Wahlstrém et al. (2010))°
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e BWLM (Kukutschova et al. (2011))°

BW, LM (Nosko et al (2017))"

= = = *BW, NAO (Nosko et al (2017))

~ = = "CK, gas stove (Wallace et al.(2004))i

Sesimesshs CK, electric stove (Glytsos et al. (2010))k

""""""" CK, gas stove (Buonanno et al. (2009))I

CK, gas stove (See et al. (2006))™

Power plant, pulverized coal (Ohlstrém et al. (2000))
Residential/commercial heating, via PMF (Ogulei et al. (2007))"
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°LMI in Fig. 7 in Wahlstrom et al. (2010). Brake pad material: low metallic (LM).
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£t0+30 min in Fig. 6a in Kukutschova et al. (2011). Brake pad material: LM.
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PGasoline engine #2 at 96 km h™!' in Fig. 4 in Harris and Maricq (2001).

Figure 19. 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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Abstract
Urban aerosol measurements are necessary to establish associations between air pollution and human health outcomes and to
evaluate the efficacy of air quality legislation and emissions standards. The measurement of urban aerosol particle size

distributions (PSDs) is of particular importance as they enable, characterization of size-dependent processes that govern a

particle’s transport, transformation, and fate in the urban atmosphere. PSDs also improve our ability to link air pollution to
health effects through evaluation of particle deposition in the respiratory system and inhalation toxicity. To provide guidance
for the evolution of urban aerosol observations, this paper reviews and critically analyzes the current state-of-knowledge on
urban aerosol PSD measurements by synthesizing n=793 PSD observations made between 1998 to 2017 in n=125 cities in
n=51 countries around the globe. Significant variations in the shape and magnitude of urban aerosol number and mass PSDs
were identified among different geographical regions. In general, number PSDs in Europe (EU), North America, Australia,
and New Zealand (NAAN) are dominated by nucleation and Aitken mode particles. PSDs in Central, South, and Southeast
Asia (CSSA) and East Asia (EA) are shifted to larger sizes, with a meaningful contribution from the accumulation mode.
Urban mass PSDs are typically bi-modal, presenting a dominant peak in the accumulation mode and a secondary peak in the
coarse mode. 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 Africa (AF), CSSA, Latin America (LA), and West Asia (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, which serve as
an important interface between the outdoor and indoor atmospheres. Geographical variations in urban aerosol effective
densities were also reviewed. Size-resolved urban aerosol effective density functions from 3 to 10,000 nm were established
for different geographical regions and intra-city sampling locations in order to accurately translate number PSDs to mass PSDs,
with significant variations observed between near-road and urban background sites. The results of this critical review

demonstrate that global initiatives are urgently needed to develop infrastructure for routine and long-term monitoring of urban

(Deleted: for




35

40

45

50

55

60

65

aerosol PSDs spanning the nucleation to coarse modes. Doing so will advance our understanding of spatiotemporal trends in
urban PSDs throughout the world and provide a foundation to more reliably elucidate the impact of urban aerosols on

atmospheric processes, human health, and climate.

1 Introduction

Urban air pollution is a major global environmental health challenge. Aerosols are a key constituent of urban air pollution and

include a diverse mixture of liquid and solid particles spanning in size from several nanometers to tens of micrometers. 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 (Asmi et al., 2011;
Azimi et al., 2014; Harrison et al., 2011; Hussein et al., 2003; Morawska et al., 1998; Peng et al., 2014; Shi et al., 1999;
Shiraiwa et al., 2017; Vu et al., 2015; Wu et al., 2008). 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 (Allen et al., 2017; Burnett et al., 2018; Delfino et al., 2005; Meldrum et al., 2017; Oberdérster et al., 2005; Rychlik
et al., 2019; Shiraiwa et al., 2017; Sioutas et al., 2005). 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.

Of particular importance are measurements of urban aerosol particle size distributions (PSDs). Measurement of urban aerosol
PSDs provides a basis for in-depth evaluation of size-resolved aerosol transport and transformation processes in the urban

atmosphere (c.g. Hussein et al., 2004; Peng et al., 2014; Salma et al., 2011; Wehner et al., 2008; Wu et al., 2008), air pollution

source apportionment (c.¢. Harrison et al., 2011; Sowlat et al., 2016; Wang et al., 2013b), aerosol deposition in the human

respiratory system (e.g. Hussein et al., 2019, 2020; Kodros et al., 2018; Zwozdziak et al., 2017), and associated toxicological

effects on the human body (e.g. Bentayeb et al., 2015; Burnett et al., 2014; Oberdiirster, 2000; Shiraiwa et al., 2017; Tseng et

al., 2015; Wong et al., 2015). In addition, the measurement of aerosol PSDs are,important for evaluating,global climate change,

as aerosol size strongly affects the interaction of an aerosol with solar radiation and its ability to form fog and cloud droplets

(Mahowald, 2011; Seinfeld and Pandis, 2012; Zhang et al., 2012). Despite the atmospheric and health relevance of urban

PSDs, long-term aerosol measurements are often focused on size-integrated concentration metrics, such as PMss, 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 (Allen et al., 2017;
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Delfino et al., 2005; Jiang et al., 2009; Li et al., 2016, 2017a; Oberdorster, 2001; Oberdorster et al., 2004, 2005; Rychlik et al.,
2019; Sioutas et al., 2005; Weichenthal et al., 2017).

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 techniques (Vu et al., 2015) and the implications of

urban aerosol PSDs on indoor air quality (Azimi et al., 2014). 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 as electrical mobility diameter) 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. Asglimate models have been improved significantly in terms of spatial resolution, a compilation

of urban PSDs can also serve as useful inputs for models to estimate the direct and indirect influence of aerosols on regional

and global climates. 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 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 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
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coarse regime (> 1000 nm), were selected for detailed analysis, These articles presented =793 individual PSDs (182 of

which covered both the sub-micron and coarse regime), which have been reported in previous peer-reviewed journal articles

in the form of figures or fitting parameters, from n=125 cities in n=51 countries around the globe (Table 1). AILPSDs are the

result of a time-average over certain sampling periods. 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 definition, the electrical mobility diameter (Den), was used

for all PSDs, as described in Sect. 3 and 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 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.

3 Geographical trends in size-resolved urban aerosol effective densities

3.1 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
(pey) functions from Den = 3 to 10000 nm. Size-dependent differences in the aerosol particle density (pp) and dynamic shape
factor () are best captured together through pes. The pey functions serve three purposes in this study: (1.) to translate urban
aerosol number PSDs to mass PSDs, (2.) to convert aerodynamic diameter (D.)-based PSDs to Den-based PSDs, and (3.) to
provide a summary of p.ymeasurements 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 Sect. 4. The size-resolved pey functions
include a combination of direct measurements of pey in the urban atmosphere (Sect. 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 (Sect.

3.3-3.5). The integration of the size-resolved pes functions with the urban aerosol PSD observations is presented in Sect. 3.6.
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Different definitions of pey have been used in previous studies (DeCarlo et al., 2004). In the current study, pes is defined as

the ratio of the measured particle mass () to the volume calculated from Den assuming spheres (DeCarlo et al., 2004; Hu et

al., 2012; McMurry et al., 2002; Qiao et al., 2018) (Eq. 1):

6m,
Perr = ﬁ > 1)
Only empirical peyvalues defined in this manner were collected from the literature. The particle volume (7)) 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

(DeCarlo et al., 2004). For an irregular particle, the volume equivalent diameter (D) represents the diameter of a sphere that

has the same volume as V), (DeCarlo et al., 2004; Hinds, 2012; Seinfeld and Pandis, 2012) (Eq. 2):

V, =% D3, @)
The ratio of mj to V), is referred to as the particle density (pp), as shown in Eq. (3):
o= ®
The relationship between Den and Dye is given by DeCarlo et al. (2004) and Seinfeld and Pandis (2012):

Dem _ _ _Dvex @)

CcDem) ~ Cc(Dye)’

where Ce is the Cunningham Slip Correction Factor (Allen and Raabe, 1982, 1985; Hinds, 2012). For a spherical particle, ¥

equals to 1; Den_equals to Dye; and pe equals to pp. For particles with irregular shapes, y is greater than 1; Den is greater than

Dye; and peyis less than p,.

Cc(Dye)

Cc(Dem)

is approximately unity, such that the Cunningham slip correction factors in Eq.

For coarse mode particles, the value of
v

(4) can be reasonably neglected. Therefore, Eq. (4) becomes D,,,, = D,,.x._Plugging this into Eq. (1), we arrive at Eq. (5):

6m,

— 14
Perf = mpima: ©)

Combining Eq. (3) and (5), we can derive Eq. (6), which describes the relationship between pes, pp, and y for coarse mode

particles (an example is given in Fig. l):

Pes =5 (©)

3.2 Urban aerosol effective densities: summary of direct measurements

Direct measurements of peyin urban environments are limited. However, sufficient data is available in the literature to identify
trends in pey among geographical regions and intra-city site types (urban or traffic). Size-resolved urban aerosol pes values
were extracted from n=9 studies conducted in Denmark, China, United States, and Finland (Table 2). The studies report direct
measurements of peg, 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)-
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Aerosol Particle Mass Analyzer (APM) system (e.g. McMurry et al. 2002). The measured pey values and measurement
information, including measurement technique, duration, and site (city, country), are summarized in Table 2. All yesults are

time-averages over given sampling periods.

As the PSD and direct po; measurements were conducted in different cities and at different site types within the city, it is
reasonable to apply pes values which were measured under a condition consistent with a PSD measurement when converting
number PSDs to mass PSDs and D, to Den. In order to apply the most reasonable pesto a PSD observation, the collected size-
resolved pey 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 pey measurements in China were conducted in ‘traffic” environments. The pey values for the

size range of 3200 to 5600 nm reported by Hu et al. (2012) were not included as the high pes values associated with the

abundance of minerals in coarse particles in Beijing might bias the analysis (Guo et al., 2010; Zhang et al., 2010).

Representative size-resolved pey functions were estimated for Groups A, B, and C (Fig. 2). For the direct peymeasurements

tabulated in Table 2, the collected values were often reported as a function of particle size discretely. In order to convert them
to a continuous pey function with respect to size, which can be easily applied when converting number PSDs to mass PSDs
and Dato Den, a few assumptions were made. For particles greater than 10 nm, if the particles at a certain diameter Den, 1 were
reported to have an effective density of pef1, we assume the particles in the size range from (Dem, -50 nm) to (Dem,i+50 nm)
also have the same effective density of pess. If the particles at diameter Dem,> (Dem 2>Den,1) were reported to have an effective
density of pef2 in the same study and Den,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+Dem2)/2 to have the effective density of pess, while the particles with the size from
(Dem,1+Dem,2)/2 to (Dem,2+50 nm) have the effective density of pej2. By doing this, we obtained several continuous size-resolved
pef functions ranging from approximately 10 nm to several hundred nanometers. We then took the mean of the size-resolved

pervalues derived from direct measurements in each of the three groups, illustrated as blue lines in the gray regions of Fig. 2.

3.3 Urban aerosol effective densities: considerations for sub-10 nm particles without direct measurements

Direct measurements of pey 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., 2013). H2SOsand highly oxygenated molecules (HOMs) or extremely low

volatility organic compounds (ELVOCs) are often involved in the nucleation and initial growth of particles 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 (Wang et al., 2010). ELVOCs and HOM s are assumed
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to have a density of 1.5 g cm™ and 1.4 g cm, respectively (Ehn et al., 2014; Trostl et al., 2016). For simplicity, we used the

pp of condensed ELVOCs (Ehn et al., 2014) (1.5 g cm™) and the condensed phase density of H2SO4(Xiao et al., 2015) (1.83 g

cm) to estimate the lower and upper limits of p.s for particles from Den =3 to 10 nm, assuming the particles adopt a spherical
shape with y = 1. The mean value of the two limits was used as the representative pes for all three groups (dark red lines in

light blue regions of Fig. 2). Despite uncertainties in the assumed pey values, particles from Den = 3 to 10 nm contribute

negligibly to particle mass concentrations and are seldom measured with aerodynamic-based techniques, thus conversion from

Dato Den is often unnecessary.

3.4 Urban aerosol effective densities: considerations for accumulation mode particles without direct measurements

There is a lack of direct measurements of pey in Groups B and C for particles greater than approximately 400 nm in size. Pitz

et al. (2008) conducted measurements of apparent particle density for particles with a Do < 2500 nm (PMa:) at an urban
background site in Germany. The apparent particle density ranged from 1.05 to 2.36 g cm™, with a mean value of 1.65 g cmr
3. As particles in the accumulation mode strongly contribute to urban aerosol mass concentrations (e.g. PM1, PMzs), we

assume the mean apparent particle density of 1.65 g cm™ to be the representative pey for particles in the size range from Den =

400 to 2500 nm in Group B (dark red line in yellow region of Fig. 2). Rissler et al. (2014) measured the pey of urban aerosols |

from 50 to 400 nm in a street canyon in central Copenhagen and identified two different groups of aerosols with distinctive
peyr: loose chain-like soot aggregates and more dense particles. The pey of the dense particles from Den = 50 to 400 nm was in
the range of 1.3 to 1.65 g cm, 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 Den =400 to 1000 nm was 6.4 to 26.7%

(Briiggemann et al., 2009; Daher et al., 2013; Fushimi et al., 2008; Massoli et al., 2012; Song et al., 2012). 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 pey for ‘dense’ particles as measured by Rissler et al. (2014) as the representative pey for particles

from Den = 400 to 1000 nm in Group C (dark red line in orange region of Fig. 2). Although soot particles, which have a pey

less than that of the dense particles, exist in the size range of Den = 400 to 1000 nm, denser components, such as organics,

mineral dusts, and crustal materials, may also exist in this size range.

3.5 Urban aerosol effective densities: considerations for coarse mode particles without direct measurements

Direct measurements of urban aerosol pes 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 (Briiggemann et al., 2009;

Cheung et al., 2011; Cozic et al., 2008; Daher et al., 2013; Kim et al., 2003; Kogak et al., 2007; Koulouri et al., 2008; Pakkanen
et al., 2001; Song et al., 2012). These materials are associated with a wide range in pp. Secondary organic aerosol (SOA)

synthesized in the laboratory are reported to have p, ranging from 1 to 1.65 g cm™, depending on formation conditions and
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gas-phase precursors [Kostenidou et al., 2007; Malloy et al., 2009; Nakao et al., 2013; Zelenyuk et al., 2008). The p, of

(NH4)2SO4 and NH4NOs, which represent sulfate and nitrate compounds dominant in ionic mass, were reported to be

approximately 1.7 g cm? (Lide, 2005; Mikhailov et al., 2013; NeusiiB et al., 2002; Tang, 1996). The p, of dust varies with the

associated components, including amorphous silicon oxide (2.1 to 2.3 g cm?), illite/muscovite (2.7 to 3.1 g cm’),

montmorillonite (2.2 to 2.7 g cm?), and quartz (2.65 g cm™) (Reid et al., 2003).,

The shape of coarse mode particles is often composition-dependent. The value of y depends on the shape of the particle. For
a sphere, y = 1; for a cylinder with an axial ratio of 2, y = 1.1; for a cylinder with an axial ratio of 5, y = 1.35; and for a compact

cluster of four spheres, y = 1.17 (Hinds, 2012). Some studies indicate that SOA has a spherical shape, suggestive of y ~ 1

(Abramson et al., 2013; Pajunoja et al., 2014; Virtanen et al., 2010). Coarse mode dust particles often exhibit large values of

x. The y of Saharan mineral dusts measured in Morocco with a Den = 1200 nm is 1.25 (Kaaden et al., 2009). Davies (1979) .

reported y to be 1.36 to 1.82 for quartz, 2.04 for talc, and 1.57 for sand. ,The complicated mixing state of urban aerosols

introduces additional uncertainties in estimating the pey for both accumulation and coarse mode particles (Riemer et al., 2019).

The values of peg 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 p, and y of three types of aerosols, including inorganic aerosol, SOA, and

mineral dust, were used to estimate a range of values for pes. (NH4)2SO4 and NH4NO3, with a p, of approximately 1.7 g cm™

and a y of 1.01 (Hudson et al., 2007; Lide, 2005; Mikhailov et al., 2013; NeusiiB et al., 2002; Tang, 1996), were selected as

the representative inorganic aerosol to calculate p.s. Nearly spherical SOA was assumed to adopt pey of 1 to 1.65 g cm™

(Kostenidou et al., 2007; Malloy et al., 2009; Nakao et al., 2013; Zelenyuk et al., 2008). Illite, kaolinite, and montmorillonite

were chosen to represent mineral dust, with p, of 2.7 to 3.1 g cm™, 2.6 g cm™, and 2.2 to 2.7 g cm™, and with y of 1.3, 1.05,

and 1.11, respectively (Hudson et al., 2007, 2008; Reid et al., 2003).

With the different combinations of p, and y described above, Eq. (6) was applied to calculate pesvalues for the three types of

aerosols. The values span from 1 to approximately 2 g cm™ (light green region of Fig.2). The peyvalues within this range are

used as the representative pey 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.

3.6 Integration of size-resolved urban aerosol effective density functions with urban aerosol PSD observations

The combination of directly measured and estimated pes values between Den = 3 to 10000 nm provides a basis to establish
continuous, size-resolved urban aerosol pey functions for Groups A (pen), B (p%e), and C (pCep), as illustrated in Fig. 2, When
converting number PSDs to mass PSDs and Da to Dem, p o was applied to number PSDs measured in the ‘urban’ environment

in cities in CSSA, WA, LA, AF, and China. The group p®.;was applied to number PSDs measured in the ‘urban’ environment
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Combining Eq. (3) and (5), we can derive Eq. (6), which
describes the relationship between p.z, pp, and y for coarse
mode particles (an example is given in Fig. 2):

Perp =387 (6)

6m.
Deleted: p.;r = ?1535’ (5)
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Pes = o0 (6)
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in cities in EU, NAAN, Japan, and Korea. The group pywas applied to number PSDs measured in the ‘traffic’ areas in cities

around the globe, excluding China.

The group p'er 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 (Wu et al., 2008).

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 (Wu et al., 2008).

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 s mass concentrations was less than 4% in

Shanghai(Cao et al., 2013; Feng et al., 2009). In addition, soot particles from gasoline engine vehicles might be more ‘compact’
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due to the relatively sulfur ‘rich’ fuel used in China (Yin et al., 2015). 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 pes than freshly
emitted soot particles. Huang et al. (2013) indicated that the number fraction of pure black carbon was 1.9% in Shanghai
during polluted periods. Therefore, the near-road size-resolved pey was assumed to be closer to the values compiled for pcy,

rather than those for pCey.
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derived from direct measurements of pes, 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 p.yfor each group. The associated

measurement techniques for py are noted. The directly measured peyin 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). Furthermore, across the size range covered by direct pe measurements in Groups A and B, there is

no clear size-dependency of p.s in part because organics and secondary inorganic ions are dominant in this size range.

The directly measured p.s values collected from cities in the United States (Group B) are between 1.1 to 1.

those measured in China (Group A) are slightly greater, with values between 1.3 to 1.9 g cm™, possibly due to a greater

abundance of secondary inorganic species. The directly measured pes in the ‘traffic’ environment (Group C) presents a

decreasing trend with the increase in particle size for 50 nm < D, <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
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where direct measurement of p.are unavailable, various assumptions were made to estimate a range of p.yvalues, as discussed
in Sect. 3. The light blue, yellow, and light green areas in Fig. 2, represent the range of possible p.s values for the three size

fractions, and the red lines represent the mean values. The light green area in the coarse regime shows estimated pey values

derived from a combination of different y and

compositions into consideration. The wide variation in pes 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).

pesris dependent on the chemical composition and morphological features (y and p,) of an urban aerosol population. Typically,
direct poy measurements are conducted between D, = 30 to 400 nm. Particles in this size range often consist of organics,
secondary inorganic material, and black carbon. As discussed in Sect. 3.5, studies have found SOA to have p.;values between
1 to 1.65 g cm™ and secondary inorganic material, such as H>SOu, (NH4)>SO4, and NHsNO:s to have pes values between 1.7
and 1.83 g cm (Kostenidou et al., 2007; Lide, 2005; Malloy et al., 2009; Mikhailov et al., 2013; Nakao et al., 2013; Neusii
et al., 2002; Tang, 1996; Xiao et al., 2015; Zelenyuk et al., 2008). The pes of soot particles can fall below 1 g cm™, 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 pey for the externally and internally mixed aerosol population. For example, previous direct per measurements conducted

in Los Angeles, Copenhagen, and Beijing found pes to be inversely proportional to particle size when the fraction of soot

particles from vehicle emissions were relatively abundant due to elevated traffic intensity (Geller et al., 2006; Rissler et al., .

2014; Qiao et al., 2018). Conversely, a study in Shanghai observed an increase in p.s with particle size (Table 2), which was

attributed to an abundance of hygroscopic species, such as (NH4)>SO4 and NHsNOs(Ye et al., 2011; Yin et al., 2015).
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Urban aerosol peyis 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 p.yras

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 (Rissler et al., 2014). Two minima in p.; 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

[Levy et al., 2013). In Beijing, one study found p. to decrease during the nighttime due to an increase in the abundance of

'(Field Code Changed

soot particles {Hu et al., 2012). This temporal shift in the urban aerosol p.s was found to be due to the emissions of heavy .

'(Field Code Changed

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.

Urban aerosol peris also influenced by air pollution events and air mass origins. Direct p.smeasurements in Beijing observed

higher p.s values during clean air quality episodes compared to polluted air quality episodes (Hu et al., 2012). This finding .

was attributed to the greater relative fraction of mineral dust during the clean episodes and abundance of organics and
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secondary inorganic ions in the particle-phase during the polluted episodes {Hu et al., 2012). The per can shift during

atmospheric NPF events, depending on the dominant condensable vapor during the particle growth period. Qiao et al. (2018)

found pesto 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, pes

measurements in Shanghai observed an increase in pes during NPF events, suggesting that relatively heavier secondary
inorganic materials were the primary driver for particle condensational growth (Xie et al., 2017; Yin et al., 2015). Wind

direction can affect p.s by changing the air mass origin. Direct ps 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 (Rissler et al., 2014).

While the studies summarized in Fig. .2 and Table 2 provide valuable insights into variations of p.s with particle size
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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 pes. In particular, direct pes 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 (Sect. 8).

so will provide a basis to better translate measured number PSDs to mass PSDs and D,-based PSDs to Den-based PSDs,

4 Methodology for analyzing urban aerosol PSD observations

4.1 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™),
surface area (um? cm), volume (um® cm™), and mass (ug m=) domains following different strategies depending on the
measurement technique and size range, as described in Sect. 4.1.1-4.1.4. 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 Supplement (Tables S1-S5 and individual PSD figures). 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.

4.1.1 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
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measured data for these PSDs were fit to the multi-modal lognormal distribution function (dN/dLogD,, cm™, Eq. 7; logarithm

base 10) by using a lognormal fitting code in MATLAB based on the nonlinear least-squares curve fitting function,
Isqcurvefit.m:

dN

2
— Ni exp [— (tog Dp=log Dpn)
dLogD, 2i=1 (2m)1/2log (0}) p 2l0g?(0y)

i (@)

The geometric mean diameter (D), geometric standard deviation (a;), and particle number concentration or amplitude (N:)
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. Two or three modes can achieve the best fit. _Fitting parameters and measurement information for urban

aerosol number PSDs in the sub-micron regime are provided in Table S1, as well as in individual PSD figures presented in the
Supplement, an example of which is shown in Fig. 3. The fitted number PSDs were converted to surface area PSDs (dS/dLogDp,
um? cm®) and volume PSDs (dV/dLogD,, pm® cm™) assuming spherical particles and converted to mass PSDs (dM/dLogD,,

ug m?) using the representative size-resolved pey functions for Groups A, B, or C (Sect. 3, Fig. 2). Size-integrated

concentrations were also calculated.
4.1.2 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. Den < 100 nm). Thus, the segment of the number PSDs measured by such techniques were directly fitted
with the multi-modal lognormal distribution function by Eq. (7), and the fitted number PSDs were converted to surface area,
volume, and mass PSDs as described in Sect. 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.
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For aerodynamic-based measurements, D needs to be converted to Den so that a consistent particle size definition can be used.
In some studies, the authors did this by converting the measured D.-based PSD to a Den-based PSD using the value for peythat
gave the best fit between the converted Den-based PSD with the measured Den-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., 2008a).

Most urban aerosol number PSDs measured with an APS were reported as Da-based PSDs [e.g. Morawska et al., 1998) or

converted to Stoke’s or geometric diameter-based PSDs by assuming values for y and p, (e.g. Babu et al., 2016; Biumer et al.,

2008; Wehner et al., 2004a; Wu et al., 2008; Yue et al., 2009, 2010). For the latter, such diameters were first converted back

to Dq, and then to Den. Equation (8) shows the relationship between D, and Dy.(DeCarlo et al., 2004; Hinds, 2012), where py

is the standard density of 1 g cm™:

XPoCc(Da)
Dye =D, [———, 8
ve a\/PpCC(Dve) 8)
For coarse mode particles, it is assumed that % is approximately unity. As mentioned in Sect. 3.5, D,,, = Dep, /X;
«(Da

combining this with Eq. (8), we arrive at Eq. (9):

Pl/z D,
—P __—_"a
P bem’ ©)

From Eq. (9) and (6), we can derive the relationship between D, and Den (Eq. 10), which is used to convert Da to Dem:

Pers = P0G, (10)

As described in Sect. 3, a series of pes values were generated from different combinations of y and p, (Fig.,l and light green

region of Fig. 2) for a fraction of the coarse mode without direct ps measurements in Groups A, B, and C. When converting

D, to Den for these particles, each D. was converted to multiple Den corresponding to a series of pey to account for the
uncertainty in peg.  Therefore, for each of the D.-based number PSDs in the size range where direct p.y data is lacking, a series

of Den-based number PSDs were determined. Fig,4 shows the ratio of D to Den when translating between the two diameters

for different values of y and p, (assuming % ~ 1). In general, Do/Den increases with decreasing y and increasing pp.
¢(Da

The converted Den-based number PSDs were transformed to Dem-based volume PSDs. For the size fraction of the coarse mode
where the pes was estimated by different combinations of y and p, multiple Den-based volume PSDs were obtained from the
series of Den-based number PSDs. An example is shown in Fig. 5. We took the mean Den-based volume PSD of that series
of Den-based volume PSDs, and then conducted the multi-modal lognormal fitting via Eq. (11):

dav

2
—on Vi » [_ (log Dp—log Dpa) o
dLogD, Yi=1 (2m)/2log (0}) 2l0g?(oy)

1, an
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where 7 is the volume concentration of mode i. Typically three modes are enough to achieve the best fit, but sometimes four

modes are needed. The fitted Den-based volume PSDs were then converted back to number and surface area Den-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.

The converted Den-based number PSDs were also transformed into Den-based mass PSDs by applying the effective density

functions pes, pPes; or pCepr, according to the measurement location and site type (Sect. 3, Fig. 2). For the size fraction of the

coarse mode where the peywas estimated by different combinations of y and p,, multiple Den-based mass PSDs were obtained
from a series of Dem-based number PSDs. Similar to the volume PSDs, we took the mean D.n-based mass PSD of that series
of Den-based mass PSDs, and then conducted the multi-modal lognormal fitting via Eq. (12):

aM_
dLogDy X

_ (lag Dp—log 17;,7]2 (12)

exp 2log? (o)

M
=1 (2m)V/210g (o))

where M:; is the mass concentration of mode i. Typically three modes are enough to achieve the best fit, but sometimes four

modes are needed. 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 pef 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 pes 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 S2.

For optical-based measurements, we assume the optical diameter is equivalent to Den 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>(Pitz et al., 2008b). The mass PSDs were then fitted with the multi-modal lognormal

distribution function using Eq. (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 S3.

4.1.3 Urban aerosol mass PSDs measured by gravimetric methods employing inertial impactors

For urban aerosol mass PSDs measured by gravimetric methods with inertial impactors, the D.-based mass PSDs were

converted to Den-based mass PSDs to enable, comparison with the other electrical mobility-based measurements. According

to the measurement location and site type, D, was converted to Den using the pey functions for Groups A, B, or C, via Eq. (10).
For the fraction of the coarse mode where a series of y and p, were used to estimate peg, each D.-based mass PSD was converted
to multiple Den-based mass PSDs, with each PSD corresponding to a particular value of pey. Then, the mean Den-based PSD

was taken from the series of Denm-based mass PSDs and merged with the rest of the Dewm-based mass PSD determined via the

14

[Deleted: 9

*(Field Code Changed

CDeleted: for




05

10

20

25

30

effective density functions peg; pep, or pCep. The multi-modal lognormal fitting was conducted for the Den-based mass PSDs

by using Eq. (12). An example is shown in Fig. 6.

The Dq-based mass PSDs were also converted to Den-based volume PSDs by using the pes 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 y and p, were used to estimate
Ppeprs €ach Dg-based mass PSD was converted to multiple Den-based volume PSDs. The mean Den-based volume PSD was
taken from this series of Den-based volume PSDs and merged with the rest of the Den-based volume PSD. The multi-modal
lognormal fitting was conducted for the Den-based volume PSDs by using Eq. (11). The fitted Den-based volume PSDs were

converted to Den-based number and surface area PSDs. For the volume and mass PSDs measured by inertial impactors,

typically three modes can achieve the best fit, but sometimes they need four modes. Fitting parameters and measurement

information for urban aerosol PSD measurements made with gravimetric methods employing inertial impactors are provided

in Table S4.
4.1.4 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 Eq. (7) and (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™

(Pitz et al., 2008b). 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 S5.
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. Ronkko et al., 2017). For urban aerosol mass PSDs, the maximum value
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of the PSD typically exists in either the accumulation mode or the coarse mode. Therefore, urban acrosol 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
mobility- and aerodynamic-/optical-based techniques to cover both the sub-micron and coarse regimes were incorporated into

the global mass PSD analysis.

To validate the PSDs compiled in this study, we selected several cities to compare the PMa s derived from the compiled PSDs

(Fig.7; blue circular markers) with those measured by local monitoring stations over the same sampling periods (green diamond

markers and error bars). The green diamond markers in Fig. 7 represent the mean values of ,PMp s from local sampling stations

measured over the sampling period of the corresponding PSD and the error bars represent the standard deviations. The blue

circular markers represent the derived PMp s from the mass PSDs. The PSDs from four studies (Cabada et al., 2004; Ding et

al., 2017; Harrison et al., 2012; Watson et al., 2002) were selected since long-term PMp s data from a monitoring station near

the PSD sampling site are available. The PMp s derived from the PSDs exhibit a good agreement with those measured at local

sampling stations, indicating the validity of the collected PSDs. Small discrepancies exist due to the difference in sampling

locations between the PSD and local PMp s measurements.

4.2 Categorization and presentation of urban aerosol PSD observations in the Supplement

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 Supplement in Tables S1-S5 as acronyms, along with each individual
PSD figure in the upper-left corner as: (1.) — (2.) — (3.) — (4.) — (5.) — (6.) — (7.) (e.g. Fig. 3, 5, 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 acrosol population indicates the
size range covered by the measurement setup, including: UFP regime (UFP: D, < 100 nm), fine regime (F: 100 nm < D, <
1000 nm), coarse regime (C: D> 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
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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).

Individual PSD figures are compiled in the Supplement, examples of which are shown in Fig. 3, 5, 6. For number PSDs
measured with a combination of electrical mobility- and aerodynamic-/optical-based techniques covering the sub-micron and
coarse regimes (Tables S2, S3), the PSDs were divided into two segments as outlined in Sect. 4.1.2; thus, a separate figure

was generated for each segment. Fig,3 is representative of sub-micron urban aerosol number PSDs measured with electrical

mobility-based techniques that are included in the Supplement. 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. To reproduce the urban aerosol PSDs by using the fitting

parameters, the size range of PSDs should not exceed the listed effective size range. 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.

Fig, 5 is representative of urban aerosol number PSDs spanning the accumulation and coarse modes measured with

aerodynamic-based techniques that are included in the Supplement. The black dotted curve in the number PSD represents the
measured data. The dotted line in the D.-based volume PSD was converted from the measured D.-based number PSD. The
solid black lines in the volume and mass PSDs are D.»-based PSDs converted from the measured D.-based number PSD. The
rainbow color lines are the converted Den-based volume and mass PSDs for a range of pey to account for the uncertainties of
peyr in the coarse regime. The relationship between the color and pey 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 Den-based mass PSD was also determined assuming a

uniform apparent particle density of 1.65 g cm™ as the dotted black line (Pitz et al., 2008b). 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 in the
Supplement. The size-resolved pey function (A, B, or C) for the conversion is listed and the vertical dashed green lines

correspond to the different size ranges for the pey functions (denoted in Fig. 2).

Fig,6 is representative of urban aerosol mass PSDs measured by gravimetric methods with inertial impactors that are included

in the Supplement. The black dotted curve in the mass PSD indicates the measured data. The solid black lines in the volume
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and mass PSDs are Den-based PSDs converted from the measured D.-based mass PSD by using p%.. The rainbow color lines
are the converted Den-based volume and mass PSDs for a range of pef to account for the uncertainties of pey in the coarse
regime. The relationship between the color and peyis 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.

5 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., 2013, 2019; Londahl et al., 2007, 2009; Wu et al., 2018). Here, the RTDDR is evaluated in the form of a
lognormal size distribution, dRTDDRy p /dLogD,p,, 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 dRTDDRy /dLogD,,, (h'") and dRTDDR),/dL0ogD,,, (ng h™') were calculated for an adult engaged in light physical
activity (e.g. walking) in the urban outdoor environment as follows:

dRTDDRy/dLogD,y, = dN/dLogD,y, X Vi X f X DF (D), (13)
dRTDDRy; /dLOgDey, = dM/dL0gD,y, X Vy X f X DF(D,), (14)
where dN /dLogD,,, and dM /dLogD,,, are the urban aerosol number and mass PSDs, respectively; V7 is the tidal volume
(mL); f is the breathing frequency (min); and DF(D,) is the size-resolved particle deposition fraction in the human
respiratory tract (—). The V; and f were taken as the average for an adult female and male engaged in light activity: V;; = 1083

mL and f = 18 min! (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 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) (Miller et al., 2016), as illustrated in Fig, § It is assumed that the body of the adult is upright, and the breathing

route is nasal.
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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

dRTDDRy /dLogD,,, and dRTDDR,,/dLogD,,, (e.g. Londahl et al., 2007). An inhaled dose study by Kodros et al. (2018)

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 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 Den= 400 nm.

The dRTDDRy/dLogD,,, were only determined for urban aerosol number PSDs measured with electrical mobility-based
techniques involving the UFP regime. The dRTDDR,,/dLogD,,, 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.

6 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 time
(Klepeis et al., 2001), is through the ventilation system of a commercial or residential building (Azimi et al., 2014). 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 (Valmari et al., 2006). 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 (He et al., 2016).
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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/dLogD,,,) = dN/dLogD,,, X (1 — Filtration Ef ficiency), (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 Hofacre (2008), / -
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as illustrated in Fig,9, 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 (Chang et al.,
2016; Montgomery et al., 2015; Podgorski et al., 2006; Wang and Otani, 2013; Wang et al., 2006). The transformation of the

urban aerosol PSD due to penetration through the building envelope (e.g. infiltration) was not evaluated.

. 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 Sect. 4. The
PSD observations are summarized and categorized in the Supplement and are grouped by geographical region: AF, CSSA,
EA, EU, LA, NAAN, and WA. Table 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 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.

Fig, 10 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 (Sect. 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).
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Deleted: 7 Summary of size-resolved urban aerosol
effective densities

Moved up [2]: The size-resolved p.y functions for Groups
A, B, and C are illustrated in Fig. 9. The blue lines indicate
the mean p.y values derived from direct measurements of pz,
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 p.;
for each group. The associated measurement techniques for
perare noted. The directly measured p.;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).
Furthermore, across the size range covered by direct p.
measurements in Groups A and B, there is no clear size-
dependency of p.y; in part because organics and secondary
inorganic ions are dominant in this size range.

The directly measured py values collected from cities in the
United States (Group B) are between 1.1 to 1.6 g cm™, while
those measured in China (Group A) are slightly greater, with
values between 1.3 to 1.9 g cm™, possibly due to a greater
abundance of secondary inorganic species. The directly
measured pey in the ‘traffic’ environment (Group C) presents
a decreasing trend with the increase in particle size for 50 nm
< De; <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 (Barone et
al., 2011; Pagels et al., 2009; Rawat et al., 2016; Rissler et
al., 2013, 2014). Numerous studies have revealed the
decrease of p.; with the increase in particle size for vehicle
exhaust aerosol (Barone et al., 2011; Maricq et al., 2000;
Olfert et al., 2007; Park et al., 2003; Rissler et al., 2013;
Virtanen et al., 2006). For size ranges where direct
measurement of p. are unavailable, various assumptions
were made to estimate a range of p, values, as discussed in
Sect. 3. The light blue, yellow, and light green areas in Fig.
9 represent the range of possible p.y values for the three size
fractions, and the red lines represent the mean values. The
light green area in the coarse regime shows estimated p;
values derived from a combination of different y and p, (e.g.
Fig. 2), which take a variety of particle morphologies and
chemical compositions into consideration. The wide
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Fig,,l | 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 =793 urban aerosol PSD observations collected in this study, 39.8% of them are from EU, 15.2% are
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 (»=8), Pittsburgh, Pennsylvania (»=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 (#=38), Guangzhou (n=14),
and Shanghai (n=12). In India, »=48 PSD observations were analyzed from Kanpur (#»=23) and New Delhi (»=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 (»=10 across Launceston, Brisbane, and Wollongong); and New Zealand (»=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 =35 from Sao 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 (#=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).

The vast majority of urban aerosol PSD measurements analyzed in this study were made via electrical mobility-based
techniques, as summarized in Table S1. Comparatively less direct measurements of mass PSDs were made via gravimetric
methods employing inertial impactors (Table S4). 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
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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 (Delfino et al.,

2005; Li et al., 2016, 2017a; Oberdorster et al., 2004, 2005; Pietropaoli et al., 2004; Rychlik et al., 2019; Sioutas et al., 2005).

S8 Urban aerosol PSDs: from number to mass

8.1 Geographical variations in the itude and shape of sub-micron urban aerosol number PSDs

Geographical variations in sub-micron urban aerosol number PSD measurements (dN/dLogDen, cm™) are presented in Fig. 2.

Each log-log plot incorporates number PSDs measured with electrical mobility-based techniques that cover the sub-micron
regime (n=624, Sect. 4.1.1, Table S1). Each line represents an individual PSD observation compiled in the Supplement and
the color indicates the occurrence frequency of the number PSDs at a given particle size (Den) 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 Fig. |3 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 (Fig. /12, 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 (Den), 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 Den =
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 Den = 10 to 100 nm, with varying 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™. In some

cases, the amplitude can reach or exceed 50000 cm™, most commonly in the nucleation and Aitken modes. The global median
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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™ at Dew = 100 nm to 10 cm™ as Den approaches 1000 nm.

The geographically-resolved collections of urban aerosol number PSDs presented in Fig. 12 and |3 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 Fig. 12, as well

as in the median number PSDs presented in Fig.,13. 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 Den associated with the prominent peak for each of the median number PSDs presented in Fig. .13 are: Dew ~ 20 nm for

EU, Dem~ 30 nm for NAAN, Dewm~ 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 Fig. 12. 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 Den = 10 to
100 nm, the amplitude of this PSD band varies between 1000 and 10000 cm™. Less frequently, number PSDs with magnitudes
exceeding 10000 cm™, or as low as 100 cm™, 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.

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 (Fig. J4). The normalized urban aerosol number PSDs presented in Fig. 14 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 Den = 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 D.»= 100 to 200 nm. However, it can be seen that particles greater than Den =300 nm contribute
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negligibly to normalized number PSDs in EA and CSSA. Normalized number PSDs in NAAN and EU generally exhibit peaks
at smaller particle sizes (Den= 10 to 50 nm), while a few observations made in Germany, Italy, and the United States present
peaks near Den =100 nm. The normalized number PSDs measured in LA, predominately in Sdo 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.

There are clear distinctions between urban acrosol number PSDs measured in NAAN/EU and EA/CSSA. Fig. 15 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 Fig. 12. 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 is, 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 at the lower end and 100000 cm 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™. 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™. The wide variation in the total particle number

concentrations presented in Fig. 15 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 (Kumar et al., 2014).

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 Fig. 12+15. Country-wide PSD measurement

campaigns have identified significant variations in number PSDs among different cities within the same country (Peng et al.,

2014; Tuch et al., 2003) and at different measurement sites within the same city (Birmili et al., 2013; Costabile et al., 2009;

Hussein et al., 2005; Ketzel et al., 2004; Tuch et al., 2006, Wehner et al., 2002). 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 (Birmili et al., 2013; Buonanno et al., 2011; Mejia et al., 2008; Mishra et al., 2012). 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 (Baxla et al., 2009; Birmili

etal., 2001; Charron and Harrison, 2003; Kaul et al., 2011; Nicto et al., 1994; Rose et al., 2010; Stanier et al., 2004b; Swietlicki
et al., 2008; Vikeva et al., 2000; Wehner and Wiedensohler, 2003; Weingartner et al., 1997; Yu et al., 2018). Physiochemical
processes that can transform an aerosol population over space and time are also very important, such as particle growth due to

coagulation and condensation, particle shrinkage due to evaporation, reactive uptake, and wet and dry deposition, among others
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(Gaston et al., 2014; Limbeck et al., 2003; Lin et al., 2011; Moise and Rudich, 2002; Salma et al., 2011; Shi and Harrison,

1999; Tang et al., 2010; Zhu et al., 2002a, 2002b).
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8.2 Geographical variations in the itude and shape of urban aerosol mass PSDs

(ot

Global variations in urban aerosol mass PSD measurements (¢M/dLogDem, pig m) are presented in Fig.,16. 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, Sect. 4.1.2-
4.1.3, Tables S2-S4). As discussed in Sect. 4, the size-resolved pes functions for Groups A, B, and C (Fig. 2) were used in
converting Di-based PSDs to Den-based PSDs and translating measured number PSDs to mass PSDs. Similar to Fig. 12, each
line represents an individual PSD observation compiled in the Supplement and the color indicates the occurrence frequency of
the mass PSDs at a given particle size (D) With a certain particle mass concentration. The solid black line indicates the

median mass PSD among the global compilation of observations. In comparing Fig. 12 and 6, 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.

The visualization of the global distribution in urban aerosol mass PSDs in Fig. 16 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 Den > 100 nm and 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 g mto 100 ugm=. The Denassociated 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 ug m=, 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 ug m=. Unlike for the number PSDs in Fig.,12, a band of high occurrence frequency is not evident in Fig. 16. 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 pes 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 (Fig. 7). The normalized urban aerosol mass PSDs

presented in Fig. | 7 are grouped by country and geographical region (from top to bottom): WA, NAAN, LA, EU, EA, CSSA,
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and AF. The normalized mass PSDs demonstrate that a significant fraction of particle mass exists below Den = 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 Den = 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 Den = 300 to 1000 nm and coarse mode peaks that span Den= 3000 to 8000 nm. A few
mass PSDs in EA (measured in Korea) are uni-modal with a prominent coarse mode that extend beyond D= 10000 nm. The
normalized mass PSDs in CSSA are more variable in shape, with varying contributions from both modes. The De»= 100 to
200 nm fraction of the accumulation mode in both EA and CSSA, which contributed meaningfully to number PSDs in the two

regions, represents a minor component of sub-micron aerosol mass.

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 Den = 6000 to 10000 nm, with some displaying a second coarse mode peak between Den =
1000 to 2000 nm. Normalized mass PSDs from Yanbu, Saudi Arabia show a strong peak near De» = 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 (Al-Mahmodi,

2011). The few PSD observations from AF display a dominant coarse mode, with peaks spanning Den= 1000 to 5000 nm.

8.3 Intra-city variations in urban aerosol number PSDs between urban background and traffic-influenced sites

~(Field Code Changed

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 the Supplement. 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. Fig, |8 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 (Birmili et al., 2013). 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 Fig. 18. Only PSD observations with a measurement

period greater than one week are presented. The majority of the measurements presented in Fig. 18 are from NAAN and EU

cities, with only a few from EA, WA, and LA.

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 Den =20
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to 90 nm, with 2 mean CMD of 45 nm. In contrast, many of the TR measurements exhibit prominent nucleation modes with

peaks falling below Den = 30 nm, and in some cases, below Den = 10 nm, with,a mean CMD of 33 nm. The mean concentration

fraction of particles smaller than 20 nm is 35% and 19% for the PSDs measured at TR and UB sites, respectively. 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 (Fine et al.,

2004; Wehner et al., 2002). A few of the normalized number PSDs at UB sites show meaningful contributions from the
accumulation mode, between Den = 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 (Hinds, 2012; Seinfeld and Pandis, 2012).

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 (Kumar et al., 2014; Morawska et al., 2008a; Pant and Harrison,

2013). Several studies have reviewed the characteristics of acrosol emissions from traffic, including urban SOA formation

associated with vehicle exhaust (Gentner et al., 2017; Kittelson et al., 2006; Morawska et al., 2008a; Pant and Harrison, 2013;

Thorpe and Harrison, 2008). 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 H2SO4and hydrocarbons as the hot exhaust is cooled and diluted in the ambient atmosphere (Dallmann et al., 2014; Kleeman

etal., 2000; Meyer and Ristovski, 2007; Morawska et al., 2008a; Shi et al., 2001; Shi and Harrison, 1999; Wehner et al., 2002).

Vehicle exhaust aerosol PSDs are influenced by many factors, including vehicle type (Gupta et al., 2010; Harris and Maricq,

2001; Liang et al., 2013), vehicle/engine operational mode (Giechaskiel et al., 2005; Li et al., 2013; Shi and Harrison, 1999),

fuel type (Agarwal et al., 2013; Armas et al., 2012; Jones et al., 2012; Kittelson et al., 2002), and use of aftertreatment

technologies (Giechaskiel et al., 2010; Mayer et al., 2002). As illustrated in Fig. 19, 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 Den < 30 nm. Near-road measurements at TR sites commonly present peaks in the

sub-30 nm size fraction (Fig.,l 8), and some TR sites can be dominated by sub-10 nm particles (Pedata et al., 2015; Ronkkd et

al., 2017). This indicates that the freshly nucleated particles can contribute significantly to number PSDs at TR sites (Buonanno

et al., 2009b; Fushimi et al., 2008; Ketzel et al., 2003; Shi et al., 1999; Zhu et al., 2002a). However, with the increase of

distance from the road, either horizontally or vertically, these particles can grow by coagulation and condensation during

transport (Agus et al., 2007; Hitchins et al., 2000; Li et al., 2007; Zhu et al., 2002a, 2002b), while some can shrink due to

evaporation (Dall’Osto et al., 2011b; Ning et al., 2010; Zhang et al., 2004). 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
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wear aerosol PSDs are influenced by the material and operational temperature of the brake pad (Grigoratos and Martini, 2015;

Kukutschova et al., 2011; Nosko et al., 2017; Timmers and Achten, 2016; Wahlstrém et al., 2010). As shown in Fig. |9,

normalized sub-micron number PSDs of brake wear aerosol can span from the nucleation mode to the accumulation mode.

8.4 Sub-micron urban aerosol number PSDs in Asia: factors contributing to the prominent acc lation mode
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The results presented in Fig. 1215 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 (Janhill et al., 2010; Reid and Hobbs, 1998; Rissler et al., 2006; Sakamoto et

al., 2016; Zhang et al., 2011). As shown in Fig. 19, 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 (Janhill et al.,

2010; Reid et al., 2005; Sakamoto et al., 2016). 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 (Monkkonen et al., 2005). A recent study using the GEOS-Chem-TOMAS model identified significant acrosol emissions

from biomass burning in India and Indonesia from residential, agricultural, and wildfire sources (Kodros et al., 2018). Direct

burning has been reported to be a common technique to eliminate agricultural residuals in both China and India (Bi et al.,

2019). The contribution of biomass burning to urban aerosols was confirmed by the high content of water-soluble potassium

in the particle-phase (Qi et al., 2015; Zheng et al., 2005). In addition to biomass burning, other urban sources may directly

emit accumulation mode particles, such as vehicle exhaust, power plants, and industrial activities (Vu et al., 2015).

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 (Moffet et

al., 2008; Yang et al., 2012). 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 (Wu et al., 2008). The abundance of condensable organic and inorganic vapors

(e.g. NOx, SOz, 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 (Gao et al., 2009; Huang et al., 2014; Kodros et al., 2018; Kulmala et al., 2005; Misra et al., 2014;

Monkkénen et al., 2005; Shen et al., 2016a, 2016b; Wang et al., 2013a; Wehner et al., 2004b). High levels of gas-phase
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precursors in China can result in significant SOA formation, which can contribute to severe haze events that are often

dominated by accumulation mode particles (Huang et al., 2014). 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.

8.5 Temporal variations of urban aerosol PSDs ~

Since the PSD observations collected in this study span over 20 years, temporal variations are expected for the PSDs measured

at the same sampling site, although the analysis of this study is focused ongeographical variations. Temporal variations may

exist,across different time scales, from short-term hourly variations to long-term yearly changes. The diurnal, weekly, and

seasonal variations in urban aerosol number PSDs, due to the changes in meteorological conditions and emission sources,

have been discussed in many studies (Babu et al., 2016; Baxla et al., 2009; Gémez-Moreno et al., 2011; Hussein et al., 2004;

Kanawade et al., 2014; Ketzel et al., 2003, 2004; Kim et al., 2002; Monkkonen et al., 2005; Peng et al., 2014; Salma et al.,
2011, 2014; Sowlat et al., 2016; Stanier et al., 2004a; Wang et al., 2014, 2013b; Wehner et al., 2004a, 2008; Wehner and
Wiedensohler, 2003; Wiedensohler et al., 2009; Wu et al., 2008; Yue et al., 2013, 2008; Zhang et al., 2017).

In addition, long-term trends inurban aerosol number PSDs, UFP concentrations, and size-integrated metrics (e.g. PMp s, PMyo) :
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adaption of control strategies, and implementation of regulations. Long-term measurements of urban aerosol PSDs and -~

gaseous pollutants at Rochester, NY showed significant emission reductions in PMp.s, UFP concentrations, and major gaseous

.. CO) over the last two decades (Masiol et al., 2018; Squizzato et al., 2018, 2019). A downward trend §

in particle number concentrations was observed from 2005 to 2011 and it was attributed to reductions in fuel sulfur content

and economic conditions. The annual decrease was estimated to be -323 particles/cm?®/year, with the main contribution from

the particles in the range of 11-50 nm. Subsequently, a small upward trend in particle number concentrations was observed

between 2011 and 2017 due to the increase of vehicular traffic. A decrease in secondary sulfate and nitrate in PMp s was - g

observed from 2005-2016, likely due to the implementation of mitigation measures, closure of coal-fired power plants, and

improvements of the fuel quality (Masiol et al., 2019; Squizzato et al., 2018). Long-term measurements over the last two

,.(Formatted: Subscript

.'(Formatted: Subscript

(Formatted: Subscript

M(Field Code Changed

) (Formatted: Subscript

p 'CField Code Changed

y '(Formatted: Subscript

,'(Formatted: Subscript

) x[Field Code Changed

decades in Australia showed slight declines in PMp s and PM,0_due to the effectiveness of emission reduction policies for

vehicle emissions and power generations fde Jesus et al., 2020). Long-term measurements by the German Ultrafine Aerosol

(" leted: of

: (" leted: ed from the

Network present statistically significant decreasing trends in, particle number concentration and equivalent black carbon in .~

urban sites in Germany, which are mainly the resultof mitigation policies for road transport and residential emissions (Sun et

al., 2020)._With the air pollution prevention and control action plan in Beijing, its annual PM, s decreased from ~90 ug m_'3 in

2013 to ~60 ug m~in 2017 (Cheng et al., 2019; Zhang et al., 2019). The analysis showed that coal-fired boiler control, clean _ ‘

fuels in the residential sector, and optimized industrial structure were the most effective strategies for emission reduction and
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pollution control. An important implication from these long-term monitors is that the combination of emission policies and

mitigation techniques can effectively reduce aerosol concentrations and improve urban air quality,

9 Urban aerosol PSDs: implications of human inhalation exposure t
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Geographical variations in size-resolved urban aerosol number respiratory tract deposited dose rates (RTDDRs), expressed in

the form of lognormal size distributions (dRTDDRy/dLogD,,,, h™"), are presented in Fig. 20. 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 (Hussein et

al., 2013, 2019; Londahl et al., 2007, 2009; Wu et al., 2018). As described in Sect. 5, number RTDDRs were estimated by

integrating the urban aerosol number PSDs complied for each geographical region (Fig. J2) with size-resolved particle

deposition fractions in the human respiratory tract (Fig. 8) 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 dRTDDRy /dLogD,,,, used interchangeably herein) estimated from a sub-micron urban

aerosol number PSD presented in Fig. ]2 and the color indicates the occurrence frequency of the number RTDDRs at a given

particle size (Dew) with a certain RTDDR value. The solid black lines indicate the median number RTDDR for each

geographical and respiratory tract region pair, which are illustrated in Fig. 21 on a linear y-axis scale. It should be noted that

the RTDDRs presented in Fig. 20 are estimates derived for an adult engaged in light physical activity (e.g. walking) in the

urban outdoor environment. As noted in Sect. 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 Fig. 20 and

21. 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 (Den). The amplitude of the total ARTDDRy/dLogD,,, (left column) is typically between 10® and

10'°h’ in the UFP regime, with values exceeding 10'' h' in the nucleation mode and as low as 10° h'! in the accumulation
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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 Fig. 12 and 13 are evident in the total number RTDDRs. Similar to the median

number PSDs presented in Fig. 13, 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 RTDDRSs receive significant contributions from both
Aitken and accumulation mode particles (Fig. 20 and 21). A prominent mode in the median total dRTDDRy /dLogD,,, in

NAAN/EU/LA is evident between Den = 20 to 30 nm, with a partial second mode occurring at D.» < 10 nm for NAAN/EU.
EA/CSSA exhibit a prominent mode between Den =50 to 70 nm, with CSSA presenting a second mode beyond De» = 100 nm.
The magnitude of the prominent modes of the median total dRTDDRy /dLogD,,, in all geographical regions are on the order
of 10°h", and vary between 3 and 6 x 10°h™".

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 Den = 30

nm (Fig.8). In the UFP regime, the deposition fraction curve for the tracheobronchial region increases with decreasing particle

size from Den = 100 nm to approximately Den = 2 nm, where it obtains its maximum. Similarly, the head airways deposition
curve increases with decreasing particle size from Den = 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 De» = 400 nm to nearly

unity at Den = 1 nm (Fig. 8). 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 (Fig. /4 and 15). 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 Den < 30 nm in both the tracheobronchial region and
head airways (Fig. 20 and 21). For NAAN/EU, the median dRTDDRy /dLogD,,, for the tracheobronchial region and head

airways reaches a peak at Den = 10 nm (Fig. 21), with some individual PSDs exhibiting a peak at Den < 10 nm (Fig. 20). In

the pulmonary region, the prominent peak of the median dRTDDRy /dLogD,,, for NAAN/EU is present near Den = 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 Den > 50 nm for all respiratory tract regions in EA/CSSA as compared to NAAN/EU. The magnitude of the median
RTDDRy /dLogD,,, for particles with D.» > 50 nm are about a factor of two greater in EA/CSSA compared to NAAN/EU/LA.
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In both the tracheobronchial and pulmonary regions, the median number RTDDRs for EA/CSSA exhibit a prominent mode at

approximately Den = 50 nm, while in the head airways, a peak is present near Den = 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 Fig. 20 and 21, the magnitude of the dRTDDRy/dLogD,,, is greatest for the pulmonary region across all

geographical regions, followed by the tracheobronchial region and head airways. For all geographical regions, the median
dRTDDRy/dLogD,,, 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.

9.2 Geographical variations in size-resolved urban aerosol mass respiratory tract deposited dose rates
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Geographical variations in size-resolved urban aerosol mass RTDDRs, expressed in the form of lognormal size distributions

(dRTDDR,;/dL0gD,p,, g h™"), are presented in Fig. 22. 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 dRTDDR,, /dLogD,,,, used interchangeably

herein) estimated from urban aerosol mass PSDs presented in Fig. 16 and the color indicates the occurrence frequency of the

mass RTDDRs at a given particle size (Den) 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 Fig. 23 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 ARTDDRy,/dLogD,,, (left column) is typically between 10! and 10'pg
h! in the accumulation and coarse modes, with values as low as 102 pug h™! 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 (Fig. 22 and 23).

However, the relative contribution of the two modes to the mass RTDDRs varies among the urban aerosol mass PSD

observations. As illustrated in Fig. 20 and 21, UFPs tend to dominate number RTDDRs in most urban environments, but

contribute negligibly to mass RTDDRs. The magnitude of dRTDDR,, /dLogD,,, is greatest for cities in CSSA, followed by

EA, for all respiratory tract regions. This is consistent with the findings of Kodros et al. (2018), 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 dRTDDR,,/dLogD,,, lower in magnitude compared to the other geographical regions. LA and WA lie in
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between mass RTDDRs for EA/CSSA and NAAN/EU. The magnitude of dRTDDR,,/dLogD,,, 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 D.» =100 to 10000 nm, the head airways deposition curve increases
with increasing particle size, with local maxima observed for the pulmonary region at approximately Den = 3000 nm and for

the tracheobronchial region at around De» = 7000 nm (Fig. 8). As a result, the total deposition fraction curve increases with

increasing particle size from a minimum at approximately Den = 400 nm to nearly unity at Den = 10000 nm (Fig. 8). Thus,

coarse mode particles more efficiently deposit in the human respiratory tract compared to particles in the accumulation mode.

Coarse mode particles tend dominate the total, tracheobronchial, and head airways dRTDDR,,/dLogD,,, for each

geographical region (Fig. 22 and 23). This is due to high deposition fractions coinciding with coarse modes that exceed, or

are nearly equal to, the accumulation mode in most cities (Fig.,l 7). 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 De» = 6000 nm for the head airways and the tracheobronchial
regions, while in the pulmonary region it is located near Den = 3000 nm. For both the tracheobronchial and pulmonary regions,

this peak occurs near the local maximum in the deposition curves for both regions (Fig. 8). 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 Den = 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 etal. (2018),

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 Den = 200 to 500

nm. As illustrated in Fig. 8, 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 De» = 100 to 1000 nm.

Size-integrated metrics were utilized to better illustrate the difference in aerosol inhalation exposure in different geographical
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regions. The mean size-integrated (10-100 nm) RTDDRx (Fig. 24, left) shows the highest value in CSSA, following by EA

EU, NAAN, and LA. The mean size-integrated (100-2500 nm) RTDDRw (Fig. 24, right) also shows the highest value in
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CSSA, which is twice as highgas EA, This is attributable to the abundant accumulation mode particles in CSSA due to strong

air pollution, EU and NAAN present much lower values due to better urban air quality,

40 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 Fig. 25. 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 MERYV filter, which are illustrated in Fig. 26 on a linear y-axis scale. Similar to the urban aerosol

number PSDs presented in Fig. |2, 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 Den = 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
(Fig.9). 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 Den = 100 to 200 nm (Fig. 9) and the strong accumulation mode of the number PSDs in CSSA and EA (Fig. 13).

Fig. 27 shows the mean size-integrated number concentration (10-100 nm) of urban aerosol that penetrates through a MERV

8 (left) and MERV 14 (right) in different regions. This metric reflects the impact of geographical variations in urban PSDs on

indoor air quality. For both grades of filters, poor urban air quality in CSSA results in the highest penetrated aerosol

concentration, following by EA, EU, NAAN, and LA.
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To further characterize the impact of geographical variations in the shape of urban acrosol number PSDs on indoor air quality
and aerosol filtration in buildings, the relative fraction of particles that penetrate or deposit onto the filter were determined

(Fig. 28). 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 (Fig. 2), with the

mean and standard deviation for each geographical region shown in Fig, 28. 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 (Den = 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 (Fig. 9). Thus, the results presented in Fig, 28 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 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 MERYV 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 (Pei et al., 2019). 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) (Tang et al., 2018), relative humidity (Pei

et al., 2019), the filter installation method (which influences the bypass of particles around the filter), face velocity (Leung et b

al., 2010), aerosol morphological features (Wang, 2012), 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 efficienc

and pressure drop across the filter (Pei et al., 2019). 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 (Li et al.,
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2014; Walsh et al., 1996). This is attributed 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 (Donahue et al., 2006; Huffman et al., 2009; Johnson et al., 2017).

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.

J1 Framing future research directions for urban aerosol PSD observations at a global-scale

[Deleted: s

(Field Code Changed

O‘ leted: 12

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 (Fig. 10 and [1).
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 (Fig. 2, Table 2). A greater number of direct measurements of urban aerosol effective

densities will enablg 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 (Fig. 12 and16). 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 (Fig. 20 and 22). 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 (Kulmala, 2018).
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Existing ground-based air quality monitoring stations are largely focused on measurements of size-integrated PM2 5 mass

concentrations. Expansive observational datasets of PM2s mass concentrations are now available. This has significantly

advanced knowledge of the impact of PM2.s on urban air pollution and human health in the past two decades (Apte et al., 2015;

Cheng et al., 2016; Van Donkelaar et al., 2010; Gelencsér et al., 2007; de Jesus et al., 2019; Thunis et al., 2017; West et al.,

2016). PM.s measurement gaps do exist, with 141 of 243 countries lacking ground-based PM2 s monitoring stations (Martin _

et al., 2019). The ubiquity of low-cost aerosol sensors (e.g. OPCs) are providing a foundation for large-scale deployment of
PM2.s monitoring networks (Motlagh et al., 2020). However, given the nature of urban aerosol number and mass PSDs, as

illustrated in Fig. 12 and 16, observations of PM>s 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 (Fig. 12, 13, and 14). This is especially important given that UFP number

concentrations and PM2.s mass concentrations are not representative of each other, as particles that contribute to the two size-

integrated metrics often originate from different sources (de Jesus et al., 2019).

The compilation of urban aerosol PSD observations in this review demonstrates the need for a transition from size-integrated
PM2s 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 Den = 10 to 100 nm (Fig.,15); such

particles contribute negligibly to urban aerosol mass PSDs (Fig. 16 and 7). 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 (Fig.,19) (Brines et al., 2015; Kumar et al., 2014; Venecek et

al., 2019; Vuet al., 2015). 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 (Beddows et al., 2009, 2014; Charron et al., 2008; Dall’Osto et al., 2011a; Friend

et al., 2012; Gu et al., 2011; Harrison et al., 2011; Kasumba et al., 2009; Kim et al., 2004; Ogulei et al., 2007; Thimmaiah et
al., 2009; Tunved et al., 2004; Yue et al., 2013). A detailed review of such models was given by Vu et al, (2015).

PM:.s 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 (Kumar et al., 2014). 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 (European Parliament and the Council of the European Union, 2007). A transition from PMas

measurement to routine urban aerosol PSD monitoring down the UFP regime can help support new legislation based upon

UFP or total particle number concentrations (Morawska et al., 2008b).
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Future urban aerosol PSD measurements should span the entire UFP regime, including sub-3 nm nanocluster aerosol. The
nanocluster acrosol mode is especially prominent during atmospheric new particle formation events and has been shown to
dominate number PSDs measured at both urban background and traffic sites (Kangasniemi et al., 2019; Kontkanen et al., 2017;
Olin et al., 2020; Ronkkd et al., 2017). Number concentrations of nanocluster aerosol can exceed 10000 cm™ in polluted
megacities, such as Shanghai and Nanjing, China (Kontkanen et al., 2017); while roadside measurements have reported
concentrations in excess of 100000 cm™ (Ronkk® et al., 2017). 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
Den =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 (Fig. ;3). 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 (Allen et al., 2017; Burnett et al., 2018; Delfino et al., 2005;

Lietal., 2016, 2017a; Oberdérster et al., 2004, 2005; Pieters et al., 2015; Pietropaoli et al., 2004; Rychlik et al., 2019). Human

exposure to UFPs has been associated with the development of cardiopulmonary and cardiovascular diseases, lung cancer, and

asthma (Anderson et al., 2012; Delfino et al., 2005; Li et al., 2016; Meldrum et al., 2017; Oberddrster et al., 2005; Pietropaoli

et al., 2004; Rychlik et al., 2019; Tsiouri et al., 2015; Valavanidis et al., 2008). As illustrated in Fig. 20 and 21, 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 Den = 30 nm (Fig. 8), which overlaps with the prominent modes of many urban aerosol

number PSDs in NAAN, EU, and LA (Fig. /2 and 3). UFPs can penetrate deep into the lung, can be transported into the

bloodstream, and can translocate to different organs (Li et al., 2017b; Oberdorster et al., 2004).
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Supplement. The Supplement includes a summary of the urban aerosol PSD database. Measurement information and
lognormal fitting parameters for each PSD are summarized in Tables S1-S5 (pg. 2-25). Individual PSD figures present the
measured and fitted PSDs, translated across number, surface area, volume, and mass domains (pg. 26-854). References used

in compiling the urban aerosol PSD database are also included (pg. 855-865).

Data availability. The Supplement is available at the Purdue University Research Repository (PURR) DOI:,10.4231/MWM5-JQ30 (Formatted: Font: Italic j
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- Size-resolved urban aerosol effective density functions (pes) 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 p.smeasurements are summarized in Table 2. pes
values for different combinations of y and p, are illustrated in Fig. 2. 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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NU-MT-ME-NS-UFP+F-EM-AIT Beijing, China Massling et al. (2009)
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Figure 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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Figure 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 D.-based volume PSD was
converted from the measured D.-based number PSD. The solid black lines in the volume and mass PSDs are Den-based PSDs
converted from the measured D.-based number PSD. The rainbow color lines are the converted Den-based volume and mass
PSDs for a range of pey to account for the uncertainties in pey in the coarse regime. The relationship between the color and pey
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

Den-based PSD was also converted assuming a uniform apparent peyof 1.65 g cm™ as the dotted black line (Pitz et al., 2008a). .- [Field Code Changed
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Figure 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 Den-based PSDs converted from the measured D.-based mass PSD by using p%.s. The rainbow
color lines are the converted Den-based volume and mass PSDs for a range of pef to account for the uncertainties in pey in the
coarse regime. The relationship between the color and pey 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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South, and Southeast Asia (CSSA), Latin America (LA), West Asia (WA), and Africa (AF).
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Figure 12. 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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Figure 13. Median number PSDs for each geographical region.
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Figure 14. 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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Figure 15. 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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Figure 16. Urban aerosol mass PSDs analyzed in this study from around the globe (#=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.
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= = = "CK, gas stove (Wallace et al.(2004)y

""" CK, electric stove (Glytsos et al. (2010))K

CK, gas stove (Buonanno et al. (2009))’

CK, gas stove (See et al. (2006))™

Power plant, pulverized coal (Ohlstrém et al. (2000))
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-+ VE, environmentally friendly vehicle (J4rvinen et al. (2019))
-+ VE, gasoline vehicle (Harris et al. (2001))°

“Dry period in Fig. 4a in Rissler et al. {2006). . ( .
pSD after ageing of 30 min in Fig. 6 in Zhang et al. {2011). Field Code Changed
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"Boiling in Fig. 2a in See and Balasut ian (2006). ) (Fleld Code Changed
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PGasoline engine #2 at 96 km h™' in Fig. 4 in Harris and Maricq (2001). y
s & 4ingl 22000 (Field Code Changed
Figure 19. Normalized number PSDs of selected urban aerosol sources, including biomass burning (BB), brake wear (BW), (Field Code Changed
cooking (CK), coal and oil burning for energy and heating, and vehicle exhaust (VE). Each number PSD is normalized by its
maximum concentration. (ﬁeld Code Changed
(Field Code Changed
 (Field Code Changed
. (Field Code Changed
 (Field Code Changed
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Figure 21. Median dRTDDRy /dLogD,,, in each geographical region (black lines in Fig. 19).
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25 Figure 23. Median dRTDDR,,/dLogD,,, in each geographical region (black lines in Fig. 21).
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Figure 25, 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 (Fig. 11) and assuming single-pass MERV
8 and MERYV 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.
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Table 1. List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city,,

Region Country City
Botswana (3) Gaborone (3)
Cape Verde (1) Praia City (1)
Egypt (12) Cairo (12)
Kenya (1) Nairobi (1)
Africa (n=29 Mali (1) Bamako (1)
Senegal (1) Dakar (1)
.. Johannesburg (2)
South Africa (6) -
ol rea Pretoria (4
Zambia (4 Mongu (4)
Durg (4)
Kanpur (23)
. Mumbai (2)
Indis 1% New Delhi (13)
Pune (2)
Trivandrum (4)
Lalitpur (1
Central, South Nepal (4) D L
and Southeast Dhulikhel (3)
Asiar10) Kanhi )
. ahore
Pakistan (8) 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)

Japan (17

Kawasaki (10)

Sapporo (6)

Tokyo (1)

South Korea (24)

Gwangju (16)
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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)
Aachen (1)
Augsburg (2)

Germany (68

Braunschweig (12)
Dresden (4)

Duisburg (1)
Erfurt (9)
Essen (5)
Heidelberg (2)
Karlsruhe (5)
Leipzig (27)

Denmark (26

Copenhagen (25)
Odense (1)

Barcelona (7)

Spain (17) Ciudad Real (2)
Madrid (8
Finland (52) Helsinki (52)

Marseilles (5

France (10) Paris (3)
Dunkirk (2)
Birmingham (1)
Cambridge (7)
. . Leeds (3)
United Kingdom (37) Leicester (2)
London (19)
Manchester (5)
. Athens (3)
Greece (7) Chania (4)
Hungary (9 Budapest (9)
Bologna (2
Cagliari (1
ftaly (31 Cassino (2
Europe (n=316) Ispra (4
Milan (15
Rome (7)
Lithuania (9) Vilnius (9)
Netherland (6 Amsterdam (4
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Rotterdam (2)

Norway (3) Oslo (3)
o Oporto (10)
Portugal (12 Lisbon ()
Russia (1 Tiksi (1
) Gothenburg (3)
Swedon (11 Stockholm (8)
Moldova (1) Chisinau (1
X Porto Alegre (3)
azil (38)
T Branl (38 Séo Paulo (35)
7)1(:;8 merica Chile (6) Santiago (6)
Mexico (3) Mexico City (3)
Cuba (1) Camagiiey (1)

North America
Australia and

Australia (10

Brisbane (2

Launceston (7)

Wollongong (1)

New Zealand New Zealand (8) Auckland (8
(n=134) Hamilton (2)
By a (15
Canada (15) Toronto (13)
Atlanta (4
Boulder (1)
Buffalo (6)

North America

Australia and
New Zealand

n=134

United States (U.S.) (101)

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)
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Table 2. Summary of direct measurements of size-resolved urban aerosol effective densities.

Country  (City Site Type gl::;;:’:lment %ia:;l;llzent SIK;) fe;fe(;tlc\i;_gemlty, [Reference
75 .934
anuary - February| 100 .8078 .
Denmark  Copenhagen (Tn’:;ﬁ:oa GR012(56 hof  DMA-APM 150 4636 ,213511:;“ al.
data over 38 days 250 .6432
350 276
50 1.14
118 1.12
. 146|121
ILos Angeles® [Urban hoz 14
322 .86
@14 .73
50 1.13
September - 118 1 Geller et al.
U-S- Downey® Traffic  [October 2005 [PMA-APM 146 .94 (2006)
(near road)| 202 .78
322 .49
@14 31
50 1.4
. . 118 1.4
Riverside Urban 126 129
202 1.06
56-100 2.085
100-180 |1.32
180-320 |1.336
320-560 [1.885
560-1000[1.75
. Uanuary 22 - 27  [SMPS/APS- 1000- 1.655 u et al.
IChina IBeijing [Urban 007 IMOUDI 1800 (2012
1800- | 38
3200 )
3200-
5600 p-23
5600-
10000 |
50 1.36
100 1.45 .
(China Shanghai  [Utban  [PSSSMPCTO-  vialAPM DoO 1.52 \Yin et al.
Vanuary 12 2012 (2015)
300 1.53
#00 1.55
December 21 #o 1.37 icctal
(China Shanghai Urban 2014 - January 13 [DMA-APM 100 1.4 ,2‘312)“ :
2015 220 1.47
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'65

70

75

300 1.5
@o 1.55
) 81 1.55 |
U.S. Houston [Urban %’gg 15 -May 31 by ia-aPM 151 |L54 ,zeovly;f al.
240 1.54
350 1.5
[February 10 - 26 0.3 1.04
2003, January 28 - by L s
. L Traffic  [February 12 2004 - i [Virtanen et al.
Finland  Helsinki (near roadjAugust 12-27 |1 OMPS 18.9 96 (2006)
0003, August 6 -
00 2004 75.1 1.8
50 1.56
80 1.55
. Semi- 100 1.51 Qiao et al.
(China Beijing Urban May - June 2016 [DMA-CPMA 150 s 2018)
240 1.47
B350 1.42
107 1.58 cMurry et
[U.S. Atlanta [Urban IAugust 2009 TDMA-APM 309 o2 al. (2002)0

2Average of the soot and dense mode during Period I in Rissler et al, (2014)

YReferred to as USC in Geller et al. (2006)
‘Referred to as 710-freeway in Geller et al. (2006)
dAverage of the polluted and clean episodes in Fig. 4 in Hu et al. (2012)
¢Average of the values in Fig. 11 in Levy et al. (2013)
Average of pe2 in Table 3 in McMurry et al. (2002)
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
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Appendix A: List of symbols and abbreviations.

Table Al. List of symbols and abbreviations.

AF Africa Dem Electrical mobility diameter
APM Aerosol particle mass analyzer Dq Aerodynamic diameter
APS Aerodynamic Particle Sizer Dop Optical diameter
cc City center Dye Volume equivalent diameter
CMD Count median diameter ¢ Acrosol effective density
CSSA Central, South, and Southeast Asia Lo Aerosol particle density
DMA Differential mobility analyzer %© Dynamic shape factor
EA East Asia mp Particle mass
ELVOC Extremely low volatility organic compound  Vp Particle volume
EU Europe Ce Cunningham slip correction factor,
HOM Highly oxygenated molecule Ni Particle number concentration for mode i
HVAC Heating, ventilation, and air-conditioning D, Geometric mean diameter for mode i
LA Latin America oi Geometric standard deviation for mode i
LT Long term (>6 months) Vi Particle volume concentration for mode i
MERV Minimum efficiency reporting value M; Particle mass concentration for mode i
MOUDI Micro-orifice uniform deposit impactor Vr Tidal volume
MPPD Multiple-Path Particle Dosimetry I Breathing frequency
MT Moderate term (1 - 6 months DF Deposition fraction
NAAN North America, Australia, and New
Zealand
NPF New particle formation
NU Non-specific urban
OPC/OPS Optical particle counter/Optical particle
sizer
PMx Integrated mass concentration for particles
smaller than X um
PSD Particle size distribution
RTDDR Respiratory tract deposited dose rate
SMPS Scanning Mobility Particle Sizer
SOA Secondary organic aerosol
ST Short term (1 week — 1 month)
SUB Sub-urban
TR Traffic-influenced
UB Urban background
UFP Ultrafine particle (<100 nm)
vOC Volatile organic compound
VST Very short term (1 day — 1 week)
VVST Very, very short term (<1 day)
WA West Asia

75

- CFormatted: Font: Bold

g (Deleted: diamter

= CDeleted: e

(Formatted: Justified

- (Formatted: Subscript




‘85

90

95

References

Abramson, E., Imre, D., Berének, J., Wilson, J. and Zelenyuk, A.: Experimental determination of chemical diffusion within .- (Field Code Changed

secondary organic aerosol particles, Phys. Chem. Chem. Phys., 15(8), 2983-2991, doi:10.1039/c2¢cp44013j, 2013.

Agarwal, A. K., Gupta, T., Dixit, N. and Shukla, P. C.: Assessment of toxic potential of primary and secondary
particulates/aerosols from biodiesel vis-a-vis mineral diesel fuelled engine, Inhal. Toxicol., 25(6), 325-332, 2013.

Agus, E. L., Young, D. T., Lingard, J. J. N., Smalley, R. J., Tate, J. E., Goodman, P. S. and Tomlin, A. S.: Factors
influencing particle number concentrations, size distributions and modal parameters at a roof-level and roadside site in
Leicester, UK, Sci. Total Environ., 386(1-3), 65-82, 2007.

Al-Mahmodi, J. N. H.: Measurements and Prediction of Particulate Number Concentrations and their Chemical Composition
over Yanbu Industrial City, Saudi Arabia, 2011.

Allen, J. L., Oberdorster, G., Morris-Schaffer, K., Wong, C., Klocke, C., Sobolewski, M., Conrad, K., Mayer-Proschel, M.
and Cory-Slechta, D. A.: Developmental neurotoxicity of inhaled ambient ultrafine particle air pollution: parallels with
neuropathological and behavioral features of autism and other neurodevelopmental disorders, Neurotoxicology, 59, 140—
154,2017.

Allen, M. D. and Raabe, O. G.: Re-evaluation of Millikan’s oil drop data for the motion of small particles in air, J. Aerosol
Sci., 13(6), 537547, 1982.

Allen, M. D. and Raabe, O. G.: Slip correction measurements of spherical solid aerosol particles in an improved Millikan
apparatus, Aerosol Sci. Technol., 4(3), 269-286, 1985.

Anderson, J. O., Thundiyil, J. G. and Stolbach, A.: Clearing the Air: A Review of the Effects of Particulate Matter Air
Pollution on Human Health, J. Med. Toxicol., 8(2), 166—175, doi:10.1007/s13181-011-0203-1, 2012.

Apte, J. S., Marshall, J. D., Cohen, A. J. and Brauer, M.: Addressing global mortality from ambient PM2. 5, Environ. Sci.
Technol., 49(13), 8057-8066, 2015.

Armas, O., Gomez, A., Mata, C. and Ramos, A.: Particles emitted during the stops of an urban bus fuelled with ethanol—
biodiesel-diesel blends, Urban Clim., 2, 43-54, 2012.

Asmi, A., Wiedensohler, A., Laj, P., Fjaeraa, A. M., Sellegri, K., Birmili, W., Weingartner, E., Baltensperger, U., Zdimal,
V., Zikova, N., Putaud, J. P., Marinoni, A., Tunved, P., Hansson, H. C., Fiebig, M., Kivekds, N., Lihavainen, H., Asmi, E.,
Ulevicius, V., Aalto, P. P., Swietlicki, E., Kristensson, A., Mihalopoulos, N., Kalivitis, N., Kalapov, L, Kiss, G., De Leeuw,
G., Henzing, B., Harrison, R. M., Beddows, D., O’Dowd, C., Jennings, S. G., Flentje, H., Weinhold, K., Meinhardt, F., Ries,
L. and Kulmala, M.: Number size distributions and seasonality of submicron particles in Europe 2008-2009, Atmos. Chem.
Phys., 11(11), 5505-5538, doi:10.5194/acp-11-5505-2011, 2011.

Azimi, P., Zhao, D. and Stephens, B.: Estimates of HVAC filtration efficiency for fine and ultrafine particles of outdoor
origin, Atmos. Environ., 98, 337-346, doi:10.1016/j.atmosenv.2014.09.007, 2014.

Babu, S. S., Kompalli, S. K. and Moorthy, K. K.: Aerosol number size distributions over a coastal semi urban location:
Seasonal changes and ultrafine particle bursts, Sci. Total Environ., 563-564, 351-365, doi:10.1016/j.scitotenv.2016.03.246,
2016.

Barone, T. L., Lall, A. A, Storey, J. M. E., Mulholland, G. W., Prikhodko, V. Y., Frankland, J. H., Parks, J. E. and
Zachariah, M. R.: Size-resolved density measurements of particle emissions from an advanced combustion diesel engine:
effect of aggregate morphology, Energy & Fuels, 25(5), 1978-1988, 2011.

Béaumer, D., Vogel, B., Versick, S., Rinke, R., Mohler, O. and Schnaiter, M.: Relationship of visibility, aerosol optical

76



45

thickness and aerosol size distribution in an ageing air mass over South-West Germany, Atmos. Environ., 42(5), 989-998,
doi:10.1016/j.atmosenv.2007.10.017, 2008.

Baxla, S. P., Roy, A. A., Gupta, T., Tripathi, S. N. and Bandyopadhyaya, R.: Analysis of diurnal and seasonal variation of
submicron outdoor aerosol mass and size distribution in a northern indian city and its correlation to black carbon, Aerosol
Air Qual. Res., 9(4), 458-469, doi:10.4209/aaqr.2009.03.0017, 2009.

Beddows, D. C. S., Dall’Osto, M., Harrison, R. M., Dall’Osto, M., Harrison, R. M., Dall’Osto, M. and Harrison, R. M.:
Cluster Analysis of Rural, Urban, and Curbside Atmospheric Particle Size Data, Environ. Sci. Technol., 43(13), 4694-4700,
doi:10.1021/es803121t, 2009.

Beddows, D. C. S., Dall’Osto, M., Harrison, R. M., Kulmala, M., Asmi, A., Wiedensohler, A., Laj, P., Fjeeraa, A. M.,
Sellegri, K. and Birmili, W.: Variations in tropospheric submicron particle size distributions across the European continent
2008-2009, Atmos. Chem. Phys., 14(8), 4327-4348, 2014.

Bentayeb, M., Wagner, V., Stempfelet, M., Zins, M., Goldberg, M., Pascal, M., Larrieu, S., Beaudeau, P., Cassadou, S. and
Eilstein, D.: Association between long-term exposure to air pollution and mortality in France: a 25-year follow-up study,
Environ. Int., 85, 5-14, 2015.

Bi, X., Dai, Q., Wu, J., Zhang, Q., Zhang, W., Luo, R., Cheng, Y., Zhang, J., Wang, L. and Yu, Z.: Characteristics of the
main primary source profiles of particulate matter across China from 1987 to 2017, Atmos. Chem. Phys., 19(5), 3223-3243,
2019.

Birmili, W., Wiedensohler, A., Heintzenberg, J. and Lehmann, K.: Atmospheric particle number size distribution in central
Europe: Statistical relations to air masses and meteorology, J. Geophys. Res. Atmos., 106(D23), 32005-32018, 2001.

Birmili, W., Tomsche, L., Sonntag, A., Opelt, C., Weinhold, K., Nordmann, S. and Schmidt, W.: Variability of aerosol
particles in the urban atmosphere of Dresden (Germany): Effects of spatial scale and particle size, Meteorol. Zeitschrift,
22(2), 195-211, doi:10.1127/0941-2948/2013/0395, 2013.

Brines, M., Dall’Osto, M., Beddows, D. C. S., Harrison, R. M., Gomez-Moreno, F., Nuifiez, L., Artifiano, B., Costabile, F.,
Gobbi, G. P. and Salimi, F.: Traffic and nucleation events as main sources of ultrafine particles in high-insolation developed
world cities, Atmos. Chem. Phys., 15(10), 5929-5945, 2015.

Briiggemann, E., Gerwig, H., Gnauk, T., Miiller, K. and Herrmann, H.: Influence of seasons, air mass origin and day of the
week on size-segregated chemical composition of aerosol particles at a kerbside, Atmos. Environ., 43(15), 24562463,
doi:10.1016/j.atmosenv.2009.01.054, 2009.

Buonanno, G., Morawska, L. and Stabile, L.: Particle emission factors during cooking activities, Atmos. Environ., 43(20),
3235-3242,2009a.

Buonanno, G., Lall, A. A. and Stabile, L.: Temporal size distribution and concentration of particles near a major highway,
Atmos. Environ., 43(5), 1100-1105, doi:10.1016/j.atmosenv.2008.11.011, 2009b.

Buonanno, G., Fuoco, F. C. and Stabile, L.: Influential parameters on particle exposure of pedestrians in urban
microenvironments, Atmos. Environ., 45(7), 1434-1443, 2011.

Burnett, R., Chen, H., Szyszkowicz, M., Fann, N., Hubbell, B., Pope, C. A., Apte, J. S., Brauer, M., Cohen, A. and
Weichenthal, S.: Global estimates of mortality associated with long-term exposure to outdoor fine particulate matter, Proc.
Natl. Acad. Sci., 115(38), 9592-9597, 2018.

Burnett, R. T., Pope 11, C. A., Ezzati, M., Olives, C., Lim, S. S., Mehta, S., Shin, H. H., Singh, G., Hubbell, B. and Brauer,
M.: An integrated risk function for estimating the global burden of disease attributable to ambient fine particulate matter
exposure, Environ. Health Perspect., 122(4), 397-403, 2014.

Cabada, J. C., Rees, S., Takahama, S., Khlystov, A., Pandis, S. N., Davidson, C. I. and Robinson, A. L.: Mass size
distributions and size resolved chemical composition of fine particulate matter at the Pittsburgh supersite, Atmos. Environ.,
38(20), 3127-3141, doi:10.1016/j.atmosenv.2004.03.004, 2004.

71



170

100

105

Cao, J.-J., Zhu, C.-S., Tie, X.-X., Geng, F.-H., Xu, H.-M,, Ho, S. S. H., Wang, G.-H., Han, Y.-M. and Ho, K.-F.:
Characteristics and sources of carbonaceous aerosols from Shanghai, China, Atmos. Chem. Phys., 13(2), 803-817, 2013.

Chang, D.-Q., Chen, S.-C. and Pui, D. Y. H.: Capture of sub-500 nm particles using residential electret HVAC filter media-
experiments and modeling, Aerosol Air Qual. Res., 16(12), 3349-3357, 2016.

Charron, A. and Harrison, R. M.: Primary particle formation from vehicle emissions during exhaust dilution in the roadside
atmosphere, Atmos. Environ., 37(29), 4109-4119, doi:10.1016/S1352-2310(03)00510-7, 2003.

Charron, A., Birmili, W. and Harrison, R. M.: Fingerprinting particle origins according to their size distribution at a UK rural
site, J. Geophys. Res. Atmos., 113(D7), 2008.

Cheng, J., Su, J., Cui, T., Li, X., Dong, X., Sun, F., Yang, Y., Tong, D., Zheng, Y. and Li, Y.: Dominant role of emission
reduction in PM2. 5 air quality improvement in Beijing during 2013—2017: a model-based decomposition analysis., Atmos.
Chem. Phys., 19(9), 2019.

Cheng, Z., Luo, L., Wang, S., Wang, Y., Sharma, S., Shimadera, H., Wang, X., Bressi, M., de Miranda, R. M., Jiang, J.,
Zhou, W., Fajardo, O., Yan, N. and Hao, J.: Status and characteristics of ambient PM2.5pollution in global megacities,
Environ. Int., 89-90, 212-221, doi:10.1016/j.envint.2016.02.003, 2016.

Cheung, K., Daher, N., Kam, W., Shafer, M. M., Ning, Z., Schauer, J. J. and Sioutas, C.: Spatial and temporal variation of
chemical composition and mass closure of ambient coarse particulate matter (PM10-2.5) in the Los Angeles area, Atmos.
Environ., 45(16), 26512662, doi:10.1016/j.atmosenv.2011.02.066, 2011.

Costabile, F., Birmili, W., Klose, S., Tuch, T., Wehner, B., Wiedensohler, A., Franck, U., Konig, K. and Sonntag, A.:
Spatio-temporal variability and principal components of the particle number size distribution in an urban atmosphere,
Atmos. Chem. Phys., 9(9), 3163-3195, doi:10.5194/acp-9-3163-2009, 2009.

Cozic, J., Verheggen, B., Wiangartner, E., Crosier, J., Bower, K. N., Flynn, M., Coe, H., Henning, S., Steinbacher, M.,
Henne, S., Collaud Coen, M., Petzold, A. and Baltensperger, U.: Chemical composition of free tropospheric aerosol for PM1
and coarse mode at the high alpine site Jungfraujoch, Atmos. Chem. Phys., 8(2), 407-423, doi:10.5194/acp-8-407-2008,
2008.

Daher, N., Saliba, N. A., Shihadeh, A. L., Jaafar, M., Baalbaki, R. and Sioutas, C.: Chemical composition of size-resolved
particulate matter at near- freeway and urban background sites in the greater Beirut area, , 80, 96-106, 2013.

Dall’Osto, M., Monahan, C., Greaney, R., Beddows, D. C. S., Harrison, R. M., Ceburnis, D. and O’Dowd, C. D.: A
statistical analysis of North East Atlantic (submicron) aerosol size distributions, Atmos. Chem. Phys., 11(24), 12567-12578,
2011a.

Dall’Osto, M., Thorpe, A., Beddows, D. C. S., Harrison, R. M., Barlow, J. F., Dunbar, T., Williams, P. I. and Coe, H.:
Remarkable dynamics of nanoparticles in the urban atmosphere, Atmos. Chem. Phys., 11(13), 6623-6637, doi:10.5194/acp-
11-6623-2011, 2011b.

Dallmann, T. R., Onasch, T. B., Kirchstetter, T. W., Worton, D. R., Fortner, E. C., Herndon, S. C., Wood, E. C., Franklin, J.
P., Worsnop, D. R. and Goldstein, A. H.: Characterization of particulate matter emissions from on-road gasoline and diesel
vehicles using a soot particle aerosol mass spectrometer, Atmos. Chem. Phys., 14(14), 7585-7599, 2014.

Davies, C. N.: Particle-fluid interaction, J. Aerosol Sci., 10(5), 477-513, 1979.

DeCarlo, P. F., Slowik, J. G., Worsnop, D. R., Davidovits, P. and Jimenez, J. L.: Particle morphology and density
characterization by combined mobility and acrodynamic diameter measurements. Part 1: Theory, Aerosol Sci. Technol.,
38(12), 1185-1205, 2004.

Delfino, R. J., Sioutas, C. and Malik, S.: Potential role of ultrafine particles in associations between airborne particle mass
and cardiovascular health, Environ. Health Perspect., 113(8), 934-946, doi:10.1289/¢hp.7938, 2005.

Ding, X. X., Kong, L. D., Du, C. T., Zhanzakova, A., Fu, H. B., Tang, X. F., Wang, L., Yang, X., Chen, J. M. and Cheng, T.

78



'10

115

20

125

130

135

40

45

T.: Characteristics of size-resolved atmospheric inorganic and carbonaceous aerosols in urban Shanghai, Atmos. Environ.,
167, 625-641, doi:10.1016/j.atmosenv.2017.08.043, 2017.

Donahue, N. M., Robinson, A. L., Stanier, C. O. and Pandis, S. N.: Coupled partitioning, dilution, and chemical aging of
semivolatile organics, Environ. Sci. Technol., 40(8), 2635-2643, 2006.

Van Donkelaar, A., Martin, R. V, Brauer, M., Kahn, R., Levy, R., Verduzco, C. and Villeneuve, P. J.: Global estimates of
ambient fine particulate matter concentrations from satellite-based aerosol optical depth: development and application,
Environ. Health Perspect., 118(6), 847855, 2010.

Ehn, M., Thornton, J. A., Kleist, E., Sipild, M., Junninen, H., Pullinen, L., Springer, M., Rubach, F., Tillmann, R., Lee, B.,
Lopez-Hilfiker, F., Andres, S., Acir, I. H., Rissanen, M., Jokinen, T., Schobesberger, S., Kangasluoma, J., Kontkanen, J.,
Nieminen, T., Kurtén, T., Nielsen, L. B., Jorgensen, S., Kjaergaard, H. G., Canagaratna, M., Maso, M. D., Berndt, T., Petdj4,
T., Wahner, A., Kerminen, V. M., Kulmala, M., Worsnop, D. R., Wildt, J. and Mentel, T. F.: A large source of low-volatility
secondary organic aerosol, Nature, 506(7489), 476-479, doi:10.1038/nature13032, 2014.

European Parliament and the Council of the European Union: Regulation (EC) No 715/2007 of the European Parliament and
of the Council of 20 June 2007 on type approval of motor vehicles with respect to emissions from light passenger and
commercial vehicles (Euro 5 and Euro 6) and on access to vehicle repair and mai., 2007.

Feng, Y., Chen, Y., Guo, H., Zhi, G., Xiong, S., Li, J., Sheng, G. and Fu, J.: Characteristics of organic and elemental carbon
in PM2. 5 samples in Shanghai, China, Atmos. Res., 92(4), 434-442, 2009.

Fine, P. M., Shen, S. and Sioutas, C.: Inferring the sources of fine and ultrafine particulate matter at downwind receptor sites
in the Los Angeles Basin using multiple continuous measurements, Aerosol Sci. Technol., 38(SUPPL. 1), 182195,
doi:10.1080/02786820390229499, 2004.

Friend, A. J., Ayoko, G. A., Jayaratne, E. R., Jamriska, M., Hopke, P. K. and Morawska, L.: Source apportionment of
ultrafine and fine particle concentrations in Brisbane, Australia, Environ. Sci. Pollut. Res., 19(7), 2942-2950, 2012.

Fushimi, A., Hasegawa, S., Takahashi, K., Fujitani, Y., Tanabe, K. and Kobayashi, S.: Atmospheric fate of nuclei-mode
particles estimated from the number concentrations and chemical composition of particles measured at roadside and
background sites, Atmos. Environ., 42(5), 949-959, doi:10.1016/j.atmosenv.2007.10.019, 2008.

Gao, J., Wang, T., Zhou, X., Wu, W. and Wang, W.: Measurement of aerosol number size distributions in the Yangtze River
delta in China: Formation and growth of particles under polluted conditions, Atmos. Environ., 43(4), 829-836, 2009.

Gaston, C. J., Riedel, T. P., Zhang, Z., Gold, A., Surratt, J. D. and Thornton, J. A.: Reactive uptake of an isoprene-derived
epoxydiol to submicron aerosol particles, Environ. Sci. Technol., 48(19), 11178-11186, 2014.

Gelencsér, A., May, B., Simpson, D., Sanchez-Ochoa, A., Kasper-Giebl, A., Puxbaum, H., Caseiro, A., Pio, C. A. and
Legrand, M.: Source apportionment of PM2.5 organic aerosol over Europe: Primary/secondary, natural/anthropogenic, and
fossil/biogenic origin, J. Geophys. Res. Atmos., 112(23), 1-12, doi:10.1029/2006JD008094, 2007.

Geller, M., Biswas, S. and Sioutas, C.: Determination of Particle Effective Density in Urban Environments with a
Differential Mobility Analyzer and Aerosol Particle Mass Analyzer, Aerosol Sci. Technol., 40(9), 709-723,
doi:10.1080/02786820600803925, 2006.

Giechaskiel, B., Ntziachristos, L., Samaras, Z., Scheer, V., Casati, R. and Vogt, R.: Formation potential of vehicle exhaust
nucleation mode particles on-road and in the laboratory, Atmos. Environ., 39(18), 3191-3198, 2005.

Giechaskiel, B., Chirico, R., DeCarlo, P. F., Clairotte, M., Adam, T., Martini, G., Heringa, M. F., Richter, R., Prevot, A. S.
H. and Baltensperger, U.: Evaluation of the particle measurement programme (PMP) protocol to remove the vehicles’
exhaust aerosol volatile phase, Sci. Total Environ., 408(21), 5106-5116, 2010.

Glytsos, T., Ondracek, J., Dzumbova, L., Kopanakis, I. and Lazaridis, M.: Characterization of particulate matter
concentrations during controlled indoor activities, Atmos. Environ., 44(12), 1539-1549, 2010.

79



150

155

160

165

170

175

180

185

90

Gomez-Moreno, F. J., Pujadas, M., Plaza, J., Rodriguez-Maroto, J. J., Martinez-Lozano, P. and Artifiano, B.: Influence of
seasonal factors on the atmospheric particle number concentration and size distribution in Madrid, Atmos. Environ., 45(18),
3169-3180, doi:10.1016/j.atmosenv.2011.02.041, 2011.

Grigoratos, T. and Martini, G.: Brake wear particle emissions: a review, Environ. Sci. Pollut. Res., 22(4), 2491-2504,
doi:10.1007/s11356-014-3696-8, 2015.

Gu, J., Pitz, M., Schnelle-Kreis, J., Diemer, J., Reller, A., Zimmermann, R., Soentgen, J., Stoelzel, M., Wichmann, H.-E. and
Peters, A.: Source apportionment of ambient particles: comparison of positive matrix factorization analysis applied to
particle size distribution and chemical composition data, Atmos. Environ., 45(10), 1849-1857, 2011.

Guo, S., Hu, M., Wang, Z. B., Slanina, J. and Zhao, Y. L.: Size-resolved aerosol water-soluble ionic compositions in the
summer of Beijing: Implication of regional secondary formation, Atmos. Chem. Phys., 10(3), 947-959, doi:10.5194/acp-10-
947-2010, 2010.

Gupta, T., Kothari, A., Srivastava, D. K. and Agarwal, A. K.: Measurement of number and size distribution of particles
emitted from a mid-sized transportation multipoint port fuel injection gasoline engine, Fuel, 89(9), 2230-2233, 2010.

Harris, S. J. and Maricq, M. M.: Signature size distributions for diesel and gasoline engine exhaust particulate matter, J.
Aerosol Sci., 32(6), 749-764, 2001.

Harrison, R. M., Beddows, D. C. S. and Dall’Osto, M.: PMF analysis of wide-range particle size spectra collected on a major
highway, Environ. Sci. Technol., 45(13), 5522-5528, 2011.

Harrison, R. M., Dall’Osto, M., Beddows, D. C. S., Thorpe, A. J., Bloss, W. J., Allan, J. D., Coe, H., Dorsey, J. R.,
Gallagher, M., Martin, C., Whitehead, J., Williams, P. L., Jones, R. L., Langridge, J. M., Benton, A. K., Ball, S. M.,
Langford, B., Hewitt, C. N., Davison, B., Martin, D., Petersson, K. F., Henshaw, S. J., White, I. R., Shallcross, D. E.,
Barlow, J. F., Dunbar, T., Davies, F., Nemitz, E., Phillips, G. J., Helfter, C., Di Marco, C. F. and Smith, S.: Atmospheric
chemistry and physics in the atmosphere of a developed megacity (London): An overview of the REPARTEE experiment
and its conclusions, Atmos. Chem. Phys., 12(6), 3065-3114, doi:10.5194/acp-12-3065-2012, 2012.

Hecker, R. and Hofacre, K. C.: Development of Performance Data for Common Building Air Cleaning Devices (Final
Report No. EPA/600/R-08/013), US Environ. Prot. Agency, Off. Res. Dev. Homel. Secur. Res. Cent. Res. Triangle Park.
NC, 2008.

Hinds, W. C.: Aerosol technology: properties, behavior, and measurement of airborne particles, John Wiley & Sons., 2012.

Hitchins, J., Morawska, L., Wolff, R. and Gilbert, D.: Concentrations of submicrometre particles from vehicle emissions
near a major road, Atmos. Environ., 34(1), 51-59, 2000.

Hu, M., Peng, J., Sun, K., Yue, D., Guo, S., Wiedensohler, A. and Wu, Z.: Estimation of size-resolved ambient particle
density based on the measurement of aerosol number, mass, and chemical size distributions in the winter in Beijing, Environ.
Sci. Technol., 46(18), 99419947, doi:10.1021/es204073t, 2012.

Huang, R.-J., Zhang, Y., Bozzetti, C., Ho, K.-F., Cao, J.-J., Han, Y., Daellenbach, K. R., Slowik, J. G., Platt, S. M. and
Canonaco, F.: High secondary aerosol contribution to particulate pollution during haze events in China, Nature, 514(7521),
218,2014.

Hudson, P. K., Gibson, E. R., Young, M. A, Kleiber, P. D. and Grassian, V. H.: A newly designed and constructed
instrument for coupled infrared extinction and size distribution measurements of aerosols, Aerosol Sci. Technol., 41(7), 701—
710, doi:10.1080/02786820701408509, 2007.

Hudson, P. K., Gibson, E. R., Young, M. A., Kleiber, P. D. and Grassian, V. H.: Coupled infrared extinction and size
distribution measurements for several clay components of mineral dust aerosol, J. Geophys. Res. Atmos., 113(1), 1-11,
doi:10.1029/2007JD008791, 2008.

Huffman, J. A., Docherty, K. S., Mohr, C., Cubison, M. J., Ulbrich, I. M., Ziemann, P. J., Onasch, T. B. and Jimenez, J. L.:
Chemically-resolved volatility measurements of organic aerosol from different sources, Environ. Sci. Technol., 43(14),

80



95

100

105

110

115

120

125

130

5351-5357, 2009.

Hussein, T., Puustinen, A., Aalto, P. P., Mékel4, J. M., Hameri, K. and Kulmala, M.: Urban aerosol number size
distributions, Atmos. Chem. Phys. Discuss., 3(5), 5139-5184, doi:10.5194/acpd-3-5139-2003, 2003.

Hussein, T., Puustinen, A., Aalto, P. P., Mikeld, J. M., Hameri, K. and Kulmala, M.: Urban aerosol number size
distributions, Atmos. Chem. Phys., 4(2), 391-411, 2004.

Hussein, T., Hameri, K., Aalto, P. P., Paatero, P. and Kulmala, M.: Modal structure and spatial-temporal variations of urban
and suburban aerosols in Helsinki - Finland, Atmos. Environ., 39(9), 1655-1668, doi:10.1016/j.atmosenv.2004.11.031,
2005.

Hussein, T., Londahl, J., Paasonen, P., Koivisto, A. J., Petéja, T., Himeri, K. and Kulmala, M.: Modeling regional deposited
dose of submicron aerosol particles, Sci. Total Environ., 458, 140-149, 2013.

Hussein, T., Saleh, S. S. A., dos Santos, V. N., Boor, B. E., Koivisto, A. J. and Londahl, J.: Regional inhaled deposited dose
of urban aerosols in an eastern Mediterranean city, Atmosphere (Basel)., 10(9), 530, 2019.

Hussein, T., Boor, B. E. and Londahl, J.: Regional Inhaled Deposited Dose of Indoor Combustion-Generated Aerosols in
Jordanian Urban Homes, Atmosphere (Basel)., 11(11), 1150, 2020.

Janhill, S., Andreae, M. O. and Poschl, U.: Biomass burning aerosol emissions from vegetation fires: particle number and
mass emission factors and size distributions, Atmos. Chem. Phys., 10(3), 1427-1439, 2010.

de Jesus, A. L., Rahman, M. M., Mazaheri, M., Thompson, H., Knibbs, L. D., Jeong, C., Evans, G., Nei, W., Ding, A. and
Qiao, L.: Ultrafine particles and PM2. 5 in the air of cities around the world: Are they representative of each other?, Environ.
Int., 129, 118-135, 2019.

de Jesus, A. L., Thompson, H., Knibbs, L. D., Hanigan, 1., De Torres, L., Fisher, G., Berko, H. and Morawska, L.: Two
decades of trends in urban particulate matter concentrations across Australia, Environ. Res., 190, 110021, 2020.

Jiang, J., Oberdorster, G. and Biswas, P.: Characterization of size, surface charge, and agglomeration state of nanoparticle
dispersions for toxicological studies, J. Nanoparticle Res., 11(1), 77-89, 2009.

Johnson, A. M., Waring, M. S. and DeCarlo, P. F.: Real-time transformation of outdoor aerosol components upon transport
indoors measured with aerosol mass spectrometry, Indoor Air, 27(1), 230-240, 2017.

Jones, A. M., Harrison, R. M., Barratt, B. and Fuller, G.: A large reduction in airborne particle number concentrations at the
time of the introduction of “sulphur free” diesel and the London Low Emission Zone, Atmos. Environ., 50, 129-138, 2012.

Kaaden, N., Massling, A., Schladitz, A., Miiller, T., Kandler, K., Schiitz, L., Weinzierl, B., Petzold, A., Tesche, M., Leinert,
S., Deutscher, C., Ebert, M., Weinbruch, S. and Wiedensohler, A.: State of mixing, shape factor, number size distribution,
and hygroscopic growth of the Saharan anthropogenic and mineral dust aerosol at Tinfou, Morocco, Tellus, Ser. B Chem.
Phys. Meteorol., 61(1), 51-63, doi:10.1111/j.1600-0889.2008.00388.x, 2009.

Kanawade, V. P., Tripathi, S. N., Bhattu, D. and Shamjad, P. M.: Sub-micron particle number size distributions
characteristics at an urban location, Kanpur, in the Indo-Gangetic Plain, Atmos. Res., 147-148, 121-132,
doi:10.1016/j.atmosres.2014.05.010, 2014.

Kasumba, J., Hopke, P. K., Chalupa, D. C. and Utell, M. J.: Comparison of sources of submicron particle number
concentrations measured at two sites in Rochester, NY, Sci. Total Environ., 407(18), 5071-5084, 2009.

Kaul, D. S., Gupta, T., Tripathi, S. N., Tare, V. and Collett Jr, J. L.: Secondary organic aerosol: a comparison between foggy
and nonfoggy days, Environ. Sci. Technol., 45(17), 7307-7313, 2011.

Ketzel, M., Wihlin, P., Berkowicz, R. and Palmgren, F.: Particle and trace gas emission factors under urban driving
conditions in Copenhagen based on street and roof-level observations, Atmos. Environ., 37(20), 2735-2749,
doi:10.1016/S1352-2310(03)00245-0, 2003.

81



135

140

145

150

155

160

165

170

175

Ketzel, M. P., Wihlin, P., Kristensson, A., Swietlicki, E., Berkowicz, R., Nielsen, O. J. and Palmgren, F.: Particle size
distribution and particle mass measurements at urban, near-city and rural level in the Copenhagen area and Southern
Sweden, Atmos. Chem. Phys, 4, 281-292, doi:10.5194/acp-4-281-2004, 2004.

Kim, E., Hopke, P. K., Larson, T. V and Covert, D. S.: Analysis of ambient particle size distributions using unmix and
positive matrix factorization, Environ. Sci. Technol., 38(1), 202-209, 2004.

Kim, K. H., Choi, G. H., Kang, C. H., Lee, J. H., Kim, J. Y., Youn, Y. H. and Lee, S. R.: The chemical composition of fine
and coarse particles in relation with the Asian Dust events, Atmos. Environ., 37(6), 753-765, doi:10.1016/S1352-
2310(02)00954-8, 2003.

Kim, S., Shen, S., Sioutas, C., Zhu, Y. and Hinds, W. C.: Size distribution and diurnal and seasonal trends of ultrafine
particles in source and receptor sites of the Los Angeles Basin, J. Air Waste Manag. Assoc., 52(3), 297-307,
doi:10.1080/10473289.2002.10470781, 2002.

Kittelson, D., Watts, W. and Johnson, J.: Diesel Aerosol Sampling Methodology—CRC E-43, Final report, Coord. Res.
Counc., 2002.

Kittelson, D. B., Watts, W. F. and Johnson, J. P.: On-road and laboratory evaluation of combustion aerosols-Part1: Summary
of diesel engine results, J. Aerosol Sci., 37(8), 913-930, doi:10.1016/j.jaerosci.2005.08.005, 2006.

Kleeman, M. J., Schauer, J. J. and Cass, G. R.: Size and composition distribution of fine particulate matter emitted from
motor vehicles, Environ. Sci. Technol., 34(7), 1132—1142, 2000.

Kogak, M., Mihalopoulos, N. and Kubilay, N.: Chemical composition of the fine and coarse fraction of aerosols in the
northeastern Mediterranean, Atmos. Environ., 41(34), 7351-7368, doi:10.1016/j.atmosenv.2007.05.011, 2007.

Kodros, J. K., Volckens, J., Jathar, S. H. and Pierce, J. R.: Ambient particulate matter size distributions drive regional and
global variability in particle deposition in the respiratory tract, GeoHealth, 2(10), 298-312, 2018.

Kostenidou, E., Pandis, S. N., Pathak, R. K., Pandis, S. N., Kostenidou, E. and Pandis, S. N.: An algorithm for the
calculation of secondary organic acrosol density combining ams and smps data, Aerosol Sci. Technol., 41(11), 1002-1010,
doi:10.1080/02786820701666270, 2007.

Koulouri, E., Saarikoski, S., Theodosi, C., Markaki, Z., Gerasopoulos, E., Kouvarakis, G., Mikeld, T., Hillamo, R. and
Mihalopoulos, N.: Chemical composition and sources of fine and coarse aerosol particles in the Eastern Mediterranean,
Atmos. Environ., 42(26), 6542-6550, doi:10.1016/j.atmosenv.2008.04.010, 2008.

Kukutschova, J., Moravec, P., Tomasek, V., Matéjka, V., Smolik, J., Schwarz, J., Seidlerova, J., Safafova, K. and Filip, P.:
On airborne nano/micro-sized wear particles released from low-metallic automotive brakes, Environ. Pollut., 159(4), 998—
1006, 2011.

Kulmala, M.: Build a global Earth observatory, Nature, 553, 21-23, 2018.

Kulmala, M., Petéja, T., Monkkonen, P., Koponen, I. K., Maso, M. D., Aalto, P. P, Lehtinen, K. E. J. and Kerminen, V.-M.:
On the growth of nucleation mode particles: source rates of condensable vapor in polluted and clean environments, Atmos.
Chem. Phys., 5(2), 409-416, 2005.

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H. E., Nieminen, T., Petaja, T., Sipila, M.,
Schobesberger, S., Rantala, P., Franchin, A., Jokinen, T., Jarvinen, E., Aijala, M., Kangasluoma, J., Hakala, J., Aalto, P. P.,
Paasonen, P., Mikkila, J., Vanhanen, J., Aalto, J., Hakola, H., Makkonen, U., Ruuskanen, T., Mauldin, R. L., Duplissy, J.,
Vehkamaki, H., Back, J., Kortelainen, A., Riipinen, I., Kurten, T., Johnston, M. V., Smith, J. N., Ehn, M., Mentel, T. F.,
Lehtinen, K. E. J., Laaksonen, A., Kerminen, V.-M. and Worsnop, D. R.: Direct Observations of Atmospheric Aerosol
Nucleation, Science (80-. )., 339(6122), 943-946, doi:10.1126/science.1227385, 2013.

Kumar, P., Morawska, L., Birmili, W., Paasonen, P., Hu, M., Kulmala, M., Harrison, R. M., Norford, L. and Britter, R.:
Ultrafine particles in cities, Environ. Int., 66, 1-10, 2014.

82



180

185

190

195

00

05

15

Leung, W. W.-F., Hung, C.-H. and Yuen, P.-T.: Effect of face velocity, nanofiber packing density and thickness on filtration
performance of filters with nanofibers coated on a substrate, Sep. Purif. Technol., 71(1), 30-37, 2010.

Levy, M. E., Zhang, R., Khalizov, A. F., Zheng, J., Collins, D. R., Glen, C. R., Wang, Y., Yu, X. Y., Luke, W., Jayne, J. T.
and Olaguer, E.: Measurements of submicron aerosols in Houston, Texas during the 2009 SHARP field campaign, J.
Geophys. Res. Atmos., 118(18), 10518-10534, doi:10.1002/jgrd.50785, 2013.

Li, N., Georas, S., Alexis, N., Fritz, P., Xia, T., Williams, M. A., Horner, E. and Nel, A.: A work group report on ultrafine
particles (American Academy of Allergy, Asthma & Immunology): Why ambient ultrafine and engineered nanoparticles
should receive special attention for possible adverse health outcomes in human subjects, J. Allergy Clin. Immunol., 138(2),
386396, doi:10.1016/j.jaci.2016.02.023, 2016.

Li, P., Wang, C., Zhang, Y. and Wei, F.: Air filtration in the free molecular flow regime: A review of high-efficiency
particulate air filters based on Carbon Nanotubes, Small, 10(22), 4553—4561, doi:10.1002/sml1.201401553, 2014.

Li, R., Yang, J., Saffari, A., Jacobs, J., Baek, K. I., Hough, G., Larauche, M. H., Ma, J., Jen, N., Moussaoui, N., Zhou, B.,
Kang, H., Reddy, S., Henning, S. M., Campen, M. J., Pisegna, J., Li, Z., Fogelman, A. M., Sioutas, C., Navab, M. and Hsiai,
T. K.: Ambient Ultrafine Particle Ingestion Alters Gut Microbiota in Association with Increased Atherogenic Lipid
Metabolites, Sci. Rep., 7(August 2016), 1-12, doi:10.1038/srep42906, 2017a.

Li, T., Chen, X. and Yan, Z.: Comparison of fine particles emissions of light-duty gasoline vehicles from chassis
dynamometer tests and on-road measurements, Atmos. Environ., 68, 82-91, 2013.

Li, X.-Y., Hao, L., Liu, Y.-H., Chen, C.-Y., Pai, V. J. and Kang, J. X.: Protection against fine particle-induced pulmonary
and systemic inflammation by omega-3 polyunsaturated fatty acids, Biochim. Biophys. Acta (BBA)-General Subj., 1861(3),
577-584, 2017b.

Li, X. L., Wang, J. S., Tu, X. D., Liu, W. and Huang, Z.: Vertical variations of particle number concentration and size
distribution in a street canyon in Shanghai, China, Sci. Total Environ., 378(3), 306-316,
doi:10.1016/j.scitotenv.2007.02.040, 2007.

Liang, B., Ge, Y., Tan, J., Han, X., Gao, L., Hao, L., Ye, W. and Dai, P.: Comparison of PM emissions from a gasoline
direct injected (GDI) vehicle and a port fuel injected (PFI) vehicle measured by electrical low pressure impactor (ELPI) with
two fuels: Gasoline and M15 methanol gasoline, J. Aerosol Sci., 57, 22-31, 2013.

Lide, D. R.: Physical Constant of Inorganic Compound, Handb. Chem. Phys., 474, 2005.

Limbeck, A., Kulmala, M. and Puxbaum, H.: Secondary organic aerosol formation in the atmosphere via heterogeneous
reaction of gaseous isoprene on acidic particles, Geophys. Res. Lett., 30(19), 2003.

Lin, Y.-H., Zhang, Z., Docherty, K. S., Zhang, H., Budisulistiorini, S. H., Rubitschun, C. L., Shaw, S. L., Knipping, E. M.,
Edgerton, E. S. and Kleindienst, T. E.: Isoprene epoxydiols as precursors to secondary organic aerosol formation: acid-
catalyzed reactive uptake studies with authentic compounds, Environ. Sci. Technol., 46(1), 250-258, 2011.

Londahl, J., Massling, A., Pagels, J., Swietlicki, E., Vaclavik, E. and Loft, S.: Size-resolved respiratory-tract deposition of
fine and ultrafine hydrophobic and hygroscopic aerosol particles during rest and exercise, Inhal. Toxicol., 19(2), 109-116,
2007.

Londahl, J., Massling, A., Swietlicki, E., Brauner, E. V., Ketzel, M., Pagels, J. and Loft, S.: Experimentally determined
human respiratory tract deposition of airborne particles at a busy street, Environ. Sci. Technol., 43(13), 46594664, 2009.

Mahowald, N.: Aerosol indirect effect on biogeochemical cycles and climate, Science (80-. )., 334(6057), 794-796, 2011.

Malloy, Q. G. J., Nakao, S., Qi, L., Austin, R., Stothers, C., Hagino, H. and Cocker, D. R.: Real-Time acrosol density
determination utilizing a modified scanning mobility particle sizer aerosol particle mass analyzer system, Aerosol Sci.
Technol., 43(7), 673-678, doi:10.1080/02786820902832960, 2009.

Maricq, M. M., Podsiadlik, D. H. and Chase, R. E.: Size distributions of motor vehicle exhaust PM: a comparison between

83



20

25

30

35

40

45

50

55

ELPI and SMPS measurements, Aerosol Sci. Technol., 33(3), 239-260, 2000.

Martin, R. V, Brauer, M., van Donkelaar, A., Shaddick, G., Narain, U. and Dey, S.: No one knows which city has the highest
concentration of fine particulate matter, Atmos. Environ. X, 100040, 2019.

Masiol, M., Squizzato, S., Chalupa, D. C., Utell, M. J., Rich, D. Q. and Hopke, P. K.: Long-term trends in submicron particle
concentrations in a metropolitan area of the northeastern United States, Sci. Total Environ., 633, 59-70, 2018.

Masiol, M., Squizzato, S., Rich, D. Q. and Hopke, P. K.: Long-term trends (2005-2016) of source apportioned PM2. 5
across New York State, Atmos. Environ., 201, 110-120, 2019.

Massoli, P., Fortner, E. C., Canagaratna, M. R., Williams, L. R., Zhang, Q., Sun, Y., Schwab, J. J., Trimborn, A., Onasch, T.
B., Demerjian, K. L., Kolb, C. E., Worsnop, D. R. and Jayne, J. T.: Pollution gradients and chemical characterization of
particulatematter from vehicular traffic near major roadways: Results from the 2009 queens college air quality study in
NYC, Aerosol Sci. Technol., 46(11), 12011218, doi:10.1080/02786826.2012.701784, 2012.

Mayer, A., Czerwinski, J., Legerer, F. and Wyser, M.: VERT particulate trap verification, SAE Technical Paper., 2002.

McMurry, P. H., Wang, X., Park, K. and Ehara, K.: The relationship between mass and mobility for atmospheric particles: A
new technique for measuring particle density, Aerosol Sci. Technol., 36(2), 227-238, doi:10.1080/027868202753504083,
2002.

Mejia, J. F., Morawska, L. and Mengersen, K.: Spatial variation in particle number size distributions in a large metropolitan
area, Atmos. Chem. Phys., 8(5), 1127-1138, 2008.

Meldrum, K., Guo, C., Marczylo, E. L., Gant, T. W., Smith, R. and Leonard, M. O.: Mechanistic insight into the impact of
nanomaterials on asthma and allergic airway disease, Part. Fibre Toxicol., 14(1), 1-35, doi:10.1186/s12989-017-0228-y,
2017.

Meyer, N. K. and Ristovski, Z. D.: Ternary nucleation as a mechanism for the production of diesel nanoparticles:
Experimental analysis of the volatile and hygroscopic properties of diesel exhaust using the volatilization and humidification
tandem differential mobility analyzer, Environ. Sci. Technol., 41(21), 7309-7314, 2007.

Mikhailov, E., Vlasenko, S., Rose, D. and Poschl, U.: Mass-based hygroscopicity parameter interaction model and
measurement of atmospheric aerosol water uptake, Atmos. Chem. Phys., 13(2), 717-740, doi:10.5194/acp-13-717-2013,
2013.

Miller, F. J., Asgharian, B., Schroeter, J. D. and Price, O.: Improvements and additions to the multiple path particle
dosimetry model, J. Aerosol Sci., 99, 14-26, 2016.

Mishra, V. K., Kumar, P., Van Poppel, M., Bleux, N., Frijns, E., Reggente, M., Berghmans, P., Panis, L. I. and Samson, R.:
Wintertime spatio-temporal variation of ultrafine particles in a Belgian city, Sci. Total Environ., 431, 307-313, 2012.
Misra, A., Gaur, A., Bhattu, D., Ghosh, S., Dwivedi, A. K., Dalai, R., Paul, D., Gupta, T., Tare, V., Mishra, S. K., Singh, S.
and Tripathi, S. N.: An overview of the physico-chemical characteristics of dust at Kanpur in the central Indo-Gangetic
basin, Atmos. Environ., 97, 386-396, doi:10.1016/j.atmosenv.2014.08.043, 2014.

Moffet, R. C., Foy, B. de, Molina, L. T. al, Molina, M. J. and Prather, K. A.: Measurement of ambient aerosols in northern
Mexico City by single particle mass spectrometry, Atmos. Chem. Phys., 8(16), 4499-4516, 2008.

Moise, T. and Rudich, Y.: Reactive uptake of ozone by aerosol-associated unsaturated fatty acids: kinetics, mechanism, and
products, J. Phys. Chem. A, 106(27), 6469-6476, 2002.

Monkkénen, P., Koponen, I. K., Lehtinen, K. E. J., Himeri, K., Uma, R. and Kulmala, M.: Measurements in a highly
polluted Asian mega city: observations of aerosol number size distribution, modal parameters and nucleation events, Atmos.
Chem. Phys., 5(1), 57-66, 2005.

Montgomery, J. F., Green, S. I. and Rogak, S. N.: Impact of relative humidity on HVAC filters loaded with hygroscopic and

84



60

65

70

75

80

85

90

95

non-hygroscopic particles, Aerosol Sci. Technol., 49(5), 322-331, doi:10.1080/02786826.2015.1026433, 2015.

Morawska, L., Thomas, S., Bofinger, N., Wainwright, D. and Neale, D.: Comprehensive characterization of acrosols in a
subtropical urban atmosphere: Particle size distribution and correlation with gaseous pollutants, Atmos. Environ., 32(14-15),
2467-2478, doi:10.1016/S1352-2310(98)00023-5, 1998.

Morawska, L., Ristovski, Z., Jayaratne, E. R., Keogh, D. U. and Ling, X.: Ambient nano and ultrafine particles from motor
vehicle emissions: Characteristics, ambient processing and implications on human exposure, Atmos. Environ., 42(35), 8113—
8138, doi:10.1016/j.atmosenv.2008.07.050, 2008a.

Morawska, L., Keogh, D. U., Thomas, S. B. and Mengersen, K.: Modality in ambient particle size distributions and its
potential as a basis for developing air quality regulation, Atmos. Environ., 42(7), 1617-1628,
doi:10.1016/j.atmosenv.2007.09.076, 2008b.

Nakao, S., Tang, P., Tang, X., Clark, C. H., Qi, L., Seo, E., Asa-Awuku, A. and Cocker III, D.: Density and elemental ratios
of secondary organic aerosol: Application of a density prediction method, Atmos. Environ., 68, 273-277, 2013.

Neusiif3, C., Wex, H., Birmili, W., Wiedensohler, A., Koziar, C., Busch, B., Briiggemann, E., Gnauk, T., Ebert, M. and
Covert, D. S.: Characterization and parameterization of atmospheric particle number-, mass-, and chemical-size distributions
in central Europe during LACE 98 and MINT, J. Geophys. Res. Atmos., 107(21), 1-13, doi:10.1029/2001JD0005 14, 2002.

Nieto, P. J. G., Garcia, B. A., Diaz, J. M. F. and Brana, M. A. R.: Parametric study of selective removal of atmospheric
aerosol by below-cloud scavenging, Atmos. Environ., 28(14), 2335-2342, 1994.

Ning, Z., Hudda, N., Daher, N., Kam, W., Herner, J., Kozawa, K., Mara, S. and Sioutas, C.: Impact of roadside noise barriers
on particle size distributions and pollutants concentrations near freeways, Atmos. Environ., 44(26), 3118-3127,
doi:10.1016/j.atmosenv.2010.05.033, 2010.

Nosko, O., Vanhanen, J. and Olofsson, U.: Emission of 1.3—10 nm airborne particles from brake materials, Aerosol Sci.
Technol., 51(1), 91-96, doi:10.1080/02786826.2016.1255713, 2017.

Oberdorster, G.: Pulmonary effects of inhaled ultrafine particles, Int. Arch. Occup. Environ. Health, 74(1), 1-8,
doi:10.1007/s004200000185, 2001.

Oberdorster, G., Sharp, Z., Atudorei, V., Elder, A., Gelein, R., Kreyling, W. and Cox, C.: Translocation of inhaled ultrafine
particles to the brain, Inhal. Toxicol., 16(6-7), 437-445, doi:10.1080/08958370490439597, 2004.

Oberdérster, G., Oberdérster, E. and Oberdorster, J.: Nanotoxicology: An emerging discipline evolving from studies of
ultrafine particles, Environ. Health Perspect., 113(7), 823-839, doi:10.1289/ehp.7339, 2005.

Oberdiirster, G.: Toxicology of ultrafine particles: in vivo studies, Philos. Trans. R. Soc. London. Ser. A Math. Phys. Eng.
Sci., 358(1775), 2719-2740, 2000.

Ogulei, D., Hopke, P. K., Ferro, A. R. and Jaques, P. A.: Factor analysis of submicron particle size distributions near a major
United States—Canada trade bridge, J. Air Waste Manag. Assoc., 57(2), 190-203, doi:10.1080/10473289.2007.10465316,
2007.

Olfert, J. S., Symonds, J. P. R. and Collings, N.: The effective density and fractal dimension of particles emitted from a light-
duty diesel vehicle with a diesel oxidation catalyst, J. Aerosol Sci., 38(1), 6982, doi:10.1016/j.jaerosci.2006.10.002, 2007.

Pagels, J., Khalizov, A. F., McMurry, P. H. and Zhang, R. Y.: Processing of soot by controlled sulphuric acid and water
condensation mass and mobility relationship, Aerosol Sci. Technol., 43(7), 629-640, doi:10.1080/02786820902810685,
2009.

Pajunoja, A., Malila, J., Hao, L., Joutsensaari, J., Lehtinen, K. E. J. and Virtanen, A.: Estimating the viscosity range of SOA
particles based on their coalescence time, Aerosol Sci. Technol., 48(2), doi:10.1080/02786826.2013.870325, 2014.

Pakkanen, T. A., Loukkola, K., Korhonen, C. H., Aurela, M., Mékel4, T., Hillamo, R. E., Aarnio, P., Koskentalo, T., Kousa,

85



.00

05

10

20

25

30

35

40

A. and Maenhaut, W.: Sources and chemical composition of atmospheric fine and coarse particles in the Helsinki area,
Atmos. Environ., 35(32), 5381-5391, doi:10.1016/S1352-2310(01)00307-7, 2001.

Pant, P. and Harrison, R. M.: Estimation of the contribution of road traffic emissions to particulate matter concentrations
from field measurements: A review, Atmos. Environ., 77, 78-97, doi:10.1016/j.atmosenv.2013.04.028, 2013.

Park, K., Cao, F., Kittelson, D. B. and McMurry, P. H.: Relationship between particle mass and mobility for diesel exhaust
particles, Environ. Sci. Technol., 37(3), 577-583, doi:10.1021/es025960v, 2003.

Pei, C., Ou, Q. and Pui, D. Y. H.: Effect of relative humidity on loading characteristics of cellulose filter media by
submicrometer potassium chloride, ammonium sulfate, and ammonium nitrate particles, Sep. Purif. Technol., 212, 75-83,
2019.

Peng, J. F., Hu, M., Wang, Z. B., Huang, X. F., Kumar, P., Wu, Z. J., Guo, S., Yue, D. L., Shang, D. J., Zheng, Z. and He, L.
Y.: Submicron aerosols at thirteen diversified sites in China: Size distribution, new particle formation and corresponding
contribution to cloud condensation nuclei production, Atmos. Chem. Phys., 14(18), 10249-10265, doi:10.5194/acp-14-
10249-2014, 2014.

Pieters, N., Koppen, G., van Poppel, M., de Prins, S., Cox, B., Dons, E., Nelen, V., Panis, L. I., Plusquin, M., Schoeters, G.
and Nawrot, T. S.: Blood pressure and same-day exposure to air pollution at school: Associations with nano-sized to coarse
PM in children, Environ. Health Perspect., 123(7), 737-742, doi:10.1289/ehp.1408121, 2015.

Pietropaoli, A. P., Frampton, M. W., Hyde, R. W., Morrow, P. E., Oberdérster, G., Cox, C., Speers, D. M., Frasier, L. M.,
Chalupa, D. C., Huang, L. S. and Utell, M. J.: Pulmonary function, diffusing capacity, and inflammation in healthy and
asthmatic subjects exposed to ultrafine particles, Inhal. Toxicol., 16(SUPPL. 1), 59-72, doi:10.1080/08958370490443079,
2004.

Pitz, M., Birmili, W., Schmid, O., Peters, A., Wichmann, H. E. and Cyrys, J.: Quality control and quality assurance for
particle size distribution measurements at an urban monitoring station in Augsburg, Germany, J. Environ. Monit., 10(9),
1017-1024, doi:10.1039/b807264g, 2008a.

Pitz, M., Schmid, O., Heinrich, J., Birmili, W., Maguhn, J., Zimmermann, R., Wichmann, H. E., Peters, A. and Cyrys, J.:

Seasonal and diurnal variation of PM2.5 apparent particle density in urban air in Augsburg, Germany, Environ. Sci.
Technol., 42(14), 5087-5093, 2008b.

Podgorski, A., Batazy, A. and Gradon, L.: Application of nanofibers to improve the filtration efficiency of the most
penetrating aerosol particles in fibrous filters, Chem. Eng. Sci., 61(20), 6804-6815, 2006.

Qi, X. M., Ding, A. J., Nie, W., Petdjd, T., Kerminen, V.-M., Herrmann, E., Xie, Y. N., Zheng, L. F., Manninen, H. and
Aalto, P.: Aerosol size distribution and new particle formation in the western Yangtze River Delta of China: 2 years of
measurements at the SORPES station, Atmos. Chem. Phys., 15(21), 12445-12464, 2015.

Qiao, K., Wu, Z., Pei, X., Liu, Q., Shang, D., Zheng, J., Du, Z., Zhu, W., Wu, Y., Lou, S., Guo, S., Chan, C. K., Pathak, R.
K., Hallquist, M. and Hu, M.: Size-resolved effective density of submicron particles during summertime in the rural
atmosphere of Beijing, China, J. Environ. Sci. (China), (February), doi:10.1016/j.jes.2018.01.012, 2018.

Rawat, V. K., Buckley, D. T., Kimoto, S., Lee, M. H., Fukushima, N. and Hogan, C. J.: Two dimensional size-mass
distribution function inversion from differential mobility analyzer-aerosol particle mass analyzer (DMA-APM)
measurements, J. Aerosol Sci., 92, 70-82, doi:10.1016/j.jaerosci.2015.11.001, 2016.

Reid, J. S. and Hobbs, P. V: Physical and optical properties of young smoke from individual biomass fires in Brazil, J.
Geophys. Res. Atmos., 103(D24), 32013-32030, 1998.

Reid, J. S., Jonsson, H. H., Maring, H. B., Smirnov, A., Savoie, D. L., Cliff, S. S., Reid, E. A., Livingston, J. M., Meier, M.
M., Dubovik, O. and Tsay, S.-C.: Comparison of size and morphological measurements of coarse mode dust particles from
Africa, J. Geophys. Res., 108(D19), 8593, doi:10.1029/2002JD002485, 2003.

Reid, J. S., Koppmann, R., Eck, T. F. and Eleuterio, D. P.: A review of biomass burning emissions part II: intensive physical

86



45

50

55

60

65

70

75

80

properties of biomass burning particles, Atmos. Chem. Phys., 5(3), 799-825, 2005.

Riemer, N., Ault, A. P., West, M., Craig, R. L. and Curtis, J. H.: Aerosol Mixing State: Measurements, Modeling, and
Impacts, Rev. Geophys., 2019.

Rissler, J., Vestin, A., Swietlicki, E., Fisch, G., Zhou, J., Artaxo, P. and Andreae, M. O.: Size distribution and hygroscopic
properties of aerosol particles from dry-season biomass burning in Amazonia, Atmos. Chem. Phys., 6(2), 471-491, 2006.

Rissler, J., Messing, M. E., Malik, A. L., Nilsson, P. T., Nordin, E. Z., Bohgard, M., Sanati, M. and Pagels, J. H.: Effective
density characterization of soot agglomerates from various sources and comparison to aggregation theory, Aerosol Sci.
Technol., 47(7), 792-805, doi:10.1080/02786826.2013.791381, 2013.

Rissler, J., Nordin, E. Z., Eriksson, A. C., Nilsson, P. T., Frosch, M., Sporre, M. K., Wierzbicka, A., Svenningsson, B.,
Londahl, J., Messing, M. E., Sjogren, S., Hemmingsen, J. G., Loft, S., Pagels, J. H. and Swietlicki, E.: Effective density and
mixing state of aerosol particles in a near-traffic urban environment, Environ. Sci. Technol., 48(11), 6300-6308,
doi:10.1021/es5000353, 2014.

ROnkkO, T., Virtanen, A., Kannosto, J., Keskinen, J., Lappi, M. and Pirjola, L.: Nucleation mode particles with a
nonvolatile core in the exhaust of a heavy duty diesel vehicle, Environ. Sci. Technol., 41(18), 6384-6389, 2007.

Rose, D., Nowak, A., Achtert, P., Wiedensohler, A., Hu, M., Shao, M., Zhang, Y., Andreae, M. O. and Poschl, U.: Cloud
condensation nuclei in polluted air and biomass burning smoke near the mega-city Guangzhou, China - Part 1: Size-resolved
measurements and implications for the modeling of aerosol particle hygroscopicity and CCN activity, Atmos. Chem. Phys.,
10(7), 3365-3383, doi:10.5194/acp-10-3365-2010, 2010.

Rychlik, K. A., Secrest, J. R., Lau, C., Pulczinski, J., Zamora, M. L., Leal, J., Langley, R., Myatt, L. G., Raju, M. and Chang,
R. C.-A.: In utero ultrafine particulate matter exposure causes offspring pulmonary immunosuppression, Proc. Natl. Acad.
Sci., 116(9), 3443-3448, 2019.

Sakamoto, K. M., Laing, J. R., Stevens, R. G., Jaffe, D. A. and Pierce, J. R.: The evolution of biomass-burning aerosol size
distributions due to coagulation: dependence on fire and meteorological details and parameterization, Atmos. Chem. Phys.,
16(12), 77097724, 2016.

Salma, I., Borsos, T., Weidinger, T., Aalto, P., Hussein, T., Dal Maso, M. and Kulmala, M.: Production, growth and
properties of ultrafine atmospheric aerosol particles in an urban environment, Atmos. Chem. Phys., 11(3), 1339-1353,
doi:10.5194/acp-11-1339-2011, 2011.

Salma, L., Borsos, T., Németh, Z., Weidinger, T., Aalto, P. and Kulmala, M.: Comparative study of ultrafine atmospheric
aerosol within a city, Atmos. Environ., 92, 154-161, doi:10.1016/j.atmosenv.2014.04.020, 2014.

See, S. W. and Balasubramanian, R.: Physical characteristics of ultrafine particles emitted from different gas cooking
methods, Aerosol Air Qual. Res., 6(1), 82-92, 2006.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and physics: from air pollution to climate change, John Wiley &
Sons., 2012.

Shen, X., Sun, J., Zhang, X., Zhang, Y., Zhang, L. and Fan, R.: Key features of new particle formation events at background
sites in China and their influence on cloud condensation nuclei, Front. Environ. Sci. Eng., 10(5), 5, 2016a.

Shen, X. J.,, Sun, J. Y., Zhang, X. Y., Zhang, Y. M., Zhang, L., Fan, R. X., Zhang, Z. X., Zhang, X. L., Zhou, H. G. and
Zhou, L. Y.: The influence of emission control on particle number size distribution and new particle formation during
China’s V-Day parade in 2015, Sci. Total Environ., 573, 409-419, 2016b.

Shi, J. P. and Harrison, R. M.: Investigation of ultrafine particle formation during diesel exhaust dilution, Environ. Sci.
Technol., 33(21), 3730-3736, 1999.

Shi, J. P., Khan, A. A. and Harrison, R. M.: Measurements of ultrafine particle concentration and size distribution in the
urban atmosphere, Sci. Total Environ., 235(1-3), 51-64, doi:10.1016/S0048-9697(99)00189-8, 1999.

87



85

90

95

00

05

10

15

20

25

Shi, J. P., Harrison, R. M. and Evans, D.: Comparison of ambient particle surface area measurement by epiphaniometer and
SMPS/APS, Atmos. Environ., 35(35), 61936200, doi:10.1016/S1352-2310(01)00382-X, 2001.

Shiraiwa, M., Ueda, K., Pozzer, A., Lammel, G., Kampf, C. J., Fushimi, A., Enami, S., Arangio, A. M., Frohlich-Nowoisky,
J., Fujitani, Y., Furuyama, A., Lakey, P. S. J., Lelieveld, J., Lucas, K., Morino, Y., Péschl, U., Takahama, S., Takami, A.,
Tong, H., Weber, B., Yoshino, A. and Sato, K.: Aerosol health effects from molecular to global scales, Environ. Sci.
Technol., acs.est.7b04417, doi:10.1021/acs.est.7b04417, 2017.

Sioutas, C., Delfino, R. J. and Singh, M.: Exposure assessment for atmospheric Ultrafine Particles (UFPs) and implications
in epidemiologic research, Environ. Health Perspect., 113(8), 947-955, doi:10.1289/ehp.7939, 2005.

Song, S., Wu, Y., Jiang, J., Yang, L., Cheng, Y. and Hao, J.: Chemical characteristics of size-resolved PM2.5at a roadside
environment in Beijing, China, Environ. Pollut., 161, 215-221, doi:10.1016/j.envpol.2011.10.014, 2012.

Sowlat, M. H., Hasheminassab, S. and Sioutas, C.: Source apportionment of ambient particle number concentrations in
central Los Angeles using positive matrix factorization (PMF)., Atmos. Chem. Phys., 16(7), 2016.

Squizzato, S., Masiol, M., Rich, D. Q. and Hopke, P. K.: A long-term source apportionment of PM2. 5 in New York State
during 2005-2016, Atmos. Environ., 192, 35-47, 2018.

Squizzato, S., Masiol, M., Emami, F., Chalupa, D. C., Utell, M. J., Rich, D. Q. and Hopke, P. K.: Long-term changes of
source apportioned particle number concentrations in a metropolitan area of the northeastern United States, Atmosphere
(Basel)., 10(1), 27, 2019.

Stanier, C. O., Khlystov, A. Y. and Pandis, S. N.: Ambient aerosol size distributions and number concentrations measured
during the Pittsburgh Air Quality Study (PAQS), Atmos. Environ., 38(20), 3275-3284, doi:10.1016/j.atmosenv.2004.03.020,
2004a.

Stanier, C. O., Khlystov, A. Y. and Pandis, S. N.: Nucleation events during the Pittsburgh Air Quality Study: description and
relation to key meteorological, gas phase, and aerosol parameters special issue of acrosol science and technology on findings
from the fine particulate matter supersites program, Aerosol Sci. Technol., 38(S1), 253-264, 2004b.

Sun, J., Birmili, W., Hermann, M., Tuch, T., Weinhold, K., Merkel, M., Rasch, F., Miiller, T., Schladitz, A. and Bastian, S.:
Decreasing trends of particle number and black carbon mass concentrations at 16 observational sites in Germany from 2009
to 2018, Atmos. Chem. Phys., 20(11), 7049-7068, 2020.

Swietlicki, E., Hansson, H. C., Hameri, K., Svenningsson, B., Massling, A., Mcfiggans, G., Mcmurry, P. H., Petdja, T.,
Tunved, P., Gysel, M., Topping, D., Weingartner, E., Baltensperger, U., Rissler, J., Wiedensohler, A. and Kulmala, M.:
Hygroscopic properties of submicrometer atmospheric aerosol particles measured with H-TDMA instruments in various
environments - A review, Tellus, Ser. B Chem. Phys. Meteorol., 60 B(3), 432469, doi:10.1111/j.1600-0889.2008.00350.x,
2008.

Tang, I. N.: Chemical and size effects of hygroscopic aerosols on light scattering coefficients, J. Geophys. Res. Atmos.,
101(D14), 19245-19250, 1996.

Tang, M., Chen, S.-C., Chang, D.-Q., Xie, X., Sun, J. and Pui, D. Y. H.: Filtration efficiency and loading characteristics of
PM2. 5 through composite filter media consisting of commercial HVAC electret media and nanofiber layer, Sep. Purif.
Technol., 198, 137-145, 2018.

Tang, M. J., Thieser, J., Schuster, G. and Crowley, J. N.: Uptake of NO 3 and N 2 O 5 to Saharan dust, ambient urban
aerosol and soot: a relative rate study, Atmos. Chem. Phys., 10(6), 2965-2974, 2010.

Thimmaiah, D., Hovorka, J. and Hopke, P. K.: Source apportionment of winter submicron Prague aerosols from combined
particle number size distribution and gaseous composition data, Aerosol Air Qual. Resarch, 9(2), 209-236, 2009.

Thorpe, A. and Harrison, R. M.: Sources and properties of non-exhaust particulate matter from road traffic: A review, Sci.
Total Environ., 400(1-3), 270-282, doi:10.1016/j.scitotenv.2008.06.007, 2008.

88



30

35

40

45

50

55

60

65

Thunis, P., Degracuwe, B., Pisoni, E., Trombetti, M., Peduzzi, E., Belis, C. A., Wilson, J. and Vignati, E.: Urban PM2.5
atlas - air quality in European cities., 2017.

Timmers, V. R. J. H. and Achten, P. A. J.: Non-exhaust PM emissions from electric vehicles, Atmos. Environ., 134, 10-17,
doi:10.1016/j.atmosenv.2016.03.017, 2016.

Trostl, J., Chuang, W. K., Gordon, H., Heinritzi, M., Yan, C., Molteni, U., Ahlm, L., Frege, C., Bianchi, F. and Wagner, R.:
The role of low-volatility organic compounds in initial particle growth in the atmosphere, Nature, 533(7604), 527, 2016.

Tseng, E., Ho, W.-C., Lin, M.-H., Cheng, T.-J., Chen, P.-C. and Lin, H.-H.: Chronic exposure to particulate matter and risk
of cardiovascular mortality: cohort study from Taiwan, BMC Public Health, 15(1), 936, 2015.

Tsiouri, V., Kakosimos, K. E. and Kumar, P.: Concentrations, sources and exposure risks associated with particulate matter
in the Middle East Area—a review, Air Qual. Atmos. Heal., 8(1), 67-80, doi:10.1007/s11869-014-0277-4, 2015.

Tuch, T. M., Wehner, B., Pitz, M., Cyrys, J., Heinrich, J., Kreyling, W. G., Wichmann, H. E. and Wiedensohler, A.: Long-
term measurements of size-segregated ambient aerosol in two German cities located 100 km apart, Atmos. Environ., 37(33),
4687-4700, doi:10.1016/j.atmosenv.2003.07.010, 2003.

Tuch, T. M., Herbarth, O., Franck, U., Peters, A., Wehner, B., Wiedensohler, A. and Heintzenberg, J.: Weak correlation of
ultrafine aerosol particle concentrations <800 nm between two sites within one city, J. Expo. Sci. Environ. Epidemiol., 16(6),
486-490, doi:10.1038/sj.jes.7500469, 2006.

Tunved, P., Strom, J. and Hansson, H.-C.: An investigation of processes controlling the evolution of the boundary layer
aerosol size distribution properties at the Swedish background station Aspvreten, Atmos. Chem. Phys., 4(11/12), 2581-2592,
2004.

Vikevi, M., Hameri, K., Puhakka, T., Nilsson, E. D., Hohti, H. and Mikeld, J. M.: Effects of meteorological processes on
aerosol particle size distribution in an urban background area, J. Geophys. Res. Atmos., 105(D8), 9807-9821,
doi:10.1029/1999JD901143, 2000.

Valavanidis, A., Fiotakis, K. and Vlachogianni, T.: Airborne particulate matter and human health: Toxicological assessment
and importance of size and composition of particles for oxidative damage and carcinogenic mechanisms, J. Environ. Sci.
Heal. - Part C Environ. Carcinog. Ecotoxicol. Rev., 26(4), 339-362, doi:10.1080/10590500802494538, 2008.

Venecek, M. A., Yu, X. and Kleeman, M. J.: Predicted ultrafine particulate matter source contribution across the continental
United States during summertime air pollution events, Atmos. Chem. Phys., 19(14), 9399-9412, 2019.

Virtanen, A., Ronkkd, T., Kannosto, J., Ristimaki, J., Mékeld, J. M., Keskinen, J., Pakkanen, T., Hillamo, R., Pirjola, L. and
Héameri, K.: Winter and summer time size distributions and densities of traffic-related aerosol particles at a busy highway in
Helsinki, Atmos. Chem. Phys., 6(9), 2411-2421, doi:10.5194/acp-6-2411-2006, 2006.

Virtanen, A., Joutsensaari, J., Koop, T., Kannosto, J., Yli-Pirild, P., Leskinen, J., Mikeld, J. M., Holopainen, J. K., Poschl,
U., Kulmala, M., Worsnop, D. R. and Laaksonen, A.: An amorphous solid state of biogenic secondary organic aerosol
particles, Nature, 467(7317), 824—827, doi:10.1038/nature09455, 2010.

Vu, T. V., Delgado-Saborit, J. M. and Harrison, R. M.: Review: Particle number size distributions from seven major sources
and implications for source apportionment studies, Atmos. Environ., 122, 114-132, doi:10.1016/j.atmosenv.2015.09.027,
2015.

Wahlstrom, J., Séderberg, A., Olander, L., Jansson, A. and Olofsson, U.: A pin-on-disc simulation of airborne wear particles
from disc brakes, Wear, 268(5-6), 763769, 2010.

Wallace, L. A., Emmerich, S. J. and Howard-Reed, C.: Source strengths of ultrafine and fine particles due to cooking with a
gas stove, Environ. Sci. Technol., 38(8), 23042311, 2004.

Walsh, D. C., Stenhouse, J. . T., Scurrah, K. L. and Graef, A.: Effect of solid and liquid aerosol particle loading on fibrous
filter material performance, J. Aerosol Sci., 27(Suppl 1), S617-S618, doi:10.1016/0021-8502(96)00381-3, 1996.

89



70

75

80

85

90

95

00

05

10

Wang, C. Sen and Otani, Y.: Removal of nanoparticles from gas streams by fibrous filters: A review, Ind. Eng. Chem. Res.,
52(1), 5-17, doi:10.1021/i€300574m, 2013.

Wang, J.: Effects of particle size and morphology on filtration of airborne nanoparticles, KONA Powder Part. J., 30(30),
256-266, doi:10.14356/kona.2013024, 2012.

Wang, J., Chen, D. R. and Pui, D. Y. H.: Modeling of filtration efficiency of nanoparticles in standard filter media, in
Nanotechnology and Occupational Health, pp. 109-115, Springer., 2006.

Wang, L., Khalizov, A. F., Zheng, J., Xu, W., Ma, Y., Lal, V. and Zhang, R.: Atmospheric nanoparticles formed from
heterogeneous reactions of organics, Nat. Geosci., 3(4), 238, 2010.

Wang, X., Chen, J., Cheng, T., Zhang, R. and Wang, X.: Particle number concentration, size distribution and chemical
composition during haze and photochemical smog episodes in Shanghai, J. Environ. Sci. (China), 26(9), 1894-1902,
doi:10.1016/j.jes.2014.07.003, 2014.

Wang, Z. B., Hu, M., Sun, J. Y., Wu, Z. J., Yue, D. L., Shen, X. J., Zhang, Y. M., Pei, X. Y., Cheng, Y. F. and
Wiedensohler, A.: Characteristics of regional new particle formation in urban and regional background environments in the
North China Plain, Atmos. Chem. Phys., 13(24), 12495-12506, doi:10.5194/acp-13-12495-2013, 2013a.

Wang, Z. B., Hu, M., Wu, Z. J., Yue, D. L., He, L. Y., Huang, X. F., Liu, X. G. and Wiedensohler, A.: Long-term
measurements of particle number size distributions and the relationships with air mass history and source apportionment in
the summer of Beijing, 2013b.

Watson, J. G., Chow, J. C., Lowenthal, D. H., Stolzenburg, M. R., Kreisberg, N. M. and Hering, S. V.: Particle size
relationships at the Fresno Supersite, J. Air Waste Manag. Assoc., 52(7), 822-827, doi:10.1080/10473289.2002.10470817,
2002.

Wehner, B. and Wiedensohler, A.: Long term measurements of submicrometer urban aerosols: statistical analysis for
correlations with meteorological conditions and trace gases, Atmos. Chem. Phys., 3(3), 867-879, doi:10.5194/acp-3-867-
2003, 2003.

Wehner, B., Birmili, W., Gnauk, T. and Wiedensohler, A.: Particle number size distributions in a street canyon and their
transformation into the urban background: Measurements and a simple model study, Atmos. Environ., 36, 2215-2223,
doi:10.1016/S1352-2310(02)00174-7, 2002.

Webhner, B., Philippin, S., Wiedensohler, A., Scheer, V. and Vogt, R.: Variability of non-volatile fractions of atmospheric
aerosol particles with traffic influence, Atmos. Environ., 38(36), 6081-6090, doi:10.1016/j.atmosenv.2004.08.015, 2004a.

Wehner, B., Wiedensohler, A., Tuch, T. M., Wu, Z. J., Hu, M., Slanina, J. and Kiang, C. S.: Variability of the aerosol
number size distribution in Beijing, China: New particle formation, dust storms, and high continental background, Geophys.
Res. Lett., 31(22), 1-4, doi:10.1029/2004GL021596, 2004b.

Webhner, B., Birmili, W., Ditas, F., Wu, Z., Hu, M., Liu, X., Mao, J., Sugimoto, N. and Wiedensohler, A.: Relationships
between submicrometer particulate air pollution and air mass history in Beijing, China, 2004-2006, 2008.

Weichenthal, S., Bai, L., Hatzopoulou, M., Van Ryswyk, K., Kwong, J. C., Jerrett, M., Van Donkelaar, A., Martin, R. V.,
Burnett, R. T., Lu, H. and Chen, H.: Long-term exposure to ambient ultrafine particles and respiratory disease incidence in in
Toronto, Canada: A cohort study, Environ. Heal. A Glob. Access Sci. Source, 16(1), 1-11, doi:10.1186/s12940-017-0276-7,
2017.

Weingartner, E., Burtscher, H. and Baltensperger, U.: Hygroscopic properties of carbon and diesel soot particles, Atmos.
Environ., 31(15), 2311-2327, 1997.

West, J. J., Cohen, A., Dentener, F., Brunekreef, B., Zhu, T., Armstrong, B., Bell, M. L., Brauer, M., Carmichael, G. and
Costa, D. L.: What we breathe impacts our health: improving understanding of the link between air pollution and health,
2016.

90



20

25

30

35

40

45

50

Wiedensohler, A., Cheng, Y. F., Nowak, A., Wehner, B., Achtelt, P., Berghof, M., Birmili, W., Wu, Z. J., Hu, M., Zhu, T.,
Takegawa, N., Kita, K., Kondo, Y., Lou, S. R., Hofeumahaus, A., Holland, F., Wahner, A., Gunthe, S. S., Rose, D., Su, H.
and Poschl, U.: Rapid aerosol particle growth and increase of cloud condensation nucleus activity by secondary aerosol
formation and condensation: A case study for regional air pollution in northeastern China, J. Geophys. Res. Atmos., 114(8),
1-13, doi:10.1029/2008JD010884, 2009.

Wong, C. M., Lai, H. K., Tsang, H., Thach, T. Q., Thomas, G. N., Lam, K. B. H., Chan, K. P, Yang, L., Lau, A. K. H. and
Ayres, J. G.: Satellite-based estimates of long-term exposure to fine particles and association with mortality in elderly Hong
Kong residents, Environ. Health Perspect., 123(11), 1167-1172, 2015.

Wau, T. and Boor, B.: Urban Aerosol Size Distributions: A Global Perspective - Urban Aerosol Size Distribution Database, ,
doi:doi:/10.4231/MWMS5-JQ30, 2020.

Wu, Z., Hu, M., Lin, P., Liu, S., Wehner, B. and Wiedensohler, A.: Particle number size distribution in the urban atmosphere
of Beijing, China, Atmos. Environ., 42(34), 7967-7980, doi:10.1016/j.atmosenv.2008.06.022, 2008.

Xiao, S., Wang, M. Y., Yao, L., Kulmala, M., Zhou, B., Yang, X., Chen, J. M., Wang, D. F., Fu, Q. Y., Worsnop, D. R. and
Wang, L.: Strong atmospheric new particle formation in winter in urban Shanghai, China, Atmos. Chem. Phys., 15(4), 1769—
1781, doi:10.5194/acp-15-1769-2015, 2015.

Xie, Y., Ye, X., Ma, Z., Tao, Y., Wang, R., Zhang, C., Yang, X., Chen, J. and Chen, H.: Insight into winter haze formation
mechanisms based on aerosol hygroscopicity and effective density measurements, Atmos. Chem. Phys., 17(11), 72777290,
doi:10.5194/acp-17-7277-2017, 2017.

Yang, F., Chen, H., Du, J., Yang, X., Gao, S., Chen, J. and Geng, F.: Evolution of the mixing state of fine aerosols during
haze events in Shanghai, Atmos. Res., 104, 193-201, 2012.

Ye, X., Ma, Z., Hu, D., Yang, X. and Chen, J.: Size-resolved hygroscopicity of submicrometer urban aerosols in Shanghai
during wintertime, Atmos. Res., 99(2), 353-364, doi:10.1016/j.atmosres.2010.11.008, 2011.

Yin, Z., Ye, X., Jiang, S., Tao, Y., Shi, Y., Yang, X. and Chen, J.: Size-resolved effective density of urban aerosols in
Shanghai, Atmos. Environ., 100, 133-140, doi:10.1016/j.atmosenv.2014.10.055, 2015.

Yu, F., Wang, Q., Yan, Q., Jiang, N., Wei, J., Wei, Z. and Yin, S.: Particle size distribution, chemical composition and
meteorological factor analysis: A case study during wintertime snow cover in Zhengzhou, China, Atmos. Res.,
202(November 2017), 140147, doi:10.1016/j.atmosres.2017.11.016, 2018.

Yue, D., Hu, M., Wu, Z., Wang, Z., Guo, S., Wehner, B., Nowak, A., Achtert, P., Wiedensohler, A., Jung, J., Kim, Y. J. and
Liu, S.: Characteristics of aerosol size distributions and new particle formation in the summer in Beijing, J. Geophys. Res.
Atmos., 114(14), 1-13, doi:10.1029/2008JD010894, 2009.

Yue, D. L., Hu, M., Wu, Z. J., Guo, S., Wen, M. T., Nowak, A., Wehner, B., Wiedensohler, A., Takegawa, N., Kondo, Y.,
Wang, X. S., Li, Y. P., Zeng, L. M. and Zhang, Y. H.: Variation of particle number size distributions and chemical
compositions at the urban and downwind regional sites in the Pearl River Delta during summertime pollution episodes,
Atmos. Chem. Phys., 10(19), 9431-9439, doi:10.5194/acp-10-9431-2010, 2010.

Yue, D. L., Hu, M., Wang, Z. B., Wen, M. T., Guo, S., Zhong, L. J., Wiedensohler, A. and Zhang, Y. H.: Comparison of
particle number size distributions and new particle formation between the urban and rural sites in the PRD region, China,
Atmos. Environ., 76, 181-188, doi:10.1016/j.atmosenv.2012.11.018, 2013.

Yue, W., Stolzel, M., Cyrys, J., Pitz, M., Heinrich, J., Kreyling, W. G., Wichmann, H. E., Peters, A., Wang, S. and Hopke, P.
K.: Source apportionment of ambient fine particle size distribution using positive matrix factorization in Erfurt, Germany,
Sci. Total Environ., 398(1-3), 133-144, doi:10.1016/j.scitotenv.2008.02.049, 2008.

Zelenyuk, A., Yang, J., Song, C., Zaveri, R. A. and Imre, D.: A new real-time method for determining particles” sphericity
and density: application to secondary organic aerosol formed by ozonolysis of a-pinene, Environ. Sci. Technol., 42(21),
8033-8038, 2008.

91



55

60

65

70

75

Zhang, H., Hu, D., Chen, J., Ye, X., Wang, S. X., Hao, J. M., Wang, L., Zhang, R. and An, Z.: Particle size distribution and
polycyclic aromatic hydrocarbons emissions from agricultural crop residue burning, Environ. Sci. Technol., 45(13), 5477—
5482, 2011.

Zhang, K., O’Donnell, D., Kazil, J., Stier, P., Kinne, S., Lohmann, U., Ferrachat, S., Croft, B., Quaas, J. and Wan, H.: The
global aerosol-climate model ECHAM-HAM, version 2: sensitivity to improvements in process representations, Atmos.
Chem. Phys., 12, 8911-8949, 2012.

Zhang, K. M., Wexler, A. S., Zhu, Y. F., Hinds, W. C. and Sioutas, C.: Evolution of particle number distribution near
roadways. Part II: the ‘Road-to-Ambient’process, Atmos. Environ., 38(38), 6655-6665, 2004.

Zhang, Q., Ning, Z., Shen, Z., Li, G., Zhang, J., Lei, Y., Xu, H., Sun, J., Zhang, L., Westerdahl, D., Gali, N. K. and Gong,
X.: Variations of aerosol size distribution, chemical composition and optical properties from roadside to ambient
environment: A case study in Hong Kong, China, Atmos. Environ., 166, 234-243, doi:10.1016/j.atmosenv.2017.07.030,
2017.

Zhang, Q., Zheng, Y., Tong, D., Shao, M., Wang, S., Zhang, Y., Xu, X., Wang, J., He, H. and Liu, W.: Drivers of improved
PM2. 5 air quality in China from 2013 to 2017, Proc. Natl. Acad. Sci., 116(49), 24463-24469, 2019.

Zhang, W., Zhuang, G., Guo, J., Xu, D., Wang, W., Baumgardner, D., Wu, Z. and Yang, W.: Sources of aerosol as
determined from elemental composition and size distributions in Beijing, Atmos. Res., 95(2-3), 197-209, 2010.

Zheng, X., Liu, X., Zhao, F., Duan, F., Yu, T. and Cachier, H.: Seasonal characteristics of biomass burning contribution to
Beijing aerosol, Sci. China Ser. B Chem., 48(5), 481-488, 2005.

Zhu, Y., Hinds, W. C., Kim, S. and Sioutas, C.: Concentration and size distribution of ultrafine particles near a major
highway, J. Air Waste Manag. Assoc., 52(9), 1032-1042, doi:10.1080/10473289.2002.10470842, 2002a.

Zhu, Y., Hinds, W. C., Kim, S., Shen, S. and Sioutas, C.: Study of ultrafine particles near a major highway with heavy-duty
diesel traffic, Atmos. Environ., 36(27), 4323-4335, 2002b.

Zwozdziak, A., Gini, M. L., Samek, L., Rogula-Kozlowska, W., Sowka, I. and Eleftheriadis, K.: Implications of the acrosol
size distribution modal structure of trace and major elements on human exposure, inhaled dose and relevance to the PM2. 5
and PM10 metrics in a European pollution hotspot urban area, J. Aerosol Sci., 103, 38-52, 2017.

92



| Page 44: [1] Deleted Tianren Wu 11/3/20 4:12:00 PM |

A\

‘ Page 72: [2] Deleted Tianren Wu 6/29/20 11:45:00 AM |

A




