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Results show that the annual mean concentrations ranged from 8.0 » 10° to 19.5 3 10° particles-em ™~ % and
from 7.0 to 65.8 ugm " for PNC and PM,s, respectively, with the data distributions generally skewed to the
right, and with a wider spread for PNC. PNC showed a more distinct diurnal trend compared with PM. s, at-
tributed to the high contributions of UFP from vehicular emissions to PNC. The variation in both PNC and PM. ¢
due to seasonality is linked to the cities' geographical location and features. Clustering the cities based on annual
median concentrations of both PNC and PM,, s demonstrated that a high PNC level does not lead to a high PM, s,
and vice versa. The particle number-to-mass ratio (in units of 10° particlespg ™) ranged from 0.14 to 2.2, > 1
for roadside sites and < 1 for urban background sites with lower values for more polluted cities. The Pearson's r
ranged from (.09 to 0.64 for the log-transformed data, indicating generally poor linear correlation between PNC
and PM. . Therefore, PNC and PM. s measurements are not representative of each other; and regulating PM. ¢
does little to reduce PNC. This highlights the need to establish regulatory approaches and control measures to
address the impacts of elevated UFP concentrations, especially in urban areas, considering their potential health

risks.

1. Introduction

The Global Burden of Disease (GBD) studies have demonstrated that
exposure to ambient particulate matter (PM) measured as PMsz 5 (mass
concentration of particles with an aerodynamic diameter < 2.5pm)
was the sixth-leading risk factor for premature mortality globally in
2016 Gakidou et al. (2017). PM, s, as well as another mass based metric
of ambient particulate matter, PM;, (mass concentration of particles
with aerodynamic diameter < 10 pm) are regulated by national stan-
dards in many countries around the world, with the basis mostly on
health guidelines issued by the World Health Organization (WHO,
2006, n.d.). There is a relatively large body of data available globally on
their concentrations and characteristics, as well as on epidemiologic
evidence of their impacts.

PM,c and PM;; are not, however, the only metrics of ambient
particulate matter, and being mass based, account mainly for larger
particles with larger mass (Amato et al., 2009; Johansson et al., 2007;
Thorpe and Harrison, 2008). Particle number concentration (PNC) is a
common metric to measure smaller particles, with little mass. The
majority of particles contributing to PNC in typical atmospheric systems
are below 0.1 um {(Morawska et al., 1999), and referred to as ultrafine
particles (UFP, size < 0.1 pm). UFP originate predominantly from
combustion processes and atmosphetic new particle formation (de Foy
and Schauer, 2015; Kulmala et al., 2004; Seigneur, 2009; Stanier et al.,
2004) and are of particular significance in urban air due to traffic being
their major source in all cities around the world (Hofman et al., 2016;
Kumar et al., 2014; Morawska et al., 1999; Rénkkd et al., 2017). There
are much less data available on UFP, or PNC compared with particle
mass, with their epidemiology not well established (Tobias et al., 2018),
and therefore this particle metric is not used for regulatory purpose.

An unspoken assumption is that, when regulating for PM; ¢, UFP are
also regulated for. Since, however, PM.c and UFP largely originate
from different sources, this is not necessarily true and in fact, a number
of studies have shown that the association, if any, is very weak with a
few studies being inconclusive (Eeftens et al., 2015; Gomiscek et al.,
2004; Halek et al., 2010; F. Wang et al., 2010). A number of studies
investigating the spatial and temporal variability of PNC and PM2s
have been published; some of these studies did not use actual mea-
surements but only PM concentration estimates from remote sensing
and models, while other studies used only short-term data (i.e. less than
a month). Most of these studies agree on the seasonality of PNC and
PM; ¢ (i.e. differentiating high and low insolation regions), but differ on
many other aspects, such as the presence or absence of correlation
between PNC and PM- . Adding to the complexity is that the spatial
distribution of both metrics differs across urban areas (Aalto et al.,
2005; Burton et al., 1996; Buzorius et al., 1999; Suh et al., 1997; Tuch
et al., 1997). PM, ;s is relatively more homogenous within cities, espe-
cially in the absence of local sources, with the predominant impact of
regional and long-range transport. PNC, on the other hand, are much
less homogenous and influenced by the within-city sources mainly
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traffic. In summary, based on the body of studies available, there is no
clear answer to the questions of whether mitigating only particle mass,
as the existing air quality measures do, ultimately leads to a reduction
in UFP.

There is a mixed epidemiological evidence on the extent to which
health impacts associated with the two metrics are similar. A study in
Central and Eastern Europe found that an increasing PM; g directly
affects cardiovascular and respiratory hospital admissions, but UFP
exposure has delayed and prolonged effects on respiratory hospital
admissions (Lanzinger et al., 2016). Viehmann et al. (2015), focusing
on systemic blood markers of inflammation and coagulation, reported
that PM; = has a more long-term association with the markers therefore
is more likely to contribute to chronic effects of air pollution on car-
diovascular disease; while PNC is more inconsistent due to high spatial
and temporal variability. On the contrary, Pilz et al. (2018) and Lane
et al. (2016) had found an association with PNC and the hs CRP matker
in particular. Further, Strak et al. (2012), in a study performed in the
Netherlands, found that changes in PNC are more predictive of acute
responses for airway inflammation and impaired lung function, unlike
PMss. The studies by Chung et al. (2015) and Franck et al. {(2011),
conducted in Boston, MA, USA, and Leipzig, Germany, respectively,
reported that cardiovascular risk is associated with elevated PNC
(= 10* particle-cm_3) and not with PM> 5. Similarly, Atkinson et al
(2010) found that PNC in London was associated with cardiovascular
deaths and admission but PM; ; was more linked to respiratory health
outcomes.

Hence, given that the spatial and temporal pattermns of PNC and
PM. ¢ differ, and that the sources and processes contributing to each
metric differ, it is expected that controlling one will not do much for
controlling the other. The different, and probably independent impacts
of PNC and PM: s on human health, is a further support on the need for
a good quantitative understanding of both these metrics in urban air.
Considering the importance of the relationship between PNC and PM, ¢
and the lack of complete scientific understanding, this study aimed to
provide a broader urban perspective on this matter by addressing the
following questions: (1) are there similarities or associations between
these parameters in terms of ambient concentrations, and diurnal or
seasonal variability in cities around the world?; and (2) would reg-
ulating PM; 5 assist in controlling PNC?

2. Methodology
2.1. Study areas and sites

Data from a one-year period from sites distributed around the world
were required. Identification of cities and acquisition of data was done
through convenience sampling by connecting with colleagues on our
collaborative network based on our knowledge of data availability. The
inclusion criteria applied were: (1) a minimum of 6 months of data
covering at least 50% per month in an hourly reselution for both PNC



A.L. de Jesus, et al.

and PM,s (i.e. if data acquired covered > 6 months, all available
measurements were used); (2) both parameters measured concurrently,
in the same location or in close proximity; and (3) data collected within
the past ten years from the time of the request. Ten cities, located in
four different continents, fulfilled the aforementioned criteria; they are
presented on a map in Fig. 1 and listed in Table 1, including informa-
tion on local climate and pollutant sources in each location. The iden-
tified PM sources were those impacting the sites under study, but these
sources can also be considered as impacting the cities where the sites
are located, because the monitoring sites are representative of the city
conditions. For two of the cities, Brisbane and London, PM, s data from
multiple sites were available and used in the analysis.

2.2. Data collection

Data acquired from the cities were from measurements collected
between 2012 and early 2016. During this period, the climate char-
acteristics have slightly varied based on the Global Climate Assessment
of the National Oceanic and Atmospheric Administration (NOAA, 2013,
2014, 2015, 2016). In 2012, a weak La Nifia occurred turning to neutral
in 2013 and 2014. Then a weak El Nifio started in 2014 and intensified
towards 2015. Although these years were identified as among the
warmest, the microclimate in each city included in this study were
characterised as neutral with no extreme events.

Detailed characteristics of the sites and the instruments used are
provided in Table 2 and Section 1 of the supplementary material.
Sampling sites were categorised as either urban background (UB) or
roadside (RS). According to the European Union Directive on Ambient
Air Quality and Cleaner Air in Europe (2008), stations to provide data
for urban background should be located such that pollution level is
“influenced by the integrated contribution from all sources upwind of
the station” and should be representative of air quality within several
square kilometres of the urban area. At traffic sites, on the other hand,
the sampled air must represent no < 100 m length of a street segment.
In the United Kingdom, the Automatic Urban and Rural Network refers
to sites as “Roadside” if they are located 2-10m from the kerb, or
“Kerbside” if within 1 m of the kerb. Similarly, for near-road monitoring
stations of PM by the United States Environmental Protection Agency
(USEPA), siting must be at a distance not > 15m from roadways to be

Legend:

AGB - Augsburg

BCN - Barcelona

BNE - Brisbane

HEL - Helsinki

LON - London

LA - Los Angeles

MIL - Milan

50 - NKG = Nanjing
SHA = Shanghai

Latitude

Environment International 129 (2019) 118-135
monitored, based on 40 CFR Part 58 Appendix E — 6.3 (USEPA, 2006).

2.3. Data analysis

Hourly averages of PNC and PM; s in local time (LT) were used for
the analysis. Hourly averages were computed from acquired measure-
ments with a resolution higher than hourly if at least 50% of the hour
had available data. Hourly resolution was used since this type of
measurement is usually the one used in epidemiological studies relating
to hospital admissions. Negative PM; 5 due to instrument noise at low
particle concentrations and to rapid changes in air humidity were
considered valid measurements. Values down to —5pgm™> were in-
cluded based on the instrument manuals and government protocols
(CEN, 2013; EV-007, 2013). For PNC, the set permissible values were
from 1 particlecm 2 to 5 x 10° particleem ~2 (Cheung et al., 2011;
Mejfa et al., 2007). Non-compliant data were removed based on these
criteria (e.g. PMy s lower than —5ug~m’3 and PNC above 5 x 10°
particlecm 2, All data analyses were carried out in R statistical soft-
ware (RStudio Team, 2016) using the ‘ggplot2’ package (Wickham,
2009) for data visualization.

2.3.1. Comparison of PNC and PM, 5

One fundamental problem when attempting an inter-comparison or
use of particle number/size distribution data obtained by different
studies is that different studies normally use different instruments for
particle number concentration and size distribution measurements,
with different size ranges. Although a full scale uncertainty analysis is
beyond the scope of this work, and would need more data than those
available from the sites compared, we conducted an assessment based
on the Augsburg, Brisbane, Los Angeles and Shanghai data to obtain an
indication of the magnitude of variation in PNC resulting from choosing
different size ranges (see Section 2 of supplementary material). Its
outcome demonstrated that the difference in PNC between 9.5 and
13.6 nm as the lower cut-off (based on Brisbane data) was only < 4.0%
and < 3.0% of the mean and median concentrations, respectively. The
difference between 800 and 2000 nm as the upper cut-off (based on
Augsburg data) was < 5.0% and < 4.0% of the mean and median
concentrations, respectively. Additionally, the Los Angeles and
Shanghai data showed that at the 532.8 nm upper cut-off, 99% of the

YYZ - Toronto -

10

Longitude

Fig. 1. Cities included in this study.
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Table 1

The study areas, their climate classification and the identified PM sources.

Environment International 129 (2019) 118-135

City
{code®)

Climate

(Képpen classification”)

PM Sources®

Augsburg, Gemmany

Marine West Coast

local traffic, biomass buming (for heating), secondary aercsol (long-range} {(Gu et al., 2011; Schafer et al., 2014}

local traffic, secondary aerosol (harbour emissions), local dust/sea salt, industrial emissions {metallurgy) (Amato et al., 2016;

local traffic, secondary aerosol (airport, harbour and industrial emissions), sea salt, biomass buming (for heating and forest fires)
(Cheung et al., 2011; Friend and Ayocko, 2009; Friend et al., 2012)
local traffic, secondary aerosol, biomass bumning (for heating}, long-range transport, sea salt (S. Carbone et al., 2014, Saarikoski

local traffic, secondary aerosol, crustal, sea salt, urban/regional background (Beddows et al., 2015; Charron et al., 2007, Crilley

local traffic, urban background, secondary aerosol (Hasheminassab et al, 2014b; Sowlat et al., 2016}

local traffic, secondary aerosol, biemass bumning (Curci et al., 2015; Lonati et al., 2005; Perrone et al., 2012)

local traffic, secondary aerosol, road dust/sea salt, biomass/coal buming (An et al., 2015; Yang et al., 2005)

local traffic, industrial emissions, secondary aercsol, aged sea salt {Qiao et al., 2016; Yangjun Wang et al., 2014}

local traffic, coal buming, secondary aeroscl, metallurgy (C. H. Jeong et al., 2011; Lee et al., 2003; Tsai et al., 2004}

(AGB) “Cib”
Barcelona, Spain Mediterranean

(BCN) “Csa” Pérez et al., 2016)
Brisbane, Australia Humid Subtropical

(BNE) “Cfa”
Helsinki, Finland Humid Continental

(HEL) “Dib” et al, 2008)
London, England Marine West Coast

(LON) “Cib” et al, 2017)
Los Angeles, USA Mediterranean

(LA) “Csb”
Milan, Italy Marine West Coast

(MIL) “CGfb”
Nanjing, China Humid Subtropical

(NKG) “Cfa”
Shanghai, China Humid Subtropical

(SHA) “Cfa”
Toronto, Canada Humid Continental

(YYZ) “Dib”

# City codes (3 letters) are based on the International Air Transport Association's (IATA) identifier of airport location with AGB classified as a regional airport while
the rest are international. LON and MIL, which are codes for all airports servicing the metropolitan area, are preferred over LHR and MXP, respectively, to avoid
confusion with the air quality studies done for the airports. Similarly, LA is used for Los Angeles and not LAY, which also has a number of published works.

L Kippen climate classification — a system to classify climate based on the annual and monthly averages of temperature and precipitation.

¢ Several terminologies are used by different authors to refer to traffic as source but for consistency in this paper, local traffic may mean only vehicle exhaust or

may include re-suspended road dust and other non-exhaust emissions.

particles are already accounted for. Therefore, considering the differ-
ences as small, and in the absence of size distribution data from all sites
to conduct proper uncertainly analysis, we noted this as a limitation of
our study, and opted to use the data for our analysis without any
modification based on the size ranges. Further, the study of Rodriguez
et al. (2007) also showed that 99% of PNC are within the 10-415 nm
range for Milan, London and Barcelona, which are also our study areas.

As mentioned earlier, the category of the monitoring sites in the
cities investigated varies. Hence, we tested whether there is a difference
in PNC and PM; s based on the site category (i.e., LON1 [UB site] was
tested against LON3 [RS site]). Further, an additional test was per-
formed for PM; s by comparing measurements from two monitoring
sites with the same site classification in the same city (i.e., BNE2 and
BNE3 are two RS sites in Brisbane, while LON1 and LON2 are two UB
sites in London). Analyses were performed using pairwise mean dif-
ference test using the ‘boot’ function and the Kolmogorov-Smirnov (KS)
two-sample test for data distribution comparison. For the comparison
between cities, we chose UB sites over RS sites if data from multiple
sites were available. This was because the comparison of the urban
background sites is considered more informative regarding the differ-
ences between the cities, as concentrations at road sites may vatry sig-
nificantly, depending on traffic characteristics, while particles formed
from non-traffic NPF and non-traffic are accounted for in UB con-
centrations (Brines et al., 2014). Thus, for comparison of PNC between
cities, AGB, BCN, BNE1, HEL, LA, LON1, MIL, NKG, SHA and YYZ sites
were used, while AGB, BCN, BNE2, HEL, LA, LON1, MIL, NKG, SHA and
YYZ sites were selected for comparing PM; z. PNC and PM, ¢ per city
were presented using boxplots and density plots. The pairwise mean
difference test and the KS two-sample test for data distribution com-
parison were also used then the Generalized Additive Model (GAM) to
obtain the diumal and seasonal trend.

In order to compare the PNC and PM; 5 in the different cities around
the world, the annual mean concentrations and the data distributions
were analysed. Boxplots and density plots were generated. The boxplots
present the mean, median, the interquartile range (IQR), the 5th per-
centile and the 95th percentile. The kernel smoothing (Wand and Jones,
1995) was applied to generate the density plots. Kernel density plotisa
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smoothed version of a normalised histogram and is a non-parametric
estimate of the probability density. Unlike histograms (frequency
plots), the kernel density estimators do not depend on the width of the
bins or their endpoints, therefore giving a smoaother distribution.

Moreover, to compare the means, the differences in the means be-
tween all pairs of cities were tested. The means are reported here be-
cause the guideline values are based on means. Then, to compare the
data distributions, which capture more information than just means,
the Kolmogorov-Smirnov (KS) test (Conover, 1971) was applied. Since
the data are non-Gaussian and large {(sample sizes up to 8592), that
classical statistical tests produce highly significant p-values even if the
differences are negligible, the non-parametric bootstrap technique
(Davison and Hinkley, 1997) was employed. Bootstrapping takes on the
concept of the “law of large numbers” whereby, after repeatedly sam-
pling the dataset, approximation of the true population is obtained. The
process for the bootstrapped pairwise comparison included numerous
resampling of the dataset (bootstrap samples), finding the summary
statistic (ie., in this case, the mean difference) for each sub-sample
{bootstrap statistics) then producing the bootstrap distribution and
obtaining the p-values. For very large samples, data distribution-based
statistical tests, e.g., t-tests that compare means based on Gaussian data,
can produce significant p-values even though the difference between
means is, in practice, considered negligible. The non-parametric boot-
strap is a distribution-free method that does not require any distribu-
tional assumptions around the data, hence, generally, does not lead to a
significant p-value when differences are negligible.

The pairwise mean difference test was performed using the ‘boot’
function of the ‘boot’ package (Canty and Ripley, 2017; Davison and
Hinkley, 1997) in R with 10,000 bootstrapped samples and the p-values
were calculated using a Monte Carlo adjustment (Zieffler et al., 2011)).
The mean difference of each pair of cities was tested at 0.05 level of
significance. Then, the 95% confidence interval (C.1.) for each pairwise
mean difference was obtained using the ‘smean.cl.boot’ function of the
‘Hmisc’ package (Harrell, 2018). The C.L is the range that is likely to
contain the mean difference between the pairs of cities being compared
with 95% level of confidence, and can be used to assess the precision of
the estimate since narrower C.I. suggests a more precise estimate of the
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data population mean difference than a wider C.I.. For the comparison
between the distributions, the ‘ks.boot’ function of the ‘Matching’
package (Sekhon, 2011) was used. In a KS two-sample test, the em-
pirical distribution functions (EDF) for both samples were compared
and D (KS test statistic) was computed as the distance between these
two curves.

The diurnal and seasonal trends of both PNC and PM, 5 in the dif-
ferent cities investigated were modelled using a Generalized Additive
Model (GAM) (Clifford et al., 2011; Salimi et al., 2017). GAM uses a
predictor that involves the sum of smooth functions of covariates.
Hence, GAM is considered to be more flexible than a Generalized Linear
Model (GLM), which simply uses a linear additive function of the
covariates. The GAM equation used in the “stat_smooth” function of the
‘ggplot2’ package (Wickham, 2009) wasy ~ s(x, bs = “cs”, k = 8); this
uses cubic splines as the smoothing function with 8 knots since some
cities had few data points. Knots are cutpoints where fitting must occur,
therefore affected by the number of data points and the increments on
the x-axis; fewer knots tend to over smooth the curve. In the GAM plots,
the line is the fitted GAM while the dots are the actual data; a darker
shade means higher count for that particular concentration. Diurnal
plots of the data are sorted from the Oth to 23rd hour in local time (LT)
while the seasonal plots sort data by month.

2.3.2. Relationship between PNC and PM; s

A scatter plot of the annual median values of the PNC and PM, g for
all the cities, the preferred measure of central tendency for highly
skewed data, was prepared to show how these two metrics vary in re-
lation to each other. Further, the annual median PNC was divided by
the annual median PM; s for each city to obtain the particle number-to-
mass ratio. These ratios provide quantitative relation between PNC and
PM, s with reference to the sources contributing to their concentrations.
When calculating the PNC and PM, s ratios, we need to consider the
extent to which PNC accounts for all the particles within the aero-
dynamic range < 2.5pum. As we have shown above, the count of par-
ticles in the size range > 1 um is insignificant in contributing to the
total PNC < 2.5 pm. Hence, the PNC values reported by all the studies
and used here for the analysis are reasonably accurate estimates of the
actual PNC within the aerodynamic size < 2.5 pm, and can therefore be
used for computing the particle number to PM; s mass ratios. Further,
because the two metrics were measured separately, the value of one
would not have affected the other, and is therefore not biased.

The linear association between PNC and PM,rs was explored
through the Pearson correlation coefficients (r) for each city and was
tested, again using the non-parametric bootstrap test. The same pro-
cedure was also carried out after a log-transformation to both PNC and
PMjys. Log-transformation resulted in more apparent linear
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relationships between the log-transformed data for all cities. Linearity is
an assumption of Pearson's correlation; hence, there may be more
confidence in the validity of the results around the log-transformed
data. The linear relationship was of more interest to this study to de-
termine if the two metrics have a one-to-one correspondence that would
demonstrate how control measures may affect concentration.
Additionally, pairwise tests of independence between PNC and PM; s,
based on the empirical copula process, were carried out using the
‘indepTest’ of the ‘copula’ package’ (Hofert et al., 2017). Unlike Pear-
son's correlation, a copula, and hence, the copula test of independence,
does not require the relationship between two sets of data to have any
particular form (Genest and Rémillard, 2004). Therefore, results from
the copula test of independence are valid whether the relationship
between PNC and PM, 5 is linear or not.

3. Results
3.1. PNC and PM, s general trends

Mean annual concentrations of PNC and PM, 5 and their data dis-
tributions in the ten cities were compared by testing for mean differ-
ences between pairs of cities. Further, diurnal and seasonal patterns in
concentrations were compared. Results are presented using boxplots
(Fig. 2 and Fig. 4) and density plots (Fig. 3 and Fig. 5); the tables with
the results of pairwise tests and GAM plots are provided in the sup-
plementary material (Table Sla, Table S1b, Fig. Sla, Fig. S1b, Fig. S2a
and Fig. S2b). Although the extent of right-skewness was apparent in
both the boxplots and density plots, the density plots provide a more
complete visual summary of the estimated shape of the data distribu-
tions, depicting, for example, skewness (‘measure of symmetry’) and
kurtosis (‘measure of tailedness’). The tables of pairwise tests give the
bootstrap test results (C.I. and asterisk if significant) for the mean dif-
ference in PNC and PM, s between pairs of cities, and the KS test results
(test statistic D and asterisk if significant) for the difference in the
distributions of the two particle metrics between pairs of cities. The
interpretation of the GAM plots was focused on the trends of the curves.

3.1.1. PNC trends

In general, PNC were lower at UB sites (AGB, BCN, BNE1, LON1,
and LA) compared to RS sites (HEL, LON3, and YYZ), except at MIL,
NKG and SHA (Fig. 2). In order to understand the extent of variation in
PNC between the two types of monitoring sites, LON1 (UB) and LON3
(RS) in London were compared. The mean values of concentrations
were 8.6 x 10° and 20.1 x 10> particlescm’?’, for LON1 and LON3,
respectively, and the C.I. for the mean difference (UB - RS) was
[-12.0 x 10%, —11.3 x 10 particlescm ~>] with a bootstrapped p-
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Fig. 2. Boxplot with the mean, median, the interquartile range (IQR), the 5th percentile and the 95th percentile of the hourly PNC in the investigated cities.
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Fig. 3. Density plot of hourly PNC per city.

value of < 0.001 indicating that the means were significantly different.
In addition, at 0.05 significance level, the KS test determined that the
two sites were different in terms of their PNC data distributions (test
statistic D = 0.55, p =0.001).

As explained earlier, UB sites were chosen for comparing the cities.
The mean PNC (Fig. 2, Table S1a and Table S1b) ranged from 8.0 x 10>
to 19.5 x 10 particlesem ~2, which is a relatively small range, con-
sidering that the PNC range is by two to three orders of magnitude
between different ambient environments (Morawska et al., 2008).
Brisbane had the lowest, while Nanjing the highest PNC. Among the
European cities, London had the lowest concentration followed by
Augsburg, Barcelona, Helsinki then Milan. The high PNC in Helsinki
and Toronto can be attributed to the location of the monitoring sites as
they were in proximity to a road (RS). Los Angeles had PNC similar to
London.

Similar to the boxplot, the density plot (Fig. 3) showed that Hel-
sinki, Toronto, Milan, Shanghai and Nanjing had a wider spread of PNC.
Nanjing had an almost normal distribution while Brisbane had the most
skewed. Although both boxplots and density plots have shown the
differences in the measures of central tendency as well as in the shape
of data distribution in cities, it is still necessary to test the difference
statistically (Table S2a). At a 0.05 significance level, the means for the
pairs of cities differ significantly between each other except between
London and Los Angeles (p = 0.13). However, the KS test revealed that
although the means for these cities are very similar, the data distribu-
tions are different (D = 0.09); e.g., London has a higher density peak
while Los Angeles has a wider spread (Fig. 3). Further, the data dis-
tribution varied between cities. Only Toronto and Shanghai had very
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similar curves, with the smallest KS test statistic (D = 0.05).

Another comparison done between the cities was in relation to the
temporal trends in PNC. In the diurnal plot (Fig. S1a), all ten cities had
the lowest PNC early in the morning (02,00 — 04:00 LT). Three con-
centration peaks can be observed in some cities (BCN, BNE, LA, and
NKG), while others only have two (AGB, HEL, LON, MIL, SHA and
YYZ). The peaks occurred in the morning around 07:00 LT, at midday
about 12:00 LT and at night around 20:00 LT. However, concentration
peaks for London, Los Angeles and Nanjing were not so distinct.
Helsinki showed the greatest increase (almost 15 X 10° particlescm ~%)
in the morning among all the cities followed by Toronto and Barcelona.
Further, it is worth noting that, while troughs and peaks appear to
occur, PNC varied only by a factor of 5, less than an order of magnitude
(i.e., mean PNG ranged from 5 x 10° to 25 x 10? particlesem ~ > based
on GAM).

The effect of seasonal variability in the PNC was also investigated.
In general, across all investigated cities, warm seasons were char-
acterised with lower PNC than cold seasons (Fig. S2a). Brisbane and
Shanghai showed the most observable changes in PNC (> 10 x 10°
particles-cm ~ ) based on GAM, other cities had relatively small varia-
tion in concentrations. PNC in Brisbane were high from May to August,
the cooler months being in the southern hemisphere. Although Helsinki
and Toronto have the same climate type, seasonal variability in PNC
was more distinct in Toronto.

3.1.2. PM2_5 trend

In contrast to PNC, the PM, 5 were comparable regardless of whe-
ther measured at UB or RS sites, except for NKG and SHA based on the
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Fig. 4. Boxplot with the mean, median, the interquartile range (IQR), the 5th percentile and the 95th percentile of the hourly PM, s in the investigated cities.
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boxplot (Fig. 4). Nonetheless, the mean difference and data distribution
of the PMy 5 in LON1 (UB) and LON3 (RS) were tested. The mean
concentrations were 10.9 and 15.3 ugm’?’ for LON1 and LON3, re-
spectively and were significantly different (p <0.001), with a C.I. for
the mean difference of [ —4.8, —4.2 ugm ™~ %]. The KS test also indicated
that the data distribution for LON1 and LON3 were significantly dif-
ferent (D = 0.32, p = 0.001). However, the D statistic for PM; s was
lower compared with the D statistic obtained for PNC (Dpp25 = 0.32 vs
Dpyc = 0.55). This means that the empirical distribution functions
(EDF) curves of PM; 5 for UB and RS were closer i.e., the differences in
the data distribution were smaller. Hence, although site category in-
fluences the measured concentrations for both PNC and PM, s, it affects
PM; 5 less than PNC as observed in this single city where both PNC and
PM, 5 data were available.

Next, in order to show how PM, s differ between stations, two sites
with the same classification were compared: two UB sites in London
(LON1 and LON2) and two RS sites in Brisbane (BNE2 and BNE3). The
mean annual PM; 5 measured at the UB sites were the same, 10.9 and
10.9 pgm > for LON1 and LON2, respectively and so not statistically
different (p = 0.66). For the RS sites, the mean annual PM;s were
comparable, but still statistically different (p < 0.001), 7.0 and
7.3ugm~ > for BNE2 and BNE3, respectively. Additionally, the data
distribution for both UB (D = 0.04, p = 0.001) and RS (D = 0.08,
p =0.001) sites differ based on the KS test results but both with very
low D statistic.

When comparing the PM, 5 of different cities, the same sites for PNC
were used except for BNE1, which only measured PNC. Therefore,
BNE2 was used and was preferred for its proximity to BNEl. The
highest PM, 5 annual mean concentrations were measured in Nanjing
and Shanghai while the lowest in Brisbane (Fig. 4), which is similar to
PNC. Also similar to mean PNC, the mean PM, 5 was relatively higher
than the medians as can be observed in the boxplot. Nanjing and
Shanghai had the widest interquartile range (IQR) with similar data
distribution (Fig. 5), while Brisbane and Helsinki had the narrowest
IQR, also with similar data distribution. In testing the pairwise mean
differences between the cities, the PM, 5 means in all cities differ sig-
nificantly (Table S2b), even those of Augsburg and Barcelona (13.3 and
13.7 ugm > for AGB and BCN, respectively). The results of the KS test
also confirmed that the data distribution between cities were different,
with Brisbane, Helsinki, London and Toronto having the most similar
shape (i.e., small D statistic, 0.09-0.13).

In the diurnal plot (Fig. S1b), only Los Angeles showed an evident
decline (~13 units drop) from the peak concentration around 10:00 LT
to the lowest at 16:00 LT. The concentrations in Milan and Nanjing
varied somewhat (~7 and 9 units drop, respectively); being elevated in
the early morning until around 06:00 LT, decreasing to mid-day then
rising again. PM, 5 in all other cities did not vary much throughout the

day; changes in PM, 5 were < 5ugm ™ >,
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In general, PM, s was higher during the winter until early spring
(Fig. S2b). The peak PM; s in Shanghai was between December and
January. Los Angeles and Nanjing had the peak between January and
February, but Nanjing had a second peak in November. Augsburg,
Barcelona and London had its peak concentrations between February
and March. Milan's data do not cover the whole year, but the peak was
only in December. PM;s concentrations in Helsinki, Toronto and
Brisbane were almost constant, and at low levels throughout the year,
though the somewhat elevated concentration in Helsinki and Toronto
occurred in February while it was in July for Brisbane.

3.2. Relationship between PNC and PM, 5

The relationship between PNC and PM; 5 is presented in three ways:
a scatter plot of the annual city medians (Fig. 6), particle number-to-
mass concentration ratio (Fig. 7) and the Pearson's correlation (Fig. 8).
The scatter plot of the annual medians shows how the two metrics vary;
a low PNC does not always imply a low PM; s and vice versa. Two main
clusters are seen in Fig. 6: the cluster on the left is cities of low PM, 5,
while the cluster on the right is cities of high PM, 5. Helsinki (HEL) and
Toronto (YYZ) are presented in a sub-cluster of the left cluster due to
very low PM, s but high PNC. Milan (MIL) at the top right of the left
cluster, although an UB site, had very high PNC with a somewhat ele-
vated PM, s. In contrast, Los Angeles (LA) at the bottom right of the left
cluster had a low PNC but quite high PM, &. It can also be observed that
the right cluster contains both cities in China, Nanjing (NKG) and
Shanghai (SHA), which had high PNC and PM, 5. Further, a trend line
for the UB sites was derived using the nonparametric regression, LOESS.

Next, ratios of median particle number-to-mass concentrations per
city were computed (Fig. 7 and Table S2) in order to provide a quan-
titative measure of the relationship between PNC and PM;s and to
investigate how it varies for different cities. Comparing among the ci-
ties and between UB and RS sites, cities with RS sites have PNC:PM; 5
of > 1.0 x 10? particlesqig ~* (HEL and YYZ) while cities with UB sites,
have < 1.0 x 10° particlesug™'. Moreover, the RS sites in London
(LON3) has a PNC median of 18.3 x 10° particlescm’?’ and a PMy 5
median of 13.6pugm~>, thus a ratio of 1.3 x 10° particlespug .
Though this result is not shown in the plot, this supported that RS sites
had > 1 particle number-to-mass ratio. Among the cities with UB sites,
NKG and SHA have the lowest ratio of ~0.3 x 10°ug™~!. The ratio for
LA is also low (< 0.50 x 10° particlesig ') compared with the other
cities (> 0.70 x 10° particles-ug ).

In order to test statistically the relationship between hourly PNC
and PM, s in the different cities, the non-parametric bootstrap test of
the Pearson's correlation was employed (Fig. 8 and Table S3). Based on
the calculated Pearson's correlation coefficient (r), the obtained values
showed very weak (Barcelona and Los Angeles at 0.08 and 0.07, re-
spectively) to moderate (Shanghai at 0.53) linear relationships. The
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Fig. 5. Density plot of hourly PM, s per city.
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Fig. 7. Particle number-to-mass ratio (PNC:PM, s) of the annual median concentration.

bootstrapped p-values were all > 0.05. The log transformation of both
metrics provided higher Pearson's r for most cities, but similarly in-
dicated only very weak to moderate linear correlations; Shanghai
(r = 0.64) showing the most linear relationship among the cities. The
Spearman's correlation, which does not assume a linear relationship
and is more robust to extreme observations in comparison to Pearson's
correlation, was also computed for all cities. However, the obtained
values for Spearman's correlation were almost equal to the Pearson's
correlation after log-transformation so are not additionally reported
here. Further, based on the pairwise tests of independence using the
empirical copula process, all p-values obtained were < 0.05, meaning
the two metrics, PNC and PM, 5, were somehow dependent.

4, Discussion

The PNC (Fig. 2 and Fig. 3) and PM, 5 (Fig. 4 and Fig. 5) in the
different cities under investigation varied. The pairwise comparison of
the mean difference and KS test (Table Sla and Table S1b) confirmed
that PNC and PM, s annual means and the data distributions of each
city were, in general, significantly different. However, some similarities
were observed in the diurnal and seasonal trends of PNC and PM; 5 for
the cities (Fig. Sla, Fig. S1b, Fig. S2a and Fig. S2b). For example, all
PNC diurnal plots showed concentration peaks in the morning, midday
and/or night time, unlike most PM; 5 diurnal plots, and both PNC and
PM, s were higher during the winter. However, the magnitude of

126

variation differed among cities. Therefore, even though all sites are
located in urban areas and subjected to anthropogenic emissions, with
transportation, industry and household dominate (Butler et al., 2008;
Karagulian et al., 2015), other factors contribute as well. Both anthro-
pogenic (e.g., population density and technology) and natural (e.g.,
meteorology and geography) factors will be reviewed. In addition,
given the dynamics of the PNC and PM, 5 in the ten cities, an insight
into the relationship between the two metrics can now be provided.

4.1. PNC and PM, s drivers

Overall, primary and secondary UFP come from combustion pro-
cesses thus PNC is significantly affected by tail-pipe emissions and NPF
from precursors originating from city transport. PM; s, on the other
hand, are mostly aged primary or transported secondary aerosols.
Hence, the UB sites had lower PNC compared to RS sites (LON3, HEL
and YYZ), but the PM,s was not much affected by the site location
(Fig. 2 and Fig. 4). Additionally, PM, g, is more homogenous compared
to PNC regardless of site classification (i.e., BNE1 and BNE2 are RS
sites, while LON1 and LON2 are UB sites, but the measured con-
centrations are comparable between the sites). This supports the con-
clusions from studies conducted by Gomis¢ek et al. (2004) and
Puustinen et al. (2007) in Europe demonstrating that PNC varies spa-
tially within a city unlike PMy 5. PNC emissions from traffic are more
spatially heterogeneous than from stationary combustion sources (Gu
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et al.,, 2013).

Fig. 3 and Fig. 5 show how different are the data distributions of
PNC and PM; s. PNC are characterised by a wider range (both in counts
and concentrations); which implies that emission sources or magnitude
of emissions contributing to PNC are diverse and therefore formation
and transport of UFP are affected by several factors in most cities. On
the contrary, PM- ¢ is more clustered, except for Nanjing and Shanghai.
The data distribution for both PNC and PM; 5 are typically skewed due
to occasional high and rare, exceptionally high concentrations. Neither
the UB sites nor the RS sites showed distinct trend on the occurrence of
concentrations above the 95th percentile per city except for the PM2
in Milan, which mostly occurred from October to December as observed
in the time series (Fig. $3). Further, looking at the uppermost con-
centrations, the peak PNC and PM;c never occurred at the same day
and time in all investigated cities (i.e., further supporting that high PNC
does not correspond to high PM.c). However, for this study, de-
termining the cause or source of these extreme concentrations is not in
scope since no data on meteorology e.g., temperature, wind speed or
wind direction nor source inventory were obtained.

In the diurmnal and seasonal plots (Fig. Sla, Fig. S1b, Fig. S2a and
Fig. S2b), only PNC shows distinct trend with peak concentrations
during traffic rush hours in the early morning and early evening, while
the observed third peak in some cities (e.g., BCN, BNE, LA and NKG) is
attributed to NPF. Low PM concentrations within the day usually
happen with increased mixing layer height. Both PNC and PM; ¢ exhibit
seasonal variation in all investigated cities, with elevated concentra-
tions occurring during winter due to additional fuel burning for
heating, low temperatures enhancing NPF, and/or a more stagnant at-
mosphere (Carbone et al.,, 2010; Hasheminassab et al., 2014b; Jeong
et al., 2011; Li et al,, 2015; Liu et al., 2018). High PM concentrations
during warm seasons is attributed to increased insolation promoting
NPF (Brines et al.,, 2015) and reduced precipitation. A more detailed
description of the factors affecting the PNC and PM-: in each city,
based on the existing literature, is provided in Section 3 of the sup-
plementary matetial. In summary:

¢ the low PNC and PM, s in BNE and the narrow but skewed data
distribution are due to limited possible sources and constant atmo-
spheric conditions throughout the year with occasional disturbances
leading to extreme PNC and PM; g;

Helsinki, Milan, Nanjing, Shanghai and Toronto are cities with high
PNC and similar bread data distribution (but only Nanjing and
Shanghai also have high PM; o)

o the elevated PNC in HEL and YYZ is due to station siting and is
therefore dependent on traffic volume, while PM 5 levels mainly
result from transported primary and secondary emissions with a
significant contribution of road dust in spring

MIL, although an UB station, is still much affected by traffic
emissions given that it is close to two local roads and that sec-
ondary aerosol formation and accumulation are favoured within
the Po Valley, contributing to the urban PM concentration

NKG and SHA, both located in the Yangtze River Delta, have
significant local emission sources due to continuous urbanisation
but are also much affected by regional transport coming from the
North China Plain and the Pearl River Delta in the south;

the somewhat high PNC but average PM; c in BCN can be attributed
to road traffic emissions and the enhanced NPF in the Western
Mediterranean Basin especially during summer when a high con-
centration of Oz is transported to Barcelona from continental
Europe;

the somewhat high PM; ¢ but low PNC in LA is due to formation of
secondary aerosols influenced by the area's meteorological char-
acteristics with contribution from non-exhaust vehicular emissions
during winter and aged sea salt in summer;

Augsburg and London have average PNC and PM- s concentrations,
although AGB is slightly higher than LON due to meteorological
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influences — both background stations are influenced by traffic but
with only the primary emissions contributing to PM as NPF was
abserved to be insignificant in these cities (i.e. only significant in
summer because of increased solar radiation);

Sahara dust is another important source for Barcelona and a very
minor source for Augsburg and London where contribution can ac-
tually oceur throughout the year but with episodes mostly occurring
from mid-spring to early autumn.

Over the years, there have been significant advances in engine de-
sign and fuel formulation to control the PM, NO, and SO; in the ex-
haust. Londen has introduced the “sulphur free” diesel { < 10 ppm S) in
2007 and within a few months, PNC has decreased dramatically
(30-599% less), but with no similar effect on the NO;, concentrations and
the regulated mass metrics (Jones et al., 2012). Other cities have ob-
served similar reduction in PNC, especially at kerbsides, upon reg-
ulating sulphur content in fuel (Johnson et al., 2009; Wahlin, 2009;
Wang et al., 2011). Another regulation was setting emission standards
for vehicles, particularly for particulate matter and NO,. This took ef-
fect in the USA also in 2007, requiring diesel engine manufacturers to
reduce emissions by 90%, with 100% compliance by 2010. In addition,
the California Air Resources Board in 2012 required all heavy diesel
trucks to use diesel particulate filters (DPFs) to attain the 2007 emission
standard by 2014. Emissions from the ports of Los Angeles and Long
Beach (30 km away from LA site), which are among the busiest in the
USA, were also regulated. A study by Hasheminassab et al. (2014a) has
shown that these control measures were effective in reducing PM; 5 in
Los Angeles. A summary of other strategies implemented for Urban Air
Quality Management (UAQM) in developed and developing countries
were compiled by Gulia et al. (2015).

Both primary and secondary particulate matter may be transported
from neighbouring cities or countries, seaports and airports, coal-fired
facilities in industrial areas, residential areas or forest fires areas,
coastal or arid region (Brook et al, 2007; Buonanno and Morawska,
2015; Chowdhury et al., 2007; Han et al., 2008; Keuken et al., 2012;
Squizzato et al., 2017; Vassilakos et al., 2005; Wang et al., 2015). In
2005, the UK airports emitted approximately 3.1 x 10° kg of total
PM; s (i.e., inventory of 20 airports) with the London Heathrow Airport
having the highest emissions per air traffic movement at 157 g (Stettler
et al.,, 2011). Brisbane Airport has an annual mean emission of
1.98 x 10%* of PNC and 1.35 % 10° kg of PM, c (Mazaheri et al., 2011)
and gaseous emissions from aircrafts was thought to enhance nuclea-
tion in the city (Cheung et al., 2011). Particulate matter generated by
airerafts can increase PNC by 2-5 folds within 60 km® area and extend
up to 16 km downwind of the runways based on a study done in the Los
Angeles Airport which has an emission rate of 1.03 X 0% parti-
clesyr™! and 7.89 x 10°kgyr ' for PNC and PM.c, respectively
(Hudda et al., 2014; Shirmohammadi et al., 2017). For air pollutants
from ports, the contribution from shipping is comparable to road traffic
with mean daily concentrations of 12.6 ug-m_SPMzg and 1.3 x 10*
particlesem ™ ° PNC (Merico el al., 2016). The majority of particles that
dominated PNC {99%) were in the size range 9-250 nm, which ac-
counted for only 11.7% of PM; . Gaseous pollutants from shipping
emission may also enhance NPF in urban areas (Viana et al., 2014).

A number of studies have linked primary PM emissions and those of
the gaseous precursors for secondary PM to urban pepulation density
attributed to high energy demand and therefore increased fuel con-
sumption and combustion emissions (Gurjar et al., 2016; Lin and Zhu,
2018). However, per capita emissions in cities are actually an interplay
of several natural environmental and anthropogenic conditions (Han
et al., 2016; Larkin et al., 2016; Mayer, 1999; Wang et al., 2017). Fo-
cusing on per capita transportation emissions in a city, urbanisation and
fuel consumption for transportation are in general inversely related, but
activity levels in adjacent localities are greatly influenced, amplifying
transportation fuel use (Ergas et al., 2016; Karathodorou et al., 2010;
Newman and Kenworthy, 1989). Among the investigated cities,
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Barcelona is the most densely populated city at approximately 16,000
inhabitantskm ™ > followed by Milan at 7000 inhabitantskm™? ac-
cording to United Nation's 2016 Demographic Yearbook (UN-DESA,
2016). Next are Helsinki, Los Angeles, Shanghai, Toronto, and Greater
London, in ascending order, which have 3000 to 5000 in-
habitantskm ~2 The lowest population densities are for Augsburg,
Nanjing and Brisbane at below 2000 inhabitantskm™ 4

The populations of Barcelona and Milan (about 1.5 million people in
the city centre and around 5 millien and 3 million, respectively, in the
urban agglomeration) are actually much lower compared to the me-
tropolitan areas of London and Shanghai (above 8 million and 20
million people, respectively) or even Nanjing (above 7 million people).
However, the urbanized areas of both Barcelona and Milan are con-
siderably smaller, hence the higher population density. The proximity
to other urbanized areas like in the case of Los Angeles (with Riverside
— San Bernardine and San Diego) and Toronte {with Hamilton and
Oshawa) may elevate emission concentrations. Based on the results,
Shanghai and Nanjing had high PM concentrations while Brisbane the
lowest. Hence, in our investigated cities, population density did not
seem to be the only factor to consider for the differences in ambient PM
concentration.

With the understanding that PNC and PM, c have different sources
and drivers, the paradigm of focusing on mass as metric for air quality
control needs to be revisited. In summary, only Brisbane and Helsinki
have met the WHO guideline of 10 ug-m’?’. Brisbane, with its low PM- c
(annual mean of 7ug-m*3), also meets the Australia's standard of
8 pgm~* and has low PNC too. For the European cities, all except Milan
complied with the EU PM, s annual mean standard (25 pgm ). Milan
is located in a big basin valley (the Po Valley) whose atmospheric
stability makes the whole region a European hot spot for atmospheric
pollution (Ferrero et al., 2014; Rodnguez et al., 2007). Further, al-
though Helsinki has low PMs s, in fact, has high PNC at roadsides while
Milan and Barcelona also have elevated background PNC. Similar to
Helsinki, Toronto also has considerably elevated PNC at roadsides,
while Los Angeles has low background PNC. However, Los Angeles
somewhat exceeded the annual mean PM,c standard set by the US
Environmental Protection Agency of 15 ug-m_3 while Toronto com-
plied with Canada's air quality standard for annual mean PM,g
(10 ug-m_S). The annual mean PM;, 5 standard (35 pgm™ %) set by China
is the highest among the national standards but the PM, ¢ in Shanghai
and Nanjing still exceeded and their PNC are also high.

4.2, Relationship betweent PNC and PM,, ¢

The similarities and differences in the PNC and PM:c ambient
concentrations and data distribution for the ten cities, as well as the
diurnal and seasonal variability, showed how several factors affect
these two metrics differently. In the above discussion, we demonstrated
that PNC and PM- 5 have different sources and different drivers. PNC is
primarily from vehicular emissions thus depends on available sources
with climate and meteorological factors being key, not only for dis-
persion but also for NPE. On the other hand, PM; s that is dominated by
regional and transported secondary aerosols and highly influenced by
atmospheric patterns. It was also demonstrated that low PM- £ does not
mean low PNC, as the PNC in most cities were elevated and this was
intensified when the measuring sites were situated at roadsides like in
Helsinki and Toronto except for Nanjing and Shanghai. The clustering
of the cities in Fig. 6 further demonstrated how the two metrics could
behave differently wherein PNC varied in the cluster for the low PM; ¢
cities.

After fitting a curve in the scatter plot of the annual medians of the
PNC and PM; ¢ (Fig. 6), there are a few “outliers” in the UB sites. Based
on the trend line, BCN and MIL have PNC above the predicted. Al-
though UB sites, both BCN and MIL are heavily affected by traffic with
MIL getting higher contribution from traffic since the site is between
Viale dell'lnnovazione (total annual traffic of 4,200,000 vehicles and
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480 vehicleshr ! with a peak of 870 vehicleshr =} during the morning
rush hour) and Via Roberto Cozzi (total annual traffic of 1,680,000
vehicles and 191 vehicleshr—! witha peak of 323 vehicleshr™? during
the morning rush hour). Further, MIL is influenced by biomass burning
emissions unlike BCN and by recirculation within the Po Valley, con-
tributing to somewhat elevated PM, ¢ (Amato et al.,, 2016). In the LA
and SHA sites, on the other hand, the PNC are lower than expected. This
is probably (at least partly) caused by much higher cut-off size (14 nm)
of the instruments used compared to other sites {(typically 3-6 nm). In
general, NKG usually has a higher PNC and PM; 5 compared to SHA due
to the spatial oscillation process in eastern China discussed by Tao et al.
(2016) and causing regional accumulation.

The particle number-to-mass concentration ratio (Fig. 7) and the
log-transformed Pearson's correlation (Fig. 8) provided a quantitative
measure of the relationship between PNC and PMzc. As the ratio is
equivalent to the number of particles per unit mass (in 10° parti-
clespg ™ 1), high values suggest dominance of UFP sources in the area,
and lower values imply majority of PM sources contribute to PM- .
Correlation between PNC (dominated by UFP) and PM; 5, on the other
hand, if very low indicate different sources contributing to PNC and
PM. s (Cyrys et al., 2003); UFP originate mainly from local traffic ex-
haust emissions or NPF and a much lower fraction of PM. ¢ originate
from these sources. However, as mentioned earlier, the use of different
instruments for PNC measurements, therefore different size range
measured, must be taken into consideration. This can somewhat affect
the ratio and the correlation, but still can provide a good estimate.
Other factors that have possibly affected the association between PNC
and PM, ¢ in each city are discussed below.

Helsinki and Teoronto have high ratios (1.6 x 10% and 2.2 x 10°
particlesug ™', respectively) since both are RS sites with great impact of
traffic as the source, but have the reverse trend for the cotrelations
(r = 0.39 and 0.25, respectively). The low ratio but high correlation for
HEL maybe explained by its location, in a busy street canyon (traffic
density of 28,000 vehiclessd ™! on weekdays), where dilution process is
weakened. Hence, traffic emission might be considered as the dominant
source for PNC and PM- c in the ambient air in this area. On the other
hand, YYZ is located at the intersection of local streets in the downtown
area and north of a four-lane major arterial road (traffic density of
16,000 to 25,000 vehicles:d ~1). The high ratio but low correlation in
YYZ indicates difference in contributing sources for PNC and PM;c.
Other factors possibly responsible to the low correlation of PNC and
PM; s in YYZ compared to HEL are: (1) the different position of the
sampling inlet (3 m above ground for PNC versus ~20 m above ground
for PM5 5); (2) the lower size range for PNC (8-540 nm only); and (3)
the existing vehicle fleets (light versus heavy duty vehicles and diesel
versus gasoline fuelled vehicles), which was not explored in this study.

Among the UB sites, Los Angeles, Shanghai and Nanjing have low
ratio (0.46 x 10°, 0.35 x 10° and 0.34 x 10° particlesug™!, respec-
tively) but had varying correlation (r = 0.09, 0.64 and 0.26, respec-
tively). For all three cities, the bulk of ambient PM; - are regional
secondary aerosols, but only Shanghai had a moderately correlated PNC
and PM, c suggesting partially the same sources (e.g., industrial, do-
mestic and traffic) for both metrics. Los Angeles, on the other hand, was
the least correlated, which implies difference in sources for PNC and
PM; g; UEP in LA is from local traffic and NPF. Similarly, Barcelona had
very weak correlation (r = 0.12) but had the highest ratio (0.97 < 10°
particlesug ™). Both BCN and LA are affected by a major roadways
{Diagonal Avenue and Interstate Freeway [-110, respectively) located
about 200 m away and of traffic density above 100,000 vehicles-d 1.
Therefore, the higher ratio in BCN indicates higher concentration of
UFP and can be attributed to the substantial contribution of NPF from
photochemistry less than in LA. Further, according to Pey et al. (2008),
PM; s in Barcelona is relatively higher compared to other European
cities, but PNC is within the range of similar urban environments, in-
dicating a different source of PM- . Concentration of precursor gases
from traffic can be assumed similar due to comparable traffic density,
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Table 2
Correlation of PNC and PM, s from published studies.
Location No. of sites Study duration Coefficient Method Authors
and Site type®
Australia
Australia 6 Aug, 1996 - Aug, 1997 r*=10.05 Regression Keywood et al. {1999}
{d, R, RS) (six day cycle for 4weeks  correlation between PNC and PM, ;5 (daily mean}
per site) (= 150 nm fraction mass)
Asia
Guangzhou, CN 1 12-13 Jul, 2013 r? = (.85 {accumulation mode) Regression Han et al. (2015)
{UB} {pollution episode} thourly mean)
Tehran, IR 5 Jul — Sep, 2007 (warm r? = 0.63 {(wamn season)} Regression Halek et al. (2010)
(UB, R, RS) season) r? = 0.75 {cold season) {daily mean}
Jan — Mar, 2008 (cold correlation between number and mass of
season) particles with 1-10 pm size}
Europe
Augsburg, DE 20 Mar, 2014 - Apr, 2015 r=0.64 Pearson (annual mean) Wolf et al. (2017)
(UB, BB, RS, I} (2 weeks per site cycle,
3 cycles total
Basel, CH 20 Jan, 2011 - Dec, 2012 re=0.43 Regression Eeftens et al. (2015)
(UB, RS) 14 days cycle winter, (bi-annual mean)
summer, spring
Barcelona, ES 1 Nov, 2003 - Dec, 2004 r=0.05 (N1g_z0) Pearson Rodriguez et al. (2007)
(UB) r=0.13 (Nog_a0) thourly mean)
r=0.19 (Nag_go) estimated r values from graph
r=0.28 (Neo_100)
r=0.37 (Nygo 200}
r=0.43 (Nagganod
r = 0.54 (Naygga15)
r=0.57 (Nysao0)
Copenhagen, DK 2 23 Mar — 21 Apr, 2008 total concentration Pearson Wang et al. (2010)
(RS, HW) r = 0.63 (HW) (half-hour mean)
r=0.61 (RS}
less background concentration
r = 0.70 (HW)
r =057 (RS)
Erfurt, DE 1 1 Sep, 1995-21 Dec, 1998 r = 0.37 (hourly) Spearman Cyrys et al. (2003)
(UB) r = 0.59 (daily)
Erfurt, DE 1 Oct, 1991 — May 1992 r*=05 Regression Tuch et al. (1997)
(UB) (daily mean)
Geneva, CH 18 Jan, 2011 - Dec, 2012 r=0.17 Regression Eeftens et al. (2015)
({UB, RS) 14 days cycle winter, (bi-annual mean}
summer, spring
Helsinki, FI 1 Jan — Jun, 2010 r = 0.59 (weekdays) Pearson Dos Santos-Juusela
(5C) r = 0.44 (weekends) thourly median} et al. (2013)
London, UK 1 28 Apr — 23 May 2003 r:=10.21 (Regression) (18 min measurement at morning, noon Kaur et al. (2005)
(5C) {exposure study) r = 0.5 (Pearson) and afternoon)
Londen, UK 1 Jan — Dec, 2003 r=0.04 (Nyo_00) Pearson Rodriguez et al. (2007)
(UB) r=0.08 (Nyo_a0) thourly mean)
r=0.21 (Nag_so) estimated » values from graph
r=0.4 (Nggi00)
r =054 (Nygo200)
r =056 (Nayo 2000
r =048 (Nagea15)
Milan, IT 1 Nov, 2003 - Dec, 2004 r=0.2 (Njoso) Pearson Rodriguez et al. (2007)
(UB) r=0.31 (Nyy_z0) (hourly mean}
r = 0.45 (Nao_go) estimated r values from graph
r=0.62 (Neo_100)
r=0.75 (Nygo 200}
r=0.95 (Nagganod
r=0.98 (Nago415)
r =095 Nusao0)
Rome, IT 2 Apr, 2001 — Mar, 2003 r = 0.55 Pearson Marconi et al. (2007)
(RS) (daily mean}
North America
Boston, US 3 Sep, 2009 - Aug, 2010 r=—001(RS-1) Spearman Patton et al. (2014)
(RS, UB) (site 1) r=—-003{UB-1) (hourly median)

Sep, 2010 — Jul, 2011 (site
2)
Aug, 2011 — Jul, 2012 (site
3}

r=026(RS-2)
r=0.27(UB-2)
r=032(RS-3)
r=019 (UB-3)
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Table 3 (continued)
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Location No. of sites Study duration Coefficient Method Authors
and Site type®*
New York, US 1 15-16 Aug, 2008 r = — 0.05 {underground station) Pearson Wang and Gae (2011}
(UB} {exposure study) r = —0.10 {ground station} {continuous measurement every 1 min
r = 0.14 (parks) along different transportation route)
r = 0.16 (street side}
r = 0.42 (subway train}
r = 0.73 (highway)
r = 0.072 (overall)
Rochester, US 1 01 Jan — 31 Dec, 2003 r = 0.22 (winter) Spearman Jeong et al. (2006)
(UB) r = 0.31 (spring} (hourly mean)
r = (.14 (summer)
r=0.31 (fall)
Toronto, CA 1 01 Jan - 31 Dec, 2003 r = 0.31 (winter) Spearman Jeong et al. {2006)
(RS) r = 0.20 (spring) thourly mean)

r = 0.16 (summer}
r = 0.06 (fall)

? Site type: I — Industrial, R — Residential, RS — Roadside, UB — Urban Background, RB — Regional Background, 5C — Street Canyon, HW — highway.

although type of vehicle fleet must also be considered (i.e. especially
tvpe of fuel). Other possible factors affecting PNC and PM, s are climate
type (i.e., both cities are classified as ‘Mediterranean’ but of different
tvpes: ‘hot dry-summer’ for BCN and ‘cool dry-summer’ for LA) and
availability of other sources (e.g., airport and port emissions).

Augsburg, Brisbane, London, and Milan, the rest of the UB sites, had
similarly weak correlations (0.23-0.46) and comparable ratio
(0.82 x 10° 0.87 x 10% 0.92 x 10 and 0.75 x 10° particlesug ™1,
respectively) of << 1 x 10° but > 0.5 x 10° particles-ug_l. This means
that PNC and PM:c have relatively the same common sources, possibly
due to a high contribution of local emissions and the consistent influ-
ence of meteorology. Although, climate classification of Brisbane is
‘humid subtropical’ characterised by hot and humid summers compared
to the mild summers of the ‘marine west coast’ of Augsburg, London
and Milan. The higher ratio for London and Brisbane indicates great
contribution of road traffic and NPF to UFP counts. Similar to this re-
sult, Wolf et al. (2017) reported that the PNC in Augsburg was mod-
erately correlated with O3 and PM; g, but highly correlated with NO,
indicating commeon sources, such as traffic and industry emissions.
Further, the work done by Rodriguez et al. (2007) in Barcelona, Milan
and London, investigating PNC and PM; ¢ in relation to size distribu-
tion, chemical composition and trace gases concentrations to determine
the evolution of aerosols, found that PM; g was highly correlated to
PNC only for particles > 100 nm, which accounted for just 20% of the
total PNC.

Several studies investigated the correlation between PNC and PM- 5
in various cities, considering different factors contributing to their
spatial and temporal variations, as summarised Table 3. Some key
findings are that correlation between PNC and PM; ¢ increases as par-
ticle size increases and correlation varies temporally since it is higher in
winter, on weekdays and for daily means compared to summer,
weekends and hourly means, respectively. Correlation between PNC
and PM; s also varies spatially as observed across Europe, with sites in
the north-western, central and southern regions of the continent.
However, “baseline” ratio [PNC. 1onm (particles-cm’g) = 250PM, ¢
(ug-m_a) and PNC .. 1q0nm (particles-cm_g) =50PM-c (ug-m_g)] was
found for sites not affected by local emissions {clean and rural sites),
and this can represent the minimum PNC associated with a given PM. =
loading (Putaud et al., 2010; Van Dingenen et al., 2004). For more
polluted sites, increase in PNC (of particles > 10nm) is no longer
proportional to PM; s, implying lower contribution from traffic and
photochemically generated UFP to particle mass concentrations. The
correlation between PNC and PM.: calculated for 10 ug-m_3 wide
PM. < bins was low (% = 0.16,n = 132). A possible explanation of this
is that when the city is highly polluted, the pre-existing particles serve
as sinks where the semi-volatile species condense while in a “clean”
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environment, the semi-volatile species may produce significant amount
of nucleation-derived particles (Hamed et al.,, 2007; Himeri et al.,
1996; Ronkks et al., 2006).

The limitations of this study include the different size ranges used
for the PNC comparison in the ten cities investigated without complete
uncertainty analysis apart from the one presented in Supplementary
Section 2. This was due to the absence of size distribution data from all
cities and not using meteorology and source inventory data to thor
oughly discuss the factors contributing to PM ambient concentrations;
instead, resorting to the published literature. Given these limitations,
we believe that the aims of the study have been addressed. The simi-
larities or differences in ambient concentrations and diurnal and sea-
sonal variability of PNC and PM; s were quantitatively demonstrated
using statistical tests and models. The association between them was
illustrated using scatter plots, ratios and linear correlations. Different
factors and sources contributed to the disparate ambient concentrations
and to the slightly weak linear relationship between the two metrics in
the ten cities investigated.

5. Conclusions

PNC, which is dominated by UFP, is particularly affected by local
sources, especially combustion processes, with a major contribution
from vehicular exhaust and NPF. PM; 5, however, dominated by parti-
cles > 100 nm in size, is attributed to predominant local meteorological
conditions and regional transpott (i.e., the mixing layer height that
determines occurrence of resuspension and accumulation and the pre-
vailing wind that carries secondary aerosols). Given this main differ
ence between PNC and PM; ¢ and the varied data distribution for these
two parameters across the investigated cities (i.e., the distribution was
broader for PNC than for PM- ), variations are attributed to several
factors. Similarities exist among the cities in that all diurnal PNC con-
tain concentration peaks related to traffic, and both PNC and PM; 5 are
high during winter; however, the magnitude of variation differs among
cities. Investigation of the relationship between PNC and PM;c re-
vealed that a high PNC does not mean a high PM, ¢, and vice versa. The
correlation between these two metrics is weak, especially if the sources
contributing to each metric are different or contribute to their bulk
concentrations in different proportions. Therefore, PNC and PM;g
measurements are not representative of each other.

Considering that that the two metrics quantify PM differently,
control measures aiming to reduce PM; 5 do not automatically reduce
PNC. Consequently, regulating PM- ¢ does not imply a low level of risk
to UFP exposure, especially in zones near roadways, airports or rail-
ways. As early as the 1990's, the use of both PNC and PM, ¢ in epide-
miological studies was recommended because of the poor correlation
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between the two metrics (Tuch et al., 1997). A more recent study by
Harrison et al. (2010), reiterated that using only mass metrics may
underestimate the impacts of airborne particle matter exposure.
Therefore, monitoring both PNC and PM; ¢ is essential to fully grasp the
health impact associated with the inhalation of ambient PM. However,
setting a guideline value or an acceptable standard for PNC could be a
complex task considering the spatial and temporal heterogeneity of this
metric.
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