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Response to the Reviewers 

The authors wish to thank the three anonymous reviewers and the executive editor of Atmospheric Chemistry 
and Physics for thoroughly reviewing our manuscript and for providing very thoughtful suggestions. We have 
carefully reviewed each of the comments received and have rigorously revised our manuscript. This document 
presents a point-by-point response to our reviewers and includes all changes, corrections, additions, and 
subtractions. All comments from the reviewers are presented in italic black font. Our responses are presented 
in normal black font. The revised text is presented in normal blue font. These changes are also reflected within 
the revised manuscript's word document (main text and supplement) via track changes.  

Anonymous Referee #6 

In their manuscript “Urban Aerosol Size Distributions: A Global Perspective”, Wu and Boor use almost 800 
particle size distributions from 125 cities around the globe, taken from the literature from approximately the 
last 20 years, to calculate typical number and mass particle size distributions for individual geographical 
regions. For this purpose, particle size distributions are extracted from figures or other information in the 
publications and fitted with 3-4 modal log-normal distributions. Size-resolved effective densities were 
compiled from information from the literature and used to convert particle number size distributions into mass 
distributions. 

Using these distributions and size-dependent deposition efficiencies for the respiratory tract as well as size-
dependent filtration efficiencies for two common types of filters of building ventilation systems, differences in 
ambient, respiratory tract-deposited and indoor particle size distributions for different regions around the 
globe were discussed. 

In my eyes, the major effort of this work and the main contribution to the aerosol community is the consistent 
conversion of a very large number of particle size distribution measurement into a common format (i.e. fitted 
multi-modal log-normal distributions) that can be used for collective investigation of dependencies of PSDs 
on external influences. Here, the main focus was laid on the investigation of geographical differences of these 
particle size distributions. 

I think this work can be published in Atmospheric Chemistry and Physics, however in a quite different format 
as it is currently attempted. In the current form, the manuscript is way to long for the type and extent of 
information which is conveyed. I do not think that this manuscript qualifies as a “critical review” as the 
authors state in their manuscript. According to ACPs rules a review article “summarize[s] the status of 
knowledge and outline[s] future directions of research …”. Even though, for this work, size distributions from 
many publications have been used, this manuscript does not provide an overview on the status of knowledge 
of, e.g. particle size distributions or their measurements. This manuscript rather describes a research project 
which uses data from the literature in order to obtain typical size distributions from different regions of the 
world. 

Therefore, I suggest re-structuring the manuscript along the following lines: Overall, the manuscript can be 
shortened by at least 50% by avoiding repetitions or lengthy discussion of the literature for rather special side-
effects and by moving detailed analysis information into the supplement. Suggestions for the individual sections 
are provided below. Furthermore, the manuscript should be focused more on the main findings of this work, 
instead of attempting to provide a broad coverage of various applications (i.e. respiratory tract deposition and 
filtration efficiency). The effect of differences in particle size distributions in general on such size-dependent 
effects can be shortly discussed in the manuscript, however, it should not cover such a large fraction of the 
whole paper and repetitive figures for each of these types of applications of size distributions are not necessary 
in the main paper. I think it is way more important to provide a thorough and critical discussion of the 
uncertainties and variabilities of the initial and the converted size distributions and how this affects 
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significance of differences between different geographical areas. Actually, with all the uncertainties and 
variabilities (see comments below for details), I doubt that the observed differences in size distributions for 
different geographical areas are significant. If this is the case, I do not see that it makes a lot of sense to discuss 
differences in respiratory tract deposition and filtration efficiencies (which have even larger uncertainty than 
the PSDs) for the different regions and to present multiple figures for this analysis which strongly resemble 
those presented in earlier sections. 

With focusing the manuscript onto the main findings and a thorough consideration of uncertainties and 
variabilities, I think this manuscript provides a valuable contribution for the aerosol community and deserves 
publication in ACP. 

Response: We feel that this study is closer to a critical review rather than an original research article.  
However, if the executive editor suggests to change the format to a research article, we are happy to follow 
their suggestion. 

Upon the reviewer’s request, we have shortened the article by ~40% (30 pages).  We removed the 
discussions on respiratory dose rates and building filtration, and focus more on the main findings on this 
work.  The tables and numerous figures have been moved to the Supplement.  A section regarding the 
uncertainties on the PSD extraction and lognormal fitting has been added.  The variability and the 
limitations about the size-resolved urban aerosol ρeff function were added.  

Detailed comments: 

As mentioned by reviewer #1, the measurements are taken from a period of 20 years. Over this time, e.g. due 
to air quality measures, a change in particle size distributions at individual locations or areas could be 
expected. It would be interesting if the authors would use their unique data set to investigate this. Unfortunately, 
as a response to the reviewer’s suggestion, they only included a general discussion on typical temporal 
variability of particle size distributions, but did not use their data to extract such information. As long as this 
kind of information is not used from the data, I do not see the need for an extensive discussion on temporal 
variations, beyond the point, what is needed to explain uncertainty and variability due to these effects. 
Unfortunately, the latter was not done, yet. 

Response: Thank you for the comment regarding the temporal variations.  It is an interesting topic, 
however, it is not the focus of this paper.  There are difficulties in investigating temporal variations in 
PSDs.  Long-term PSD data at the same sampling sites are generally not available for most of the cities 
included in this study.  Since the paper mainly focus on the spatial variations, this section has been 
removed. 

A section discussing the uncertainties of the PSDs induced by data extraction and lognormal fitting has 
been added: 

7 Uncertainties in the extraction and lognormal fitting of urban aerosol PSDs 
 
The urban aerosol PSDs analyzed in this study are the extracted and fitted PSDs from previously reported 
measurements.  The data extraction and lognormal fitting process introduced some uncertainties compared 
with the original data.  Typically, the extraction process can obtain accurate data for the dominant peak 
of the PSD, where the concentrations are high.  However, as the PSDs were primarily reported in the form 
of figures with a linear y-axis scale, relatively large uncertainties exist for the size ranges with low 
concentrations due to the limited resolution of the extraction process by using pixel picking in the figures.   
Similarly, the lognormal fitting process can accurately capture the dominant mode of the PSD, as the high 
concentrations are weighted greater in the nonlinear least-squares curve fitting (the fitting quality of 
individual PSDs can be visually checked in the Supplement).  However, relatively large uncertainties exist 
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between the originally reported data and the fitted PSDs for the size ranges where the concentrations are 
relatively low compared with the dominant peak.   
 
These uncertainties, to some extent, affect the comparison of the PSDs in regard to their magnitudes.   For 
example, most of the number PSDs exhibit a dominant mode in the UFP regime, while the accumulation 
mode often appears as a tail of the dominant mode.  Although the number PSDs are fitted well in the UFP 
regime, the fitted number PSDs in the accumulation mode exhibit relatively large uncertainties.  Therefore, 
we mainly compared the dominant mode in the discussion of geographical variations in urban aerosol 
PSDs.  The uncertainties are expected to affect the comparison of the normalized PSDs to a lesser extent.  
Since the magnitude of individual PSDs are normalized, only the shape of the main mode is emphasized 
and compared, while the size ranges with relatively large uncertainties become less important.  Therefore, 
the uncertainties from the data extraction and lognormal fitting would not significantly influence the 
findings on the geographical variations of the urban aerosol PSDs.  The uncertainties potentially affect 
the absolute concentrations estimated in Figure 8.  Since the fitting quality of the main mode is typically 
good and the size range with relatively larger uncertainties do not contribute substantially to the total 
number concentrations, this influence may not be significant.  The mass PSDs include measurements with 
gravimetric methods employing inertial impactors.  These PSDs exhibit low size resolution due to the 
limited number of size bins of the impactors.  The fitted mass PSDs have much greater uncertainties in 
their shape compared to the number PSDs since the fitted curves were interpolated among the limited data 
points.    
 
This study constructed size-resolved urban aerosol ρeff functions by using measured and assumed ρeff in a 
step-wise manner.  This resulted in some sharp changes at the borders of the assumed size ranges.  Using 
the ρeff functions in the PSD conversions caused some step-like artifacts.  In reality, the ρeff and converted 
PSDs should transition smoothly with particle size.  With the construction method and the previously 
measured data detailed in the paper, readers can re-construct the ρeff functions in an interpolated manner 
to obtain smooth functions. 

 
Abstract: L14-15: What do the authors want to say with “To provide guidance for the evolution of urban 
aerosol observations”? 

Response: The sentence has been rephrased as: 

“To inform future measurements of urban aerosol observations,” 

L16-17: I think using the variable “n” repeatedly if it has no real meaning is rather confusing. It can be just 
omitted from the text in locations like “n=793 PDS observations … in n=125 cities … in n=51 countries.” 

Response: The variable “n” has been removed. 

Section 1: Introduction 

The whole introduction does not mention at all, how ambient aerosol particle size distributions are generated, 
i.e. which physical processes and particle generation processes generate the typical particle size distributions. 
In order to discuss differences of particle size distributions, e.g. at different locations, it would be good to lay 
a solid basis on how they are generated. 

Response: We agree with the reviewer that the introduction of the formation of ambient aerosol PSDs is 
important.  A short paragraph has been added: 

Of particular importance are measurements of urban aerosol particle size distributions (PSDs).  The 
ambient aerosol PSD is the result of direct particle emissions, in-situ formation processes, atmospheric 
interactions between particles or between particles and gaseous compounds, and deposition processes.  
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Typically, nucleation mode particles (3 to ~20 nm) are freshly formed via the nucleation of gaseous 
molecules and ions (Brines et al., 2015; Charron and Harrison, 2003; Zhu et al., 2002a).  Aitken (~20 to 
100 nm) and accumulation (100 to 1000 nm) mode particles are often associated with primary emissions 
from combustion sources and condensation of secondary materials (Yue et al., 2009).  Coarse mode 
particles (>1000 nm) generally result from mechanical processes, such as aerodynamic resuspension and 
abrasion.  Nucleation mode particles can be removed relatively quickly via coagulation due to their high 
diffusivity (Hinds, 2012).  They can also grow into the Aitken mode during new particle formation events 
(Cai et al., 2017; Xiao et al., 2015).  Aitken mode particles may further form accumulation mode particles 
via coagulation and condensation.  Accumulation mode particles can have a long lifetime due to their low 
gravitational settling velocity and slow coagulation rate among themselves.  In the urban environment, 
nucleation and Aitken mode particles generally dominate number PSDs, due to the abundance of primary 
emission sources, such as power generation, traffic, and industrial activities.  Their concentrations are 
high close to emission sources, while decreasing rapidly with distance from the source (Zhu et al., 2002a).  
Particle size can grow during transport by condensation of secondary materials.  Coarse mode particles in 
the urban environment often contain road dust (Almeida et al., 2006), tire debris (Adachi and Tainosho, 
2004; Rogge et al., 1993) and biological particles (e.g. pollen) (Saari et al., 2015).  Due to their high 
gravitational settling velocities, their number concentrations can be 2-4 orders of magnitudes lower than 
other modes. 

L50-66: Many fields where particle size or particle size distribution plays an important role are mentioned 
here, e.g. transport, transformation, source apportionment, health effects and deposition in respiratory tract, 
climate effects. However, nothing is said about how particle size affects processes in all these fields. In order 
to motivate the importance of particle size distribution measurements, this would be important. 

Response: A short paragraph has been added. 

Of particular importance are measurements of urban aerosol particle size distributions (PSDs).  The 
ambient aerosol PSD is the result of direct particle emissions, in-situ formation processes, atmospheric 
interactions between particles or between particles and gaseous compounds, and deposition processes.  
Typically, nucleation mode particles (3 to ~20 nm) are freshly formed via the nucleation of gaseous 
molecules and ions (Brines et al., 2015; Charron and Harrison, 2003; Zhu et al., 2002a).  Aitken (~20 to 
100 nm) and accumulation (100 to 1000 nm) mode particles are often associated with primary emissions 
from combustion sources and condensation of secondary materials (Yue et al., 2009).  Coarse mode 
particles (>1000 nm) generally result from mechanical processes, such as aerodynamic resuspension and 
abrasion.  Nucleation mode particles can be removed relatively quickly via coagulation due to their high 
diffusivity (Hinds, 2012).  They can also grow into the Aitken mode during new particle formation events 
(Cai et al., 2017; Xiao et al., 2015).  Aitken mode particles may further form accumulation mode particles 
via coagulation and condensation.  Accumulation mode particles can have a long lifetime due to their low 
gravitational settling velocity and slow coagulation rate among themselves.  In the urban environment, 
nucleation and Aitken mode particles generally dominate number PSDs, due to the abundance of primary 
emission sources, such as power generation, traffic, and industrial activities.  Their concentrations are 
high close to emission sources, while decreasing rapidly with distance from the source (Zhu et al., 2002a).  
Particle size can grow during transport by condensation of secondary materials.  Coarse mode particles in 
the urban environment often contain road dust (Almeida et al., 2006), tire debris (Adachi and Tainosho, 
2004; Rogge et al., 1993) and biological particles (e.g. pollen) (Saari et al., 2015).  Due to their high 
gravitational settling velocities, their number concentrations can be 2-4 orders of magnitudes lower than 
other modes. 

L57: Do not use the term “aerosol” if the individual particle is meant. Rather use “particle” in such cases. 
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Response: The term “aerosol” has been changed. 

In addition, the measurement of aerosol PSDs is important for evaluating global climate change as particle 
size strongly affects the interaction of particles with solar radiation and their ability to form fog and cloud 
droplets (Mahowald, 2011; Seinfeld and Pandis, 2012; Zhang et al., 2012).   

Section 2: General methodology 

L101: For coarse particles, mainly Aerodynamic Particle Sizer (APS) is mentioned as an instrument. Many 
measurements are based on OPS or OPC measurements, i.e. on optical particle size measurements. Why are 
these measurements not included here? 

Response: We did include many measurements made with an OPS or OPC (Table S5).  The following 
sentence has been changed. 

Most PSDs reported number-based concentrations (e.g. measured with a Scanning Mobility Particle Sizer 
(SMPS), Aerodynamic Particle Sizer (APS), or Optical Particle Sizer (OPS)), while some report mass-
based concentrations (e.g. measured by inertial impactors).   

Section 3: Size-resolved urban aerosol effective densities 

The authors develop size-resolved urban aerosol effective densities for three different groups, which are 
associated with three different geographical locations, over almost 7 pages. At the end of this effort, three 
different effective density functions for particles from 3 nm up to 10 µm electrical mobility diameter are 
available for the three groups of locations. 

Since all three effective density functions are based on different sources for different particle size ranges, they 
all show substantial steps at the borders between these size ranges, which are physically not meaningful and 
not realistic and will affect the particle mass distributions, calculated with these functions. In addition, as also 
stated by the authors, the actual effective density values will strongly depend on e.g. location and environment 
of the measurement site (e.g. traffic, residential, industrial environment, city center, city outskirts, city at 
marine location, city near desert, etc.), meteorological conditions (air mass history – e.g. dust advection events, 
ambient temperature, solar radiation, precipitation, etc.), and time (time of the day, e.g. rush hour times, 
weekday – weekend, season). All this uncertainty comes on top of the uncertainty of the measurements of 
effective densities (which is not provided) and assumptions made to calculate the three effective density 
functions. With this massive overall uncertainty, I doubt that the differences between the density functions of 
the three groups are significant and therefore they might just introduce additional ambiguity to the calculated 
mass distributions. In addition, the only differences between these three effective density functions are based 
on a total of nine measurements. This is not a representative data base for typical effective density functions 
in these three area groups, even not for the small fraction of the particle size range, covered with these 
measurements. 

With all these limitations and uncertainties, I do not think it makes sense to calculate more than a single 
effective density function, which is then applied to all data sets to convert number size distributions to mass 
size distributions. Furthermore, I do not feel that the determination of such a single effective density function, 
which should not include large steps between different size ranges, should be more than a small part of the 
methodology section of this paper. 90-95% of this text with all the details on how the effective density function 
was determined should be moved into the supplement. 

Response: Thank you for your detailed comments on the size-resolved aerosol effective density.  We feel 
this section is one of the important outcomes of this study and we would like to keep this section in the 
main text.  The need to convert urban number PSDs to mass PSDs will always exist, and measured data 
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on the size-resolved effective density has not yet been summarized, to our knowledge, in prior studies.  
Even with the uncertainties mentioned, the constructed effective density functions are still useful.  The 
construction of these effective density functions is for an informative purpose.  We do realize that there 
is a limited number of direct measurements and it is an important knowledge gap that we emphasized in 
the paper.   

Atmospheric Chemistry and Physics has broad readers.  However, not all of them are familiar with the 
topic of effective density.  The method provides basic knowledge to understand the aerosol effective 
density parameter and the compiled functions.  We believe it is important for the readers to follow the 
steps of how we construct the effective density functions, so the readers can adjust them easily according 
to their own use.  Therefore, we would like to keep the method of constructing the effective density 
functions in the main text. 

We acknowledge the dynamic features of the urban aerosol effective density.  Discussions have been 
added regarding the limitations of using the compiled effective density functions for PSD conversions.  
However, to reduce the uncertainties, more direct measurements are needed.  We agree that the sharp 
change at the borders are the artifacts resulting from the construction method.  However, with the 
construction method and extracted data detailed in the paper, the readers can modify the function by 
simply switching to an interpolated method rather than using a step-wise function, which we used in this 
paper, if a smooth function is needed.   

We think that separating the data into three groups is reasonable.  The difference between the effective 
density measured in a typical urban background environment and a traffic-influenced environment has 
been discussed in previous studies.  The comparisons between the urban number PSDs in EA, NAAN, 
and EU indicates potential differences in emission sources.  Therefore, we would like to apply the 
effective density accordingly when doing the PSD conversions.   

There are limitations of the effective density function.  We still feel they are very informative and useful 
for the aerosol community, although the available data compiled here are limited.  In the textbook, 
“ATMOSPHERIC CHEMISTRY AND PHYSICS: From Air Pollution to Climate Change” (Seinfeld and 
Pandis, 2016), the number PSDs from one single study (Hussein et al., 2004) have been used as the 
“representative” urban aerosol number PSD to compare with PSDs from other environments, while the 
authors acknowledge the strong dependence of PSDs on many factors.  Therefore, we do not think the 
analyses of the size-resolved urban aerosol effective density functions is inappropriate. 

The constructed size-resolved urban aerosol ρeff functions represent the first attempt to compile previous 
measured data and extend those to unmeasured size ranges to obtain a continuous function that can be 
applied in PSD conversions when direct measurements of the size-resolved ρeff are unavailable.  With the 
method and measured data detailed in this paper, one can adjust or re-construct the ρeff functions according 
to their own use.  It is acknowledged that the number of compiled data is limited, and uncertainties could 
be significant for size ranges where direct measurements are unavailable.  To reduce uncertainties, more 
direct measurements are needed in the future.  The effective density can be affected by different 
atmospheric processes and is often site-specific and temporally variant.  Caution should be taken when 
applying the ρeff functions.  In addition, we compiled the data in a step-wise manner, which resulted in 
sudden changes at the border of certain size ranges.  Other interpolation methods can be used to smooth 
the ρeff functions. 

L119: I suggest using the more commonly symbol “Dmob” for the electrical mobility diameter throughout the 
manuscript. 
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Response: We feel Dem can be understood by the readers.  The symbol is adopted from the textbook 
“ATMOSPHERIC CHEMISTRY AND PHYSICS: From Air Pollution to Climate Change”. 

L173: Why is Figure 2 mentioned in the text before Figure 1? 

Response: The order has been changed. 

L199-215: The whole determination of effective density for accumulation mode particles without direct 
measurements seems to be not more than a very rough estimate with all the unknowns mentioned in this text. 
E.g. assuming a constant r_eff of 1.65 g cm-3 for particles in a size range from 400 to 2500 nm for group B 
does not make sense. The lower particle size fraction of this size range consists of accumulation mode particles 
which have completely different generation processes and consequently chemical composition than the larger 
particle size fraction. Consequently, there must be a (smooth) transition in this size range from an 
accumulation mode density to a coarse mode density. 

Response: Thank you for your comments.  Due to the lack of size-resolved effective density 
measurements, assuming a constant effective density in this size range does induce uncertainties.  
However, there is at least a direct measurement made at a urban background site, which may result in less 
uncertainty than constructing a size-resolved effective density function solely based on the assumptions 
of the chemical composition.   

The assumed effective density of the unmeasured size range does exhibit significant uncertainty.  A short 
paragraph about this has been added: 

The constructed size-resolved urban aerosol ρeff functions represent the first attempt to compile previous 
measured data and extend those to unmeasured size ranges to obtain a continuous function that can be 
applied in PSD conversions when direct measurements of the size-resolved ρeff are unavailable.  With the 
method and measured data detailed in this paper, one can adjust or re-construct the ρeff functions according 
to their own use.  It is acknowledged that the number of compiled data is limited, and uncertainties could 
be significant for size ranges where direct measurements are unavailable.  To reduce uncertainties, more 
direct measurements are needed in the future.  The effective density can be affected by different 
atmospheric processes and is often site-specific and temporally variant.  Caution should be taken when 
applying the ρeff functions.  In addition, we compiled the data in a step-wise manner, which resulted in 
sudden changes at the border of certain size ranges.  Other interpolation methods can be used to smooth 
the ρeff functions. 

L216-248: Similar comment as the last one. Also, the estimate for the density of coarse mode particles without 
direct measurements is very uncertain and contains several inconsistencies. The discussion, which includes 
several densities (SOA, ammonium sulfate, ammonium nitrate), which are rather associated with the 
accumulation mode, shows that there are again large differences in material densities and consequently large 
uncertainties in the resulting effective density. Furthermore, it is not clear why this estimate of coarse mode 
effective density starts at different cut-off diameters for all three groups. 

Response: A paragraph about the uncertainties and the limitation of the effective density functions has 
been added.  Indeed the secondary organic and inorganic materials are typically associated with the 
accumulation mode.  But they are also found in some coarse particles (e.g. Hu et al., 2012). 

The estimate of coarse mode effective density does start at different cut-off diameters.  In general, we 
would like to start the estimate from 1 μm as the coarse mode is defined from 1 μm in this paper.  However, 
we utilized the direct measured data from China up to the size of 3.2 μm (higher size bins were disregarded 
as the authors claimed unusually high fraction of mineral dust at the study site (Hu et al., 2012)).  
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Therefore, the estimate in Group A starts at 3.2 μm.  Group B adopted the apparent density of PM2.5 

measured at a German urban site.   Thus, the estimate for the unmeasured coarse mode starts at 2.5 μm.   

L271-277 and L285-292: Large parts of this text is a repetition of the text in the previous sections. 

Response:  Most sentences in these two paragraphs have been deleted. 

Section 4: Methodology for analyzing urban aerosol PSD observations 

In this section the authors describe how they treat the data of particle size distributions from the literature and 
how they extract or calculate number, surface, volume and mass size distributions from the various types of 
available data. Typically, number size distribution data were taken from figures in the respective manuscripts. 
These were fitted using 3-4 modal log-normal fits and then converted into surface, volume and mass size 
distributions. Mass distributions were typically calculated using the effective density data from section 3. 

L343-345: If parameters of log-normal fits to the data were already available in a few publications, these were 
used for further analysis and not the general approach was performed. This makes sense, however, not 
applying the typical approach of extracting the size distribution data from the figures and fitting them with 
log-normal distributions means that this chance to validate the own approach and algorithm is not made use 
of. This would have provided some idea on how well this works. Especially for the very low particle number 
concentrations for larger particle sizes (which were typically very close to zero in linear plots), I would expect 
large relative uncertainties in the derived values. This could have easily been assessed, using those data where 
both, figures and fitted log-normal distributions were available. 

Response: Thank you to the reviewer for bringing this up.  The lognormal fitting and the extraction 
process do induce uncertainties in the re-produced urban PSDs.  The uncertainties may not be important 
for the dominant mode, where the concentrations are high. But they might be non-negligible for the size 
range where the concentrations are close to zero.  We added a section discussing the uncertainties in the 
re-produced PSDs.  Due to the relatively small uncertainties in the dominant mode of the PSDs, we mainly 
compared the dominant mode in the discussion of geographical variations.   

7 Uncertainties in the extraction and lognormal fitting of urban aerosol PSDs 
 
The urban aerosol PSDs analyzed in this study are the extracted and fitted PSDs from previously reported 
measurements.  The data extraction and lognormal fitting process introduced some uncertainties compared 
with the original data.  Typically, the extraction process can obtain accurate data for the dominant peak 
of the PSD, where the concentrations are high.  However, as the PSDs were primarily reported in the form 
of figures with a linear y-axis scale, relatively large uncertainties exist for the size ranges with low 
concentrations due to the limited resolution of the extraction process by using pixel picking in the figures.   
Similarly, the lognormal fitting process can accurately capture the dominant mode of the PSD, as the high 
concentrations are weighted greater in the nonlinear least-squares curve fitting (the fitting quality of 
individual PSDs can be visually checked in the Supplement).  However, relatively large uncertainties exist 
between the originally reported data and the fitted PSDs for the size ranges where the concentrations are 
relatively low compared with the dominant peak.   
 
These uncertainties, to some extent, affect the comparison of the PSDs in regard to their magnitudes.   For 
example, most of the number PSDs exhibit a dominant mode in the UFP regime, while the accumulation 
mode often appears as a tail of the dominant mode.  Although the number PSDs are fitted well in the UFP 
regime, the fitted number PSDs in the accumulation mode exhibit relatively large uncertainties.  Therefore, 
we mainly compared the dominant mode in the discussion of geographical variations in urban aerosol 
PSDs.  The uncertainties are expected to affect the comparison of the normalized PSDs to a lesser extent.  
Since the magnitude of individual PSDs are normalized, only the shape of the main mode is emphasized 
and compared, while the size ranges with relatively large uncertainties become less important.  Therefore, 
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the uncertainties from the data extraction and lognormal fitting would not significantly influence the 
findings on the geographical variations of the urban aerosol PSDs.  The uncertainties potentially affect 
the absolute concentrations estimated in Figure 8.  Since the fitting quality of the main mode is typically 
good and the size range with relatively larger uncertainties do not contribute substantially to the total 
number concentrations, this influence may not be significant.  The mass PSDs include measurements with 
gravimetric methods employing inertial impactors.  These PSDs exhibit low size resolution due to the 
limited number of size bins of the impactors.  The fitted mass PSDs have much greater uncertainties in 
their shape compared to the number PSDs since the fitted curves were interpolated among the limited data 
points.    
 
This study constructed size-resolved urban aerosol ρeff functions by using measured and assumed ρeff in a 
step-wise manner.  This resulted in some sharp changes at the borders of the assumed size ranges.  Using 
the ρeff functions in the PSD conversions caused some step-like artifacts.  In reality, the ρeff and converted 
PSDs should transition smoothly with particle size.  With the construction method and the previously 
measured data detailed in the paper, readers can re-construct the ρeff functions in an interpolated manner 
to obtain smooth functions. 
 

Both the extraction and fitting processes induce uncertainties.  To quantify the uncertainties in each re-
produced PSD requires us to obtain the originally measured data.  However, it is impractical to contact 
the authors of each paper to obtain their measured data.  In addition, quantifying the uncertainties of the 
lognormal fitting is uncommon in the literature.  Highly cited papers (e.g. Hussein et al., 2004) published 
in Atmospheric Chemistry & Physics reported the lognormal fitting parameters without indicating the 
uncertainties of their fitting.  We present each extracted and fitted PSD in the Supplement and the fitting 
quality can be easily checked visually by the readers. 

L359-361: The fitted number PSDs were converted to surface area and volume PSDs assuming spherical 
particles and converted to mass PSDs using the size-resolved effective density functions from section 3. In 
section 3 large effort was made to estimate effective densities and particle shape for three different 
geographical regions. Here, the simple assumption of spherical particles is made. In addition, the effective 
density functions from section 3 have large uncertainties und partially huge steps at the borders of the 
individual size ranges (see comment above). These introduce steps in calculated mass distributions (see e.g. 
Fig. 3 lower right panel). What is the uncertainty introduced into the resulting size distributions by these effects? 
What is the uncertainty due to the extraction of the size distribution data from the printed figures – especially 
for the larger particles (with very low number concentrations) and converted surface, volume, and mass 
distributions? What is the resulting uncertainty in the size-integrated concentrations? How well does the 
integration of the fitted log-normal distributions agree with the integration of the raw data? 

Response: The morphological features are already considered in the effective density.   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).   

A section discussing the uncertainties has been added.  The variability and limitations on using the 
constructed effective density function have been discussed.   

Due to the lack of raw data, we cannot quantify how well the integration of the fitted log-normal 
distributions agree with the integration of the raw data.  It is impractical to contact the authors of each 
paper to obtain the raw data.  

The constructed size-resolved urban aerosol ρeff functions represent the first attempt to compile previous 
measured data and extend those to unmeasured size ranges to obtain a continuous function that can be 
applied in PSD conversions when direct measurements of the size-resolved ρeff are unavailable.  With the 
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method and measured data detailed in this paper, one can adjust or re-construct the ρeff functions according 
to their own use.  It is acknowledged that the number of compiled data is limited, and uncertainties could 
be significant for size ranges where direct measurements are unavailable.  To reduce uncertainties, more 
direct measurements are needed in the future.  The effective density can be affected by different 
atmospheric processes and is often site-specific and temporally variant.  Caution should be taken when 
applying the ρeff functions.  In addition, we compiled the data in a step-wise manner, which resulted in 
sudden changes at the border of certain size ranges.  Other interpolation methods can be used to smooth 
the ρeff functions. 

7 Uncertainties in the extraction and lognormal fitting of urban aerosol PSDs 
 
The urban aerosol PSDs analyzed in this study are the extracted and fitted PSDs from previously reported 
measurements.  The data extraction and lognormal fitting process introduced some uncertainties compared 
with the original data.  Typically, the extraction process can obtain accurate data for the dominant peak 
of the PSD, where the concentrations are high.  However, as the PSDs were primarily reported in the form 
of figures with a linear y-axis scale, relatively large uncertainties exist for the size ranges with low 
concentrations due to the limited resolution of the extraction process by using pixel picking in the figures.   
Similarly, the lognormal fitting process can accurately capture the dominant mode of the PSD, as the high 
concentrations are weighted greater in the nonlinear least-squares curve fitting (the fitting quality of 
individual PSDs can be visually checked in the Supplement).  However, relatively large uncertainties exist 
between the originally reported data and the fitted PSDs for the size ranges where the concentrations are 
relatively low compared with the dominant peak.   
 
These uncertainties, to some extent, affect the comparison of the PSDs in regard to their magnitudes.   For 
example, most of the number PSDs exhibit a dominant mode in the UFP regime, while the accumulation 
mode often appears as a tail of the dominant mode.  Although the number PSDs are fitted well in the UFP 
regime, the fitted number PSDs in the accumulation mode exhibit relatively large uncertainties.  Therefore, 
we mainly compared the dominant mode in the discussion of geographical variations in urban aerosol 
PSDs.  The uncertainties are expected to affect the comparison of the normalized PSDs to a lesser extent.  
Since the magnitude of individual PSDs are normalized, only the shape of the main mode is emphasized 
and compared, while the size ranges with relatively large uncertainties become less important.  Therefore, 
the uncertainties from the data extraction and lognormal fitting would not significantly influence the 
findings on the geographical variations of the urban aerosol PSDs.  The uncertainties potentially affect 
the absolute concentrations estimated in Figure 8.  Since the fitting quality of the main mode is typically 
good and the size range with relatively larger uncertainties do not contribute substantially to the total 
number concentrations, this influence may not be significant.  The mass PSDs include measurements with 
gravimetric methods employing inertial impactors.  These PSDs exhibit low size resolution due to the 
limited number of size bins of the impactors.  The fitted mass PSDs have much greater uncertainties in 
their shape compared to the number PSDs since the fitted curves were interpolated among the limited data 
points.    
 
This study constructed size-resolved urban aerosol ρeff functions by using measured and assumed ρeff in a 
step-wise manner.  This resulted in some sharp changes at the borders of the assumed size ranges.  Using 
the ρeff functions in the PSD conversions caused some step-like artifacts.  In reality, the ρeff and converted 
PSDs should transition smoothly with particle size.  With the construction method and the previously 
measured data detailed in the paper, readers can re-construct the ρeff functions in an interpolated manner 
to obtain smooth functions. 
 

L366-381: Here, for the first time also optical size distribution measurements are mentioned as source for 
coarse mode size distribution data. However, unlike for the aerodynamic measurements, where several pages 
of methodology development were presented to convert d_aero into d_mob, here, nothing is stated about how 
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optical particle diameters were converted into electrical mobility diameters. Even more, in L430-432 it is 
stated that optical particle diameters were assumed to be equivalent to electrical mobility diameters – due to 
the lack of information needed to convert one to the other. This has to result in wrong electrical mobility 
diameters. Depending on particle size – and thus particle composition – the differences between optical and 
electrical mobility diameters are very different. It is not clear to me, why for the development of effective 
densities and conversion of aerodynamic diameters into electrical mobility diameters a lot of effort was made 
and many uncertainties were accepted (including uncertainties due to generalized assumptions for multiple 
measurements), while for conversion of optical diameters no such efforts (e.g. assumption of chemical 
composition and thus refractive indices; assumption of measurement geometry and laser wavelength) were 
made. Also it is not clear why here a uniform particle density (for all particle sizes) was applied while for the 
aerodynamic diameter conversion and calculation of mass distributions a size-dependent density was used. 
This very different treatment of similar features of the size distributions does not make sense to me. 

Response: Thanks to the reviewer for this comment.  During the early stages of this study, we did consider 
correlating the assumed chemical composition and particle shape with the refractive indices.  However, 
as the settings of the OPS were not stated in most of the collected studies, we cannot confidently come up 
with a method to convert the optical diameter to electrical mobility diameter. 

L403: The dependency of D_a/D_em on shape and particle density is interesting for the details of the analysis, 
but not really a result that needs to be presented in the main paper. Move this Figure to the Supplement. 

Response: This figure has been moved to the Supplement. 

L446-454: What is the overall uncertainty of this approach to derive the log-normal size distributions from the 
gravimetric measurements? E.g. what kind of uncertainty does the limited size resolution of the measurement 
data introduce? 

Response: The limited number of size bins in the gravimetric measurements induce greater uncertainties 
in the shape of the re-produced PSDs compared to the number PSDs (e.g. measured with SMPS or APS).  
A discussion has been added to the section on PSD uncertainties.   

The mass PSDs include measurements with gravimetric methods employing inertial impactors.  These 
PSDs exhibit low size resolution due to the limited number of size bins of the impactors.  The fitted mass 
PSDs have much greater uncertainties in their shape compared to the number PSDs since the fitted curves 
were interpolated among the limited data points.    

L455-462: How is particle diameter defined in the columnar volume PSD measurements? Also, for this type 
of data the conversion is very simple (e.g. using a single particle density for all particle sizes). How are these 
PSDs comparable to those determined with the other methods? 

Response: We feel that the columnar volume PSDs are not so relevant to the analysis.  The columnar 
volume PSDs have been removed from this paper. 

L480-488: The comparison of PM2.5 calculated from several size distributions with locally measured PM2.5 
concentrations is used to validate the presented methods. Also, here, no uncertainty is given for the calculated 
PM2.5 concentrations from the size distribution data. The error bars, provided for the local measurements of 
PM2.5, were calculated as the standard deviation of the measured concentrations over the same time intervals 
as for the size distribution measurements. If just the averages are compared, the standard deviation of the 
average should be used as uncertainty, not the standard deviation of the individual data points. Furthermore, 
as long as no information is provided on the comparability of the different measurement sites (e.g. are both 
next to each other or apart from each other, do they represent traffic or other local sources in a similar way, 
etc.) large differences between measured concentrations are expected and the comparison is not very valuable 
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to validate the methodology. As a result, PM2.5 concentrations differ in Fig. 7 by approximately 10 – 80%. Is 
this the uncertainty of the method? 

Response: The uncertainty of the local measurement of PM2.5 was calculated as the standard deviation of 
the average.  A clarification has been made. 

The error bars represent the standard deviations of the mean PM2.5. 

Although we chose the closest PM2.5 monitoring stations we could find to the PSD sampling sites, they 
are not next to each other, but apart some distance.  We do realize that this creates a difference in the 
aerosol population being measured.  However, currently, this is the best method we can use to validate 
the methodology.  Due to the lack of the originally reported data, we cannot quantify the uncertainties of 
the integration of the fitted lognormal distributions (PM2.5).   

L511-545: Large parts of this text (on Figures 3, 5, 6) is a repetition of what was presented earlier in Section 
4 and therefore could be omitted. Generally, it is not very clear to me what kind of new information is presented 
in Section 4.2. 

Response: Section 4.2 has been moved to the Supplement. 

Section 5: Determining size-resolved urban aerosol respiratory tract deposited dose rates 

Also, here, a large number of assumptions is made (e.g. tidal volume, breathing frequency, validity of 
deposition function, which depends on breathing routes and other factors) for calculation of the respiratory 
tract deposited dose rates. In addition, hygroscopic growth of particles, which depends on particle size and 
chemical composition is not considered. All this introduces an unknown overall uncertainty to the resulting 
RTDDRs, which is not even discussed. With this uncertainty together with the uncertainty of the size 
distributions, it is questionable, whether significant differences for different regions can be determined. In 
addition, adding this type of analysis to the manuscript, broadens the focus of the manuscript without adding 
significant results. I suggest removing the whole discussion of respiratory tract deposition from the paper and 
to sharpen the focus of the manuscript or at least to massively shorten this discussion and to move large parts 
of the methodology description into the supplement. If differences in RTDDRs between different regions are 
not significant, this “application” of PSDs could be shortened to a single short paragraph that presents the 
general effect of PSDs on respiratory tract deposition. 

Response: The entire section on the inhaled deposited dose rate has been removed to maintain focus in the 
paper. 

Section 6: Evaluation of urban aerosol PSD that penetrates through a building ventilation system filter 

This approach is another attempt to apply the worldwide urban PSDs to calculate secondary outcomes, in this 
case the penetration through filters of ventilation systems. Again, massive assumptions are made like similar 
ventilation and filtration systems in buildings worldwide with similar types of filters. Different fractions of time 
spent indoors worldwide, different tightness of buildings worldwide, different fractions of buildings equipped 
with ventilation systems worldwide, the impact of aerosol hygroscopicity, charge, filter age, ventilation system 
geometry, and ventilation rate were also not considered, nor the resulting uncertainties discussed or estimated. 
With all these assumptions and uncertainties, I doubt that significant differences in global penetration into 
buildings can be determined from the data. Therefore, I do not think it makes sense to broaden the focus of the 
manuscript by including this topic. At least, also this application of particle size distributions could be 
massively shortened to a short paragraph, which discussed the general influence of particle size on filtration 
and transport into buildings. In any case, Figures that just support the analysis like Fig. 9, can easily be moved 
into the supplement. 
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Response: The entire section of urban aerosol filtration by building ventilation systems has been removed 
to maintain focus in the paper. 

Section 7: Overview of existing data on urban aerosol PSDs around the globe 

This section repeats a lot of information which was already presented earlier. New information is given in the 
form of long lists of facts (number of publications per year, number of measurements per city or country) which 
also could be summarized in tables in the Supplement. Little general conclusions about temporal evolution 
and spatial distribution of measurements is provided beyond the listing of the individual data. It would safe a 
lot of space of the manuscript if all these lists were presented in the Supplement and if some general 
observations about temporal and spatial distribution of the measurements would be provided in a single 
paragraph or very short section. This could be complemented with a single Figure, in which the main content 
of Fig. 10 and Fig. 11 are summarized. 

Response: The content in this section has been trimmed by 50%. 

Section 8.1: Geographical variations in magnitude and shape of sub-micron aerosol number PSDs 

Here, absolute and normalized (to the maximum) sub-micron number PSDs are shown for all measurements 
and summarized for individual regions. Very large variability is found between the individual PSDs both, for 
the global summary as well as for the individual regions. With an approximate variability of a factor 5-10 
between the various PSDs of individual regions, the uncertainty of the typical PSD for each region is larger 
than the differences between those of the various regions (20-30%). The large variability within the individual 
regions is not surprising due to temporal variations at each individual measurement site (e.g. diurnal pattern 
of emissions, differences due to meteorology and air mass transport – dust pollution events, etc.) and variations 
between individual measurement locations (e.g. city size, environment around the city – ocean, desert, …, land 
use differences – traffic, industry, residential). Thus, while there are tendencies (I would not call this “trends” 
as done in L692), the differences are not really significant. Therefore, it would be good to indicate the 
uncertainty range of the individual PSDs in Figure 13. 

Response: The discussion on the uncertainties of the re-produced PSDs have been added to Section 7.  
The term “trends” has been changed to “tendencies”. 

Figure 14 and Figure 15 contain more or less the same information (i.e. the location of the mode diameter for 
each measurement). Since Figure 15 also includes information on absolute concentrations, I suggest to move 
Fig. 14 into the supplement and to present Fig. 15 only. 

Response: Figure 14 has been moved to the Supplement. 

I think it is not necessary to state that there is no clear inverse relationship visible between total number 
concentration and mode diameter in Fig. 15. I think the plot shows that with increasing mode diameter, number 
concentrations tend to decreases. This could be supported and quantified with a correlation analysis. 

Response: The sentence has been removed.  The correlation analysis indicates a very weak negative 
correlation between the two (Spearman’s Rho = -0.11).   

It would be good if it would be attempted to explain the results found in this analysis and not just reporting 
them. Are there any explanations for the observed behavior of the size distribution differences across the globe? 

Response: We tried to explain the geographical variations in the PSDs in Section 6.4. 

Section 8.2: Geographical variations of mass PSDs 
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Here, a similar analysis as in section 8.1, but with mass distributions instead of number distributions is 
performed. The smaller number of available measurements and the even larger variability (possibly due to the 
large uncertainties introduced in the conversion) does not allow separation of typical features of different 
locations. 
Here, the authors describe the observations and mainly present information about mass size distributions, 
which is common textbook knowledge. Unfortunately, no real conclusion about e.g. observed differences at 
different locations or under different conditions (season, meteorology, measurement environment, etc.) is 
drawn, nor are differences which were observed tried to be explained (with the exception of dust contributions 
in a few areas). 

Response: Indeed, due to the less number of mass PSDs that cover both the coarse and submicron regimes, 
we did not find obvious geographical tendencies in the mass PSDs, except in West Asia.  Therefore, the 
length of the discussions on mass PSDs is shorter. 

Section 8.3: Intra-city variations of number PSDs between urban background and traffic sites 

Here, general differences in number PSDs were discussed, observed between traffic sites and urban 
background sites. Often, smaller mode diameters were found for the traffic sites, compared to the urban 
background sites. This can be explained with the small diameter of traffic exhaust particles and their growth 
during aging. While this section provides interesting general information, it is partially unnecessarily lengthy. 
The first paragraph is partially repeating itself. The last two paragraphs provide a rather lengthy discussion 
to present evidence that traffic is a source for nucleation mode particles, which is mostly common knowledge. 
By streamlining this section, it could easily be shortened by 40-50%. I also do not think it is necessary to 
present Fig. 19 in the main text. This Figure only presents a summary of other measurements which is used to 
support the statement that traffic emits nucleation mode particles. If at all, this Figure could be shown in the 
supplement. 

Response: We have shortened this section by ~50%.  Figure 19 has been moved to the Supplement. 

L829, 830, 831: I would not call the maxima of the size distributions “peaks” as done here. Either name them 
“maxima” or “mode diameters”. 

Response: The term “peak” has been changed to “maximum” or “mode diameter”. 

L837: Long-range transport does not occur within cities. This is transport over much larger spatial scales. 

Response: The word “long-range” has been removed. 

Section 8.5: Temporal variations of urban PSDs 

This section presents a large number of references which have discussed temporal trends of number size 
distributions and particle as well as gas phase concentrations on different time scales from hours to years. 
Apparently, this section was generated upon a request of previous reviewers who asked for an analysis of 
temporal trends in the size distribution data from all over the globe. 

Unfortunately, no information about changes in particle sizes or changes in concentrations of particles of 
certain sizes, taken from the extensive data set of the authors, is provided in this section. A long list of 
references is provided which dealt with size distribution changes, however no information about their results 
or general features is given. In the second paragraph, information on temporal changes in concentrations of 
particles or trace gases is provided, however, again with no relationship towards size distributions. The PSD 
data which were investigated by the authors for geographical differences were not analyzed at all for potential 
temporal variations. This is a pity and was certainly not the idea of the reviewers who asked for information 
on temporal trends. 
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I also think it would be interesting to analyze the vast amount of size distribution data from all over the globe 
and from 20 years of measurements for potential temporal trends. The way temporal trends are presented in 
the current version of the manuscript is not very helpful in this respect and therefore could also be removed 
from a more focused manuscript, which, however then would not present any of the temporal information. 

Response: Thank you for the comment regarding the temporal variations.  It is an interesting topic, 
however, it is not the focus of this paper.  There are difficulties in investigating temporal variations in 
PSDs.  Long-term data at the same sampling sites are generally not available for most of the cities included 
in this study. 

Since the paper is primarily focused on spatial variations, this section has been removed. 

Section 9.1 and 9.2: Geographical variations in size-resolved urban aerosol number and mass respiratory 
tract deposited dose rates 

The analysis from above, where geographical variations of number and mass PSDs are investigated, is 
extended here, by multiplying these number PSDs with size-resolved respiratory tract deposition functions. 
Similar graphs as in the analysis above are presented and some of the differences are discussed. 

As the authors state, there are huge variabilities of particle number and mass concentrations at individual 
particle sizes (typically ~2 orders of magnitude). These uncertainties are further increased by multiplication 
with an uncertain respiratory tract deposition function, where many variables are either assumed or physical 
effects were neglected. Due to these very large uncertainties, which are not presented in the mean dose rate 
functions in Figures 21 and 23, I have strong doubts that the differences between different regions, which were 
discussed in the text, are significant. On the other hand, most of the remaining fractions of the text either repeat 
previous description of the deposition functions or present rather common knowledge. 

Overall, I do not see which robust new information is presented in this section and I think it could be reduced 
to a short paragraph which discusses the general influence of particle size distribution on respiratory tract 
deposition. 

Response: The entire section has been removed. 

Section 10: Implications for indoor air quality and aerosol filtration in building ventilation systems 

Here, generally the same comments as for section 9.1 and 9.2 apply. Also, in this section, the highly uncertain 
median particle size distributions from previous analysis are multiplied with a particle size-dependent function 
(here, filtration efficiency for two types of filters) to obtain results (here, number size distributions and number 
concentrations that penetrate into the buildings). While the filtration efficiencies of the two types of filters are 
probably well known, the actual penetration of ambient particles into buildings depends on many factors. 
Particles penetrate into buildings through cracks and openings in the buildings, through air exchange systems, 
through open windows and doors and through multiple different types of ventilation systems. Globally, large 
differences in the fraction of buildings that is equipped with different kinds of ventilation can be expected. 
Therefore, multiplication of the particles size distributions with filtration efficiency curves of a certain filter 
type introduces large additional uncertainty to the indoor particle number distribution calculation, in addition 
to the already huge uncertainty in median particle size distributions. 

Also, here, I doubt that any of the observed geographical differences in calculated penetrated particles into 
the buildings are significant (see, e.g. Figs. 27 and 28: the error bars only show the standard deviation of the 
underlying size distributions, not those uncertainties due to differences in air exchange technology and still 
the differences are not significant) or that the resulting indoor concentrations are on a solid basis. Potential 
geographical differences in the type of air exchange (filtration systems, open windows, etc.) typically applied 
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in different regions of the world are not even considered. With all this taken into account, I wonder what the 
robust information is, that is provided in Section 10. Also, the long discussion on potential changes in filtration 
efficiencies in filtration systems does not add substantially in this regard. 

Response: The original purpose of the discussion of this section is to demonstrate how differences in 
outdoor PSDs may affect the filtration process, since the interactions between filter fibers and particles 
are size-dependent. As the reviewer suggested to focus on the main findings of this work, instead of 
attempting to provide a broad coverage of various applications, this section has been removed. 

Section 11: Framing future research directions for urban aerosol PSDs 

I disagree with the authors that this manuscript is a critical review (L1137) that provides a comprehensive 
overview of urban aerosol number and mass PSD observations. Types of PSD measurements like, e.g. using 
aerosol mass spectrometric techniques, have not been covered or even mentioned at all. While a review 
provides an overview over the state of the art in a certain field, here only a large number of available PSD 
measurements was summarized in order to obtain average or median size distributions for different areas 
across the globe. 

Response: The sentence has been removed. 

I also disagree with the statement (L1145) that this approach shows significant geographical variations in 
PSDs. As mentioned above, the variability within each group of PSDs and the uncertainty due to the applied 
method to extract the PSDs and to convert between number and mass distributions are at least an order of 
magnitude larger than the differences between the geographical locations. Unfortunately, no real treatment of 
uncertainty and variability was done in this manuscript. 

The statement (L1170) that this compilation of urban aerosol PSDs demonstrates the need for a transition 
from size-integrated mass concentration measurements to PSD measurements is not supported by the findings 
of the authors. Of course, PSD measurements provide more information (but potentially also more uncertainty) 
than PMx measurements, however I do not see how the results presented by the authors demonstrate the “need” 
for PSD measurements. 

Response: The sentence has been modified: 

The compilation of urban aerosol PSD observations in this review demonstrates the benefit of routinely 
measuring urban PSDs that include the nucleation, Aitken, accumulation, and coarse modes.   

I also do not understand how a transition from PM2.5 measurement to urban aerosol PSD monitoring can 
help support new legislation for diesel engines (L1186). There is no direct connection between emission of 
ultrafine particles at the tailpipe and measured ambient concentrations; furthermore, there are many other 
sources for UFP in urban environments. 

Response: The sentences have been removed. 

The additional suggestion that such PSD measurements should span the entire UFP regime, including sub-3m 
nanocluster aerosol (L1190) seems very unrealistic. Measurement of such small particles or clusters is 
extremely hard to perform and cost intensive and will introduce large additional uncertainty. This is a field, 
which should be covered by research efforts and not by routine monitoring. 

Response: The sentences have been removed. 

The last paragraph of this section (L1201-1215) seems to fit better into an introduction or a motivation than 
into this final section. 



acp-2020-92: Urban Aerosol Size Distributions: A Global Perspective 17 

Response: This paragraph has been moved to the introduction. 

Tables: 
 
I think Tables 1 and 2 could easily be moved into a supplement. They do not contain important information 
that is needed to understand the paper, but rather additional details 

Response: Tables 1 and 2 have been moved to the Supplement. 
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Anonymous Referee #5 

I thank the authors for incorporating reviewer comments and providing a comprehensive "response to reviewer 
comments" document. Some minor comments below: 

1. When introducing nucleation, Aitken, and accumulation modes, it might be helpful to specify the diameter 
ranges of each. While these distinctions are based on the formation process, e.g. the explanation for high 
accumulation mode contributions in EA and CSSA as direct primary emissions suggests a diameter-based 
cutoff in practice. (e.g. Yue et al. 2009 doi:10.1029/2008JD010894) 

Response: Thank you for this comment.  We specified the size ranges of different modes.  We also added 
the recommended reference. 

Of particular importance are measurements of urban aerosol particle size distributions (PSDs).  The 
ambient aerosol PSD is the result of direct particle emissions, in-situ formation processes, atmospheric 
interactions between particles or between particles and gaseous compounds, and deposition processes.  
Typically, nucleation mode particles (3 to ~20 nm) are freshly formed via the nucleation of gaseous 
molecules and ions (Brines et al., 2015; Charron and Harrison, 2003; Zhu et al., 2002a).  Aitken (~20 to 
100 nm) and accumulation (100 to 1000 nm) mode particles are often associated with primary emissions 
from combustion sources and condensation of secondary materials (Yue et al., 2009).  Coarse mode 
particles (>1000 nm) generally result from mechanical processes, such as aerodynamic resuspension and 
abrasion.  Nucleation mode particles can be removed relatively quickly via coagulation due to their high 
diffusivity (Hinds, 2012).  They can also grow into the Aitken mode during new particle formation events 
(Cai et al., 2017; Xiao et al., 2015).  Aitken mode particles may further form accumulation mode particles 
via coagulation and condensation.  Accumulation mode particles can have a long lifetime due to their low 
gravitational settling velocity and slow coagulation rate among themselves.  In the urban environment, 
nucleation and Aitken mode particles generally dominate number PSDs, due to the abundance of primary 
emission sources, such as power generation, traffic, and industrial activities.  Their concentrations are 
high close to emission sources, while decreasing rapidly with distance from the source (Zhu et al., 2002a).  
Particle size can grow during transport by condensation of secondary materials.  Coarse mode particles in 
the urban environment often contain road dust (Almeida et al., 2006), tire debris (Adachi and Tainosho, 
2004; Rogge et al., 1993) and biological particles (e.g. pollen) (Saari et al., 2015).  Due to their high 
gravitational settling velocities, their number concentrations can be 2-4 orders of magnitudes lower than 
other modes. 
 

2. Sec 9.2 "This is attributable to the abundant accumulation mode particles in CSSA due to strong air 
pollution" - suggest replacing "strong" with "high". 

Response: Upon the request from Anonymous Referee #6, this section has been removed. 

3. Sec. 11: "This is especially important given that UFP number concentrations and PM2.5 mass 
concentrations are not representative of each other, as particles that contribute to the two size-integrated 
metrics often originate from different sources" - suggest replacing "contribute to" with "dominate". (All 
sources necessarily *contribute* to both metrics, but their relative contributions can be quite different.) 

Response: The word “contribute” has been changed to “dominate”. 

4. Sec 11: "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" - I think this goes too far. Suggest replacing "transition from" with "need to complement" 
PM2.5 mass concentration measurements with broader PSD measurements, because regulations are based on 
PM2.5 mass for which we have lots of epi data - which the authors show is lacking for PSDs because of the 
lack of long-term PSD measurements. Same comment for the next paragraph. 
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Response: This sentence has been rephrased: 

The compilation of urban aerosol PSD observations in this study demonstrates the benefit of routinely 
measuring urban PSDs that include the nucleation, Aitken, accumulation, and coarse modes. 

Future urban aerosol PSD measurements should aim to span the entirety of the UFP regime.  Achieving 
continuous urban aerosol number PSD observations from the nucleation to coarse modes at the global-
scale remains a challenge given the cost of sensitive aerosol instrumentation required for the detection of 
UFPs and the collection of different measurement techniques needed to detect particles across such a wide 
size range.  While advancements in low-cost optical particle sensing for detection of aerosols down to 
approximately Dem = 300 to 500 nm have been made in recent years, efforts are still needed to develop 
low-cost condensation particle counters, differential mobility analyzers, and diffusion chargers for 
measurement of PSDs down to the UFP regime.  The combination of routine PM2.5 measurements with 
condensation particle counters that measure most of the UFP regime could potentially be a cost-effective 
approach to routinely monitoring both fine particle mass concentrations and UFP number concentrations 
in the near future. 

Note that many countries especially in the Global South do not even have PM2.5 mass monitoring; saying that 
is futile and pushing for more expensive PSD measurements seems counter-productive. (A BAM costs $20k; 
SMPS is ~$80k!) 

Response: We agree with the reviewer.  This paragraph has been rephrased. 

Future urban aerosol PSD measurements should aim to span the entirety of the UFP regime.  Achieving 
continuous urban aerosol number PSD observations from the nucleation to coarse modes at the global-
scale remains a challenge given the cost of sensitive aerosol instrumentation required for the detection of 
UFPs and the collection of different measurement techniques needed to detect particles across such a wide 
size range.  While advancements in low-cost optical particle sensing for detection of aerosols down to 
approximately Dem = 300 to 500 nm have been made in recent years, efforts are still needed to develop 
low-cost condensation particle counters, differential mobility analyzers, and diffusion chargers for 
measurement of PSDs down to the UFP regime.   

Finally, given the emphasis on UFP as distinct from PM2.5 mass, perhaps an alternative can be 
complementing PM2.5 mass monitoring networks with CPCs or other UFP measuring devices. An SMPS/OPS 
combination runs close to $100k, while a CPC can be below $20k. A BAM and a CPC are also easier to 
operate than an SMPS, which is an important consideration for routine monitoring worldwide. 

Response: The following sentence has been added. 

The combination of routine PM2.5 measurements with condensation particle counters that measure most 
of the UFP regime could potentially be a cost-effective approach to routinely monitoring both fine particle 
mass concentrations and UFP number concentrations in the near future. 



acp-2020-92: Urban Aerosol Size Distributions: A Global Perspective 20 

Anonymous Referee #1 

No comments – recommended “accepted as is.” 
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