
 1 

Journal: Atmospheric Chemistry and Physics 1 

MS Title: Urban Aerosol Size Distributions: A Global Perspective 2 

MS Authors: Tianren Wu and Brandon E. Boor 3 

MS No.: acp-2020-92 4 

MS Type: Review Article 5 

We would like to thank the two reviewers for their insightful comments and helpful feedback.  We have revised our manuscript, 6 
as outlined below. Comments from the reviewers are in italic black font. Our responses are in normal black font.  Revised text 7 
are in normal red font.  Revised figures and tables are included.  8 

Response to Anonymous Referee #1 9 

This paper presents a compilation of observed particle size distributions in urban environments for many locations around the 10 
globe from the existing literature over the last 20 years. An important contribution of this paper is that the authors unified the 11 
many size distributions measured by different instruments to mobility diameter-based size distribution and fitted lognormal 12 
functions, providing the lognormal function parameters to be used for future studies. The paper also evaluates the implications 13 
for human inhalation exposure. 14 

I think this paper will be a very useful reference for the community, since aerosol size distributions are so fundamental to the 15 
many science questions. To my knowledge, a compilation like this does not exist yet, so this paper fills an important gap. I 16 
commend the authors for their work and recommend publication after the following comments are addressed: 17 

Major comments: 1.The analysis focuses on the spatial variation, but since the data includes measurements over 20 years, 18 
there is temporal variation as well (i.e. particle numbers have decreased over the years in certain areas and increased in 19 
others, plus there are seasonal variations within a year as well). In other words, it is reasonable to assume that there is a lot 20 
of temporal variation within the data from a single site on various time scales. The paper doesn’t mention these issues at all, 21 
but it needs to be discussed. 22 

Response: We agree that temporal variations exist for the data collected from a single site.  Section 8.5 Temporal variations 23 
of urban aerosol PSDs has been added to discuss this in detail: 24 

‘8.5 Temporal variations of urban aerosol PSDs 25 

Since the PSD observations collected in this study span over 20 years, temporal variations are expected for the PSDs measured 26 
at the same sampling site, although the analysis of this study focuses on the geographical variations.  The temporal variations 27 
may exist on different time scales, from short-term hourly variations to long-term yearly changes.  The diurnal, weekly and 28 
seasonal variations in urban aerosol number PSDs, due to the changes in meteorological conditions and emission sources,  29 
have been discussed in many studies (Babu et al., 2016; Baxla et al., 2009; Gómez-Moreno et al., 2011; Hussein et al., 2004; 30 
Kanawade et al., 2014; Ketzel et al., 2003, 2004; Kim et al., 2002; Mönkkönen et al., 2005; Peng et al., 2014; Salma et al., 31 
2011, 2014; Sowlat et al., 2016; Stanier et al., 2004a; Wang et al., 2014, 2013b; Wehner et al., 2004a, 2008; Wehner and 32 
Wiedensohler, 2003; Wiedensohler et al., 2009; Wu et al., 2008; Yue et al., 2013, 2008; Zhang et al., 2017).   33 
 34 
In addition, long-term trends in the urban aerosol number PSDs, UFP concentrations, and size-integrated metrics (e.g. PM2.5, 35 
PM10) were reported in several studies, and they have been associated with changes in economic conditions and emission 36 
sources, adaption of control strategies, and implementation of regulations.  The long-term measurements of urban aerosol 37 
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PSDs and gaseous pollutants at Rochester, NY showed significant emission reductions in PM2.5, UFP concentrations, and 38 
major gaseous pollutants (e.g. SO2, NOx, CO) over the last two decades (Masiol et al., 2018; Squizzato et al., 2018, 2019).  A 39 
downward trend in particle number concentrations was observed from 2005 to 2011 and it was attributed to reductions in fuel 40 
sulfur content and economic conditions.  The annual decrease was estimated to be -323 particles/cm3/year, with the main 41 
contribution from the particles in the range of 11-50 nm.  Subsequently, a small upward trend in particle number concentrations 42 
was observed between 2011 and 2017 due to the increase of vehicular traffic.  A decrease in secondary sulfate and nitrate in 43 
PM2.5 was observed from 2005-2016, likely due to the implementation of mitigation measures, closure of coal-fired power 44 
plants, and improvements of the fuel quality (Masiol et al., 2019; Squizzato et al., 2018).  Long-term measurements over the 45 
last two decades in Australia showed slight declines in PM2.5 and PM10 due to the effectiveness of emission reduction policies 46 
for vehicle emissions and power generations (de Jesus et al., 2020).  Long-term measurements by German Ultrafine Aerosol 47 
Network present statistically significant decreasing trends of particle number concentration and equivalent black carbon in 48 
urban sites in Germany, which are mainly resulted from the mitigation policies for road transport and residential emissions 49 
(Sun et al., 2020).  With the air pollution prevention and control action plan in Beijing, its annual PM2.5 decreased from ~90 50 
μg m-3 in 2013 to ~60 μg m-3 in 2017 (Cheng et al., 2019; Zhang et al., 2019).  The analysis showed that coal-fired boiler 51 
control, clean fuels in the residential sector, and optimize industrial structure were the most effective strategies for emission 52 
reduction and pollution control.  An important implication from these long-term monitors is that the combination of emission 53 
policies and mitigation techniques can effectively reduce aerosol concentrations and improve the urban air quality.’ 54 
 55 
2. Another question is how representative the compiled observations are for urban environments in the different regions. One 56 
way to check this (at least for the US region) would be to construct a histogram of PM2.5 concentrations from the studies 57 
included here and compare these to EPA long term data. 58 

Response: The length of the measurements may somehow indicate how representative the PSDs are.  Some of the long-term 59 
PSD observations collected in this study may be representative of a given urban environment.  However, we would like to 60 
carefully present the observations we collected and discuss them as aggregates, but not to conclude any representative or 61 
characteristic urban PSDs in a given city or geographical region, as we understand the profile and magnitude of PSDs could 62 
be site-specific, even within the same city.  In addition, the urban PSDs at a given sampling site exhibit temporal variations 63 
across varying time scales.  By nature, it is difficult to use a single PSD to represent a city or geographical region.  To more 64 
confidently identify the characteristic PSDs in urban environments, long-term and high spatial-resolution measurements are 65 
needed, as we discussed in the last section of the paper.  66 

Figure 7 was added to compare the PM2.5 derived from the PSDs collected in this study with those measured by local 67 
monitoring stations in the same city over the same sampling periods. 68 
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 69 
aPSDs from Ding et al. (2017), PM2.5 from Shanghai Environment Monitoring Center at Hongkou Liangcheng Station, 70 
including four different sampling periods. 71 
bPSDs from Cabada et al. (2004), PM2.5 from EPA monitoring station (42-003-0021), including four different sampling 72 
periods. 73 
cPSD from Watson et al. (2002), PM2.5 from EPA monitoring station (06-019-0008). 74 
dPSDs from Harrison et al. (2012), PM2.5 from UK Automatic Urban and Rural Monitoring Network at London Marylebone 75 
Road.  Three PSDs were measured at three different sampling sites over the same period. 76 
Figure 7. Comparison of the PM2.5 derived from the PSDs collected in this study (blue circular markers) with those measured 77 
by local monitoring stations in the same city over the same sampling periods (green diamond markers and error bars).  The 78 
green diamond markers represent the mean values of the PM2.5 from local sampling stations over the sampling period of the 79 
corresponding PSD and the error bars represent the standard deviations. 80 
 81 

The following discussions were added to Section 4.1.5: 82 

‘To validate the PSDs compiled in this study, we selected several cities to compare the PM2.5 derived from the compiled PSDs 83 
(Fig.7; blue circular markers) with those measured by local monitoring stations over the same sampling periods (green diamond 84 
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markers and error bars).  The green diamond markers in Fig. 7 represent the mean values of the PM2.5 from local sampling 85 
stations measured over the sampling period of the corresponding PSD and the error bars represent the standard deviations.  86 
The blue circular markers represent the derived PM2.5 from mass PSDs.  The PSDs from four studies (Cabada et al., 2004; 87 
Ding et al., 2017; Harrison et al., 2012; Watson et al., 2002) were selected since long-term PM2.5 data from a monitoring station 88 
near the PSD sampling site are available.  The PM2.5 derived from the PSDs exhibit a good agreement with those measured at 89 
local sampling stations, indicating the validity of the collected PSDs.  Small discrepancies exist due to the difference in 90 
sampling locations between the PSD and local PM2.5 measurements.’ 91 

3. Rearrange figures so that they are referenced in sequential order. For example, Figure 9 is referred to as the first figure in 92 
the paper, which is strange. This happens because the method description is separated out from the results, which is the usual 93 
way of structuring a manuscript. However, in this case, I think it would work to have one section (Section 3) about the 94 
“Geographical trends in size-resolved urban aerosol effective densities” which would include the methods and the results. 95 
Similar for the other topics covered. This would make the paper more cohesive and easier to read. 96 

Response: The order of figures has been rearranged.  The results and discussions of the urban aerosol effective densities have 97 
been move to Section 3.7. 98 

‘3.7 Summary of size-resolved urban aerosol effective densities 99 

The size-resolved ρeff functions for Groups A, B, and C are illustrated in Fig. 2.  The blue lines indicate the mean ρeff values 100 
derived from direct measurements of ρeff, such as through evaluation of the mass-mobility relationship of an aerosol population. 101 
The grey areas represent the maximum and minimum values of the directly measured ρeff for each group.  The associated 102 
measurement techniques for ρeff are noted.  The directly measured ρeff in Groups A and B, both of which are in the ‘urban’ 103 
environment, present similar values and do not show much variation among the different studies conducted in China and the 104 
United States (Table 2).  Furthermore, across the size range covered by direct ρeff measurements in Groups A and B, there is 105 
no clear size-dependency of ρeff, in part because organics and secondary inorganic ions are dominant in this size range. 106 
 107 
The directly measured ρeff values collected from cities in the United States (Group B) are between 1.1 to 1.6 g cm-3, while 108 
those measured in China (Group A) are slightly greater, with values between 1.3 to 1.9 g cm-3, possibly due to a greater 109 
abundance of secondary inorganic species.  The directly measured ρeff in the ‘traffic’ environment (Group C) presents a 110 
decreasing trend with the increase in particle size for 50 nm < Dem < 400 nm.  This is largely due to primary emissions of soot 111 
particles from vehicle exhaust, which typically adopt a loose, chain-like agglomerated morphology with a fractal dimension 112 
(mass-mobility exponent) less than 3 (Barone et al., 2011; Pagels et al., 2009; Rawat et al., 2016; Rissler et al., 2013, 2014).  113 
Numerous studies have revealed the decrease of ρeff with the increase in particle size for vehicle exhaust aerosol (Barone et al., 114 
2011; Maricq et al., 2000; Olfert et al., 2007; Park et al., 2003; Rissler et al., 2013; Virtanen et al., 2006).  For size ranges 115 
where direct measurement of ρeff are unavailable, various assumptions were made to estimate a range of ρeff values, as discussed 116 
in Sect. 3.  The light blue, yellow, and light green areas in Fig. 2 represent the range of possible ρeff values for the three size 117 
fractions, and the red lines represent the mean values.  The light green area in the coarse regime shows estimated ρeff values 118 
derived from a combination of different χ and ρp (e.g. Fig. 1), which take a variety of particle morphologies and chemical 119 
compositions into consideration.  The wide variation in ρeff for coarse mode particles has important implications for estimating 120 
urban aerosol mass PSDs from number PSDs measured via commonly deployed instruments (e.g. APS, OPS, OPC). 121 
 122 
ρeff is dependent on the chemical composition and morphological features (χ and ρp) of an urban aerosol population.  Typically, 123 
direct ρeff measurements are conducted between Dem = 30 to 400 nm.  Particles in this size range often consist of organics, 124 
secondary inorganic material, and black carbon.  As discussed in Sect. 3.5, studies have found SOA to have ρeff values between 125 
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1 to 1.65 g cm-3 and secondary inorganic material, such as H2SO4, (NH4)2SO4, and NH4NO3 to have ρeff values between 1.7 126 
and 1.83 g cm-3 (Kostenidou et al., 2007; Lide, 2005; Malloy et al., 2009; Mikhailov et al., 2013; Nakao et al., 2013; Neusüß 127 
et al., 2002; Tang, 1996; Xiao et al., 2015; Zelenyuk et al., 2008).  The ρeff of soot particles can fall below 1 g cm-3, with a 128 
decreasing trend with the increase in particle size.  The relative fraction of various species in an urban air mass, such as organics, 129 
secondary inorganic materials, and loosely agglomerated soot particles, among others, will determine the size dependency of 130 
the ρeff for the externally and internally mixed aerosol population.  For example, previous direct ρeff measurements conducted 131 
in Los Angeles, Copenhagen, and Beijing found ρeff to be inversely proportional to particle size when the fraction of soot 132 
particles from vehicle emissions were relatively abundant due to elevated traffic intensity (Geller et al., 2006; Rissler et al., 133 
2014; Qiao et al., 2018).  Conversely, a study in Shanghai observed an increase in ρeff with particle size (Table 2), which was 134 
attributed to an abundance of hygroscopic species, such as (NH4)2SO4 and NH4NO3 (Ye et al., 2011; Yin et al., 2015). 135 
 136 
Urban aerosol ρeff is expected to be temporally variant at a given sampling location due to the transient nature of emission 137 
sources.  For example, in the urban environment, diurnal patterns in traffic density can drive time-dependent shifts in ρeff as 138 
the relative fraction of soot particles changes throughout the day.  A low fraction of soot particles was observed in Copenhagen 139 
during the nighttime due to the low traffic density (Rissler et al., 2014).  Two minima in ρeff were found in Houston in the 140 
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 141 
(Levy et al., 2013).  In Beijing, one study found ρeff to decrease during the nighttime due to an increase in the abundance of 142 
soot particles (Hu et al., 2012).  This temporal shift in the urban aerosol ρeff was found to be due to the emissions of heavy 143 
trucks, which are only allowed to enter the fifth ring road in Beijing during the night, as well as more intense coal burning for 144 
domestic heating in the night during the heating season.  145 
 146 
Urban aerosol ρeff is also influenced by air pollution events and air mass origins.  Direct ρeff measurements in Beijing observed 147 
higher ρeff values during clean air quality episodes compared to polluted air quality episodes (Hu et al., 2012).  This finding 148 
was attributed to the greater relative fraction of mineral dust during the clean episodes and abundance of organics and 149 
secondary inorganic ions in the particle-phase during the polluted episodes (Hu et al., 2012).  The ρeff can shift during 150 
atmospheric NPF events, depending on the dominant condensable vapor during the particle growth period.  Qiao et al. (2018) 151 
found ρeff to decrease during a NPF event in Beijing, indicating that the condensable vapors were dominated by organics, which 152 
corresponded to the increase in the fraction of organic material in sub-micron particle mass concentrations.  In contrast, ρeff 153 
measurements in Shanghai observed an increase in ρeff during NPF events, suggesting that relatively heavier secondary 154 
inorganic materials were the primary driver for particle condensational growth (Xie et al., 2017; Yin et al., 2015).  Wind 155 
direction can affect ρeff by changing the air mass origin.  Direct ρeff measurements in a street canyon in central Copenhagen 156 
showed higher fractions of dense mode particles when the air mass traveled over more polluted regions than when the air mass 157 
come from clean sea/ocean areas (Rissler et al., 2014). 158 
 159 
While the studies summarized in Fig. 2 and Table 2 provide valuable insights into variations of ρeff with particle size, 160 
geographical location, and intra-city environments (urban vs. traffic), more measurements are clearly needed in many cities 161 
around the world to develop a more comprehensive understanding of the nature of urban aerosol morphology and the factors 162 
that drive changes in size-resolved ρeff.  In particular, direct ρeff measurements are needed in the accumulation and coarse modes 163 
given the variability identified in this study and the contribution of both modes to urban aerosol mass PSDs (Sect. 8).  Doing 164 
so will provide a basis to better translate measured number PSDs to mass PSDs and Da-based PSDs to Dem-based PSDs.’ 165 
 166 
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Minor comments: 1. Introduction: Mention the relevance of particle size for aerosol climate impacts. As global and regional 167 
climate models move to higher and higher spatial resolution, a compilation of size distributions in urban areas such as 168 
presented in this paper will be very useful. 169 

Response: The following texts have been added to Introduction:  170 

‘In addition, the measurement of aerosol PSD is important for evaluating the global climate change, since aerosol size strongly 171 
affects the interaction of aerosols with radiation and its ability to form fog and cloud droplets (Mahowald, 2011; Seinfeld and 172 
Pandis, 2012; Zhang et al., 2012).’ ‘As the climate models have been improved significantly in terms of spatial resolution, a 173 
compilation of urban PSDs can also serve as useful inputs for models to estimate the direct and indirect influence of aerosol 174 
on regional and global climates.’ 175 

2. A list of symbols and abbreviations would be helpful. 176 

Response: A list of symbols and abbreviations has been added to Appendix A. 177 

Appendix A: List of symbols and abbreviations. 178 
Table A1. List of symbols and abbreviations. 179 

AF Africa Dem Electrical mobility diameter 
APM Aerosol particle mass analyzer Da Aerodynamic diameter 
APS Aerodynamic Particle Sizer Dop Optical diameter 
CC City center Dve Volume equivalent diamter 
CMD Count median diameter ρeff Aerosol effective density 
CSSA Central, South, and Southeast Asia ρp Aerosol particle density 
DMA Differential mobility analyzer χ Dynamic shape factor 
EA East Asia mp Particle mass 
ELVOC Extremely low volatility organic compound Vp Particle volume 
EU Europe Cc Cunningham slip correction factore 
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 σi Geometric standard deviation for mode i 
LT Long term (>6 months) Vi Particle volume concentration for mode i 
MERV Minimum efficiency reporting value Mi Particle mass concentration for mode i 
MOUDI Micro-orifice uniform deposit impactor VT 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 
  

PMX Integrated mass concentration for particles 
smaller than X μm 

  

PSD Particle size distribution   
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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   

 180 

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 181 
be good to get this out of the way here. 182 

Response: The following texts have been added to Section 3.1:  183 

‘For a spherical particle, 𝜒 equals to 1; Dem equals to Dve; and ρeff equals to ρp.  For particles with irregular shapes, 𝜒 is greater 184 
than 1; Dem is greater than Dve; and ρeff is less than ρp.’.   185 

The texts originally in Section 3.5 have been moved to Section 3.1:  186 

‘For coarse mode particles, the value of $!(&"#)
$$(&#%)

 is approximately unity, such that the Cunningham slip correction factors in Eq. 187 

(4) can be reasonably neglected.  Therefore, Eq. (4) becomes	𝐷() = 𝐷*(χ.  Plugging this into Eq. (1), we arrive at Eq. (5): 188 

𝜌(++ =
,)&

-.'&"#'
 ,           (5) 189 

Combining Eq. (3) and (5), we can derive Eq. (6), which describes the relationship between ρeff, ρp, and χ for coarse mode 190 
particles (an example is given in Fig. 2): 191 

𝜌(++ =
/&
.'

,    (6)’.  192 

4. p. 7, l. 12: The shape parameter is usually not used to characterize soot, but rather fractal dimension. 193 

Response: The sentence about soot particles has been removed. 194 

Soot particles typically exist as porous agglomerates, however, they can transform to spheres over several hours by 195 
condensation of H2SO4 (Happonen et al., 2010; Pagels et al., 2009; Rissler et al., 2013, 2014). 196 

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 197 
the accumulation mode. 198 

Response: The sentence has been modified to:  199 

‘The complicated mixing state of urban aerosols introduces additional uncertainties in estimating the ρeff for both accumulation 200 
and coarse mode particles’. 201 
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6. p. 7, l. 16: Avoid starting a sentence with a mathematical symbol. (This happens several times throughout the manuscript). 202 

Response: This issue has been corrected for the manuscript.  203 

7. p. 9, l. 72: Notation: Is log referring to log10 or natural log? 204 

Response: ‘logarithm base 10’ has been added. 205 

‘The extracted measured data for these PSDs were fit to the multi-modal lognormal distribution function (dN/dLogDp, cm-3, 206 
Eq. 7; logarithm base 10) by using a lognormal fitting code in MATLAB based on the nonlinear least-squares curve fitting 207 
function’ 208 

8. p. 9, equation (7): Determining the number of modes to achieve best fit – how many modes are usually needed to achieve 209 
best fit? (i.e. is it mostly 3 modes or are sometimes more needed?) 210 

Response: For number PSDs, two or three modes can achieve the best fit.   211 

‘Two or three modes can achieve the best fit.’ 212 

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 213 
sometimes it requires four modes.   214 

‘Typically three modes are enough to achieve the best fit, but sometimes four modes are needed.’   215 

‘For the volume and mass PSDs measured by inertial impactors, typically three modes can achieve the best fit, but sometimes 216 
they need four modes.’ 217 

9. Figure 1: Include abbreviation of different regions from the legend in the figure caption. 218 

Response: The name and abbreviation of geographical regions have been added to the figure caption. 219 

Figure 10. Temporal and geographical distribution by year of the urban PSD references analyzed in this study (1998-2017).  220 
The geographical regions include North America, Australia, and New Zealand (NAAN), Europe (EU), East Asia (EA), Central, 221 
South, and Southeast Asia (CSSA), Latin America (LA), West Asia (WA), and Africa (AF). 222 
 223 
10. Tables 1 & 2: Include sampling frequency for the various studies or any information if the size distribution is an 224 
instantaneous snapshot or the result of a time-average. 225 

Response: Given the great uncertainty of instantaneous snapshots, the PSDs and size-resolved ρeff collected in this study are 226 
all time-average results over a given sampling period.  They were all collected from peer-review journal articles in the form 227 
of figures or fitting parameters.  The sampling duration for individual PSD has been listed in the SI. 228 

The following two sentences have been added to Section 2 and Section 3.2:  229 

‘All the PSDs are the results of a time-average over certain sampling periods’; ‘All the results are the averages over given 230 
sampling periods’.   231 

11. Figure 5: Considering that the Aitken mode is only incompletely captured, the fit is doing some extrapolation. 232 
Mathematically, this is fine, but given that there is some noise, the fitted size distribution parameters could be way off. How 233 
reliable is the fit in such a case? 234 
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Response: The following texts were added to Section 4.2:  235 

‘The size range over which the fitting is effective is listed in each fitted PSD.  To reproduce the urban aerosol PSDs by using 236 
the fitting parameters, the size range of PSDs should not exceed the listed effective size range.  The fitted size range was not 237 
necessarily equivalent to the size range of the measurement.’ 238 

The effective size range was defined as the range where the fitted curve visually matches the extracted PSD data points.  The 239 
effective size range can never exceed the original measurement size range, which avoids extrapolation.   240 

Figure 5 shows the measurement spanning from the accumulation and coarse modes.  The listed effective size range for fitting 241 
is 660-10000 nm.  Therefore it will not be extrapolated to Aitken or nucleation mode when being reproduced.  242 

12. p. 17, l. 10: It would be helpful to include some references to papers where the issues mentioned here are considered and 243 
also give the reader some context about how important these issues might be. 244 

Response: Several references have been added. 245 

‘Penetrated urban aerosol PSDs were determined for filters with the Minimum Efficiency Reporting Value (MERV) rating of 246 
8 and 14.  Size-resolved filtration efficiencies for the MERV 8 and 14 filters were estimated from Hecker and Hofacre (2008), 247 
as illustrated in Fig. 9.  The impact of aerosol hygroscopicity and electrostatic charge, filter ageing, filter bypass, and ventilation 248 
airflow parameters (e.g. face velocity) on changes in the size-resolved filtration efficiency were not considered (Chang et al., 249 
2016; Montgomery et al., 2015; Podgorski et al., 2006; Wang and Otani, 2013; Wang et al., 2006).  The transformation of the 250 
urban aerosol PSD due to penetration through the building envelope (e.g. infiltration) was not evaluated.’    251 
 252 
13. Figure 17: Are the PSD assigned to UB and to TR significantly different (in a technical sense)? In other words, does the 253 
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 254 
in terms of shape emerge (=size distribution regimes), and if they tend to include size distributions from the same geographical 255 
region? Given the many factors that influence the shape of size distributions (as mentioned on p. 23), I question if the a priori 256 
separation into geographical regions is the best way to look at the data. 257 

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 258 
worth it to discuss since traffic emission is an important pollution source in urban environments, and it is the main source of 259 
UFPs in high-isolation developed world cities (Brines et al., 2015).  The evolution of the PSDs of traffic-related emissions has 260 
been discussed in many papers, and it is worthwhile to summarize in this section.   261 

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 262 
the difference between the two sites: mean CMD and fraction of the particles < 20 nm in total number concentration.  The 263 
following text has been modified: 264 

‘UB measurements are typically dominated by Aitken mode particles, with peaks ranging from Dem = 20 to 90 nm, with the 265 
mean CMD of 45 nm.  In contrast, many of the TR measurements exhibit prominent nucleation modes with peaks falling 266 
below Dem = 30 nm, and in some cases, below Dem = 10 nm, with the mean CMD of 33 nm.  The mean concentration fraction 267 
of the particles smaller than 20 nm is 35% and 19% for the PSDs measured at TR and UB sites, respectively.’ 268 

We think the geographical separation provides a novel perspective to analyze the data.  We would not like to conclude that the 269 
geographical separation is the best way to look at the PSDs we collected, but we would like to present the results and differences 270 
we found, and provide possible explanations.   271 
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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 272 
formulated and presented. To better gauge the differences in particle exposure for different regions, I recommend introducing 273 
a couple of integrated metrics, e.g. number concentrations of particles smaller than 100 nm/1 micron etc. 274 

Response: Size-integrated metrics on aerosol inhalation exposure and penetrated urban aerosol through an air filter have been 275 
added (Figures 24 & 27).  The metrics include mean size-integrated RTDDRN (10-100 nm) and RTDDRM (100-2500 nm) in 276 
the respiratory tract and mean size-integrated number concentration (10-100 nm) of penetrated urban aerosol through a MERV 277 
filter in different geographical regions.  The discussions were also added to the two sections: 278 

‘The size-integrated metrics were utilized to better illustrate the difference in aerosol inhalation exposure in different 279 
geographical regions.  The mean size-integrated (10-100 nm) RTDDRN (Fig. 24, left) shows the highest value in CSSA, 280 
following by EA, EU, NAAN, and LA.  The mean size-integrated (100-2500 nm) RTDDRM (Fig. 24, right) also shows the 281 
highest value in CSSA, which is twice higher than the second highest in EA and third highest in WA.  This is attributable to 282 
the abundant accumulation mode particles in CSSA due to strong air pollutions.  EU and NAAN present much lower values 283 
due to the better urban air quality.’ 284 
 285 
‘Fig. 27 shows the mean size-integrated number concentration (10-100 nm) of urban aerosol that penetrates through a MERV 286 
8 (left) and MERV 14 (right) in different regions.  This metric reflects the impact of geographical variations in urban PSDs on 287 
indoor air quality.  For both grades of filters, the poor urban air quality in CSSA results in the highest penetrated aerosol 288 
concentration, following by EA, EU, NAAN, and LA.’   289 
 290 
15. Data availability statement: Suggest posting an electronic version of the supplement to some databank (with doi) so that 291 
it can be easily used by the community for future studies. 292 

Response: The Supplement has been uploaded to the Purdue University Research Repository (PURR) DOI: 10.4231/MWM5-293 
JQ30. 294 

Additional changes: 295 

1. The table of “List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city” has 296 
been corrected. 297 

Table 1. List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city. 298 
 299 

Region Country City 

Africa (n=29） 

Botswana (3) Gaborone (3) 
Cape Verde (1) Praia City (1) 
Egypt (12) Cairo (12) 
Kenya (1) Nairobi (1) 
Mali (1) Bamako (1) 
Senegal (1) Dakar (1) 

South Africa (6) 
Johannesburg (2) 
Pretoria (4) 

Zambia (4) Mongu (4) 
India (48) Durg (4) 
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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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Stockholm (8) 
Moldova (1) Chisinau (1) 

Latin America 
(n=48) 

Brazil (38) 
Porto Alegre (3) 
São Paulo (35) 

Chile (6) Santiago (6) 
Mexico (3) Mexico City (3) 
Cuba (1) Camagüey (1) 

North America, 
Australia and 
New Zealand 
(n=134) 

Australia (10) 
Brisbane (2) 
Launceston (7) 
Wollongong (1) 

New Zealand (8) Auckland (8) 

Canada (15) 
Hamilton (2) 
Toronto (13) 

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) 

 300 
 301 

2. A paragraph of discussion on the influence of environmental factors in different geographical locations on filter performance 302 
has been added to Section 10. 303 

‘In addition, different geographical locations may result in different environmental factors, which can influence the 304 
performance of a filter. For example, the dendrites of the deposited particles may experience more frequent collapse in 305 



 14 

geographical regions with annual rainy seasons when the relative humidity increases significantly. The dendrites may 306 
restructure to adopt a compact morphology under elevated humidity due to the capillary effect of condensed water, which will 307 
lower the filtration efficiency and pressure drop across the filter (Pei et al., 2019). In addition, the hygroscopic content of the 308 
dendrites may transition to form a liquid film on the filter fiber, and decrease the filtration efficiency before eventually reaching 309 
an equilibrium (Li et al., 2014; Walsh et al., 1996). This is attributes to the low viscosity of the liquid film, which allows the 310 
liquid particles to coalesce, relocate, and drain along the filter fiber.’ 311 
 312 

3. Errors in some figures have been corrected.  Order of the figures has been rearranged. 313 

 314 
Figure 1. Effective densities (ρeff) as derived from different values of dynamic shape factors (χ) and particle densities (ρp), 315 
assuming the value of $!(&"#)

$$(&#%)
 is approximately unity for coarse particles. 316 
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 317 
 318 

 319 
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 320 
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 321 
Figure 2. Size-resolved urban aerosol effective density functions (ρeff) for Group A (‘urban’; obtained from measurements in 322 
China), Group B (‘urban’; obtained from measurements in the United States), and Group C (‘traffic’; obtained from 323 
measurements in the United States, Finland, and Denmark).  Details of the ρeff measurements are summarized in Table 2.  ρeff 324 
values for different combinations of χ and ρp are illustrated in Fig. 2.  Measurement technique nomenclature: DMA: Differential 325 
Mobility Analyzer, APM: Aerosol Particle Mass Analyzer, SMPS: Scanning Mobility Particle Sizer, APS: Aerodynamic 326 
Particle Sizer, MOUDI: Micro-Orifice Uniform Deposit Impactor. 327 
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 328 
aPSDs from Ding et al. (2017), PM2.5 from Shanghai Environment Monitoring Center at Hongkou Liangcheng Station, 329 
including four different sampling periods. 330 
bPSDs from Cabada et al. (2004), PM2.5 from EPA monitoring station (42-003-0021), including four different sampling 331 
periods. 332 
cPSD from Watson et al. (2002), PM2.5 from EPA monitoring station (06-019-0008). 333 
dPSDs from Harrison et al. (2012), PM2.5 from UK Automatic Urban and Rural Monitoring Network at London Marylebone 334 
Road.  Three PSDs were measured at three different sampling sites over the same period. 335 
 336 
Figure 7. Comparison of the PM2.5 derived from the PSDs collected in this study (blue circular markers) with those measured 337 
by local monitoring stations in the same city over the same sampling periods (green diamond markers and error bars).  The 338 
green diamond markers represent the mean values of the PM2.5 from local sampling stations over the sampling period of the 339 
corresponding PSD and the error bars represent the standard deviations. 340 
  341 
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 342 
Figure 8.  Size-resolved particle deposition fractions in the human respiratory tract, estimated by using the symmetric single-343 
path model from the open-source Multiple-Path Particle Dosimetry (MPPD) Model (v3.04, Applied Research Associates, Inc., 344 
Albuquerque, NM, USA) (Miller et al., 2016) for an adult with an upright upper body.  345 
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 346 
Figure 9. Size-resolved filtration efficiency curves for MERV 8 and MERV 14 filters for estimating the number PSDs of the 347 
penetrated urban aerosol (Hecker and Hofacre, 2008).  348 
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 349 
Figure 10. Temporal and geographical distribution by year of the urban PSD references analyzed in this study (1998-2017).  350 
The geographical regions include North America, Australia, and New Zealand (NAAN), Europe (EU), East Asia (EA), Central, 351 
South, and Southeast Asia (CSSA), Latin America (LA), West Asia (WA), and Africa (AF). 352 

 353 
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 355 
Figure 12. Urban aerosol number PSDs analyzed in this study, grouped by geographical region.  The figure incorporates all 356 
sub-micron number PSDs measured by electrical mobility-based techniques (n=624).  The color represents the occurrence 357 
frequency of the number PSDs at a given particle size with a certain concentration.  The black lines indicate the median number 358 
PSDs in each group.  359 
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 360 
Figure 13. Median number PSDs for each geographical region.  361 
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 362 
Figure 14. Normalized urban aerosol number PSDs analyzed in this study from around the globe.  The country codes are listed 363 
on the left and the region codes are listed on the right. 364 
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 365 
Figure 15. Relationship between the total particle number concentration, integrated over the measured size range, and the 366 
count median diameter (CMD), determined for each sub-micron number PSD measured by electrical mobility-based 367 
techniques (n=624) and grouped by geographical region. 368 
 369 
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 370 
Figure 16. Urban aerosol mass PSDs analyzed in this study from around the globe (n=122).  The figure incorporates mass 371 
PSDs measured by gravimetric methods with inertial impactors and measurements made with electrical mobility-based and 372 
aerodynamic-/optical-based techniques that cover both the sub-micron and coarse modes.  The color represents the occurrence 373 
frequency of the mass PSDs at a given particle size with a certain concentration.  The black line indicates the median mass 374 
PSD.  375 
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 376 
Figure 17. Normalized urban aerosol mass PSDs analyzed in this study from around the globe.  The country codes are listed 377 
on the left and the region codes are listed on the right. 378 
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 379 
Figure 18. Comparison between normalized urban aerosol number PSDs measured at urban background (UB) and traffic-380 
influenced (TR) sites.  Only the number PSDs with a measurement period greater than one week are presented. The country 381 
codes are listed on the left and the site type is listed on the right. 382 
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 383 
 384 

 385 
aDry period in Fig. 4a in Rissler et al. (2006). 386 
bcdPSD after ageing of 30 min in Fig. 6 in Zhang et al. (2011). 387 
eLM1 in Fig. 7 in Wahlström et al. (2010). Brake pad material: low metallic (LM). 388 
fNAO1 in Fig. 7 in Wahlström et al. (2010). Brake pad material: non-asbestos organic (NAO). 389 
gt0+30 min in Fig. 6a in Kukutschová et al. (2011). Brake pad material: LM. 390 
hLM 175 °C in Fig. 7 in Nosko et al. (2017).  Brake pad material: LM. 391 
iNAO 175 °C in Fig. 7 in Nosko et al. (2017).  Brake pad material: NAO. 392 
jDMA-CPC measurement in Fig. 4 in Wallace et al. (2004). 393 
kFrying onion, t=7 min in Fig. 13 in Glytsos et al. (2010). 394 
lGrilling bacon with maximum power in Fig. 6a in Buonanno et al. (2009a). 395 
mBoiling in Fig. 2a in See and Balasubramanian (2006). 396 
nResidential/commercial heating in winter in Fig. 6 in Ogulei et al. (2007b). 397 
oTest condition 8 without thermodenuder in Fig. 2a in Rönkkö et al. (2007). 398 
pGasoline engine #2 at 96 km h-1 in Fig. 4 in Harris and Maricq (2001). 399 
 400 
Figure 19. Normalized number PSDs of selected urban aerosol sources, including biomass burning (BB), brake wear (BW), 401 
cooking (CK), coal and oil burning for energy and heating, and vehicle exhaust (VE).  Each number PSD is normalized by its 402 
maximum concentration.  403 
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 405 
Figure 21. Median 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷() in each geographical region (black lines in Fig. 19).406 
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 1 
Figure 23. Median 𝑑𝑅𝑇𝐷𝐷𝑅1/𝑑𝐿𝑜𝑔𝐷() in each geographical region (black lines in Fig. 21).  2 
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 1 
Figure 24. Mean size-integrated (10-100 nm) RTDDRN and size-integrated (100-2500 nm) RTDDRM in the respiratory tract in 2 
different geographical regions determined using the urban mass PSDs analyzed in this study. 3 
  4 
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 1 
Figure 25. Urban aerosol number PSDs that penetrate through a MERV 8 and 14 filter in a building ventilation system for 2 
each geographical region, estimated using the number PSDs collected in this study (Fig. 11) and assuming single-pass MERV 3 
8 and MERV 14 filters.  The color represents the occurrence frequency of the penetrated number PSDs at a given particle size 4 
with a certain concentration.  The black lines indicate the median penetrated number PSDs in each group.  5 
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 1 
Figure 26. Median urban aerosol number PSDs that penetrate through a MERV 8 (left) and a MERV 14 (right) filter in a 2 
building ventilation system for each geographical region (black lines in Fig. 23).  3 
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 1 
Figure 27. Mean size-integrated number concentration (10-100 nm) of urban aerosol that penetrate through a MERV 8 (left) 2 
and a MERV 14 (right) filter in a building ventilation system for each geographical region.  3 



 39 

 1 

 2 
Figure 28. Mean HVAC filter penetration and deposition fractions for each geographical region, assuming single-pass 3 
MERV 8 and MERV 14 filters. 4 
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Journal: Atmospheric Chemistry and Physics 1 

MS Title: Urban Aerosol Size Distributions: A Global Perspective 2 

MS Authors: Tianren Wu and Brandon E. Boor 3 

MS No.: acp-2020-92 4 

MS Type: Review Article 5 

We would like to thank the two reviewers for their insightful comments and helpful feedback.  We have revised our manuscript, 6 
as outlined below. Comments from the reviewers are in italic black font. Our responses are in normal black font.  Revised text 7 
are in normal red font.  Revised figures and tables are included.  8 

Response to Anonymous Referee #2 9 

I commend the authors for attempting this expansive review, which will be very helpful to the aerosol community. I apologize 10 
for not submitting a review in time, and even now my work is incomplete.  Normally, I spend a couple of hours on a review; I 11 
have spent well over that on this manuscript and I am still less than a third of the way through it. 12 

Some of that is apparently because of ACP’s format requirements - with 25 figures at the end, reading and relating discussions 13 
to figures becomes very difficult. For what it’s worth, the comments I have so far are mostly grammatical or ways to frame it 14 
better. 15 

Some general comments: 16 

1. This review attempts to not only review worldwide PSDs, but also applications in exposure and filtration. The latter two 17 
are fields in their own right for good reason and should perhaps be separated as a companion paper (or papers) that can be 18 
reviewed by experts in those fields. 2. Perhaps this expansive work is better as a monograph that can be fact-checked, verified, 19 
and copy-edited by paid staff, or at least split into three or four papers, with measurement experts, atmospheric chemists, 20 
inhalation modelers, and building/indoor air quality experts reviewing the different parts. The latter might also make it easier 21 
for an individual reviewer to spend a few hours and do a satisfactory job within their expertise.  22 

Response: We understand that this review is very long with nearly 30 figures.  One of the most important reasons that we 23 
chose to submit our review to ACP is that it is a high-quality, open-access, interdisciplinary journal without word/page limits.  24 
It has a broad audience interested in atmospheric science, air quality, climate, and human health impacts.  This long review 25 
allows readers with different backgrounds to retrieve the relevant information they need, but not necessarily having to read the 26 
entire paper.  We feel that the geographical variations in urban PSDs provides important implications for human exposure and 27 
indoor air quality, which may be of interest to many readers.  Therefore, we think it is logical to discuss these topics in one 28 
paper. In addition, expansive and lengthy reviews have been published in ACP in the past, such as Fuzzi et al. (2015), Lawrence 29 
and Lelieveld (2010), Kukkonen et al. (2012), Bartels-Rausch et al. (2014), Vihma et al. (2014), and Tang et al. (2019). 30 

3. One of my comments was whether 1 nm species can even be called aerosol particles, and that seems a definitional rabbit 31 
hole. If one were to focus on urban air quality and exposure/HVAC applications, the sub-10 nm aerosols may not even be 32 
practically relevant or can be left for another paper. 33 

Response: Although previous papers referred to the species between 1-3 nm as nanocluster aerosols, here we would not like 34 
to debate if they are aerosol particles.  ‘a diverse mixture of liquid and solid particles spanning in size from a single nanometer 35 
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to tens of micrometers’ has been changed to ‘a diverse mixture of liquid and solid particles spanning in size from several 36 
nanometers to tens of micrometers’. 37 

Specific comments: Abstract, line 3: replace “enable for characterization” with “enable characterization” 38 

Response: This has been changed. 39 

Introduction, line 2/para 1: “spanning in size from a single nanometer to tens of micrometers” - can 1 nm actually be 40 
considered an aerosol particle? Seems like an issue of definition - has previous work established a lower size limit for the 41 
transition from molecules to aerosol particles? (The authors limit their own review to aerosol sizes above 3 nm.) 42 

Response: ‘spanning in size from a single nanometer to tens of micrometers’ has been changed to ‘spanning in size from 43 
several nanometers to tens of micrometers’. 44 

Introduction, para 2: “Measurement of urban aerosol PSDs provides. . .” and “UFPs...are associated with various deleterious 45 
human health outcomes.” These statements should be backed up by references to epidemiological and toxicological studies, 46 
especially as the paragraph criticizes current air quality standards that are based on PM mass (and which have been quite 47 
effective at improving human health). A problem could very well be (as the authors state) that most PSD measurements are 48 
not longterm, which is necessary for epidemiological studies; but that surely is the end product of the current manuscript (e.g. 49 
“we recommend more long-term studies”) rather than a declarative statement at the outset. Toxicological studies do not 50 
require long-term studies; the authors should be able to cite studies that back up their claims. 51 

Response: References have been added to para. 2 to support the claims. 52 

‘Of particular importance are measurements of urban aerosol particle size distributions (PSDs).  Measurement of urban aerosol 53 
PSDs provides a basis for in-depth evaluation of size-resolved aerosol transport and transformation processes in the urban 54 
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 55 
source apportionment (e.g. Harrison et al., 2011; Sowlat et al., 2016; Wang et al., 2013b), aerosol deposition in the human 56 
respiratory system (e.g. Hussein et al., 2019, 2020; Kodros et al., 2018; Zwozdziak et al., 2017), and associated toxicological 57 
effects on the human body (e.g. Bentayeb et al., 2015; Burnett et al., 2014; Oberdürster, 2000; Shiraiwa et al., 2017; Tseng et 58 
al., 2015; Wong et al., 2015).  In addition, the measurement of aerosol PSD is important for evaluating the global climate 59 
change, since aerosol size strongly affects the interaction of aerosol with radiation and its ability to form fog and cloud droplets 60 
(Mahowald, 2011; Seinfeld and Pandis, 2012; Zhang et al., 2012).  Despite the atmospheric and health relevance of urban 61 
PSDs, long-term aerosol measurements are often focused on size-integrated concentration metrics, such as PM2.5, that lack 62 
essential size-resolved information.  While urban aerosol PSD measurements have been conducted in cities around the globe, 63 
they are often short in duration and not performed as part of routine air quality monitoring.  Urban PSDs provide a more 64 
complete assessment of an aerosol population, beyond what can be achieved with size-integrated metrics.  Of particular 65 
importance are urban PSDs that capture the ultrafine particle regime (UFP, 1 to 100 nm).  UFPs tend to dominate number 66 
PSDs, penetrate deep into the lung, and are associated with various deleterious human health outcomes (Allen et al., 2017; 67 
Delfino et al., 2005; Jiang et al., 2009; Li et al., 2016, 2017a; Oberdörster, 2001; Oberdörster et al., 2004, 2005; Rychlik et al., 68 
2019; Sioutas et al., 2005; Weichenthal et al., 2017).’ 69 
 70 
Introduction/last paragraph: replace “enables for identification of gaps” with “enables identification of gaps” (Please check 71 
the manuscript for similar language corrections, I will stop now.) Also, the authors should probably state in the introduction 72 
that their 3 nm to 10 micron size range refers to electrical mobility diameter. 73 

Response: The language has been corrected.  Clarification has been made: ‘3 to 10,000 nm as electrical mobility diameter’. 74 
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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 75 
Hz. Or do they mean 793 measurement campaigns or days of data? 76 

Response: The time duration of each individual PSD has been listed in the SI. Given the great uncertainty of instantaneous 77 
snapshots, the PSDs and size-resolved ρeff collected in this study are all time-average results over a given sampling period.  78 
The following sentences have been added to Section 2 and Section 3.2:  79 

‘These articles presented n=793 individual PSDs (182 of which covered both the sub-micron and coarse regime), which have 80 
been reported in previous peer-review journal articles in the form of figures or fitting parameters’; ‘All the PSDs are the results 81 
of a time-average over certain sampling periods’.   82 

Abbreviations for geographical regions: I had a hard time remembering what each stood for, e.g. CSSA or WA. Suggest the 83 
use of Africa, EAsia, WAsia, CSSAsia, etc. Why is the EU separated from North America/Australia/New Zealand - these are 84 
all OECD regions with greater similarities in emissions control regimes compared to Asia or Africa. 85 

Response: A list of symbols and abbreviations has been added to Appendix A, which could help the readers to identify the 86 
abbreviations for geographical regions more easily. 87 

Appendix A: List of symbols and abbreviations. 88 
Table A1. List of symbols and abbreviations. 89 

AF Africa Dem Electrical mobility diameter 
APM Aerosol particle mass analyzer Da Aerodynamic diameter 
APS Aerodynamic Particle Sizer Dop Optical diameter 
CC City center Dve Volume equivalent diamter 
CMD Count median diameter ρeff Aerosol effective density 
CSSA Central, South, and Southeast Asia ρp Aerosol particle density 
DMA Differential mobility analyzer χ Dynamic shape factor 
EA East Asia mp Particle mass 
ELVOC Extremely low volatility organic compound Vp Particle volume 
EU Europe Cc Cunningham slip correction factore 
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 σi Geometric standard deviation for mode i 
LT Long term (>6 months) Vi Particle volume concentration for mode i 
MERV Minimum efficiency reporting value Mi Particle mass concentration for mode i 
MOUDI Micro-orifice uniform deposit impactor VT 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 μm 

  

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   

 90 
We would like to group the PSDs according to geographical regions to investigate the spatial variations in PSDs, therefore we 91 
separated EU from North America.  In the early stages of our analysis, we grouped Australia and New Zealand as Oceania, 92 
separately from North America.  However, the sample size of Oceania is too small for conducting a meaningful analysis. 93 
Therefore, we grouped Australia and New Zealand with North America, rather than Europe, since their population density is 94 
closer to North America.   95 
 96 

Figure 9 is introduced and discussed before Figure 2. Suggest re-ordering the figures in the order they are discussed. 97 

Response: The figures have been re-ordered. 98 

Section 3.4: what did Rissler et al. report as density for soot aggregates - that seems relevant for group C (traffic environments) 99 
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 100 
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 101 
Sec 3.4. The last sentence seems unclear - if both soot particles and denser(?) components can exist in the 400-1000 nm size 102 
range, why pick one over the other unless one component dominates the mass? 103 

Response: Direct measurements of effective density are missing for the particles between 400-1000 nm.  The measurements 104 
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 105 
mass in Rissler et al. (2014), the effective density of dense mode particles (1.46 g cm-3) was chosen for the size range of 400-106 
1000 nm. In addition, the HR-AMS analysis in Rissler et al. (2014) indicated that the dense mode particles were made of 107 
ammonium nitrate, ammonium sulfate, and organic carbon.  Although soot particles also exist in the size range of 400-1000 108 
nm, the fraction of particles with greater effective densities than the dense mode particles, such as crustal materials, could be 109 
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.   110 

The sentence, ‘The inherent material density of diesel soot was measured to be 1.77 g cm-3 (Park et al., 2004)’, has been 111 
removed. 112 

References: 113 

Bartels-Rausch, T., Jacobi, H.-W., Kahan, T. F., Thomas, J. L., Thomson, E. S., Abbatt, J. P., Ammann, M., Blackford, J. R., 114 
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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 115 
snow, Atmos. Chem. Phys., 14(3), 2014. 116 

Brines, M., Dall’Osto, M., Beddows, D. C. S., Harrison, R. M., Gómez-Moreno, F., Núñez, L., Artíñano, B., Costabile, F., 117 
Gobbi, G. P. and Salimi, F.: Traffic and nucleation events as main sources of ultrafine particles in high-insolation developed 118 
world cities, Atmos. Chem. Phys., 15(10), 5929–5945, 2015. 119 

Daher, N., Saliba, N. A., Shihadeh, A. L., Jaafar, M., Baalbaki, R. and Sioutas, C.: Chemical composition of size-resolved 120 
particulate matter at near- freeway and urban background sites in the greater Beirut area, , 80, 96–106, 2013. 121 

Fuzzi, S., Baltensperger, U., Carslaw, K., Decesari, S., Denier Van Der Gon, H., Facchini, M. C., Fowler, D., Koren, I., 122 
Langford, B., Lohmann, U., Nemitz, E., Pandis, S., Riipinen, I., Rudich, Y., Schaap, M., Slowik, J. G., Spracklen, D. V., 123 
Vignati, E., Wild, M., Williams, M. and Gilardoni, S.: Particulate matter, air quality and climate: Lessons learned and future 124 
needs, Atmos. Chem. Phys., 15(14), 8217–8299, doi:10.5194/acp-15-8217-2015, 2015. 125 

Kukkonen, J., Olsson, T., Schultz, D. M., Baklanov, A., Klein, T., Miranda, A. I., Monteiro, A., Hirtl, M., Tarvainen, V. and 126 
Boy, M.: A review of operational, regional-scale, chemical weather forecasting models in Europe, Atmos. Chem. Phys., 127 
2012. 128 

Lawrence, M. G. and Lelieveld, J.: Atmospheric pollutant outflow from southern Asia: a review, Atmos. Chem. Phys., 129 
10(22), 11017, 2010. 130 

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 131 
experimental techniques for aerosol hygroscopicity studies, Atmos. Chem. Phys., 2019. 132 

Vihma, T., Pirazzini, R., Fer, I., Renfrew, I. A., Sedlar, J., Tjernstrom, M., Lüpkes, C., Nygard, T., Notz, D. and Weiss, J.: 133 
Advances in understanding and parameterization of small-scale physical processes in the marine Arctic climate system: a 134 
review, Atmos. Chem. Phys., 14(17), 9403–9450, 2014. 135 

Additional changes: 136 

1. The table of “List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city” has 137 
been corrected. 138 

Table 1. List of the number of urban PSDs that have been extracted and analyzed in each region, country, and city. 139 
 140 

Region Country City 

Africa (n=29） 

Botswana (3) Gaborone (3) 
Cape Verde (1) Praia City (1) 
Egypt (12) Cairo (12) 
Kenya (1) Nairobi (1) 
Mali (1) Bamako (1) 
Senegal (1) Dakar (1) 

South Africa (6) 
Johannesburg (2) 
Pretoria (4) 

Zambia (4) Mongu (4) 
India (48) Durg (4) 
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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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Stockholm (8) 
Moldova (1) Chisinau (1) 

Latin America 
(n=48) 

Brazil (38) 
Porto Alegre (3) 
São Paulo (35) 

Chile (6) Santiago (6) 
Mexico (3) Mexico City (3) 
Cuba (1) Camagüey (1) 

North America, 
Australia and 
New Zealand 
(n=134) 

Australia (10) 
Brisbane (2) 
Launceston (7) 
Wollongong (1) 

New Zealand (8) Auckland (8) 

Canada (15) 
Hamilton (2) 
Toronto (13) 

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) 

 141 
 142 

2. A paragraph of discussion on the influence of environmental factors in different geographical locations on filter performance 143 
has been added to Section 10. 144 

‘In addition, different geographical locations may result in different environmental factors, which can influence the 145 
performance of a filter. For example, the dendrites of the deposited particles may experience more frequent collapse in 146 
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geographical regions with annual rainy seasons when the relative humidity increases significantly. The dendrites may 147 
restructure to adopt a compact morphology under elevated humidity due to the capillary effect of condensed water, which will 148 
lower the filtration efficiency and pressure drop across the filter (Pei et al., 2019). In addition, the hygroscopic content of the 149 
dendrites may transition to form a liquid film on the filter fiber, and decrease the filtration efficiency before eventually reaching 150 
an equilibrium (Li et al., 2014; Walsh et al., 1996). This is attributes to the low viscosity of the liquid film, which allows the 151 
liquid particles to coalesce, relocate, and drain along the filter fiber.’ 152 
 153 

3. Errors in some figures have been corrected.  Order of the figures has been rearranged. 154 

 155 
Figure 1. Effective densities (ρeff) as derived from different values of dynamic shape factors (χ) and particle densities (ρp), 156 
assuming the value of $!(&"#)

$$(&#%)
 is approximately unity for coarse particles. 157 
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 158 
 159 

 160 
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 161 
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 162 
Figure 2. Size-resolved urban aerosol effective density functions (ρeff) for Group A (‘urban’; obtained from measurements in 163 
China), Group B (‘urban’; obtained from measurements in the United States), and Group C (‘traffic’; obtained from 164 
measurements in the United States, Finland, and Denmark).  Details of the ρeff measurements are summarized in Table 2.  ρeff 165 
values for different combinations of χ and ρp are illustrated in Fig. 2.  Measurement technique nomenclature: DMA: Differential 166 
Mobility Analyzer, APM: Aerosol Particle Mass Analyzer, SMPS: Scanning Mobility Particle Sizer, APS: Aerodynamic 167 
Particle Sizer, MOUDI: Micro-Orifice Uniform Deposit Impactor. 168 
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 169 
aPSDs from Ding et al. (2017), PM2.5 from Shanghai Environment Monitoring Center at Hongkou Liangcheng Station, 170 
including four different sampling periods. 171 
bPSDs from Cabada et al. (2004), PM2.5 from EPA monitoring station (42-003-0021), including four different sampling 172 
periods. 173 
cPSD from Watson et al. (2002), PM2.5 from EPA monitoring station (06-019-0008). 174 
dPSDs from Harrison et al. (2012), PM2.5 from UK Automatic Urban and Rural Monitoring Network at London Marylebone 175 
Road.  Three PSDs were measured at three different sampling sites over the same period. 176 
 177 
Figure 7. Comparison of the PM2.5 derived from the PSDs collected in this study (blue circular markers) with those measured 178 
by local monitoring stations in the same city over the same sampling periods (green diamond markers and error bars).  The 179 
green diamond markers represent the mean values of the PM2.5 from local sampling stations over the sampling period of the 180 
corresponding PSD and the error bars represent the standard deviations. 181 

  182 
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 183 
Figure 8.  Size-resolved particle deposition fractions in the human respiratory tract, estimated by using the symmetric single-184 
path model from the open-source Multiple-Path Particle Dosimetry (MPPD) Model (v3.04, Applied Research Associates, Inc., 185 
Albuquerque, NM, USA) (Miller et al., 2016) for an adult with an upright upper body.  186 
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 187 
Figure 9. Size-resolved filtration efficiency curves for MERV 8 and MERV 14 filters for estimating the number PSDs of the 188 
penetrated urban aerosol (Hecker and Hofacre, 2008).  189 
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 190 
Figure 10. Temporal and geographical distribution by year of the urban PSD references analyzed in this study (1998-2017).  191 
The geographical regions include North America, Australia, and New Zealand (NAAN), Europe (EU), East Asia (EA), Central, 192 
South, and Southeast Asia (CSSA), Latin America (LA), West Asia (WA), and Africa (AF). 193 

 194 
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 196 
Figure 12. Urban aerosol number PSDs analyzed in this study, grouped by geographical region.  The figure incorporates all 197 
sub-micron number PSDs measured by electrical mobility-based techniques (n=624).  The color represents the occurrence 198 
frequency of the number PSDs at a given particle size with a certain concentration.  The black lines indicate the median number 199 
PSDs in each group.  200 
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 201 
Figure 13. Median number PSDs for each geographical region.  202 
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 203 
Figure 14. Normalized urban aerosol number PSDs analyzed in this study from around the globe.  The country codes are listed 204 
on the left and the region codes are listed on the right. 205 
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 206 
Figure 15. Relationship between the total particle number concentration, integrated over the measured size range, and the 207 
count median diameter (CMD), determined for each sub-micron number PSD measured by electrical mobility-based 208 
techniques (n=624) and grouped by geographical region. 209 
 210 
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 211 
Figure 16. Urban aerosol mass PSDs analyzed in this study from around the globe (n=122).  The figure incorporates mass 212 
PSDs measured by gravimetric methods with inertial impactors and measurements made with electrical mobility-based and 213 
aerodynamic-/optical-based techniques that cover both the sub-micron and coarse modes.  The color represents the occurrence 214 
frequency of the mass PSDs at a given particle size with a certain concentration.  The black line indicates the median mass 215 
PSD.  216 
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 217 
Figure 17. Normalized urban aerosol mass PSDs analyzed in this study from around the globe.  The country codes are listed 218 
on the left and the region codes are listed on the right. 219 
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 220 
Figure 18. Comparison between normalized urban aerosol number PSDs measured at urban background (UB) and traffic-221 
influenced (TR) sites.  Only the number PSDs with a measurement period greater than one week are presented. The country 222 
codes are listed on the left and the site type is listed on the right. 223 
 224 



 25 

 225 

 226 
aDry period in Fig. 4a in Rissler et al. (2006). 227 
bcdPSD after ageing of 30 min in Fig. 6 in Zhang et al. (2011). 228 
eLM1 in Fig. 7 in Wahlström et al. (2010). Brake pad material: low metallic (LM). 229 
fNAO1 in Fig. 7 in Wahlström et al. (2010). Brake pad material: non-asbestos organic (NAO). 230 
gt0+30 min in Fig. 6a in Kukutschová et al. (2011). Brake pad material: LM. 231 
hLM 175 °C in Fig. 7 in Nosko et al. (2017).  Brake pad material: LM. 232 
iNAO 175 °C in Fig. 7 in Nosko et al. (2017).  Brake pad material: NAO. 233 
jDMA-CPC measurement in Fig. 4 in Wallace et al. (2004). 234 
kFrying onion, t=7 min in Fig. 13 in Glytsos et al. (2010). 235 
lGrilling bacon with maximum power in Fig. 6a in Buonanno et al. (2009a). 236 
mBoiling in Fig. 2a in See and Balasubramanian (2006). 237 
nResidential/commercial heating in winter in Fig. 6 in Ogulei et al. (2007b). 238 
oTest condition 8 without thermodenuder in Fig. 2a in Rönkkö et al. (2007). 239 
pGasoline engine #2 at 96 km h-1 in Fig. 4 in Harris and Maricq (2001). 240 
 241 
Figure 19. Normalized number PSDs of selected urban aerosol sources, including biomass burning (BB), brake wear (BW), 242 
cooking (CK), coal and oil burning for energy and heating, and vehicle exhaust (VE).  Each number PSD is normalized by its 243 
maximum concentration.  244 
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 246 
Figure 21. Median 𝑑𝑅𝑇𝐷𝐷𝑅(/𝑑𝐿𝑜𝑔𝐷)* in each geographical region (black lines in Fig. 19).247 
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 1 
Figure 23. Median 𝑑𝑅𝑇𝐷𝐷𝑅+/𝑑𝐿𝑜𝑔𝐷)* in each geographical region (black lines in Fig. 21).  2 



 30 

 1 
Figure 24. Mean size-integrated (10-100 nm) RTDDRN and size-integrated (100-2500 nm) RTDDRM in the respiratory tract in 2 
different geographical regions determined using the urban mass PSDs analyzed in this study. 3 
  4 
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 1 
Figure 25. Urban aerosol number PSDs that penetrate through a MERV 8 and 14 filter in a building ventilation system for 2 
each geographical region, estimated using the number PSDs collected in this study (Fig. 11) and assuming single-pass MERV 3 
8 and MERV 14 filters.  The color represents the occurrence frequency of the penetrated number PSDs at a given particle size 4 
with a certain concentration.  The black lines indicate the median penetrated number PSDs in each group.  5 
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 1 
Figure 26. Median urban aerosol number PSDs that penetrate through a MERV 8 (left) and a MERV 14 (right) filter in a 2 
building ventilation system for each geographical region (black lines in Fig. 23).  3 
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 1 
Figure 27. Mean size-integrated number concentration (10-100 nm) of urban aerosol that penetrate through a MERV 8 (left) 2 
and a MERV 14 (right) filter in a building ventilation system for each geographical region.  3 
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 2 
Figure 28. Mean HVAC filter penetration and deposition fractions for each geographical region, assuming single-pass 3 
MERV 8 and MERV 14 filters. 4 
 5 
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Abstract 

Urban aerosol measurements are necessary to establish associations between air pollution and human health outcomes and to 10 

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 15 

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.  20 

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.   

 25 

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 30 

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 
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aerosol PSDs spanning the nucleation to coarse modes.  Doing so will advance our understanding of spatiotemporal trends in 35 

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 40 

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 45 

diseases (Allen et al., 2017; Burnett et al., 2018; Delfino et al., 2005; Meldrum et al., 2017; Oberdörster 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.   

 50 

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 55 

effects on the human body (e.g. Bentayeb et al., 2015; Burnett et al., 2014; Oberdürster, 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 PM2.5, that lack 60 

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; 65 
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Delfino et al., 2005; Jiang et al., 2009; Li et al., 2016, 2017a; Oberdörster, 2001; Oberdörster et al., 2004, 2005; Rychlik et al., 70 

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 75 

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 80 

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 85 

gaps in urban aerosol PSD measurements.  This will help motivate future research efforts and frame forthcoming urban air 

pollution measurement needs.  As 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 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 90 

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 95 

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 100 

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 n=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).  All PSDs are the 105 

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 110 

(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 (Dem), 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), 115 

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. 120 

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 

(ρeff) functions from Dem = 3 to 10000 nm.  Size-dependent differences in the aerosol particle density (ρp) and dynamic shape 125 

factor (χ) are best captured together through ρeff.  The ρeff functions serve three purposes in this study: (1.) to translate urban 

aerosol number PSDs to mass PSDs, (2.) to convert aerodynamic diameter (Da)-based PSDs to Dem-based PSDs, and (3.) to 

provide a summary of ρeff measurements in the urban atmosphere.  (2.) is necessary to enable a consistent particle size definition 

to be used in compiling PSD observations from around the globe, as described in Sect. 4.  The size-resolved ρeff functions 

include a combination of direct measurements of ρeff in the urban atmosphere (Sect. 3.2) and approximations for size fractions 130 

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 ρeff functions with the urban aerosol PSD observations is presented in Sect. 3.6.  
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 5 

Different definitions of ρeff have been used in previous studies (DeCarlo et al., 2004).  In the current study, ρeff is defined as 

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

al., 2012; McMurry et al., 2002; Qiao et al., 2018) (Eq. 1): 140 

𝜌!"" =
#$!

%&"#$
 ,                 (1) 

Only empirical ρeff values defined in this manner were collected from the literature.  The particle volume (Vp) is defined as the 

volume taken up by all of the solid and liquid material in the particle and void space enclosed within the particle envelope 

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

has the same volume as Vp  (DeCarlo et al., 2004; Hinds, 2012; Seinfeld and Pandis, 2012) (Eq. 2):   145 

𝑉' =
%
#
𝐷(!) ,              (2) 

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

𝜌' =
#$!

%&%"$
 ,              (3) 

The relationship between Dem and Dve is given by DeCarlo et al. (2004) and Seinfeld and Pandis (2012): 
&"#

*&(&"#)
= &%"-

*&(&%")
 ,             (4) 150 

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

equals to 1; Dem equals to Dve; and ρeff equals to ρp.  For particles with irregular shapes, 𝜒 is greater than 1; Dem is greater than 

Dve; and ρeff is less than ρp.   

 

For coarse mode particles, the value of *'(&%")
*&(&"#)

 is approximately unity, such that the Cunningham slip correction factors in Eq. 155 

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

𝜌!"" =
#$!

%-$&%"$
 ,            (5) 

Combining Eq. (3) and (5), we can derive Eq. (6), which describes the relationship between ρeff, ρp, and χ for coarse mode 

particles (an example is given in Fig. 1): 

𝜌!"" =
.!
-$

,     (6) 160 

 

3.2 Urban aerosol effective densities: summary of direct measurements 

Direct measurements of ρeff in urban environments are limited.  However, sufficient data is available in the literature to identify 

trends in ρeff among geographical regions and intra-city site types (urban or traffic).  Size-resolved urban aerosol ρeff values 

were extracted from n=9 studies conducted in Denmark, China, United States, and Finland (Table 2).  The studies report direct 165 

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

those evaluating the mass-mobility relationship of an aerosol population through a Differential Mobility Analyzer (DMA)-
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Aerosol Particle Mass Analyzer (APM) system (e.g. McMurry et al. 2002).  The measured ρeff values and measurement 

information, including measurement technique, duration, and site (city, country), are summarized in Table 2.  All results are 

time-averages over given sampling periods. 

 

As the PSD and direct ρeff measurements were conducted in different cities and at different site types within the city, it is 175 

reasonable to apply ρeff values which were measured under a condition consistent with a PSD measurement when converting 

number PSDs to mass PSDs and Da to Dem.  In order to apply the most reasonable ρeff to a PSD observation, the collected size-

resolved ρeff values were divided into three groups according to the geographical region where the direct measurement was 

conducted and the site type (urban or traffic).  Direct measurements conducted in China in ‘urban’ environments were 

incorporated into Group A.  Direct measurements in the United States in ‘urban’ environments were incorporated into Group 180 

B.  Direct measurements conducted in the United States, Finland, and Denmark in ‘traffic’ environments were incorporated 

into Group C.  None of the direct ρeff measurements in China were conducted in ‘traffic’ environments.  The ρeff values for the 

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

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

 185 

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

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

and Da to Dem, a few assumptions were made.  For particles greater than 10 nm, if the particles at a certain diameter Dem,1 were 

reported to have an effective density of ρeff,1, we assume the particles in the size range from (Dem,1-50 nm) to (Dem,1+50 nm) 190 

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

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

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

(Dem,1+Dem,2)/2 to (Dem,2+50 nm) have the effective density of ρeff,2.  By doing this, we obtained several continuous size-resolved 

ρeff functions ranging from approximately 10 nm to several hundred nanometers.  We then took the mean of the size-resolved 195 

ρeff values 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 ρeff from Dem = 3 to 10 nm have not been previously reported in the literature.  Particles in this size 

range are typically formed by homogeneous or heterogeneous nucleation, which can involve sulfuric acid (H2SO4), amines, 

ammonia, and organic vapors (e.g. Kulmala et al., 2013).  H2SO4 and highly oxygenated molecules (HOMs) or extremely low 200 

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-3 (Wang et al., 2010).  ELVOCs and HOMs are assumed 
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to have a density of 1.5 g cm-3 and 1.4 g cm-3, respectively (Ehn et al., 2014; Tröstl et al., 2016).  For simplicity, we used the 

ρp of condensed ELVOCs (Ehn et al., 2014) (1.5 g cm-3) and the condensed phase density of H2SO4 (Xiao et al., 2015) (1.83 g 

cm-3) to estimate the lower and upper limits of ρeff for particles from Dem = 3 to 10 nm, assuming the particles adopt a spherical 210 

shape with χ = 1.  The mean value of the two limits was used as the representative ρeff for all three groups (dark red lines in 

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

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

Da to Dem is often unnecessary.   

3.4 Urban aerosol effective densities: considerations for accumulation mode particles without direct measurements 215 

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

et al. (2008) conducted measurements of apparent particle density for particles with a Da ≤ 2500 nm (PM2.5) at an urban 

background site in Germany.  The apparent particle density ranged from 1.05 to 2.36 g cm-3, with a mean value of 1.65 g cm-

3.  As particles in the accumulation mode strongly contribute to urban aerosol mass concentrations (e.g. PM1, PM2.5), we 

assume the mean apparent particle density of 1.65 g cm-3 to be the representative ρeff for particles in the size range from Dem  = 220 

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

from 50 to 400 nm in a street canyon in central Copenhagen and identified two different groups of aerosols with distinctive 

ρeff: loose chain-like soot aggregates and more dense particles.  The ρeff of the dense particles from Dem = 50 to 400 nm was in 

the range of 1.3 to 1.65 g cm-3, of which the main constituents were inorganic salts, such as sulfate, nitrate, and ammonium, 

along with organics.  Previous studies that have investigated the chemical composition of near-road aerosols indicated that the 225 

mass fraction of black carbon (elemental carbon) to the total mass of particles from Dem  = 400 to 1000 nm was 6.4 to 26.7% 

(Brüggemann 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 ρeff for ‘dense’ particles as measured by Rissler et al. (2014) as the representative ρeff for particles 

from Dem = 400 to 1000 nm in Group C (dark red line in orange region of Fig. 2).  Although soot particles, which have a ρeff 230 

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

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

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

Direct measurements of urban aerosol ρeff have been rarely conducted in the coarse mode, in part due to the difficulty of 

extending mass-mobility measurements (e.g. DMA-APM) to this size range.  Coarse particles can be composed of organics, 235 

ions, dusts, crustal material, brake and tire wear, sea salt, black carbon, and other trace elements (Brüggemann et al., 2009; 

Cheung et al., 2011; Cozic et al., 2008; Daher et al., 2013; Kim et al., 2003; Koçak et al., 2007; Koulouri et al., 2008; Pakkanen 

et al., 2001; Song et al., 2012).  These materials are associated with a wide range in ρp.  Secondary organic aerosol (SOA) 

synthesized in the laboratory are reported to have ρp ranging from 1 to 1.65 g cm-3, depending on formation conditions and 
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gas-phase precursors  (Kostenidou et al., 2007; Malloy et al., 2009; Nakao et al., 2013; Zelenyuk et al., 2008). The ρp of 

(NH4)2SO4 and NH4NO3, which represent sulfate and nitrate compounds dominant in ionic mass, were reported to be 

approximately 1.7 g cm-3 (Lide, 2005; Mikhailov et al., 2013; Neusüß et al., 2002; Tang, 1996). The ρp of dust varies with the 245 

associated components, including amorphous silicon oxide (2.1 to 2.3 g cm-3), illite/muscovite (2.7 to 3.1 g cm-3), 

montmorillonite (2.2 to 2.7 g cm-3), and quartz (2.65 g cm-3) (Reid et al., 2003).  

The shape of coarse mode particles is often composition-dependent.  The value of χ depends on the shape of the particle.  For 

a sphere, χ = 1; for a cylinder with an axial ratio of 2, χ = 1.1; for a cylinder with an axial ratio of 5, χ = 1.35; and for a compact 

cluster of four spheres, χ = 1.17 (Hinds, 2012).  Some studies indicate that SOA has a spherical shape, suggestive of χ ~ 1 250 

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

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

reported χ 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 ρeff for both accumulation and coarse mode particles (Riemer et al., 2019). 

 255 

The values of ρeff were estimated for coarse mode particles in Group C, for particles larger than 2500 nm in Group B, and for 

particles larger than 3200 nm in Group A.  The ρp and χ of three types of aerosols, including inorganic aerosol, SOA, and 

mineral dust, were used to estimate a range of values for ρeff.  (NH4)2SO4 and NH4NO3, with a ρp of approximately 1.7 g cm-3 

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

the representative inorganic aerosol to calculate ρeff.  Nearly spherical SOA was assumed to adopt ρeff of 1 to 1.65 g cm-3 260 

(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 ρp of 2.7 to 3.1 g cm-3, 2.6 g cm-3, and 2.2 to 2.7 g cm-3, and with χ of 1.3, 1.05, 

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

 

With the different combinations of ρp and χ described above, Eq. (6) was applied to calculate ρeff values for the three types of 265 

aerosols.  The values span from 1 to approximately 2 g cm-3 (light green region of Fig. 2).  The ρeff values within this range are 

used as the representative ρeff for coarse mode particles in Group C, for particles larger than 2500 nm in Group B, and for 

particles larger than 3200 nm in Group A.   

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

The combination of directly measured and estimated ρeff values between Dem = 3 to 10000 nm provides a basis to establish 270 

continuous, size-resolved urban aerosol ρeff functions for Groups A (ρAeff), B (ρBeff), and C (ρCeff), as illustrated in Fig. 2.  When 

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

in cities in CSSA, WA, LA, AF, and China.  The group ρBeff was applied to number PSDs measured in the ‘urban’ environment 
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in cities in EU, NAAN, Japan, and Korea.  The group ρCeff was applied to number PSDs measured in the ‘traffic’ areas in cities 

around the globe, excluding China.   

 

The group ρAeff 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.  305 

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 PM2.5 mass concentrations was less than 4% in 310 

Shanghai (Cao et al., 2013; Feng et al., 2009).  In addition, soot particles from gasoline engine vehicles might be more ‘compact’ 

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 ρeff 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 ρeff was assumed to be closer to the values compiled for ρAeff, 315 

rather than those for ρCeff. 

3.7 Summary of size-resolved urban aerosol effective densities 

The size-resolved ρeff functions for Groups A, B, and C are illustrated in Fig. 2.  The blue lines indicate the mean ρeff values 

derived from direct measurements of ρeff, such as through evaluation of the mass-mobility relationship of an aerosol population. 

The grey areas represent the maximum and minimum values of the directly measured ρeff for each group.  The associated 320 

measurement techniques for ρeff are noted.  The directly measured ρeff in Groups A and B, both of which are in the ‘urban’ 

environment, present similar values and do not show much variation among the different studies conducted in China and the 

United States (Table 2).  Furthermore, across the size range covered by direct ρeff measurements in Groups A and B, there is 

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

 325 

The directly measured ρeff values collected from cities in the United States (Group B) are between 1.1 to 1.6 g cm-3, while 

those measured in China (Group A) are slightly greater, with values between 1.3 to 1.9 g cm-3, possibly due to a greater 

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

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

particles from vehicle exhaust, which typically adopt a loose, chain-like agglomerated morphology with a fractal dimension 330 

(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 ρeff 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 
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where direct measurement of ρeff are unavailable, various assumptions were made to estimate a range of ρeff values, as discussed 335 

in Sect. 3.  The light blue, yellow, and light green areas in Fig. 2 represent the range of possible ρeff values for the three size 

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

derived from a combination of different χ and ρp (e.g. Fig. 1), which take a variety of particle morphologies and chemical 

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

urban aerosol mass PSDs from number PSDs measured via commonly deployed instruments (e.g. APS, OPS, OPC). 340 

 

ρeff is dependent on the chemical composition and morphological features (χ and ρp) of an urban aerosol population.  Typically, 

direct ρeff measurements are conducted between Dem = 30 to 400 nm.  Particles in this size range often consist of organics, 

secondary inorganic material, and black carbon.  As discussed in Sect. 3.5, studies have found SOA to have ρeff values between 

1 to 1.65 g cm-3 and secondary inorganic material, such as H2SO4, (NH4)2SO4, and NH4NO3 to have ρeff values between 1.7 345 

and 1.83 g cm-3 (Kostenidou et al., 2007; Lide, 2005; Malloy et al., 2009; Mikhailov et al., 2013; Nakao et al., 2013; Neusüß 

et al., 2002; Tang, 1996; Xiao et al., 2015; Zelenyuk et al., 2008).  The ρeff of soot particles can fall below 1 g cm-3, with a 

decreasing trend with the increase in particle size.  The relative fraction of various species in an urban air mass, such as organics, 

secondary inorganic materials, and loosely agglomerated soot particles, among others, will determine the size dependency of 

the ρeff for the externally and internally mixed aerosol population.  For example, previous direct ρeff measurements conducted 350 

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

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

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

attributed to an abundance of hygroscopic species, such as (NH4)2SO4 and NH4NO3 (Ye et al., 2011; Yin et al., 2015). 

 355 

Urban aerosol ρeff is expected to be temporally variant at a given sampling location due to the transient nature of emission 

sources.  For example, in the urban environment, diurnal patterns in traffic density can drive time-dependent shifts in ρeff as 

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

during the nighttime due to the low traffic density (Rissler et al., 2014).  Two minima in ρeff were found in Houston in the 

morning at 07:00 and in the evening at 19:00 to 20:00, likely due to increased emissions of soot particles during rush hours 360 

(Levy et al., 2013).  In Beijing, one study found ρeff to 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 ρeff was found to be due to the emissions of heavy 

trucks, which are only allowed to enter the fifth ring road in Beijing during the night, as well as more intense coal burning for 

domestic heating in the night during the heating season.  

 365 

Urban aerosol ρeff is also influenced by air pollution events and air mass origins.  Direct ρeff measurements in Beijing observed 

higher ρeff values during clean air quality episodes compared to polluted air quality episodes (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 ρeff can shift during 

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

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

corresponded to the increase in the fraction of organic material in sub-micron particle mass concentrations.  In contrast, ρeff 

measurements in Shanghai observed an increase in ρeff during NPF events, suggesting that relatively heavier secondary 375 

inorganic materials were the primary driver for particle condensational growth (Xie et al., 2017; Yin et al., 2015).  Wind 

direction can affect ρeff by changing the air mass origin.  Direct ρeff measurements in a street canyon in central Copenhagen 

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

come from clean sea/ocean areas (Rissler et al., 2014). 

 380 

While the studies summarized in Fig. 2 and Table 2 provide valuable insights into variations of ρeff with particle size, 

geographical location, and intra-city environments (urban vs. traffic), more measurements are clearly needed in many cities 

around the world to develop a more comprehensive understanding of the nature of urban aerosol morphology and the factors 

that drive changes in size-resolved ρeff.  In particular, direct ρeff measurements are needed in the accumulation and coarse modes 

given the variability identified in this study and the contribution of both modes to urban aerosol mass PSDs (Sect. 8).  Doing 385 

so will provide a basis to better translate measured number PSDs to mass PSDs and Da-based PSDs to Dem-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-3), 

surface area (𝜇m2 cm-3), volume (𝜇m3 cm-3), and mass (𝜇g m-3) domains following different strategies depending on the 390 

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 395 

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 400 
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measured data for these PSDs were fit to the multi-modal lognormal distribution function (dN/dLogDp, cm-3, Eq. 7; logarithm 

base 10) by using a lognormal fitting code in MATLAB based on the nonlinear least-squares curve fitting function, 405 

lsqcurvefit.m: 

/0
/123&!

= ∑
0(

(4%))/+523	(7()
𝑒𝑥𝑝	[− 8523&!9523&!,-::::::;

+

4523+(7()
]<

=>? ,        (7) 

The geometric mean diameter (𝐷',A00000), geometric standard deviation (𝜎=), and particle number concentration or amplitude (Ni) 

for each mode (i) were determined.  The number of modes was based upon what was needed to achieve the best fit to the 

measured data.  Two or three modes can achieve the best fit.   Fitting parameters and measurement information for urban 410 

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, 

𝜇m2 cm-3) and volume PSDs (dV/dLogDp, 𝜇m3 cm-3) assuming spherical particles and converted to mass PSDs (dM/dLogDp, 

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

concentrations were also calculated.   415 

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 420 

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 425 

fitted to the multi-modal lognormal distribution function in order to reproduce the measured data more accurately. 

 

Electrical mobility-based techniques typically cover size fractions that contribute significantly to number PSDs in the urban 

atmosphere (e.g. Dem ≤ 100 nm).  Thus, the segment of the number PSDs measured by such techniques were directly fitted 

with the multi-modal lognormal distribution function by Eq. (7), and the fitted number PSDs were converted to surface area, 430 

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, Da needs to be converted to Dem so that a consistent particle size definition can be used.  

In some studies, the authors did this by converting the measured Da-based PSD to a Dem-based PSD using the value for ρeff that 

gave the best fit between the converted Dem-based PSD with the measured Dem-based PSD in an overlap region (often the 

accumulation mode) that was covered by both electrical mobility- and aerodynamic-based techniques (e.g. Pitz et al., 2008a).  440 

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 χ and ρp (e.g. Babu et al., 2016; Bäumer 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 Da, and then to Dem.  Equation (8) shows the relationship between Da and Dve (DeCarlo et al., 2004; Hinds, 2012), where ρ0 

is the standard density of 1 g cm-3: 445 

𝐷(! = 𝐷B2
-..*&(&/)
.!*&(&%")

,            (8) 

For coarse mode particles, it is assumed that *'(&%")
*&(&/)

 is approximately unity.  As mentioned in Sect. 3.5, 𝐷(! = 𝐷!$/χ; 

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

.!
)/+

-$/+..
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&/
&"#

,            (9) 

From Eq. (9) and (6), we can derive the relationship between Da and Dem (Eq. 10), which is used to convert Da to Dem: 450 

𝜌!"" = 𝜌C(
&/
&"#

)4,            (10) 

 

As described in Sect. 3, a series of ρeff values were generated from different combinations of 𝜒 and ρp (Fig. 1 and light green 

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

Da to Dem for these particles, each Da was converted to multiple Dem corresponding to a series of ρeff to account for the 455 

uncertainty in ρeff.   Therefore, for each of the Da-based number PSDs in the size range where direct ρeff data is lacking, a series 

of Dem-based number PSDs were determined.  Fig. 4 shows the ratio of Da to Dem when translating between the two diameters 

for different values of 𝜒 and ρp (assuming *'(&%")
*&(&/)

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

 

The converted Dem-based number PSDs were transformed to Dem-based volume PSDs.  For the size fraction of the coarse mode 460 

where the ρeff was estimated by different combinations of 𝜒 and ρp, multiple Dem-based volume PSDs were obtained from the 

series of Dem-based number PSDs.  An example is shown in Fig. 5.  We took the mean Dem-based volume PSD of that series 

of Dem-based volume PSDs, and then conducted the multi-modal lognormal fitting via Eq. (11): 
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where Vi 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 Dem-based volume PSDs were then converted back to number and surface area Dem-based PSDs.  

This was done to prevent possible amplification in the difference between the measured and lognormally fitted PSDs when 470 

converting number PSDs to volume PSDs. 

 

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

functions ρAeff, ρBeff, or ρCeff, according to the measurement location and site type (Sect. 3, Fig. 2).  For the size fraction of the 

coarse mode where the ρeff was estimated by different combinations of 𝜒 and ρp, multiple Dem-based mass PSDs were obtained 475 

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

of Dem-based mass PSDs, and then conducted the multi-modal lognormal fitting via Eq. (12):  

/E
/123&!

= ∑
E(

(4%))/+523	(7()
𝑒𝑥𝑝 8−

8523&!9523&!,-::::::;
+

4523+(7() 9
<
=>? ,        (12) 

where Mi 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 480 

mobility- and aerodynamic-based techniques can be reproduced.  The goal of this stage is to apply the most appropriate size-

resolved ρeff to a given number PSD measurement, thereby accurately estimating its volume and mass PSD and taking into 

consideration the uncertainties of the unknown size-resolved ρeff values for the coarse mode.  Fitting parameters and 

measurement information for urban aerosol PSD measurements made with both electrical mobility- and aerodynamic-based 

techniques covering the sub-micron and coarse regimes are provided in Table S2.  485 

 

For optical-based measurements, we assume the optical diameter is equivalent to Dem due to the lack of information needed to 

convert one to the other.  The number PSDs measured by optical-based techniques were transformed to mass PSDs assuming 

a uniform apparent density of 1.65 g cm-3 (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.  490 

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 Da-based mass PSDs were 

converted to Dem-based mass PSDs to enable comparison with the other electrical mobility-based measurements.  According 495 

to the measurement location and site type, Da was converted to Dem using the ρeff functions for Groups A, B, or C, via Eq. (10).  

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

to multiple Dem-based mass PSDs, with each PSD corresponding to a particular value of ρeff.  Then, the mean Dem-based PSD 

was taken from the series of Dem-based mass PSDs and merged with the rest of the Dem-based mass PSD determined via the 
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effective density functions ρAeff, ρBeff, or ρCeff.  The multi-modal lognormal fitting was conducted for the Dem-based mass PSDs 

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

 

The Da-based mass PSDs were also converted to Dem-based volume PSDs by using the ρeff functions for Groups A, B, or C.  505 

Similar to the conversion for mass PSDs, for the fraction of the coarse mode where a series of 𝜒 and ρp were used to estimate 

ρeff, each Da-based mass PSD was converted to multiple Dem-based volume PSDs.  The mean Dem-based volume PSD was 

taken from this series of Dem-based volume PSDs and merged with the rest of the Dem-based volume PSD.   The multi-modal 

lognormal fitting was conducted for the Dem-based volume PSDs by using Eq. (11).  The fitted Dem-based volume PSDs were 

converted to Dem-based number and surface area PSDs.  For the volume and mass PSDs measured by inertial impactors, 510 

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 515 

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-3 

(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 520 

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-525 

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 530 

significantly to sub-micron particle number concentrations, were not included in the global-scale analysis given the limited 

number of measurements that have been made (e.g. Rönkkö et al., 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 aerosol PSD measurements 

made via electrical mobility-based techniques that only cover the sub-micron regime were not used in the analysis of 

geographical trends in mass PSDs.  Only PSD measurements made with inertial impactors and those combining both electrical 535 

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 PM2.5 derived from the compiled PSDs 

(Fig.7; blue circular markers) with those measured by local monitoring stations over the same sampling periods (green diamond 540 

markers and error bars).  The green diamond markers in Fig. 7 represent the mean values of  PM2.5 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 PM2.5 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 PM2.5 data from a monitoring station near 

the PSD sampling site are available.  The PM2.5 derived from the PSDs exhibit a good agreement with those measured at local 545 

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

locations between the PSD and local PM2.5 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 550 

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 555 

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 560 

NS as the reported observational period was not associated with a particular event.  The target aerosol population indicates the 

size range covered by the measurement setup, including: UFP regime (UFP: Dp ≤ 100 nm), fine regime (F: 100 nm < Dp ≤ 

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

with both fine and coarse regimes (UFP+F+C).  The measurement type includes aerosol instruments based on electrical 
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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). 570 

 

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 575 

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 580 

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 585 

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

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

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

ρeff in the coarse regime. The relationship between the color and ρeff is shown in the color bar.  The dashed color lines are the 

lognormal fitting curves for each mode.  The dashed black lines in the volume and mass PSDs are the sum of the fitted sub-590 

modes.  The fitted volume PSD was converted back to number and surface area PSDs, which are shown as the dashed black 

lines.  The effective size range for the lognormal fitting is shown.  A Dem-based mass PSD was also determined assuming a 

uniform apparent particle density of 1.65 g cm-3 as the dotted black line (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 ρeff function (A, B, or C) for the conversion is listed and the vertical dashed green lines 595 

correspond to the different size ranges for the ρeff  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 Dem-based PSDs converted from the measured Da-based mass PSD by using ρBeff.  The rainbow color lines 

are the converted Dem-based volume and mass PSDs for a range of ρeff to account for the uncertainties of ρeff in the coarse 605 

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

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

volume PSD was converted back to number and surface area PSDs, which are shown as the dashed black lines. The effective 

size range for the lognormal fitting is shown. 

5 Methodology for determining size-resolved urban aerosol respiratory tract deposited dose rates 610 

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 615 

pollution and human health outcomes, only a few studies have determined RTDDRs for outdoor or indoor aerosols (e.g. 

Hussein et al., 2013, 2019; Löndahl et al., 2007, 2009; Wu et al., 2018).  Here, the RTDDR is evaluated in the form of a 

lognormal size distribution, 𝑑𝑅𝑇𝐷𝐷𝑅0/E/𝑑𝐿𝑜𝑔𝐷!$, to be consistent with the presentation of the urban aerosol PSDs.  The 

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

 620 

The 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$  (h-1) and 𝑑𝑅𝑇𝐷𝐷𝑅E/𝑑𝐿𝑜𝑔𝐷!$  (μg h-1) were calculated for an adult engaged in light physical 

activity (e.g. walking) in the urban outdoor environment as follows: 

𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ = 𝑑𝑁/𝑑𝐿𝑜𝑔𝐷!$ × 𝑉G × 𝑓 × 𝐷𝐹(𝐷'),                    (13) 

𝑑𝑅𝑇𝐷𝐷𝑅E/𝑑𝐿𝑜𝑔𝐷!$ = 𝑑𝑀/𝑑𝐿𝑜𝑔𝐷!$ × 𝑉G × 𝑓 × 𝐷𝐹(𝐷'),                    (14) 

where 𝑑𝑁/𝑑𝐿𝑜𝑔𝐷!$ and 𝑑𝑀/𝑑𝐿𝑜𝑔𝐷!$ are the urban aerosol number and mass PSDs, respectively; 𝑉G is the tidal volume 625 

(mL); 𝑓  is the breathing frequency (min-1); and 𝐷𝐹(𝐷')  is the size-resolved particle deposition fraction in the human 

respiratory tract (–).  The 𝑉G and 𝑓 were taken as the average for an adult female and male engaged in light activity: 𝑉G = 1083 

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

size-resolved particle deposition fractions for an adult were obtained using the age-specific symmetric single-path model from 

the open-source Multiple-Path Particle Dosimetry (MPPD) Model (v3.04, Applied Research Associates, Inc., Albuquerque, 630 

NM, USA) (Miller et al., 2016), as illustrated in Fig. 8.  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 

𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ and 𝑑𝑅𝑇𝐷𝐷𝑅E/𝑑𝐿𝑜𝑔𝐷!$ (e.g. Löndahl 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 640 

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 Dem = 400 nm.   645 

 

The 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ were only determined for urban aerosol number PSDs measured with electrical mobility-based 

techniques involving the UFP regime.  The 𝑑𝑅𝑇𝐷𝐷𝑅E/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. 650 

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, 655 

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 660 

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). 665 
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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!$) = 𝑑𝑁/𝑑𝐿𝑜𝑔𝐷!$ × (1 − 𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦),    (15) 

Penetrated urban aerosol PSDs were determined for filters with the Minimum Efficiency Reporting Value (MERV) rating of 670 

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 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.    675 

7 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 680 

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 685 

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 690 

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 695 

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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Moved up [2]: The size-resolved ρeff functions for Groups 770 
A, B, and C are illustrated in Fig. 9.  The blue lines indicate 
the mean ρeff values derived from direct measurements of ρeff, 
such as through evaluation of the mass-mobility relationship 
of an aerosol population. The grey areas represent the 
maximum and minimum values of the directly measured ρeff 775 
for each group.  The associated measurement techniques for 
ρeff are noted.  The directly measured ρeff in Groups A and B, 
both of which are in the ‘urban’ environment, present similar 
values and do not show much variation among the different 
studies conducted in China and the United States (Table 2).  780 
Furthermore, across the size range covered by direct ρeff 
measurements in Groups A and B, there is no clear size-
dependency of ρeff, in part because organics and secondary 
inorganic ions are dominant in this size range.¶
¶785 
The directly measured ρeff values collected from cities in the 
United States (Group B) are between 1.1 to 1.6 g cm-3, while 
those measured in China (Group A) are slightly greater, with 
values between 1.3 to 1.9 g cm-3, possibly due to a greater 
abundance of secondary inorganic species.  The directly 790 
measured ρeff in the ‘traffic’ environment (Group C) presents 
a decreasing trend with the increase in particle size for 50 nm 
< Dem < 400 nm.  This is largely due to primary emissions of 
soot particles from vehicle exhaust, which typically adopt a 
loose, chain-like agglomerated morphology with a fractal 795 
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 ρeff with the increase in particle size for vehicle 
exhaust aerosol (Barone et al., 2011; Maricq et al., 2000; 800 
Olfert et al., 2007; Park et al., 2003; Rissler et al., 2013; 
Virtanen et al., 2006).  For size ranges where direct 
measurement of ρeff are unavailable, various assumptions 
were made to estimate a range of ρeff values, as discussed in 
Sect. 3.  The light blue, yellow, and light green areas in Fig. 805 
9 represent the range of possible ρeff values for the three size 
fractions, and the red lines represent the mean values.  The 
light green area in the coarse regime shows estimated ρeff 
values derived from a combination of different χ and ρp (e.g. 
Fig. 2), which take a variety of particle morphologies and 810 
chemical compositions into consideration.  The wide 
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Fig. 11 presents the global distribution of urban aerosol PSD measurement locations included in this study.  It is apparent that 

there are regions were numerous observations have been made (e.g. EU) and others were measurements are scarce (e.g. WA, 

LA, AF).  Among the n=793 urban aerosol PSD observations collected in this study, 39.8% of them are from EU, 15.2% are 

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 815 

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 820 

Helsinki, Finland (n=52), Leipzig, Germany (n=27), Copenhagen, Denmark (n=25), London, United Kingdom (n=16), and 

Milan, Italy (n=15).  The n=101 PSD observations compiled from the United States represent n=16 cities, including Los 

Angeles, California (n=34), Riverside, California (n=8), Pittsburgh, Pennsylvania (n=7), and Buffalo, New York (n=6).  A 

growing number of PSD measurements have been made in China (n=93), in cities such as Beijing (n=38), Guangzhou (n=14), 

and Shanghai (n=12).  In India, n=48 PSD observations were analyzed from Kanpur (n=23) and New Delhi (n=13), among 825 

other cities. 

 

A paucity of urban aerosol PSD measurements is clear throughout the entirety of AF, LA, and WA; CSSA excluding India; 

Canada, although a few measurements have been conducted in the Greater Toronto and Hamilton Area (total of n=15); Russia 

(n=1 from Tiksi); Australia (n=10 across Launceston, Brisbane, and Wollongong); and New Zealand (n=8 from Auckland).  830 

The few published PSD measurements in AF, CSSA excluding India, and WA were primarily reported as columnar volume 

PSDs by using sun/sky radiometers.  Urban aerosol PSD observations have only been made in n=8 countries in AF, including 

Egypt (n=12), South Africa (n=6), Zambia (n=4), Botswana (n=3), Kenya (n=1), Cape Verde (n=1), Mali (n=1), and Senegal 

(n=1).  Similarly, in LA, PSD measurements have been made in a few countries, the majority of which have been reported in 

Brazil (n=38, with n=35 from São Paulo), Chile (n=6), Mexico (n=3), and Cuba (n=1).  n=58 urban aerosol PSD measurements 835 

have been reported in WA, many of which were made in Zanjan, Iran (n=23), followed by Istanbul, Turkey (n=13), Fahaheel, 

Kuwait (n=12), and Yanbu, Saudi Arabia (n=9).  68.6% of the PSD observations in CSSA have been reported in India, with 

comparatively less measurements coming from other countries in the region, including Pakistan (n=8), Singapore (n=6), Nepal 

(n=4), Thailand (n=2), and Vietnam (n=2).   

 840 

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 845 
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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; Oberdörster et al., 2004, 2005; Pietropaoli et al., 2004; Rychlik et al., 2019; Sioutas et al., 2005).   850 

8 Urban aerosol PSDs: from number to mass 

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

Geographical variations in sub-micron urban aerosol number PSD measurements (dN/dLogDem, cm-3) are presented in Fig. 12.  

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 855 

the color indicates the occurrence frequency of the number PSDs at a given particle size (Dem) with a certain particle number 

concentration.  Red, orange, and yellow curves indicate the number PSDs where the occurrence frequency is high among the 

analyzed studies.  All number PSD observations are included in the ‘Global’ plot (top-left).  Number PSDs for EA, CSSA, 

EU, LA, and NAAN are presented in the remaining plots; however, AF and WA are not included due to the lack of PSD 

measurements in the sub-micron regime in the two regions.  The solid black lines indicate the median number PSDs for each 860 

group, which are also presented in Fig. 13 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 865 

there exist significant variations in both the magnitude and shape of number PSDs measured across urban environments around 

the world.  For a given particle size (Dem), there can exist over two orders of magnitude variation in the particle number 

concentration.  This variation in the amplitude of the number PSDs is persistent across the considered size range, from Dem = 

3 to 1000 nm, which includes the nucleation, Aitken, and accumulation modes.  The red-yellow region of the global plot 

surrounds the median number PSD (black line).  Wide variability in the magnitude of the number PSDs above and below the 870 

median PSD is apparent.  Thus, defining a globally representative urban aerosol number PSD is challenging given the vast 

array of factors that can influence the shape of a PSD at a particular sampling location within in a city.  However, the red 

region suggests that on a global-basis, some trends do exist in regard to the shape and magnitude of urban aerosol number 

PSDs.  Notably, number PSDs are often dominated by particles between Dem = 10 to 100 nm, with varying contributions from 

the sub-10 nm fraction and accumulation mode, depending on the conditions that exist at the measurement site.  Across this 875 

size fraction, there is a high occurrence frequency of number PSDs with an amplitude between 1000 to 10000 cm-3.  In some 

cases, the amplitude can reach or exceed 50000 cm-3, most commonly in the nucleation and Aitken modes.  The global median 
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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-3 at Dem = 100 nm to 10 cm-3 as Dem approaches 1000 nm.  

 885 

The geographically-resolved collections of urban aerosol number PSDs presented in Fig. 12 and 13 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 890 

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 895 

number PSD for LA more closely resembles number PSDs measured in NAAN and EU as compared to those in EA and CSSA.  

However, the lack of PSD observations in LA makes it difficult to draw conclusions about the shape of PSDs in this region.  

The Dem associated with the prominent peak for each of the median number PSDs presented in Fig. 13 are: Dem ~ 20 nm for 

EU, Dem ~ 30 nm for NAAN, Dem ~ 35 nm for LA, and Dem ~ 60 to 100 nm for EA and CSSA. 

 900 

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 Dem = 10 to 

100 nm, the amplitude of this PSD band varies between 1000 and 10000 cm-3.  Less frequently, number PSDs with magnitudes 905 

exceeding 10000 cm-3, or as low as 100 cm-3,  have been reported in EU cities.  A faint band of moderate occurrence frequency 

can be observed in both EA and NAAN, however, the comparatively few PSD observations in CSSA and LA make it difficult 

to identify such trends in these two regions.   

 

To better visualize differences in the shape of the urban aerosol number PSDs and to probe the relative fraction of particles in 910 

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. 14).  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 Dem = 100 nm and few show peaks at or near the 

nucleation mode.  Some of the normalized number PSDs measured in China and India present prominent peaks in the 915 

accumulation mode, between Dem = 100 to 200 nm.  However, it can be seen that particles greater than Dem = 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 925 

at smaller particle sizes (Dem = 10 to 50 nm), while a few observations made in Germany, Italy, and the United States present 

peaks near Dem = 100 nm.  The normalized number PSDs measured in LA, predominately in São Paulo, Brazil, closely resemble 

observations reported in NAAN and EU.  The prominent nucleation mode in the WA normalized number PSDs is in part due 

to the few PSD observations collected from the region, which were made at a ‘traffic’ site in Fahaheel, Kuwait. 

 930 

There are clear distinctions between urban aerosol 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 935 

nucleation modes and CMDs of approximately 10 nm, and number PSDs in NAAN with prominent accumulation modes and 

CMDs approaching 100 nm.  There are only a few number PSDs in CSSA that exhibit CMDs below 50 nm.  In all geographical 

regions, there exists nearly two orders of magnitude variation in total particle number concentrations, which are often bounded 

by 1000 cm-3 at the lower end and 100000 cm-3 at the upper end.  Number PSDs in EU, NAAN, and EA that have CMDs < 20 

nm are associated with total particle number concentrations exceeding 10000 cm-3.  A clear inverse relationship between total 940 

particle number concentration and CMD does not appear to exist.  Interestingly, numerous number PSDs in EA and CSSA 

with CMDs of approximately 100 nm have concentrations > 10000 cm-3.  The wide variation in the total particle number 

concentrations presented in 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). 

 945 

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 950 

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; Mejía 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 

et al., 2001; Charron and Harrison, 2003; Kaul et al., 2011; Nieto et al., 1994; Rose et al., 2010; Stanier et al., 2004b; Swietlicki 955 

et al., 2008; Väkevä 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).   965 

8.2 Geographical variations in the magnitude and shape of urban aerosol mass PSDs 

Global variations in urban aerosol mass PSD measurements (dM/dLogDem, 𝜇g m-3) are presented in 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 ρeff functions for Groups A, B, and C (Fig. 2) were used in 970 

converting Da-based PSDs to Dem-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 (Dem) 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 16, 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 975 

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 980 

are evident.  Notably, urban aerosol mass PSDs are dominated by particles with Dem > 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 𝜇g m-3 to 100 𝜇g m-3.  The Dem associated with the prominent 985 

peak in the accumulation mode is variable.  The spread in the magnitude of the mass PSD in the coarse mode is consistent 

with that observed in the accumulation mode.  Some mass PSDs exhibit amplitudes that exceed 100 𝜇g m-3, however, their 

occurrence frequency is very low.  The magnitude of mass PSDs in the UFP regime is relatively insignificant and ranges from 

0.01 to 1 𝜇g m-3. Unlike for the number PSDs in 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 990 

of mass PSDs as compared to number PSDs.  This may be due to the variety of measurement techniques employed and 

uncertainties in translating number PSDs to mass PSDs using the size-resolved ρeff functions for Groups A, B, and C. 

 

As with the sub-micron urban aerosol number PSDs, the mass PSDs were normalized by their maximum concentrations such 

that variations in the magnitude of the mass PSDs can be neglected (Fig. 17).  The normalized urban aerosol mass PSDs 995 

presented in Fig. 17 are grouped by country and geographical region (from top to bottom): WA, NAAN, LA, EU, EA, CSSA, 

Field Code Changed

Deleted: 9

Formatted: Font: Times New Roman

Deleted: 15

Deleted: 9

Deleted: 111000 

Deleted: 11 

Deleted: 15

Deleted: 15 

Deleted: 11

Deleted: 151005 

Deleted: 16

Deleted: 16 



 

 26 

and AF.  The normalized mass PSDs demonstrate that a significant fraction of particle mass exists below Dem = 1000 nm in 

numerous cities in NAAN, EU, EA, and CSSA.  For measurements that included the UFP regime, it is clear that sub-100 nm 

particles contribute little to urban aerosol mass PSDs.  The majority of the normalized mass PSDs in NAAN and EU show a 1010 

peak in the accumulation mode (red-orange color) between Dem = 200 to 600 nm, while some show peaks in both the 

accumulation and coarse modes.  Most of the normalized mass PSDs in EA (predominately from China) are bi-modal with 

accumulation mode peaks that span Dem = 300 to 1000 nm and coarse mode peaks that span Dem = 3000 to 8000 nm.  A few 

mass PSDs in EA (measured in Korea) are uni-modal with a prominent coarse mode that extend beyond Dem = 10000 nm.  The 

normalized mass PSDs in CSSA are more variable in shape, with varying contributions from both modes.  The Dem = 100 to 1015 

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 1020 

show a prominent peak between Dem = 6000 to 10000 nm, with some displaying a second coarse mode peak between Dem = 

1000 to 2000 nm.  Normalized mass PSDs from Yanbu, Saudi Arabia show a strong peak near Dem = 10000 nm, with either a 

very weak or non-existent peak in the accumulation mode.  The prominent coarse modes in WA cities are likely due to frequent 

dust events and enhanced dust resuspension in WA cities and the relatively large size of mineral dust particles (Al-Mahmodi, 

2011).  The few PSD observations from AF display a dominant coarse mode, with peaks spanning Dem = 1000 to 5000 nm. 1025 

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

Urban aerosol PSDs can exhibit intra-city spatial variations depending on the measurement location and its proximity to local 

emission sources, such as traffic.  The urban aerosol PSD observations were categorized by intra-city sampling location, as 

documented in 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. 18 presents normalized sub-micron urban aerosol number PSDs 1030 

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 1035 

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 Dem = 20 1040 
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to 90 nm, with a 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 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 1050 

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 Dem = 100 to 200 nm; such particles tend to persist in the urban atmosphere for longer periods 

of time due to their lower rates of coagulation compared to nucleation and Aitken mode particles and lower deposition rates 1055 

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 aerosol emissions from traffic, including urban SOA formation 1060 

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 H2SO4 and hydrocarbons as the hot exhaust is cooled and diluted in the ambient atmosphere (Dallmann et al., 2014; Kleeman 

et al., 2000; Meyer and Ristovski, 2007; Morawska et al., 2008a; Shi et al., 2001; Shi and Harrison, 1999; Wehner et al., 2002).   1065 

 

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 1070 

for selected urban aerosol sources, vehicle exhaust PSDs are typically dominated by UFPs.  Freshly nucleated particles in 

vehicle exhaust are relatively small, with Dem < 30 nm.  Near-road measurements at TR sites commonly present peaks in the 

sub-30 nm size fraction (Fig. 18), and some TR sites can be dominated by sub-10 nm particles (Pedata et al., 2015; Rönkkö 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 1075 

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; 1085 

Kukutschová et al., 2011; Nosko et al., 2017; Timmers and Achten, 2016; Wahlström et al., 2010).  As shown in Fig. 19, 

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 accumulation mode 

The results presented in Fig. 12-15 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 1090 

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 1095 

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 (Janhäll 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 (Janhäll et al., 

2010; Reid et al., 2005; Sakamoto et al., 2016).  It has been observed that residential biomass burning, possibly for cooking 1100 

and heating, can contribute to high particle number concentrations of accumulation mode particles in the evening in New Delhi, 

India (Mönkkönen et al., 2005).  A recent study using the GEOS-Chem-TOMAS model identified significant aerosol emissions 

from biomass burning in India and Indonesia from residential, agricultural, and wildfire sources (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 1105 

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 1110 

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, SO2, and VOCs) in polluted areas can aid particle growth to larger sizes.  It has been reported that the concentrations 

of condensable vapors are higher in urban areas in China and India compared to those in NAAN and EU due to heavier air 1115 

pollution in the former (Gao et al., 2009; Huang et al., 2014; Kodros et al., 2018; Kulmala et al., 2005; Misra et al., 2014; 

Mönkkönen 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 1125 

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 on geographical variations.  Temporal variations may 

exist across different time scales, from short-term hourly variations to long-term yearly changes.  The diurnal, weekly, and 1130 

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; Gómez-Moreno et al., 2011; Hussein et al., 2004; 

Kanawade et al., 2014; Ketzel et al., 2003, 2004; Kim et al., 2002; Mönkkönen 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).   1135 

 

In addition, long-term trends in urban aerosol number PSDs, UFP concentrations, and size-integrated metrics (e.g. PM2.5, PM10) 

have been 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.  Long-term measurements of urban aerosol PSDs and 

gaseous pollutants at Rochester, NY showed significant emission reductions in PM2.5, UFP concentrations, and major gaseous 1140 

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/cm3/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 PM2.5 was 1145 

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 PM2.5 and PM10 due to the effectiveness of emission reduction policies for 

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

Network present statistically significant decreasing trends in particle number concentration and equivalent black carbon in 1150 

urban sites in Germany, which are mainly the result of 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 PM2.5 decreased from ~90 μg m-3 in 

2013 to ~60 μg m-3 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 assessment 

9.1 Geographical variations in size-resolved urban aerosol number respiratory tract deposited dose rates 

Geographical variations in size-resolved urban aerosol number respiratory tract deposited dose rates (RTDDRs), expressed in 1170 

the form of lognormal size distributions (𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ , h-1), 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; Löndahl et al., 2007, 2009; Wu et al., 2018).  As described in Sect. 5, number RTDDRs were estimated by 1175 

integrating the urban aerosol number PSDs complied for each geographical region (Fig. 12) 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 1180 

the human respiratory tract (total, head airways, tracheobronchial, and pulmonary).  In a given number RTDDR log-log plot, 

each line represents a RTDDR (as 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$, used interchangeably herein) estimated from a sub-micron urban 

aerosol number PSD presented in Fig. 12 and the color indicates the occurrence frequency of the number RTDDRs at a given 

particle size (Dem) 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 1185 

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, 1190 

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 (Dem).  The amplitude of the total 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ (left column) is typically between 108 and 1195 

1010 h-1 in the UFP regime, with values exceeding 1011 h-1 in the nucleation mode and as low as 106 h-1 in the accumulation 
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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 1210 

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 RTDDRs receive significant contributions from both 1215 

Aitken and accumulation mode particles (Fig. 20 and 21).  A prominent mode in the median total 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ in 

NAAN/EU/LA is evident between Dem = 20 to 30 nm, with a partial second mode occurring at Dem < 10 nm for NAAN/EU.  

EA/CSSA exhibit a prominent mode between Dem = 50 to 70 nm, with CSSA presenting a second mode beyond Dem = 100 nm.  

The magnitude of the prominent modes of the median total 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$	in all geographical regions are on the order 

of 109 h-1, and vary between 3 and 6 x 109 h-1. 1220 

 

High number RTDDRs occur for size fractions where prominent modes of the urban aerosol number PSDs coincide with high 

deposition fractions.  The deposition fraction curve for the pulmonary region exhibits a maximum at approximately Dem = 30 

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

size from Dem = 100 nm to approximately Dem = 2 nm, where it obtains its maximum.  Similarly, the head airways deposition 1225 

curve increases with decreasing particle size from Dem = 70 to 1 nm in the UFP regime.  As a result, the sub-micron total 

deposition fraction curve increases with decreasing particle size from a minimum at approximately Dem = 400 nm to nearly 

unity at Dem = 1 nm (Fig. 8).  Thus, particles in the UFP regime more efficiently deposit in the human respiratory tract compared 

to particles in the accumulation mode.   

 1230 

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. 14 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 Dem < 30 nm in both the tracheobronchial region and 

head airways (Fig. 20 and 21).  For NAAN/EU, the median 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ for the tracheobronchial region and head 1235 

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

the pulmonary region, the prominent peak of the median 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ for NAAN/EU is present near Dem = 20 nm, 

which is the approximate location of the prominent mode of the median number PSDs in NAAN/EU and the maximum of the 

pulmonary deposition fraction curve.  Median number RTDDRs in the sub-30 nm fraction are greater in NAAN/EU compared 

to EA/CSSA for each of the three respiratory tract regions.  Conversely, greater number RTDDRs are observed for particles 1240 

with Dem > 50 nm for all respiratory tract regions in EA/CSSA as compared to NAAN/EU.  The magnitude of the median 

𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ for particles with Dem > 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 Dem = 50 nm, while in the head airways, a peak is present near Dem = 100 nm.   

 

For a given geographical region, variations in the dose rate are observed among the three respiratory tract regions.  As can be 

seen in both Fig. 20 and 21, the magnitude of the 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$	is greatest for the pulmonary region across all 1260 

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

𝑑𝑅𝑇𝐷𝐷𝑅0/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 1265 

unit time.   

9.2 Geographical variations in size-resolved urban aerosol mass respiratory tract deposited dose rates 

Geographical variations in size-resolved urban aerosol mass RTDDRs, expressed in the form of lognormal size distributions 

(𝑑𝑅𝑇𝐷𝐷𝑅E/𝑑𝐿𝑜𝑔𝐷!$, μg h-1), 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 𝑑𝑅𝑇𝐷𝐷𝑅E/𝑑𝐿𝑜𝑔𝐷!$, used interchangeably 1270 

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 (Dem) with a certain RTDDR value.  The solid black lines indicate the median mass 

RTDDR for each geographical and respiratory tract region pair, which are illustrated in 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 1275 

a given particle size (Dem).  The amplitude of the total 𝑑𝑅𝑇𝐷𝐷𝑅E/𝑑𝐿𝑜𝑔𝐷!$ (left column) is typically between 10-1 and 101μg 

h-1 in the accumulation and coarse modes, with values as low as 10-2 μg h-1 in the UFP regime.  Despite the variability in the 

magnitude, a clear red-orange-yellow band is present around the median mass RTDDRs in EA, EU, and NAAN, suggesting a 

general trend exists in each geographical region.  In contrast to the number RTDDRs, most mass RTDDRs are bimodal and 

dominated by accumulation and coarse mode particles across all geographical and respiratory tract regions (Fig. 22 and 23).  1280 

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 𝑑𝑅𝑇𝐷𝐷𝑅E/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 1285 

associated with 𝑑𝑅𝑇𝐷𝐷𝑅E/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 𝑑𝑅𝑇𝐷𝐷𝑅E/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 1300 

mass PSDs coincide with high deposition fractions.  From Dem = 100 to 10000 nm, the head airways deposition curve increases 

with increasing particle size, with local maxima observed for the pulmonary region at approximately Dem = 3000 nm and for 

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

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

coarse mode particles more efficiently deposit in the human respiratory tract compared to particles in the accumulation mode.       1305 

 

Coarse mode particles tend dominate the total, tracheobronchial, and head airways 𝑑𝑅𝑇𝐷𝐷𝑅E/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. 17).  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 1310 

mass RTDDR in the coarse mode is located at approximately Dem = 6000 nm for the head airways and the tracheobronchial 

regions, while in the pulmonary region it is located near Dem = 3000 nm.  For both the tracheobronchial and pulmonary regions, 

this peak occurs near the local maximum in the deposition curves for both regions (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 Dem = 10000 nm.  Mass RTDDRs in LA and WA exhibit a prominent coarse mode for the head 1315 

airways and tracheobronchial region.  However, the full extent of the mass RTDDRs for LA and WA in the coarse mode 

cannot be reliably characterized due to the lack of mass PSD observations in the two regions.  As shown in Kodros et al. (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 1320 

contributions from the accumulation and coarse modes in CSSA, EU, and NAAN.  The location of the prominent mode of the 

mass RTDDRs in the accumulation mode varies among the geographical regions, but is typically between Dem = 200 to 500 

nm.  As illustrated in 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 1325 

contributes significantly to the total mass RTDDRs from Dem = 100 to 1000 nm.   

 

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) RTDDRM (Fig. 24, right) also shows the highest value in 1330 
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CSSA, which is twice as high as EA.  This is attributable to the abundant accumulation mode particles in CSSA due to strong 1340 

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

10 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 1345 

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 1350 

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

number PSDs presented in Fig. 12, there are significant geographical variations in both the shape and magnitude of the filter-1355 

transformed PSDs.  The sub-micron penetrated PSDs are unimodal for all geographical regions and for both filters.  The 

magnitude of the penetrated PSDs are greater in CSSA and EA as compared to NAAN, EU, and LA for both the MERV 8 and 

14 filters.  However, the nucleation mode of the penetrated PSDs for a MERV 8 filter in NAAN/EU are slightly greater than 

those for EA/CSSA.  The PSDs of the penetrated urban aerosol in NAAN, EU, and LA present a peak at approximately Dem = 

30 to 50 nm for the MERV 8 filter, while those in CSSA and EA show a peak between Dem = 70 to 120 nm.  The magnitude 1360 

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 Dem = 100 to 200 nm (Fig. 9) and the strong accumulation mode of the number PSDs in CSSA and EA (Fig. 13).  

 1365 

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.   

 1370 
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To further characterize the impact of geographical variations in the shape of urban aerosol number PSDs on indoor air quality 

and aerosol filtration in buildings, the relative fraction of particles that penetrate or deposit onto the filter were determined 1385 

(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. 12), with the 

mean and standard deviation for each geographical region shown in Fig. 28.  Notably, a significant decrease of approximately 1390 

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 1395 

accumulation modes of the number PSDs in EA/CSSA, which coincide with the particle size range (Dem = 100 to 200 nm) 

where the filtration efficiency is at a minimum since the particles are too large to deposit by diffusion and too small to deposit 

by interception and inertial impaction (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.   

 1400 

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 MERV rating.  In addition, the 1405 

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 

al., 2010), aerosol morphological features (Wang, 2012), and the mechanical ventilation recirculation ratio.   1410 

 

In addition, different geographical locations may result in different environmental factors, which can influence the performance 

of a filter. For example, the dendrites of the deposited particles may experience more frequent collapse in geographical regions 

with annual rainy seasons when the relative humidity increases significantly. The dendrites may restructure to adopt a compact 

morphology under elevated humidity due to the capillary effect of condensed water, which will lower the filtration efficiency 1415 

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. 1425 

 

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).  1430 

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.   

11 Framing future research directions for urban aerosol PSD observations at a global-scale 1435 

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 11).  

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 1440 

data is limited for many size fractions (Fig. 2, Table 2).  A greater number of direct measurements of urban aerosol effective 

densities will enable 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 and 16).  Such differences have important implications 1445 

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, 1450 

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). 

 1455 
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Existing ground-based air quality monitoring stations are largely focused on measurements of size-integrated PM2.5 mass 1465 

concentrations.  Expansive observational datasets of PM2.5 mass concentrations are now available.  This has significantly 

advanced knowledge of the impact of PM2.5 on urban air pollution and human health in the past two decades (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).  PM2.5 measurement gaps do exist, with 141 of 243 countries lacking ground-based PM2.5 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 1470 

PM2.5 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 PM2.5 mass concentrations are insufficient to accurately characterize an urban 

aerosol population.  Of particular importance is the measurement of PSDs that include the UFP regime, given their significant 

contribution to particle number concentrations (Fig. 12, 13, and 14).  This is especially important given that UFP number 

concentrations and PM2.5 mass concentrations are not representative of each other, as particles that contribute to the two size-1475 

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 

PM2.5 mass concentration measurement to broader size range PSD measurements that include the nucleation, Aitken, 

accumulation, and coarse modes.  CMDs of urban aerosol number PSDs often fall between Dem = 10 to 100 nm (Fig. 15); such 1480 

particles contribute negligibly to urban aerosol mass PSDs (Fig. 16 and 17).  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; Vu et 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 1485 

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). 

 

PM2.5 measurements are motivated in part by existing air quality legislation and exposure guideline values, whereas there are 1490 

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 PM2.5 

measurement to routine urban aerosol PSD monitoring down the UFP regime can help support new legislation based upon 1495 

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 aerosol 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; Rönkkö et al., 2017).  Number concentrations of nanocluster aerosol can exceed 10000 cm-3 in polluted 

megacities, such as Shanghai and Nanjing, China (Kontkanen et al., 2017); while roadside measurements have reported 1510 

concentrations in excess of 100000 cm-3 (Rönkkö 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 

Dem = 300 to 500 nm have been made in recent years, efforts are still needed to develop low-cost condensation particle counters, 1515 

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. 8).  The health effects of UFPs are 1520 

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; 

Li et al., 2016, 2017a; Oberdörster 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; Oberdörster et al., 2005; Pietropaoli 1525 

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 Dem = 30 nm (Fig. 8), which overlaps with the prominent modes of many urban aerosol 

number PSDs in NAAN, EU, and LA (Fig. 12 and 13).  UFPs can penetrate deep into the lung, can be transported into the 1530 

bloodstream, and can translocate to different organs (Li et al., 2017b; Oberdörster 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 1540 

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 

(Wu and Boor, 2020). 1545 
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Figure 1. Effective densities (ρeff) as derived from different values of dynamic shape factors (χ) and particle densities (ρp), 

assuming the value of *'(&%")
*&(&"#)

 is approximately unity for coarse particles. 
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Figure 2. Size-resolved urban aerosol effective density functions (ρeff) for Group A (‘urban’; obtained from measurements in 1565 
China), Group B (‘urban’; obtained from measurements in the United States), and Group C (‘traffic’; obtained from 
measurements in the United States, Finland, and Denmark).  Details of the ρeff measurements are summarized in Table 2.  ρeff 

values for different combinations of χ and ρp are illustrated in 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. 1570 
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Figure 3. Example of urban aerosol number, surface area, volume, and mass PSDs measured by electrical mobility techniques. 1575 
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 4. The ratio of aerodynamic diameter (Da) to electrical mobility diameter (Dem) derived from different values of the 1585 
dynamic shape factor (χ) and particle density (ρp).  
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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 Da-based volume PSD was 
converted from the measured Da-based number PSD. The solid black lines in the volume and mass PSDs are Dem-based PSDs 1590 
converted from the measured Da-based number PSD.  The rainbow color lines are the converted Dem-based volume and mass 
PSDs for a range of ρeff to account for the uncertainties in ρeff in the coarse regime. The relationship between the color and ρeff 
is shown in the color bar. The dotted color lines are the lognormal fitting curves for each mode. The dashed black lines in the 
volume and mass PSDs are the sum of the fitted sub-modes. The fitted volume PSD was converted back to number and surface 
area PSDs, which are shown as the dashed black lines. The effective size range for the lognormal fitting is indicated. The mass 1595 
Dem-based PSD was also converted assuming a uniform apparent ρeff of 1.65 g cm-3 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 Dem-based PSDs converted from the measured Da-based mass PSD by using ρBeff.  The rainbow 1600 
color lines are the converted Dem-based volume and mass PSDs for a range of ρeff to account for the uncertainties in ρeff in the 
coarse regime. The relationship between the color and ρeff is shown in the color bar. The dotted color lines are the lognormal 
fitting curves for each mode. The dashed black lines in the volume and mass PSDs are the sum of the fitted sub-modes. The 
fitted volume PSD was converted to number and surface area PSDs, which are shown as the dashed black lines. The effective 
size range for the lognormal fitting is indicated.  1605 
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aPSDs from Ding et al. (2017), PM2.5 from Shanghai Environment Monitoring Center at Hongkou Liangcheng Station, including four different sampling 
periods. 
bPSDs from Cabada et al. (2004), PM2.5 from EPA monitoring station (42-003-0021), including four different sampling periods. 
cPSD from Watson et al. (2002), PM2.5 from EPA monitoring station (06-019-0008). 1610 
dPSDs from Harrison et al. (2012), PM2.5 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 PM2.5 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 1615 
green diamond markers represent the mean values of the PM2.5 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.  1630 
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Figure 9. Size-resolved filtration efficiency curves for MERV 8 and MERV 14 filters for estimating the number PSDs of the 
penetrated urban aerosol (Hecker and Hofacre, 2008).  
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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). 
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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.  1655 
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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. 1670 
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Figure 16. Urban aerosol mass PSDs analyzed in this study from around the globe (n=122).  The figure incorporates mass 1675 
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. 1690 
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aDry period in Fig. 4a in Rissler et al. (2006). 1695 
bcdPSD after ageing of 30 min in Fig. 6 in Zhang et al. (2011). 
eLM1 in Fig. 7 in Wahlström et al. (2010). Brake pad material: low metallic (LM). 
fNAO1 in Fig. 7 in Wahlström et al. (2010). Brake pad material: non-asbestos organic (NAO). 
gt0+30 min in Fig. 6a in Kukutschová et al. (2011). Brake pad material: LM. 
hLM 175 °C in Fig. 7 in Nosko et al. (2017).  Brake pad material: LM. 1700 
iNAO 175 °C in Fig. 7 in Nosko et al. (2017).  Brake pad material: NAO. 
jDMA-CPC measurement in Fig. 4 in Wallace et al. (2004). 
kFrying onion, t=7 min in Fig. 13 in Glytsos et al. (2010). 
lGrilling bacon with maximum power in Fig. 6a in Buonanno et al. (2009a). 
mBoiling in Fig. 2a in See and Balasubramanian (2006). 1705 
nResidential/commercial heating in winter in Fig. 6 in Ogulei et al. (2007b). 
oTest condition 8 without thermodenuder in Fig. 2a in Rönkkö et al. (2007). 
pGasoline engine #2 at 96 km h-1 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), 1710 
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 𝑑𝑅𝑇𝐷𝐷𝑅0/𝑑𝐿𝑜𝑔𝐷!$ in each geographical region (black lines in Fig. 19).
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Figure 23. Median 𝑑𝑅𝑇𝐷𝐷𝑅E/𝑑𝐿𝑜𝑔𝐷!$ in each geographical region (black lines in Fig. 21).  1725 
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Figure 24. Mean size-integrated (10-100 nm) RTDDRN and size-integrated (100-2500 nm) RTDDRM in the respiratory tract in 
different geographical regions determined using the urban mass PSDs analyzed in this study. 1730 
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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 MERV 14 filters.  The color represents the occurrence frequency of the penetrated number PSDs at a given particle size 1735 
with a certain concentration.  The black lines indicate the median penetrated number PSDs in each group.  
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Figure 26. Median urban aerosol number PSDs that penetrate through a MERV 8 (left) and a MERV 14 (right) filter in a 1740 
building ventilation system for each geographical region (black lines in Fig. 23).  Deleted: 
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Figure 27. Mean size-integrated number concentration (10-100 nm) of urban aerosol that penetrate through a MERV 8 (left) 1745 
and a MERV 14 (right) filter in a building ventilation system for each geographical region.  
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Figure 28. Mean HVAC filter penetration and deposition fractions for each geographical region, assuming single-pass MERV 
8 and MERV 14 filters.  1750 
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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 

Africa (n=29） 

Botswana (3) Gaborone (3) 
Cape Verde (1) Praia City (1) 
Egypt (12) Cairo (12) 
Kenya (1) Nairobi (1) 
Mali (1) Bamako (1) 
Senegal (1) Dakar (1) 

South Africa (6) Johannesburg (2) 
Pretoria (4) 

Zambia (4) Mongu (4) 

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

India (48) 

Durg (4) 
Kanpur (23) 
Mumbai (2) 
New Delhi (13) 
Pune (2) 
Trivandrum (4) 

Nepal (4) Lalitpur (1) 
Dhulikhel (3) 

Pakistan (8) 

Karachi (3) 
Lahore (3) 
Peshawar (1) 
Rawalpindi (1) 

Singapore (6) Singapore City (6) 

Thailand (2) Chiang Mai (1) 
Silpakorn (1) 

Vietnam (2) Ho Chi Minh (2) 

East Asia 
(n=138) 

China (93) 

Beijing (38) 
Guangzhou (14) 
Hong Kong (6) 
Jinan (1) 
Jinhua (1) 
Lanzhou (11) 
Nanjing (2) 
Shanghai (12) 
Shenzhen (3) 
Zhengzhou (2) 
Urumchi (1) 
Wuxi (2) 

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) 

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) 
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Rotterdam (2) 
Norway (3) Oslo (3) 

Portugal (12) Oporto (10) 
Lisbon (2) 

Russia (1) Tiksi (1) 

Sweden (11) 
Gothenburg (3) 
Stockholm (8) 

Moldova (1) Chisinau (1) 

Latin America 
(n=48) 

Brazil (38) 
Porto Alegre (3) 
São Paulo (35) 

Chile (6) Santiago (6) 
Mexico (3) Mexico City (3) 
Cuba (1) Camagüey (1) 

North America, 
Australia and 
New Zealand 
(n=134) 

Australia (10) 
Brisbane (2) 
Launceston (7) 
Wollongong (1) 

New Zealand (8) Auckland (8) 

Canada (15) Hamilton (2) 
Toronto (13) 

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

Country City Site Type Measurement 
Duration 

Measurement 
Technique 

Size 
(nm) 

Effective Density, 
ρeff (g cm-3) Reference 

Denmark Copenhagen Traffic  
(near road) 

January - February 
2012 (156 h of 
data over 38 days) 

DMA-APM 

75 0.934 

Rissler et al. 
(2014)a 

100 0.8078 
150 0.4636 
250 0.6432 
350 0.276 

U.S. 

Los Angelesb Urban 

September - 
October 2005 DMA-APM 

50 1.14 

Geller et al. 
(2006) 

118 1.12 
146 1.21 
202 1.14 
322 0.86 
414 0.73 

Downeyc Traffic  
(near road) 

50 1.13 
118 1 
146 0.94 
202 0.78 
322 0.49 
414 0.31 

Riverside Urban 

50 1.4 
118 1.4 
146 1.29 
202 1.06 

China Beijing Urban January 22 - 27 
2007 

SMPS/APS-
MOUDI 

56-100 2.085 

Hu et al. 
(2012)d 

100-180 1.32 
180-320 1.336 
320-560 1.885 
560-1000 1.75 
1000-
1800 1.655 

1800-
3200 1.38 

3200-
5600 2.23 

5600-
10000 - 

China Shanghai Urban December 6 - 
January 12 2012 TDMA-APM 

50 1.36 

Yin et al. 
(2015) 

100 1.45 
200 1.52 
300 1.53 
400 1.55 

China Shanghai Urban 
December 21  
2014 - January 13 
2015 

DMA-APM 
40 1.37 

Xie et al. 
(2017) 100 1.4 

220 1.47 
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300 1.5 

U.S. Houston Urban April 15 - May 31 
2009 DMA-APM 

46 1.55 

Levy et al. 
(2013)e 

81 1.55 
151 1.54 
240 1.54 
350 1.5 

Finland Helsinki Traffic  
(near road) 

February 10 - 26 
2003, January 28 - 
February 12 2004 ELPI-SMPS 

20.3 1.04 

Virtanen et al. 
(2006) 

72 1.5 

August 12 - 27 
2003, August 6 - 
20 2004 

18.9 0.96 

75.1 1.8 

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

50 1.56 

Qiao et al. 
(2018) 

80 1.55 
100 1.51 
150 1.5 
240 1.47 
350 1.42 

U.S. Atlanta Urban August 2009 TDMA-APM 107 1.58 McMurry et 
al. (2002)f 309 1.62 

aAverage of the soot and dense mode during Period I in Rissler et al. (2014) 
bReferred to as USC in Geller et al. (2006) 
cReferred to as 710-freeway in Geller et al. (2006) 1765 
dAverage of the polluted and clean episodes in Fig. 4 in Hu et al. (2012) 
eAverage of the values in Fig. 11 in Levy et al. (2013) 
fAverage of ρeff,2 in Table 3 in McMurry et al. (2002) 
DMA: Differential Mobility Analyzer 
TDMA: Tandem Differential Mobility Analyzer 1770 
CPMA: Centrifugal Particle Mass Analyzer 
APM: Aerosol Particle Mass Analyzer 
ELPI: Electrical Low Pressure Impactor 
SMPS: Scanning Mobility Particle Sizer 
APS: Aerodynamic Particle Sizer 1775 
MOUDI: Micro-Orifice Uniform Deposit Impactor 
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Appendix A: List of symbols and abbreviations. 
Table A1. List of symbols and abbreviations. 1780 

AF Africa Dem Electrical mobility diameter 
APM Aerosol particle mass analyzer Da Aerodynamic diameter 
APS Aerodynamic Particle Sizer Dop Optical diameter 
CC City center Dve Volume equivalent diameter 
CMD Count median diameter ρeff Aerosol effective density 
CSSA Central, South, and Southeast Asia ρp Aerosol particle density 
DMA Differential mobility analyzer χ Dynamic shape factor 
EA East Asia mp Particle mass 
ELVOC Extremely low volatility organic compound Vp Particle volume 
EU Europe Cc 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 σi Geometric standard deviation for mode i 
LT Long term (>6 months) Vi Particle volume concentration for mode i 
MERV Minimum efficiency reporting value Mi Particle mass concentration for mode i 
MOUDI Micro-orifice uniform deposit impactor VT 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 
  

PMX Integrated mass concentration for particles 
smaller than X μm 

  

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   
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