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An overview of selected emerging outdoor airborne pollutants and air quality
issues: The need to reduce uncertainty about environmental and human impacts

Alain Robichaud

Air Quality Modelling and Integration Section, Air Quality Research Division, Environment and Climate Change Canada, Dorval, Quebec

ABSTRACT
According to the literature, it is estimated that outdoor air pollution is responsible for the
premature death in a range from 3.7 to 8.9 million persons on an annual basis across the
world. Although there is uncertainty on this figure, outdoor air pollution represents one of the
greatest global risks to human health. In North America, the rapid evolution of technologies (e.g.,
nanotechnology, unconventional oil and gas rapid development, higher demand for fertilizers in
agriculture) and growing demand for ground, marine and air transportation may result in
significant increases of emissions of pollutants that have not been carefully studied so far. As
a result, these atmospheric pollutants insufficiently addressed by science in Canada and elsewhere
are becoming a growing issue with likely human and environmental impacts in the near future.
Here, an emerging pollutant is defined as one that meets the following criteria: 1) potential or
demonstrated risk for humans or the environment, 2) absence of Canada-wide national stan-
dard, 3) insufficient routine monitoring, 4) yearly emissions greater than one ton in Canada, 5)
insufficient data concerning significant sources, fate, and detection limit, and 6) insufficiently
addressed by epidemiological studies. A new methodology to rank emerging pollutants is
proposed here based on weighting multiple criteria. Some selected emerging issues are also
discussed here and include the growing concern of ultrafine or nanoparticles, growing ammonia
emissions (due to rapid expansion of the agriculture), increased methane/ethane/propane emis-
sions (due to the expanding hydraulic fracturing in the oil and gas sector) and the growing
transportation sector. Finally, the interaction between biological and anthropogenic pollution has
been found to be a double threat for public health. Here, a multidisciplinary and critical overview
of selected emerging pollutants and related critical issues is presented with a focus in Canada.
Implications: This overview paper provides a selection methodology for emerging pollutants in
the atmospheric environment. It also provides a critical discussion of some related issues. The
ultimate objective is to inform about the need to 1) address emerging issues through adequate
surface monitoring and modeling in order to inform the development of regulations, 2) reduce
uncertainties by geographically mapping emerging pollutants (e.g., through data fusion, data
assimilation of observations into air quality models) which can improve the scientific support of
epidemiological studies and policies. This review also highlights some of the difficulties with the
management of these emerging pollutants, and the need for an integrated approach.
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Introduction

A key possible consequence of the emergence of new
technologies in modern life includes an increase in
atmospheric emissions of pollutants to the ambient
air. The associated “emerging pollutants” that are
known or suspected to be harmful to human health
deserve more attention. Air pollution (indoor and out-
door) has become the largest environmental cause of
disease and death in the world today (Fuller et al
2018). According to the literature, it is estimated that
outdoor air pollution is responsible for premature
death in a range from 3.7 to 8.9 million persons on

an annual basis across the world (Burnett, Chen, and
Szyszkowicz et al. 2018; Silva et al. 2013) with more
than two-thirds of the deaths occurring in Asia accord-
ing to Lelielveld et al. (2015). A large part of this
burden is associated with global epidemics of heart
disease, stroke, respiratory diseases, and cancer
(Burnett, Chen, and Szyszkowicz et al. 2018; Fuller
et al. 2018; GBD 2016). In Canada, a study of the
Canadian Medical Association revealed that for
the year 2008, air pollution has caused 21,000 prema-
ture deaths, 11,000 admissions to hospital, and 620,000
visits to physicians for total costs beyond 8 billion
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dollars in Canada (CMA 2008). A recent update by
Health Canada (2017) estimates the number of annual
premature mortalities in Canada attributable to air
pollution from human sources in North America to
be 14,400. According to the International Institute for
Sustainable Development, air pollution would have
costed Canadians $39 billion in the year 2015 (IISD
2017). While uncertainty exists on these estimates, it is
clear that air pollution has severe impacts on people’s
health and the environment on the global, national, and
local scale. Vulnerable people such as pregnant women,
senjor citizens and children are more affected by air
pollution. For example, the leading causes of infant
mortality are diseases of the respiratory system
(approximately half of all children deaths)
(Tamburlini 2002).

One question which emerges is how much of the global
burden of disease is linked to “regulated pollutants” such
as ozone, fine particulate matter (PM, s), nitrogen dioxide
(NO,) which are the main predictors used in epidemio-
logical studies (e.g., Burnett, Chen, and Szyszkowicz et al.
2018; Crouse et al. 2015; Pope et al. 2002) and what part is
due to the pollutants which are not included in these
estimates (e.g., emerging pollutants such as black carbon,
formaldehyde, ultrafine particles, butadiene, inorganic
arsenic, iron oxide, nickel, etc.). Epidemiological studies
rarely address the possibility of biases introduced by
emerging pollutants or by the environmental cocktail
effect (synergy between regulated and emerging pollu-
tants and other environmental conditions such as chan-
ging weather) (ANSES 2018; D’Amato et al. 2015;
Michaels 2008; Robichaud 2019; Xu, Ha, and Basnet
2016 and references therein). Difficulties to control con-
founding, uncertainties on how to combine synergistic
effects of pollutants, lack of accuracy of exposure models
are among the common problems of epidemiological
studies (Xu, Ha, and Basnet 2016 and references therein).
Moreover, population exposure to TRAP pollution
(Traffic-Related Air Pollution) is not well taken into
account in these studies since near-road monitoring
have not been established so far in Canada (SOCAAR
2019). In fact, these studies do not take into account the
proximity to major roads whereas a significant portion of
the population live (about one-third of Canadians live
within 250 m of major roads and thus potentially directly
exposed to TRAP emissions according to Statistics
Canada) (SOCAAR 2019).

In developed countries, significant changes in emis-
sion sources have occurred, for example, in the U.S.,
Canada and Western Europe over the past decade. This
decrease is due to the implementation of emissions
standards, the introduction, and addition of abatement
technologies for road transport, reduction in fuel sulfur

content for road and non-road transport, technology
change as well as economic impacts of a major reces-
sion and differential fuel prices (http://www.epa.gov/
air/airtrends/values.html and http://www.epa.gov/air
markt/progress/ARP09_3.html; ECCC 2019). Over the
past few decades, efforts to reduce air pollution were
effective at least in North America for criteria air pol-
lutants such as lead, carbon monoxide, sulfur and
nitrogen oxides, and PM,s; among others (ECCC
2019; Parrish et al. 2011; Robichaud and Ménard
2014). For example, for SO, and nitrogen oxides, mea-
surements reported systematic decreases in northeast-
ern U.S. cities (Duncan et al. 2016; Emami, Masiol, and
Hopke 2018). Similarly, the monthly average PM, s
mass showed a downward trend (-5 pg/m’ or —41%)
between 2001 and 2015 in Rochester (NY), a typical
urban environment of the Northeast US (Masiol et al.
2018). Overall, for the whole of North America (urban
and rural environments), Robichaud and Ménard
(2014) have obtained similar results (a decreasing
trend of about 6 pg/m’ of the high percentile annual
average from 2004 through 2012, e.g., 95™ and 98™
percentiles for PM,s). These reductions in pollutant
concentrations have also been noted through
a reduction in acidification and nitrification in North
America over the past decades (Schwede and Lear
2014). However, although regulated pollutants have
diminished, there is no guarantee that emergent pollu-
tants have been below safe thresholds during the same
period. Likely, industries have made efforts to adapt to
existing regulation but there has been less pressure to
do so for un-regulated pollutants, even if these pollu-
tants pose significant health risks. The “precautionary
principle” (see definition in Supplementary material,
S1) with respect to emerging or new species introduced
in the environment has rarely been applied in North
America due to various reasons such as additional costs
to the industry, inappropriate technology, lack of public
awareness, science uncertainties (Fuller et al. 2018;
Michaels 2008). For example, emerging aerosol nano-
pollution in North America, could have had significant
health impacts in the burden of disease (Arujo 2011a,
2011b; Kumar et al. 2013; Maher et al. 2016;
Oberdorster, Ferin, and Lehnert 1994, 1995, 2005,
2002, 2004; Rahim, Pal, and Ariya 2019) but science
and technical uncertainties are still an obstacle for the
development of effective monitoring to support epide-
miological studies and policies. Detecting particulate
matter is usually obtained by measurements of total
mass (PM, s, PM;,) while nanoparticles are more diffi-
cult to measure since the associated mass is small and
often uncorrelated with PM, s (AQEG 2018; de Jesus
et al. 2019; Frampton and Rich 2016; Morawska et al.
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2008; Rodriguez et al. 2007). Trends for regulated pol-
lutants may not reflect trends in a component or co-
emitted unregulated pollutants and may not be repre-
sentative of industrial or near-road activities (i.e. the
most polluted sites). For example, the decreasing PM, 5
mass may occur while increasing black carbon, nano-
particles number, and nanometals present on their sur-
faces which is becoming a growing scientific concern
currently not sufficiently addressed (AQEG 2018;
EFCA 2019; Maher et al. 2016; Oberdorster,
Oberdorster, and Oberdorster 2005; Oberdérster et al.
2002, 2004; Rahim, Pal, and Ariya 2019).

Over the recent decades many research studies have
been conducted concerning emerging pollutants (EPs)
in water (see Richardson and Ternes 2018 for a review),
and soil (see Gomes et al. 2017 for a review) but
a limited number of studies have dealt with airborne
outdoor emerging pollutants in Canada (except for
those covered by the international conventions or trea-
ties). Therefore, there is a research gap concerning
these “uncovered” airborne emerging pollutants. More
research and information including monitoring are
needed concerning their characterization, and their
impact on health and the environment.

The number of chemical substances introduced into

the atmosphere by technology is large. In the U.S,
according to CDTSC (California Department of Toxic
Substances Control), more than 85,000 chemicals are
currently in commerce in the U.S. with about 2,500
chemicals being manufactured at a rate of more than
one million pounds annually, with 45% of these chemi-
cals lacking adequate toxicological studies for humans
(https://www.dtsc.ca.gov/assessingrisk/emergingconta
minants.cfm#Emerging Chemicals_of_Concern).
A minority of these substances have undergone testing
for safety or toxicity by the U.S. Environmental
Protection Agency (US/EPA), which has been able to
require testing on just 200 of them. Of that amount,
only five have been regulated under the Toxics
Substances Control Act (e.g., polychlorinated biphe-
nyls, dioxin, hexavalent chromium, asbestos, and chlor-
ofluorocarbons) (Fuller et al. 2018; Michaels 2008). In
Canada, about 23,000 chemical substances were in
commercial use between January 1, 1984, and
December 31, 1986, with 4,300 substances requiring
further attention as defined by the “Chemicals
Management Plan” of the Canadian Government
(Government of Canada 2018).

According to the French National Agency ANSES
(French Agency for Food, Environmental, and
Occupational Health & Safety, ANSES 2018), in
a recent report release in 2018, 557 substances have
been identified as emerging pollutants in France (not
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counting pesticides, radioactive isotopes, and biological
pollutants). Among them, 394 pollutants have
unknown effects on health, 66 pollutants have been
recognized as requiring additional study. Finally, 13
pollutants were prioritized for which monitoring action
was urgently recommended (ultrafine particles, black
carbon, 1,3-butadiene, manganese, hydrogen sulfide,
acrylonitrile, 1,1,2-trichloroethane, copper, trichlor-
oethylene, vanadium, cobalt, antimony, and naphtha-
lene).  Similarly, the WHO (World Health
Organization) suggests air quality criteria for only 32
pollutants (WHO 2016a; see Supplementary material S2
for a list) out of thousands of air pollutants that are
potentially hazardous (ANSES 2018). Robust data needs
to be documented concerning the fate and behavior in
the environment of anthropogenic EPs. In Canada,
categorization of air toxics includes two classes of
emerging pollutants: 1) EPs that are inherently toxic
and, 2) substances that have the greatest potential for
exposure. The first category of EPs is further subdi-
vided into persistent (very long time until they break
down) and/or bioaccumulative EPs (accumulate in the
food chain) (Government of Canada 2018). Concerning
the first category, the human body simply does not
possess enzymes to break down the molecular struc-
tures of many of the novel synthetic or emerging com-
pounds (Tamburlini 2002). Other emerging pollutants
such as ultrafine particles (UFPs, diameter less than 100
nm) are not filtered out by the upper respiratory system
and can penetrate the blood barrier and affect and
accumulate in the whole body (HEI 2013; Oberdérster
et al. 2002; Stearns et al. 1994). More specifically, they
can directly enter into the brain following the olfactory
nerve and contribute to dementia in animal (Calderon-
Guarciduenas et al. 2003) or humans (EFCA, 2019;
Mabher et al. 2016; Xu, Ha, and Basnet 2016). The
supporting evidence between dementia and UFPs is
growing. Levesque et al. (2011) suggest that diesel
nanoparticles particles are associated with neurodegen-
erative diseases. Chen et al. (2017) found that people
living near major roads present an increased risk of
dementia. Gonet and Maher (2019) pointed out that
most of the near-road nanoparticles originate from the
brake and tire wear system and that these inhaled
nanoparticles play a role in dementia.

The emerging pollutants described in the current work
are suspected to be carcinogenic, mutagenic, reprotoxic,
teratogenic, or neurotoxic (or a combination, see defini-
tion in Suppl. Material S1) according to various health
agencies across the world (ANSES 2018; Government of
Canada 2018; US/EPA 2005; WHO 2016a, 2016b) and
this is why further research on their prevalence, ambient
concentrations, and toxicity is recommended.


https://www.dtsc.ca.gov/assessingrisk/emergingcontaminants.cfm#Emerging_Chemicals_of_Concern
https://www.dtsc.ca.gov/assessingrisk/emergingcontaminants.cfm#Emerging_Chemicals_of_Concern

344 A. ROBICHAUD

The literature overview presented here is not compre-
hensive and only includes pollutants which are airborne
(excludes indoor contaminants, personal care products,
e.g., fragrances, indoor allergens, etc.). Moreover, it does
not include pollutants that are already covered by interna-
tional agreements such as the Stockholm, Minamata,
Rotterdam, Vienna, and Benzene Conventions, i.e. persis-
tent organic pollutants, mercury, plasticizers, flame retar-
dants, perfluoroalkyls, chlorinated paraffins, siloxanes,
chlorine compounds, pesticides, fungicides, herbicides,
and other endocrine disruptors and other similar hazar-
dous compounds. The report also does not cover algal
toxins, radionuclides and other toxics found in water and
soils, as they are not within the scope of this work.
However, outdoor airborne biological pollution (see defi-
nition in Supplementary material S1) is treated here and is
considered as an emerging pollutant according to the defi-
nition given in the next section. Note that routine bioaer-
osols monitoring has been already achieved in European
countries. In France, for example, pollen is now considered
a bio-pollutant having the same legal status as an anthro-
pogenic pollutant (Légifrance 2010). Such recognition was
necessary due to several reasons to be discussed later in this
paper. Finally, toxicology studies suggest that engineered
nanoparticles (eNPs from the nanotechnology sector) pre-
sent a potential health risk as well but the precise health
effects associated with human exposure are still poorly
known (Gwinn and Vallyathan 2006). Therefore, eNPs
are also included in this literature overview since it deserves
better attention due to its health risk.

This overview paper also provides a rationale for
enhanced monitoring and modeling to support policy-
makers for selected emerging pollutants and some critical
emerging issues. While the primary focus is on Canada,
the rationale is also relevant to other countries. The first
part of the paper proposes a methodology for selecting
critical emerging pollutants (CEPs), and is based on
a decision tree making use of multiple selection criteria.
This methodology was applied to the list of 4,300 chemi-
cals under Canada’s Chemicals Management Plan (CMP)
to derive a subset of CEPs, and each CEP is discussed.
The second section of the review presents selected emer-
ging issues, as well as the rationale for selecting each of
these issues. The last section covers knowledge gaps,
uncertainties, and provides recommendations.

Definition, methodology, and description of
CEPs

Definition

The working group of the Massachusetts Department of
Environmental Protection (MassDEP) defined emerging

pollutants as substances or mixed substances (natural
or anthropogenic) characterized by 1) a potential risk
for humans and the environment, 2) absence of criteria
and standards or published data, 3) limited or inade-
quate toxicological information, and 4) a need for new
data concerning their emissions, fate and/or detection
limits. Balducci, Perilli, and Romagnoli (2012) define
emerging pollutants more practically “as substances
that are not currently included in routine monitoring
programs: nevertheless, they may be candidates for
future regulation, on the basis of outcomes of research
on toxicity, occurrence in various environmental com-
partments and public perception.” The definition
adopted here is inspired from these two existing defini-
tion described above but adapted to the Canadian con-
text. Therefore, any selected emerging pollutant
described here below obeys the following criteria: 1)
potential or demonstrated risk for humans or the envir-
onment, 2) absence of Canada-wide national stan-
dard, 3) insufficient routine monitoring, 4) vyearly
emissions greater than one ton in Canada, 5) insuffi-
cient data concerning significant sources, fate, and
detection limit, and 6) insufficiently addressed by epi-
demiological studies in Canada. In the second part of
the paper, some critical emerging issues are also dis-
cussed. WHO (2013) defines emerging issues as the
following: “issues that are perceived to be potentially
significant but that may be not fully understood. This
includes 1) issues that are new or, 2) issues that are not
new but may have been insufficiently recognized or
given priority in the past while their significance or
importance is now coming to the fore.” All the above
definitions are used as guidelines in this study.

Methodology to select critical emerging pollutants

Given the thousands of chemical substances in use,
a methodology to filter the most critical ones is needed
and an algorithm is proposed here. The algorithm pre-
sented here starts by applying a filter by using the
reduced list provided by ANSES (2018) which is
a large directory of hazardous compounds established
by multiple panels of experts by the following three
agencies: ATSDR (2015), US/EPA (2005) and WHO
(2016a). The list is narrowed down to 262 compounds
after applying this filter (see details in ANSES 2018)
and then compounds which are already addressed else-
where by treaties, convention or other international
agreement (pesticides, POPs, PAHs, mercury, benzene,
carbon tetrachloride, etc.) or substances that have
a Canadian Ambient Air Quality Standard (CAAQS),
ie. Oz, PM,5s, etc. are removed (by attributing them
a zero score). For the resulting included chemicals,



a scheme of prioritization is then applied as follows.
A cumulative scoring algorithm follows the flowchart
of Figure 1, with points being added depending on the
substance’s known properties, appearance on different
lists of chemicals of concern, etc., with the net score
determining the relative priority of the chemical. If
a compound is classified carcinogenic in humans
(CH) or in animals (CA), toxic, or reprotoxic (see
definition in Suppl. Material S1) in humans (TH), or
likely or possibly carcinogenic in humans (LCH), or
suspected to have long-term chronic effect even at low
doses, it receives a score of unity. Then, if available
monitoring in Canada (as described in Galarneau
et al. 2016) has shown that it exceeds any provincial
guidelines (EG) based on measurement from NAPS
(National Air Pollutant Surveillance, see Suppl. material
S1 for details), the compound gets an additional score
of two. If measured concentrations do not exceed but
approach provincial guidelines (within one order of
magnitude) more than 5% of the time, it receives
a score of unity. An additional step is taken to check
whether the compounds are part of the 11 most world-
wide hazardous pollutants as determined by ANSES
(2018) (see the list given in the Introduction). The
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established rank given by ANSES (2018) is used here
(see their assigned rank in Table 1, third column). If the
compound belongs to the rank from 1 to 5, it gets two
points, and one point if it corresponds to the rank 6
through 11. Furthermore, an additional score of one is
added to the total if other measurement campaign in
Canada (over the past 10 years or so) has shown large
concentration values for a given compound. For exam-
ple, over the oils sands, Simpson et al. (2010) (labeled
$10 in Figure 1) have taken measurements of numerous
compounds including 76 VOCs. These authors have
computed the ratio of maximum values over the back-
ground (see definition in S1). If measurements show
that a compound exceeds two times the background
values, it collects another point. Moreover, any com-
pounds having a connection to climate impacts is also
attributed to one point (e.g., main ozone precursors).
Finally, an additional score of one is given if the com-
pound has been selected for future regulations by the
WHO (2016a) (see Supplementary material S2 for a list
of compounds selected by WHO). The last step of the
algorithm computes the total cumulative score and the
prioritization can now be completed. Table 1 shows
a summary of the selected pollutants and Table 2, the

COMBINED LIST: ATSDR (2015) + US/EPA (2015) + WHO(2016)
(262 compounds)

Other Monitoring

NAPS monitoring
2009-2013

MAX >2 BCKG ?
$10,MDDELCC

Climate
Impacts

ANSES\_ _
RANK 27

S, +2 if rank 1-5
S; +1 if rank 6-11

Figure 1. Algorithm used to select emerging pollutants. ATSDR: Agency for toxic substances and disease registry. WHO: World health
organization. MDDELCC: Ministere du Développement Durable, de I'Environnement et de la Lutte contre les Changements
Climatiques, Québec. ANSES: Agence Nationale de Sécurité Sanitaire, Alimentation, Environnement, Travail (France). LCH: likely
carcinogenic to human, CH: carcinogenic to human. TH: toxic or reprotoxic, CA: carcinogenic in animal, BGCK: background value (see
definition in S1), EG: exceeding provincial guidelines, AG: approaching guidelines (within an order of magnitude), S10: Simpson et al.

(2010).
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Table 1. List of emerging air pollutants selected using the methodology shown in Figure 1 (gas and metals) or from literature
(particles). Legend: CA: carcinogenic in animals, CH: carcinogenic in humans, TH: toxic in humans, MH: mutagenic in humans, LCH:
likely carcinogenic in humans; EG: exceeding one or more provincial guidelines at least at one or more observing sites (G16;
Galarneau et al. 2016), AG: approaching guidelines at least at one or more observing sites (G16); MIR: maximum weighted
incremental reactivity (see definition in Supplementary material S1). ECCC: Environment and climate change Canada; rank: based
on a score risk for health (ANSES 2018). UFPs: ultrafine particles, eNPs: engineered nanoparticles, WHO: World Health Organization,

CASRN: Chemical abstract service registry number.

G16

Compound CASRN ANSES (2018) US/EPA ECCC Notes

Gas (VOC)

Acrolein 107-02-8 CA and TH EG Measurement uncertainties

Acrylonitrile 107-13-1 Emerging (rank: 4™ Likely CH EG WHO guideline proposed

1,3 Butadiene 106-99-0 Emerging (rank: 1) CH,MH AG Precursor of ozone; WHO guideline proposed

Chloroform 67-66-3 LCH EG More information needed

Dichloromethane 75-09-2 CA AG WHO guideline proposed

Ethylene oxide 75-21-8 LCH EG Hazardous pollutant (EPA), Ozone precursor 5th
rank for MIR (Table 3b)

Formaldehyde 50-00-0 LCH AG 1° rank for MIR (Table 3b); WHO guideline
proposed

Naphthalene 91-20-3 Emerging (rank: 11%) LCH AG Anthropic sources only

Tetrachloroethylene 127-18-4 LCH EG Known as perc; WHO guidelines proposed

Toluene 108-88-3 TH AG MIR (2" rank in Table 3b) WHO guideline
proposed

Trichloroethylene 79-01-6 Emerging (rank: 7%") CH/MH EG WHO guideline proposed

Metals

Arsenic 7440-38-2 Regulated in Europe CTH AG WHO guideline proposed

Cadmium 7440-43-9 Regulated in Europe LCH AG WHO guideline proposed

Manganese 7439-96-5 Emerging (rank: 2"%) WHO guideline proposed

Nickel 7440-02-0 Regulated in Europe LCH EG WHO guideline proposed

Vanadium 7440-62-2 Emerging (rank: 8%) TH WHO guideline proposed

Particles

UFPs - Emerging LCH Multiple health effects

Black carbon - Emerging CH Impact on climate warming

eNPs - Emerging from the Suspected to have Unknown health effects. Need more

nanotechnology industry health impacts information
Bioaerosols - Emerging in the context of ~ Multiple health effects Allergenic, synergy with air pollution, impact
climate change on climate.

Table 2. Results of the prioritization algorithm (from Figure 1): a proposed selection of the most critical emerging outdoor pollutant.

Cumulative Number of compounds

Prioritization

score achieved achieving this score List of compounds selected according to the cumulative score level
8 (1] - N/A
7 0 - N/A
6 2 Acrylonitrile, 1,3-Butadiene 1
5 4 Arsenic, Tetrachloroethene, Toluene, Trichloroethylene 2
4 4 Ethylene oxide, Formaldehyde, Manganese, Nickel 3
3 6 Acrolein, Chloroform, Dichloromethane, Naphthalene, Cadmium, Vanadium. 4
2 24 1,2,4-Trimethylbenzene,1,3,5-Trimethybenzene, Antimony, Carbon disulfide, Chrome, Copper, 5
Cyclohexane, Dimethyl disulfide, Dimethyl sulfide, Ethylbenzene, Hydrogen sulfide, Iron
oxide, MEK, methylcyclohexane, m-p-Xylene, n-Butane, n-Heptane, n-Hexane, n-Octane,
n-Propylbenzene, o-Xylene, Platine, Propene, Styrene (candidate for future selection)
1 222 Not selected for critical prioritization 6
0 More than 4000 Not selected for critical prioritization 7

results of the cumulative scores and the corresponding
prioritization rank. Only compounds having cumula-
tive scores of 3 or more are addressed in the following
and they will be referred to as critical emerging pollu-
tant (CEP) in the rest of this document. Overall, the
methodology is simple, easy to reproduce and takes
into account the international expertise of many panel
of scientists concerning emerging pollutants, climate
impact, health risks, and prioritization as well as the
results of real-world measurements available in Canada
and whether or not they exceed or approach provincial
guidelines (where available). Note that Table 1 also

includes other emerging compounds that cannot be
assessed by this methodology (i.e. no NAPS measure-
ments and no provincial air quality standards) but are
recognized important in the literature (i.e. anthropo-
genic ultrafine particles, nanoparticles from the nano-
technology  industry, diesel/black carbon, and
bioaerosols).

The methodology to select emerging issues (dis-
cussed in the second part of this review) is based on
the following criteria: 1) growing concern for public
health and/or the environment, 2) potential for regula-
tion or mitigation with the existing technology, 3) is an



all year round problem (i.e. not seasonal such as forest
fires), 4) modeling and monitoring studies are limited,
i.e. scientific uncertainty is high and, 5) emissions
reported to NPRI (National Pollutant Release
Inventory) have large uncertainties.

In the following, we give more details concerning
selected emerging compounds shown in Table 1 in
terms of their health impact but also their role in atmo-
spheric  chemistry and on the environment.
Supplementary material S3 gives general information
about the characteristics of the selected emerging pollu-
tants. Note that the selected critical emerging pollutants
(CEPs) are not exactly the same as the list provided by
ANSES (2018) since the selection here has been adapted
to the Canadian context. Note also that CEPs having
average yearly total emissions in Canada during the
period 2009-2017 less than one ton (according to the
National Pollutant Release Inventory, ECCC 2019) were
removed from Tables 1 and 2 (i.e., dichloroethane, pro-
pylene oxide, and 1,1,2 trichloroethane) and will not be
addressed further in this paper.

Emerging VOCs

VOCs are precursors of ozone and PM,s and have
been traditionally treated for simplicity by lumping
them into families in air quality models (Lurmann,
Lloyd, and Atkinson 1986; Seinfeld and Pandis 2006).
However, some VOCs have more impact than others

Table 3. A) Top 10 highest average concentration during sum-
mer at the site under the plume of Montreal (based on ESOM-96
campaign), B) Top 10 highest percentage weighted MIR
(Maximum Incremental Reactivity) percentage at a site under
the plume of Montreal.

Chemical species Mean concentration (% of total VOC mass) Rank

Acetone 17.8 1
Formaldehyde 14.5 2
Ethane 7.5 3
Toluene 6.8 4
Acetaldehyde 6.2 5
Isopentane 5.2 6
MEK 4.0 7
Propane 38 8
Ethylene 3.5 9
Acetylen 2.5 10
A

Chemical species Weighted MIR Rank
Formaldehyde 0.215 1
Toluene 0.1 2
Acetaldehyde 0.105 3
Propionaldehyde 0.055 4
Ethylene 0.05 5
m-p-xylene 0.045 6
Acetone 0.04 7
Crotonaldehyde 0.035 8
MEK 0.025 9
Isopentane 0.02 10
B
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do on air quality chemistry (Table 3a,b) and on health.
For this reason, VOCs should be considered individu-
ally (for monitoring, modeling, and verification) and
not by family. Moreover, continuous measurements of
VOC are needed in Canada (only 24-h average sampled
every 3 or 6 days are measured by NAPS at the current
time). Uncertainties on routine individual VOC mea-
surements is a key knowledge gap that must be bridged
to properly address the scientific knowledge of ozone
and PM,s precursors, atmospheric chemistry, and
impact on health. According to Galarneau et al.
(2016), further investigation of more than 30 com-
pounds in Canadian air would aid to ensure that their
spatio-temporal coverage is adequate and that their
sampling and analysis methods are suitable. Details
about individual selected emerging VOCs in this
research (listed in Table 1) are now given below.

Acrolein (C3H,0)

Acrolein is a reactive chemical that has many sources
and toxic effects (Cahill 2014). Acrolein may also arise
from the breakdown or oxidation of certain pollutants
(such as 1,3 butadiene) or from the burning of organic
matter as well as produced by vehicle combustion
(Cahill 2014). It belongs to the family of aldehydes
and is known to react with ozone and OH. The atmo-
spheric lifetime is estimated to be 12-17 h and is
a precursor of formaldehyde and PAN (peroxyacyl
nitrate) (Seinfeld and Pandis 2006). Stroud et al.
(2016) found no changes in average concentrations in
Canada from the period 2004-2010. However, a net
annual increase of 86 to 110 tons of acrolein has been
noted from 2009 to 2013 in Canada with a total of 102
tons in 2017 (ECCC 2019). The largest use of acrolein is
as an intermediate in the synthesis of acrylic acid and as
a biocide mostly related to wood products and pulp and
paper industries (ECCC 2019). It is recognized as car-
cinogenic in animals (information is insufficient for
humans) but inhalation in humans may produce irrita-
tion and congestion in the upper respiratory tract
(ATSDR 2007; US/EPA 2003). Galarneau et al. (2016)
have shown that this compound exceeded one or more
provincial guidelines in Canada at least at one or more
sites during the period 2009-2013 using NAPS data. In
California, Cahill (2014) found that the median natural
summertime background is near 40 ng/m’> which is
double than EPA’s reference concentration of 20 ng/
m>. Moreover, the same author measured concentra-
tions in an urban environment to be 3-8 fold that of
that background. In Canada, Galarneau et al. (2016)
found that acrolein measurements are often close to the
detection limit in NAPS measurements (their Figure 2).
Although the difficulty of measurements as described in



348 A. ROBICHAUD

Cahill (2014) exists, Galarneau et al. (2016) recommend
increasing the monitoring of this compound in Canada.

Acrylonitrile (C3H3N)

This emerging pollutant belongs to the family of amines
and is emitted by the textile industry and in the fabrication
of polymers, rubber, resins, and plastic materials. Emission
sources are strictly anthropogenic and US/EPA suggests
that this pollutant is possibly carcinogenic for humans (US/
EPA 1991) and toxic even at low doses (IARC 1999). Acute
or short-term exposure causes mucous membrane, irrita-
tion, headaches, dizziness, and nausea (IARC 1999). In
several animal studies, an increased incidence of tumors
has been detected due to exposure to acrylonitrile (ANSES
2018). Monitoring data and observations are lacking con-
sidering the health risk of this CEP. As reported in ANSES
(2018), studies made in Japan and USA show that in 27% of
the time, measurements in urban environments were
exceeding the safe limit for humans (established to be
0.15 pg/m® by US/EPA 1991). Galarneau et al. (2016)
showed that this compound exceeds provincial guidelines
of at least one or more sites during the period 2009-2013 in
Canada. About 5 tons of acrylonitrile emissions were
reported in 2017 in Canada (ECCC 2019). Note that
these species is on the list of proposed new guidelines by
WHO (2016a) and ANSES (2018) classifies this air pollu-
tant as the fourth rank in the priority for monitoring in
France. In the scheme of prioritization proposed here, it
reaches the highest level (priority 1, Table 2). Acrylonitrile
has an atmospheric lifetime of 5.6 days according to
Seinfeld and Pandis (2006).

1,3-butadiene (C,Hy)

Some measurement campaigns in Europe and more speci-
fically in France have led to the conclusion that concentra-
tions of 1,3-butadiene frequently exceeds the safe limit
(0.06 pg/m3; ANSES 2018) no matter where the site is
located with a health risk factor at least three times higher
than any other gaseous air pollutants. Therefore, the expert
panel in Europe established the need for national monitor-
ing in ambient air (ANSES 2018). Over different parts of
Canada, Galarneau et al. (2016) found that this chemical
compound is approaching provincial guidelines (about
45% of the time) during the period 2009-2013 and emis-
sions have not diminished since this period (ECCC 2019)
suggesting that current concentrations will be at similar
levels as during 2009-2013. Finally, over oil sands (Alberta,
Canada), during two measurements campaigns (2010 and
2013), the maximum concentration of 1,3-butadiene was
found to exceed the background value by a factor ranging
from 5 to 10, respectively (Simpson et al. 2010, 2013).
Emissions of butadiene in 2017 amount to 25 tons in
Canada (ECCC 2019).

The health impact of 1,3-butadiene has been documen-
ted by Health Canada and some guidelines have been
suggested for this harmful VOC https://www.canada.ca/
en/health-canada/services/chemical-substances/chal
lenge/batch-4/1-3-butadiene-ongoing-risk-management-
activities.html. Studies suggest that this VOC is carcino-
genic and mutagenic in humans (ATSDR 1992; IARC
2018; WHO 2001). ANSES (2018) suggests, based on
a multifactorial analysis, that this pollutant should be
ranked first in a list of priority for monitoring and regula-
tion due to its health risk for humans and its abundance
and that monitoring should be increased. This CEP is
considered as the most potentially harmful to health
among all studied emerging VOCs (ANSES 2018; WHO
2016a). The above is consistent with results obtained here:
1,3-butadiene is classified as priority 1 with the algorithm
used in here (see Table 2).

The sources of 1,3-butadiene are exclusively anthro-
pogenic and include rubber manufacturing, resin pro-
duction, latex-styrene-butadiene and  neoprene
emulsions, motor vehicle exhausts, cigarette smoke,
petroleum emissions, chemical feedstock, combustion
of plastics and rubber (ECCC 2019). It is also among
the list of 31 precursors of ozone (ANSES 2018;
Seinfeld and Pandis 2006). Although the lifetime is
short in summer (less than a day; Seinfeld and Pandis
2006), it is constantly emitted by motor vehicles in
urban and semi-urban areas. In winter, the lifetime is
up to 83 days (WHO 2001). There is a monitoring gap
in Canada for this CEP and no current Canada-wide
standard exists. Note, that in Europe, national regula-
tion has been set-up for this VOC in Hungary and the
United Kingdom (ANSES 2018). Provincial guidelines
in Canada for 1,3-butadiene are inconsistent from one
province to another (a factor of 6.6 between Ontario
versus Quebec standards) and one order of magnitude
higher that the toxicological reference value of 0.06 pg/
m® adopted in Europe (ANSES 2018). Recently, Stroud
et al. (2016) computed a yearly decrease of —0.01 pg/m’
for butadiene in Canada using observations and regio-
nal air quality modeling. However, the authors found
poor skills in predicting 1,3 butadiene and its oxidation
product, acrolein. Therefore, the exposure to Canadians
above the safe limit is still not well characterized for
both compounds and more research is needed.

Chloroform (CHCl3)

The monitoring of this compound by NAPS during
the period 2009-2013 has shown that concentrations
often exceeded or approached provincial guidelines at
several sites in Canada (Galarneau et al. 2016).
Emissions of chloroform are dominated by the pulp
and paper industry. This substance has increased its
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production from below 30 tons in the early 2000s up
to above 100 tons in 2016 (ECCC 2019). Chloroform is
also released in the air by the chlorination of drinking
water, wastewater, and swimming pools (Catto et al.
2012; Xu and Weisel 2005). Hazardous waste sites and
sanitary landfills also release chloroform (ATSDR
1997). Short-term inhalation exposure may pose
a health risk to the central nervous system (depres-
sion). Chronic or long-term exposure to chloroform
by inhalation in humans increases the health risk
including central nervous system effects (such as
depression and irritability), effects on the liver, hepa-
titis, and jaundice (ATSDR 1997). Chloroform has
been declared carcinogenic in animals after oral expo-
sure, inducing kidney and liver tumors (CEPA 1999)
while EPA has also classified chloroform as a likely
human carcinogen (ATSDR 1997). Chloroform has
a very long lifetime (0.55 year; Seinfeld and Pandis
2006). Galarneau et al. (2016) mentioned that chloro-
form measurements are under the detection limit in
the NAPS monitoring system but that more investiga-
tion is needed to evaluate the real exposure to
Canadians (background median and maximum values
are unknown).

Dichloromethane (CH,Cl)

Dichloromethane (DCM), also known as methylene
chloride, is used as a solvent in a wide range of indus-
trial process applications including painting and clean-
ing. This compound appears on the WHO air quality
guidelines (2016a), is on the list of the US EPA hazar-
dous substances (ANSES 2018) and laboratory studies
have shown it causes cancer of the lungs, liver and
pancreas in animals (ATSDR 2000). Finally,
Galarneau et al. (2016) report that DCM approaches
some provincial guidelines (within one order of mag-
nitude) at least 5% of the time. Natural sources of
dichloromethane include oceanic sources, macroalgae,
wetlands, and volcanoes but industrial emissions con-
tribute to the majority of DCM in the environment
(Gribble 2009). More monitoring is needed in Canada
to assess the exposure of this pollutant to the popula-
tion, the evaluation of background levels and the spa-
tio-temporal variability. Reported industrial emissions
in 2017 amount to 39 tons in Canada (ECCC 2019).

Ethylene oxide (C;H,0)

The major use of ethylene oxide is associated with
the manufacturing of ethylene glycol (as a chemical
intermediate). Galarneau et al. (2016) report that
average concentrations often exceed provincial stan-
dards across Canada. Measurements (NAPS) in
Quesnel (British Columbia) during the period
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2009-2013 have shown maximum concentrations up
to 162 times the annual provincial standard and 1.89
times the 24-hr standard (the Quebec provincial stan-
dard was used here since British Columbia has no
standard for this compound). The short-term acute
effects of ethylene oxide in humans mostly poses
a risk to the central nervous system (depression)
and may cause irritation of the eyes and mucous
membranes while the long-term chronic exposure in
humans may induce damage to the brain and ner-
vous system (ATSDR 1990). EPA has classified ethy-
lene oxide as carcinogenic in humans (lymphoid and
breast cancer) (https://www.epa.gov/sites/production/
files/2016-09/documents/ethylene-oxide.pdf). This
compound is also mutagenic, irritates the throat
and lungs and is also an anesthetic gas (ATSDR
1990). The lifetime of ethylene oxide is very long
and is about 200 days on average (Seinfeld and
Pandis 2006). Despite the health and security risk
(flammable), very little monitoring takes place in
Canada (i.e. at only 7 sites in Canada, see
Galarneau et al. 2016). This practice makes the fol-
low-up of this substance difficult for scientific studies
(monitoring, modeling, air quality forecasting) and
exposes the Canadian population to unknown risks.
In 2017, reported industrial emissions of ethylene
oxide amount for 1.6 tons in Canada (ECCC 2019).

Formaldehyde (HCHO)

Formaldehyde is the simplest and usually the most
abundant carbonyl in the urban and remote tropo-
sphere (de Blas et al. 2019; Hak et al. 2005; Zhu et al.
2017a, 2017b). In urban areas, concentrations range
from 0.2 to almost 50 ppbv (de Blas et al. 2019; Hak
et al. 2005; Seinfeld and Pandis 2006 and references
therein). Emissions in Canada amount to about 1,560
tons in 2017 and are increasing since 2009 (ECCC
2019). HCHO was measured during ESOM-96 cam-
paign in the Montreal area (Canada) and found to
have relatively high concentrations (second highest
after acetone, Table 3a). HCHO is emitted by combus-
tion and industrial processes but also produced by
plants, animals, and humans (Wakefield 2008) and by
oxidation and degradation of anthropogenic and bio-
genic VOCs and methane in rural areas (de Blas et al.
2019; Zhu et al. 2017a, 2017b and references therein).
In the global troposphere, more than 60% of the
HCHO is due to oxidation of methane. In Mount
Sutton (Quebec, Canada), it was estimated that about
50% of formaldehyde was due to methane oxidation
(MacDonald et al. 2001). In rural areas, Guenther et al.
(2006) found that 85% of HCHO originate from bio-
genic sources (mostly isoprene), 15% from
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anthropogenic sources and forest fires. The removal
processes for HCHO are photolysis, dry and wet
deposition. Its atmospheric lifetime is 4-9 h (Seinfeld
and Pandis 2006). Table 3b shows that the mean reac-
tivity of HCHO computed from real data taken in the
Montreal region during ESOM-96 (in the context of
North American Research Strategy on Tropospheric
ozone, e.g., NARSTO) measurement campaign in 1996
at the L’Assomption site (located 50 km to the North of
Montreal). According to Table 3b, HCHO was found to
have the highest reactivity potential of all 107 VOCs
measured during ESOM-96 as expressed by the highest
weighted MIR (maximum incremental reactivity, see
more details in Suppl. Material S1). Similarly, based
on scenarios for 12 urban areas in the United States,
formaldehyde was also found to have the largest incre-
mental reactivity with respect to ozone (Seinfeld and
Pandis 2006). In urban areas, controlling the anthro-
pogenic VOCs that react to make formaldehyde is
a cornerstone in air quality management since it is
one of the main precursors responsible for the forma-
tion of photochemical oxidants such as ozone. HCHO
contributes to 25-30% of the radical production during
midday and even greater during the morning and late
afternoon under NO,-rich conditions (Lee et al. 1998).
Seinfeld and Pandis (2006) demonstrated that the the-
oretical maximum amount of ozone could be expressed
as: [O;] = [HCHO)] + [NO,], i.e. directly dependent on
formaldehyde and NO, concentrations. Meteorological
conditions determine HCHO peaks and daily profile
and it is well correlated with ozone and isoprene (de
Blas et al. 2019). HCHO is considered here to have an
indirect climate impact since it is a precursor of tropo-
spheric ozone (a powerful greenhouse gas).

IARC (2006) declared HCHO as carcinogenic and
mutagenic to humans. US/EPA acknowledges that
HCHO is the most important carcinogen in the out-
door environment among the 187 hazardous identi-
fied by the U.S. Environmental Protection Agency
(EPA 2011). It is also associated with nose tumor,
eyes, and skin irritation as well as respiratory effects
(Wang, Holloway, and Harkey 2019). Despite the
health risk and impact on the photochemistry, there
is no Canada-wide federal guideline at the current
moment, although some provinces of Canada have
adopted an air quality guideline and conduct some
monitoring (Ontario, Manitoba, Alberta, and British
Columbia). The situation is similar in most counties,
except for the U.S., where a sparse surface monitoring
network using chromatography measurements has
been set-up, or measurements are available from occa-
sional campaigns (see Zhu et al. 2017a, 2017b for
details). Satellite observations are currently available

from OMI, GOME2A,2B, and OMPS. Zhu et al.
(2017a, 2017b) and Wang, Holloway, and Harkey
(2019) using OMI total column have shown positive
trends (2005-2014) for formaldehyde over most
regions of North America although Stroud et al.
(2016) suggested a decrease of 0.11 ug/m>/year aver-
aged over Canada during the period 2004-2010. In
Canada, significant positive trends (3.8%/year during
the period 2005-2014) over the Cold Lake oil sands
region of Alberta have been estimated by Zhu et al.
(2017b).

Naphthalene (C;,Hg)

Naphthalene belongs to both families of PAHs
(Polycyclic Aromatic Hydrocarbons) and VOCs (Jia
and Batterman 2010). It is emitted into the environ-
ment during the production of phthalates, plastic sub-
stances, dyes, and insect repellents but also from the
incomplete combustion of wood (ANSES 2018). Jet
aircraft exhaust also contributes to the emission of
naphthalene (Clark 2014; Masiol and Harrison 2014;
Touri et al. 2013). The coal and steel industries and
traffic are also emission sources in the atmosphere. In
Canada, industrial emissions amount to 76 tons in 2017
(ECCC 2019). Sources of naphthalene are exclusively
anthropogenic (ANSES 2018).

Naphthalene is suspected to be carcinogenic (ANSES
2018; Seinfeld and Pandis 2006 and references therein).
According to Jia and Batterman (2010), naphthalene
ranks at or near the top of those substances posing
inhalation cancer risks. The safe limit for inhalation
of naphthalene has been established to be 1.8 pg/m’
by the US/EPA (US/EPA 2011) and was exceeded 4.3%
of the time according to the only one measurement
campaign noted by ANSES (2018). Naphthalene occu-
pies the 11™ rank on the priority list of ANSES for the
health risk and is likely carcinogenic for humans
(ANSES 2018) and approaching guidelines (within
one order of magnitude) in Canada more than 5% of
the time (Galarneau et al. 2016). Finally, naphthalene is
considered toxic under the Canadian Environmental
Protection Act (CEPA 1999). While there are some
routine measurements of naphthalene in urban areas,
there is little measurement specific sources such as
industrial sites and airports.

Tetrachloroethylene (C,Cl,)

Tetrachloroethylene also known as “perc” or tetrachlor-
oethene is widely used for dry-cleaning fabrics and
metal degreasing operations. Short-term high-level
inhalation exposure of humans to “perc” produces irri-
tation of the upper respiratory tract and eyes, kidney
dysfunction, and neurological effects such as behavioral



changes, impairment of coordination, dizziness, head-
ache, sleepiness, and unconsciousness. Long-term inha-
lation exposure includes neurological, including
impaired cognitive and motor neurobehavioral perfor-
mance. The EPA has classified tetrachloroethylene as
likely carcinogenic to humans (ATSDR 2007).
Galarneau et al. (2016) found that “perc” levels in
Canada exceed the Quebec provincial guideline at
least at one observation site during the period
2009-2013. This VOC is also on the CEPA list of toxics
(CEPA 1999) and it can also damage plants (ECCC
2019). The WHO has proposed guidelines for this sub-
stance (WHO 2016a). Emission of “perc” has increased
from 60 tons in 2009 to 118 tons in 2013 in Canada and
amount to 79 tons in 2017 (ECCC 2019). Note that
several environmental fines for violation of the CEPA
(1999) environmental law occurs every year with
respect to this pollutant across Canada (https://www.
canada.ca/en/environment-climate-change/services/
environmental-enforcement/notifications.htmlrefer
ence), justifying maintaining the vigilance.

Toluene (C;Hg)

This compound belongs to the aromatic family, is
found in gasoline and is also used as a solvent.
Toluene is toxic in both humans and animals for
acute (short-term) and chronic (long-term) exposures.
Symptoms after inhalation include irritation of the
upper respiratory tract, fatigue, dizziness, sleepiness,
headaches, and nausea (ATSDR 2017). Toluene may
cause neurological and brain disorders in young chil-
dren. Infants of mothers exposed to toluene (by inhala-
tion) in pregnancy had abnormally low scores on the
development of speech and motor functions
(Grandjean and Landrigan 2006 and references
therein). Note that the EPA has concluded that there
is inadequate information to assess toluene’s carcino-
genic potential. Nevertheless, toluene appears on the
WHO (2016a) list of future guidelines as a hazardous
pollutant. Measurements made by the NAPS network
show that toluene concentrations approach provincial
guidelines (within one order of magnitude) in Canada
in a significant percentage of the time (Galarneau et al.
2016, their Figure 7). Toluene is also an important
anthropogenic precursor of ozone (second highest
MIR in the Montreal region, Table 3b). The atmo-
spheric lifetime of toluene is 2.4 days (Seinfeld and
Pandis 2006). In a measurement campaign over oil
sands (Alberta, Canada), toluene was found to exceed
the background levels by a factor of 73 (Simpson et al.
2010). Finally, it is worth mentioning that toluene is
also produced in significant quantities by jet aircraft
(Masiol and Harrison 2014). Reported industrial
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emissions from all sources (not including the aviation
sector) were 2,307 tons in 2017 (ECCC 2019).

Trichloroethylene (C,HCl5)

This VOC belongs to the family of halocarbons and is
used as a solvent to extract grease, oil, and other similar
substances. It is also used in lubricants, paintings, pes-
ticides among other applications. Sources of atmo-
spheric contamination are exclusively anthropogenic
(Seinfeld and Pandis 2006; ANSES 2018 and references
therein). The safe limit of 2.4 pg/m> has been estab-
lished by the US/EPA (US/EPA 2011). Information
about this pollutant relies on only one measurement
campaign in an urban and industrial environment and
shows that the safe limit was exceeded 5.6% of the time
(ANSES 2018). Another campaign over the oil sands
(Alberta, Canada) reveals that concentrations were up
to about 34 times the natural background (Simpson
et al. 2010). The atmospheric lifetime of trichloroethy-
lene is 5-8 days (Seinfeld and Pandis 2006). This com-
pound occupies the seventh priority rank in the ANSES
emerging pollutant list and has been found carcino-
genic and mutagenic in humans (ATSDR 2007).
Galarneau et al. (2016) report that this VOC has
exceeded some provincial guidelines at one or more
site during the period 2009-2013 in Canada. Finally,
WHO (2016a) have proposed guidelines to manage this
VOC. In this study, this compound was found to reach
the second-highest priority (Table 2). Emissions in
Canada amount to 30 tons in 2017 (ECCC 2019).

Transition metals

According to the methodology presented in Figure 1,
these are the following critical transition metals selected
which need further attention (Tables 1 and 2): arsenic,
cadmium, manganese, nickel, and vanadium. These
trace metals are normally present in particulate matter
and measured by the NAPS network in Canada. Most
sources of anthropogenic emissions come from the
metal industry, smelters, incinerators, fossil fuel com-
bustion (ANSES 2018), as well as vehicle tire and brake
wear and dust road resuspension (SOCAAR 2019).
Natural emissions for many of these metals also occur
and are coming from airborne soil particles, forest fires,
volcanic eruptions, etc. (ANSES 2018 and references
therein). More characteristics of transition metals are
also found in Supplementary material S3.

Arsenic

Among one of the most carcinogenic transition
metals is inorganic arsenic. Chronic (long-term)
inhalation exposure to arsenic may cause irritation
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of the skin and of mucous membranes and affects the
brain and nervous system. Inorganic arsenic inhala-
tion exposure of humans has been associated with
lung, kidney, prostate, liver cancer (ANSES 2018).
The EPA has classified inorganic arsenic as
a human carcinogenic (based on IARC 1987). It has
been established that arsenic even at low doses may
cause neurological disorders and brain dysfunction in
babies and young children causing cognitive deficits
and lifelong disability with significant costs to
families and society (Grandjean and Landrigan
2006). In Canada, monitoring of arsenic exists in
different provinces (analyzed from PM, s and PM,g)
and usually shows large exceedances of the annual
standard. For example, monitoring in the province of
Quebec over the past decade shows annual mean
concentrations often exceeding the annual standard
(0.003 |.Lg/m3 in Quebec) at different sites
(Supplementary material S4) with peak values likely
up to two orders of magnitude more than the safe
limit. In the region of Rouyn-Noranda (Quebec),
measurements indicated that, in 2018, annual con-
centrations exceeded 32.7 times the provincial stan-
dard (Suppl. Material S4) which poses an acute
problem to exposed population and especially chil-
dren in Rouyn-Noranda (https://www.cbc.ca/news/
canada/montreal/rouyn-noranda-lead-arsenic-levels-

children-public-health-1.5135744). Moreover, public
health authorities reported that concentrations of
arsenic exceeded the provincial standard by 400% in
2011 and 200% in 2018 due to a copper smelter
located in Montreal-east. (https://santemontreal.qc.
ca/fileadmin/fichiers/professionnels/DRSP/sujets-a-z/
Pollution/CCR_Avis_4sept2018.pdf). The NAPS net-
work is primarily focused on urban monitoring
(commercial and residential), and hence observations
of arsenic made in this context may not reflect expo-
sures in the communities near these industrial sites.
Consequently, while Galarneau et al. (2016) found
that arsenic approaches provincial guidelines less
than 20% of the time during the period 2009-2013
across Canada, exposures near non-urban industrial
sites may be considerably higher. Therefore, the
NAPS network does not give a complete knowledge
of the exposure to the population in many cases.
Arsenic is prioritized at level 2 in Table 2. This
pollutant is proposed for regulation by Europe
(WHO 2016a) (Suppl. Material S2) and it is sug-
gested here to gain more knowledge about it and
consider arsenic as a future candidate for a Canada-
wide standard based on the evidence given above.
Reported industrial emissions amount to 35.5 tons
in Canada mostly from smelter activity (ECCC 2019).

Other metals
Manganese and vanadium are other critical emerging
pollutants of interest (rank 2™ and 8™ respectively for
ANSES; see also the level of prioritization indicated in
Table 2). Manganese and vanadium are also on the list of
candidate for new regulation proposed by WHO (2016a).
They were both found to be carcinogenic (ANSES 2018;
Ress et al. 2003). Manganese has been found to cause
neurological disorders and brain dysfunction in young
children and in adults and is linked with Parkinson’s
disease (Grandjean and Landrigan 2006 and references
therein). Metals mentioned above are used in the making
of alloys in the smelter and appear linked with many other
industrial processes and anthropogenic activities (indus-
trial rejects, plumes of thermal power plants, incinerators,
and industrial activities linked with mining) (Amato et al.
2013). Reported industrial emissions in Canada for man-
ganese and vanadium amount to 299 and 54 tons, respec-
tively, in 2017 (ECCC 2019). Manganese concentrations
were measured to be very close to annual provincial
standards in Lac Megantic (Quebec) in a measurement
campaign (May 12-Nov 2, 2015) (MDDELCC 2017).
Finally, cadmium and nickel have been declared likely
carcinogenic by the US/EPA and proposed as well for
new regulation by WHO (2016a). In Canada, Galarneau
et al. (2016) observed that cadmium and nickel either
approach (more than 5%) or exceed provincial guidelines
and are therefore recommended for further investigation.
Reported industrial emissions for cadmium and nickel in
2017 in Canada amount to 5572 and 128 tons, respectively
(ECCC 2019). Nickel and other metals (such as zinc) have
been found as nanometal on ultrafine particles in the
context of activities at Montreal Pierre Elliott Trudeau’s
airport (Rahim, Pal, and Ariya 2019) and in quantities
higher than expected (i.e. higher than what suggests PM, 5
measurements). Therefore, population exposure to nano-
metals (see definition in S1) in urban areas needs to be
better characterized (Maher et al. 2016). These source-
specific short-term study observations may highlight the
need for either source-specific monitoring observations
or a denser monitoring network. For example, only one
NAPS site measure metals on the whole island of
Montreal with none near an industrial area, near-road
or at airport. Note that in Canada, metal measurements
by NAPS does not take place in any industrial areas
(which are the main sources of metal emissions).
Knowledge of levels of metals closer to large sources is
desired, to better evaluate exposure in those segments of
the Canadian population impacted by those sources.
Only pollutants of prioritization level 1 through 4
(Table 2) have been discussed so far. One emerging
pollutant of the prioritization level 5, which is worth
mentioning here, is iron nanometal compounds.


https://www.cbc.ca/news/canada/montreal/rouyn-noranda-lead-arsenic-levels-children-public-health-1.5135744
https://www.cbc.ca/news/canada/montreal/rouyn-noranda-lead-arsenic-levels-children-public-health-1.5135744
https://www.cbc.ca/news/canada/montreal/rouyn-noranda-lead-arsenic-levels-children-public-health-1.5135744
https://santemontreal.qc.ca/fileadmin/fichiers/professionnels/DRSP/sujets-a-z/Pollution/CCR_Avis_4sept2018.pdf
https://santemontreal.qc.ca/fileadmin/fichiers/professionnels/DRSP/sujets-a-z/Pollution/CCR_Avis_4sept2018.pdf
https://santemontreal.qc.ca/fileadmin/fichiers/professionnels/DRSP/sujets-a-z/Pollution/CCR_Avis_4sept2018.pdf

Maher et al. (2016) recently suggested that magnetite
pollution nanoparticles such as iron oxide could fol-
low the olfactory nerve and accumulate in the brain
(via the olfactory bulb) increasing the risk of demen-
tia. Brake wear is the biggest source of iron oxide in
PM, s and ultrafine particles near-road according to
Gonet and Maher (2019). Nanometals such as iron,
zine, nickel, lead are classified as emerging contami-
nants by the US/EPA and are also found in abun-
dance in the context of airport activities (Masiol and
Harrison 2014; Rahim, Pal, and Ariya 2019). The
characterization and the study of transition metals
in ambient air are important for public health, pollu-
tion control and to provide information to the ana-
lysis of the environmental global biogeochemical
cycle.

Ultrafine anthropogenic particles (UFPs)

UFPs containing metals have been discussed above, and
here the attention will be turned to the broader class of
particles to which they belong. The methodology
described in Figure 1 does not apply for some CEPs
such as most UFPs due to lack of monitoring in Canada
at the moment. However, ultrafine particles (UFPs,
aerodynamic diameter <100 nm) fall under the above
definition of emerging pollutants since there is no
regulation for UFPs and they are suspected to cause
significant damage to health as they can deposit and
accumulate deep into the lungs and through the whole
body (AQEG 2018; EFCA 2019; HEI Review Panel
2013; Jeong et al. 2004; Kelly and Fussell 2012;
Oberdorster, Oberdorster, and Oberdorster 2005;
Oberdorster et al. 2002, 2004; Terzano et al. 2010).
The UFP size range encompasses the nucleation size
(<30 nm) and Aitken or accumulation modes (30-100
nm). In an urban environment, UFPs are a mixture of
diesel, black carbon and fly ash (Terzano et al. 2010)
and are carriers for toxic components (Kelly and Fussell
2012; Rahim, Pal, and Ariya 2019). Recently, high
values of ultrafine particle number have been measured
at airports (AQEG 2018; Hudda et al. 2014; Keuken
et al. 2015; Lopes et al. 2019) or due to maritime
activities (Gonzalez et al. 2011). Although UFPs or
nanoparticles (both are used interchangeably in this
review) have been monitored at some rare locations,
they are still not part of regulatory networks (SOCAAR
2019). They account for most of the particle number
concentrations (up to about 90%) in the whole spec-
trum of aerosols, but generally have negligible mass
because of their small diameter and volume (AQEG
2018; Frampton and Rich 2016; Rodriguez et al.
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2007). UFPs have larger collecting surface per unit
mass with respect to larger particles and therefore con-
tain higher proportions of organic material such as
PAH and other condensable toxic compounds (Masiol
and Harrison 2014). Many authors (de Jesus et al. 2019;
Morawska et al. 2008; Rodriguez et al. 2007) found no
correlation between UFPs count and PM,s mass.
Consequently, it is important to measure UFPs concen-
trations directly, rather than attempting to infer their
concentrations from measurements of regulated pollu-
tants (AQEG 2018). Note that a description of instru-
ment measurements for UFPs will not be given here.
The reader is rather referred to the comprehensive
review of Kumar et al. (2010) for more details.
Anthropogenic UFPs can be either carbon-based or
metallic or both. Carbon particles derived from com-
bustion processes are the most numerous particles in
the ultrafine range. They can aggregate easily into clus-
ters containing iron and other transition metals, as well
as VOCs and PAHs which exacerbate negative impacts
on health (Terzano et al. 2010; Vedal 1997;
Venkataraman and Raymond 1998) especially neurolo-
gical disorders and dementia (Gonet and Maher 2019;
Maher et al. 2016; Terzano et al. 2010). According to
Terzano et al. (2010), off-road UFPs have increased
dramatically during the past few decades (e.g., aviation,
marine sectors). Similarly, on-road freight is the fastest-
growing source of terrestrial transportation emissions
(Pollution Probe 2019). Heavy-duty diesel vehicles
emissions (mostly associated to on-road freight trans-
port) have increase by a factor of 3.4 from 1990 to 2015
(ECCC 2017). Moreover, the increasing popularity of
SUV’s (sport utility vehicles) also threaten efforts to
reduce pollution and carbon dioxide (IEA 2019).
Therefore, unregulated diesel emissions, black carbon,
and UFPs are likely expected to increase over the next
decades in Canada. Note that WHO recommends tar-
geting black carbon and UFPs for pollution reduction
(WHO 2012b). There is a growing evidence that
a causal link is emerging between health impacts (e.g.,
central nervous system and cardio-respiratory) and
UFPs (ANSES 2018; US/EPA 2019; Xu, Ha, and
Basnet 2016). In its latest PM assessment report, how-
ever, US/EPA (2019) stipulates that “exposure to UFPs
is suggestive of, but not sufficient to infer, a causal
relationship” between UFP exposure and nervous sys-
tem effects. A consensus has not been reached for the
effects of UFPs on health in general and also on the
metric that best represents the exposure to UFPs (US/
EPA 2019). Interestingly, non-tail pipe emission of fine
particulate matter (brake and tire wear and dust resus-
pension) has been measured near-road in downtown
Toronto and found higher than primary tailpipe PM, 5
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(SOCAAR 2019). More details about UFPs measure-
ment can be found in Morawska et al. (2008), Baldauf
et al. (2016), AQEG (2018) and SOCAAR (2019).

Black carbon (BC) and diesel exhaust particles (DEP)
An important particular class of UFPs is soot or black
carbon, which is produced by incomplete combustion of
fossil fuels (mostly diesel) and biomass burning. Diesel
exhaust particles (DEP), black carbon (BC), and fly ash
are carcinogenic in humans (Terzano et al. 2010 and
references therein; WHO 2012a; 2012b). A recent study
monitoring near-road pollutants in Canada found that
levels of black carbon average above 1ug/m® were found
in both downtown Vancouver and Toronto in a range
that has been associated with an elevated lifetime risk of
lung cancer (SOCAAR 2019). Particularly of health con-
cern are DEPs which consist of a carbon core with
adsorbed PAH (polycyclic aromatic hydrocarbon) and
transition metals which are carcinogenic, genotoxic (caus-
ing DNA damage), inducing ROS (reactive oxidizing
species) formation as well (Terzano et al. 2010 and refer-
ences therein) which is particularly harmful for health
(see https://www.cancer.org/cancer/cancer-causes/diesel-
exhaust-and-cancer.html). Elemental carbon (EC) and
black carbon (BC) are suspected to be responsible for
asthma according to the US/EPA (2019). Globally, diesel
engines account for about 25% of all black carbon emis-
sions (http://www.cleanenergy.org/wp-content/uploads/
dtfblack_carbon_final.pdf). Since black carbon absorbs
sunlight, it is considered to have a positive radiative for-
cing which can alter climate (IPCC 2013; Seinfeld and
Pandis 2006). Actions that target black carbon mitigation
can lead to near-term climate benefits, as well as immedi-
ate health benefits (IPCC 2013). Quantifying the sources,
transport and deposition of black carbon is the key to
understanding the radiative forcing of black carbon (NAS,
2016). The World Health Organization (WHO) considers
that black carbon (soot) is a better indicator of deleterious
particle impacting health and a better target for air pollu-
tion reduction (WHO 2016b). A more complete descrip-
tion of deleterious health impacts of black carbon can be
found in Terzano et al. (2010) and on the following
website: https://www.sciencedirect.com/topics/earth-and
-planetary-sciences/black-carbon as well as in WHO
(2012a). According to AQEG (2018 and references
therein) GDI (Gasoline Direct Injection) can emit 5-40
times more particles (by mass) than a conventional PFI
(port-fuel injected) petrol engine but still less than a diesel
engine without a particle filter. About 50% of all light-
duty vehicles in North America currently have GDI
engines (May 2019) and the popularity of GDI is increas-
ing due to fuel economy (HIS 2017). GDI growth is an
emerging concern since it may wipe out (at least to

a certain extent) efforts to 1) reduce climate forcers
(such as BC), and 2) reduce pollution (e.g., BC has
a large impact on public health). A potential mitigation
is gasoline particle filters, which can reduce particle num-
ber from a GDI engine up to 80-90% (AQEG 2018 and
references therein), although there are currently no reg-
ulations in Canada to enforce the use of these filters.

Emissions and formation

UFPs (including black carbon) are emitted by primary
and secondary anthropogenic sources from combustion
sources transportation and energy sectors which burn
sulfur-containing fuels, (AQEG 2018) and natural
sources (forest fires and volcanic eruptions among
others). Airborne UFPs also form through heteroge-
neous and photochemical reactions. In urban environ-
ments, UFPs originate from combustion, such as motor
vehicle exhaust (maritime, rail, and airport emissions),
industrial activities and incineration, biomass burning
and some non-combustion sources (Hudda et al. 2014;
Masiol et al. 2018 and references therein) and from
brake and tire wear. Gonet and Maher (2019) recently
showed that 86% of magnetite (a nano-metal suspected
to be involved in neurodegenerative diseases according
to Maher et al. 2016) is emitted by brake wear and only
a few percent by diesel or petrol fuel. GDI engines emit
a significantly high number of UFPs and black carbon
but the technology is still evolving as well as the under-
standing of factors contributing to particle formation
(Wallace 2019; Zimmerman et al. 2016). In the world of
the automobile market, GDI is ideal for future hybrid,
a fastest-growing market segment in propulsion (HIS
2017). More science is needed to efficiently support
regulatory development given the rapid technological
advances in the terrestrial transportation sector.
Airport activity is also a source of concern for their
growing emissions (particle number, black carbon, etc.;
see Section below on emerging issues concerning the
aviation sector). Reduction of emissions from shipping
and aviation depends primarily upon the use of low
sulfur fuels and road-vehicles to the use of particle
filters device (AQEG 2018). UFPs may form by homo-
geneous nucleation of low volatility compounds and
grow in the atmosphere (Jeong et al. 2004; Seinfeld
and Pandis 2006) and sulfur plays a role in particle
formation by providing sulfate nuclei on which the
semi-volatile compounds can condense. Sulfur particles
are formed immediately downwind as the plume cools
and mixes with the surrounding air (AQEG 2018).

Health impact
There is an increasing concern about UFPs from out-
door and indoor sources and their toxicity (NAS 2016).


https://www.cancer.org/cancer/cancer-causes/diesel-exhaust-and-cancer.html
https://www.cancer.org/cancer/cancer-causes/diesel-exhaust-and-cancer.html
http://www.cleanenergy.org/wp-content/uploads/dtfblack_carbon_final.pdf
http://www.cleanenergy.org/wp-content/uploads/dtfblack_carbon_final.pdf
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/black-carbon
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/black-carbon

Particles in the nucleation mode dominate the global
total particle number abundance (Yu et al. 2010).
Consequently, the impact of UFPs on human health
may be systemic health effects, rather than simple toxi-
city to the lungs (ANSES 2018; EFCA 2019; Gwinn and
Vallyathan 2006; Terzano et al. 2010). A massive
amount of literature has examined the impacts of
PM, ;5 (diameter less than 2.5 microns) or PM,;, but
very few epidemiological studies have examined the
health effects of UFPs because most ambient monitor-
ing measures fine particle mass not concentration num-
ber (Terzano et al. 2010) and this is the reason why the
direct connection between UFPs and health is still
limited. However, one cannot ignore that challenges
exist in the monitoring of UFPs and nanoparticles
which should be scrutinized more to reduce scientific
uncertainties (EFCA 2019; Knol et al. 2009). Although
UFPs constitute a small fraction of the total mass of
ambient particulate matter, which makes them hard to
detect, they represent a substantial proportion in terms
of particle number concentration and chemically active
surface area.

Animal toxicological studies provide consistent evi-
dence of brain inflammation and oxidative stress in the
brain and morphological changes typical of neurode-
generation and Alzheimer’s disease (Maher et al. 2016;
US/EPA 2019). In humans, the most obvious impact of
UFPs is to enhance pro-inflammatory effects in airways
of COPD (Chronic Obstructive Pulmonary Disease)
and asthma patients and cause oxidative stress as well.
Moreover, UFPs penetrate the blood barrier and act as
triggering factors of the blood coagulation in the blood-
stream, impact the autonomic nervous system and
affect the cardiovascular system and redistribute
throughout the whole body including the brain with
potential neurotoxic degradation (Donaldson et al.
2005; Oberdorster et al. 2004; Reeves 2011; Sun,
Wang, and Ximei et al. 2005; Terzano et al. 2010; Xu,
Ha, and Basnet 2016) although the precise mechanism
by which air pollution from UFPs influences cardiovas-
cular risk has not been fully understood yet (Terzano
et al. 2010). Many researchers suggest that UFPs may
also promote atherosclerosis (Arujo 2011a; Arujo et al.
2008; Sun, Wang, and Ximei et al. 2005). Health effects
related to UFPs exposure have been less extensively
studied than the effects of coarser PMs. However,
UFPs ability to migrate to organs beyond the lungs
and interact with tissues and cells is a significant con-
cern and represents a distinct biological mechanism for
effects (Brook 2019; HEI 2013; Knol et al. 2009;
Ohlwein et al. 2019; US/EPA 2019). It has been
known for more than two decades that UFPs are sus-
pected to cause mortality, adverse cardiovascular and
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respiratory diseases (Knol et al. 2009; Oberdorster,
Ferin, and Lehnert 1994, 1995, 2002; Terzano et al.
2010 and references therein; EFCA 2019; HEI 2013;
Kelly and Fussell 2012). Although there is no definite
answer on UFP impact alone given the mixture of other
pollutants within the “urban chemical soup,” a recent
systematic literature review (Ohlwein et al. 2019) sug-
gests the evidence of short-term impact (inflammatory
and cardiovascular effects) which “may be at least
partly independent of other pollutants” (Brook 2019).
Recent studies also suggest an association of atmo-
spheric particles with neurodegenerative diseases such
as Alzheimer’s and Parkinson’s, strokes, autism, and
anxiety (Maher et al. 2016; NAS 2016 and reference
therein; EFCA 2019; US/EPA 2019). According to
Petsko (2006), the next epidemic will be that of
Alzheimer and Parkinson and nanoparticles may pos-
sibly increase the public risk throughout the 21° cen-
tury (Maher et al. 2016). These are costly diseases
having a significant threat to the economy according
to Petsko (2006). US/EPA PM assessment (2019) latest
report (under review) states that “collective evidence is
insufficient to conclude that a causal relationship is
likely to exist between long-term UFP exposure and
nervous system effects.” However, the same report sug-
gests that UFPs reaching the brain via olfactory trans-
port is likely to be related to nervous system effects. In
Montreal, ambient UFP concentrations were associated
with a significant increased risk of prostate cancer
(Weichenthal et al. 2017). There is also increasing evi-
dence that UFPs generate airway inflammation and act
as adjuvants for IgE (Immunoglobulin E) production
that may explain the increased asthma prevalence (see
Supplementary material S1 for a definition) and other
respiratory allergic diseases in polluted environments
(Knox, Suphioglu, and Taylor et al. 1997; Majd et al.
2004; Nel et al. 1998; Parker, Akinbami, and Woodruff
2009). Bové et al. (2019) found UFP-related black car-
bon in the human placenta and Saenen et al. (2017)
observed UFP-related black carbon in child urine.
Identifying and isolating the specific health effects of
UFPs is still a considerable challenge. However, the
conclusion of a panel of European experts on UFPs is
clear (Knol et al. 2009): “the overall medium to high
likelihood rating of causality of health effects of UFP
exposure stresses the importance of considering UFPs
in future health impact assessments.” Moreover,
according to the same panel of experts: “omission of
UFPs in health impact assessment may lead to inade-
quate policies to reduce air pollution as UFPs reduction
may also be effective in improving health.” However,
a lack of appropriate monitoring of UFPs makes impos-
sible to develop health guidelines as a basis for national
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regulations at the current moment. Gaps in knowledge
of the spatio-temporal and seasonal variations and in
the chemical composition need to be resolved, and
long-term trends are needed in order to reduce uncer-
tainties in providing recommendations for the develop-
ment of air quality standards, guidelines, or
toxicological reference values especially for black car-
bon, diesel ultrafine, and fine particles (ANSES 2018).

Engineered nano-particles (eNPs)

We distinguish here nanoparticles that are manufac-
tured (engineered) to those emitted from combustion
processes (as described above). The emergence of eNPs
is considered as a “new industrial revolution,” the big-
gest engineering innovation since the Industrial
Revolution (the latter took place in the mid-18™ to
mid-19® century) (Gwinn and Vallyathan 2006).
Nanotechnology is growing so fast (medical imaging,
drug delivery, cancer treatment, gene therapy, electro-
nics, and micro-informatics among others) that it could
become impossible to follow this “industrial revolution”
if large-scale action is not taken to better monitor and
evaluate their health impact (Gwinn and Vallyathan
2006). The growing use of composite materials leads
to a higher amount lost in the atmospheric environ-
ment (incineration, usage, i.e. brake and tire wear, etc.).
The exact mechanism through which eNPs exposure
affects health remains to be understood. Recently,
a study has shown than an increase in blood pressure
in schoolchildren was found related with the inhalation
of the smallest eNPs particles (Pieters et al. 2015).
Other studies made in the context of oral ingestion
suggest that the primary biological responses include
immuno-modulation, oxidative stress, and embryotoxi-
city. Interactions of eNPs with biomolecules (e.g., poly-
saccharides, proteins, and colloids) may affect their
aggregation and bioavailability. Whenever eNPs are
present inside an organism, they may interact with
plasma proteins affecting uptake and toxicity (see the
review of health impacts in Gwinn and Vallyathan
2006; Richardson and Ternes 2018 and references
therein).

The eNPs can further be subdivided between car-
bon-based nanoparticles such as carbon nanotubes or
fullerenes and metal-based nanoparticles (nZnO,
nCeO,, nAu, to name a few) or as a form of quantum
dots (EPA, 2010; Sauvé and Desrosiers 2014). One of
the most popular is fullerene (Cg) due to its conduct-
ing and lubricating properties. Given the small size of
these particles, they can be transported to distant sites
and could induce adverse health effects far from their
source of emissions. The possible toxic health effect of

fullerenes (Cgp), graphene, carbon nanotubes, titanium
dioxide, and other eNPs associated with nanotechnol-
ogy are virtually unknown (Gwinn and Vallyathan
2006; Sauvé and Desrosiers 2014). However, the simi-
larity, size, and compatibility of eNPs to UFPs suggest
that the human health effects are likely to be similar
(Gwinn and Vallyathan 2006) since they can be trans-
located through the whole human body just as for UFPs
(Card et al. 2008; Oberdorster et al. 2004; Oberdorster,
Oberdorster, and Oberdorster 2005). Even if
a particular eNP is not very toxic, inhaled eNPs may
cross cell membranes, permeate to the blood vessels,
and redistribute through the whole body causing sys-
temic health effects and cause oxidative stress (Romieu
et al. 2008), inflammatory mediator release, induce
heart and lung and other systemic effects (Card et al.
2008). In addition to that, occupational exposure, direct
human exposures through medicinal applications and
their wastes are inevitable. According to Kumar et al.
(2013), eNPs enter into the atmosphere by wear and
tear of material containing eNPs and through incinera-
tion of waste. When burned in incinerators, airborne
heavy metals, dioxins, hydrocarbons, and other organic
chemicals can adhere to eNPs surface and increase their
toxicity (Quarg 1996; Record 2012). Note that any
pollutant that is not regulated could be burned in
incinerators and eNPs are no exception to this. The
release of toxic eNPs will depend on whether or not
incinerators have appropriate filters (AQEG 2018).
Nevertheless, following the “precautionary principle,”
monitoring of airborne eNPs is desirable and necessary
in view of their potential health effect. A full lifecycle
study (emissions, transport, deposition) is needed for
eNPs (as well as for most CEPs).

Bioaerosols

Interest in the sources and impacts of bioaerosols on
health and climate has strongly increased in recent
years (Ariya et al. 2009; Chathurika et al. 2017; de
Weger et al. 2013; Efstathiou, Isukapalli, and
Georgopoulos 2011; Frolich-Nowoisky et al. 2016;
Klein et al. 2012; Laaidi, Chinet, and Aegerter 2011;
O’Sullivan et al. 2015; Wozniak, Solmon, and Steiner
et al. 2018; Zhang et al. 2014). However, the under-
standing of the impacts of bioaerosols on atmospheric
composition, climate, and human health remains weak
(NAS 2016 and references therein). Bioaerosols (pollen,
bacteria, spores) could be thought as emerging pollu-
tants as well since 1) little or no regulation exists in the
urban environment (e.g., presence of ragweed, birch, or
other allergenic plants) (Klein et al. 2012), 2) there is
little monitoring of pollen in Canada (any existing



monitoring is conducted by the private sector and some
universities), 3) they present severe potential health
impact interacting with air pollution (Behrendt and
Becker 2001; Behrendt et al. 1997; Majd et al. 2004),
and, 4) they are likely increasing in the future (under
climate change scenarios; D’Amato et al. 2015 and
references therein). Moreover, bioaerosols have been
shown to contribute more than previously thought to
terrestrial (Jaenicke, Matthias-Maser, and Gruber 2007)
and also to marine aerosol composition (O’ Dowd and
de Leeuw 2007). In addition, bioaerosols can metabo-
lize in cloud water and likely change the cloud chem-
istry (Amato et al. 2005; Delort et al. 2011) and act as
condensation or ice nucleation (Ariya et al. 2009).
Finally, many authors (Chathurika et al. 2017; Mohler
et al. 2007; O’Sullivan et al. 2015; Wright et al. 2014;
and references therein) suggest a powerful link between
rain and bioaerosols (amplifying precipitation mechan-
ism known as bio-precipitation). Wozniak et al. (2018)
have shown that bioaerosols can suppress continental
rain by up to 30%.

Researchers from different parts of the world have also
shown that bioaerosols may have synergy with air pollu-
tion exacerbating human health degradation more than
bioaerosols or pollutants alone. This is the case for pollen
mixed with urban or industrial pollution (Knox,
Suphioglu, and Taylor et al. 1997; Laaidi, Laaidi, and
Besancenot 2002; Majd et al. 2004; Molfino et al. 1991;
Morgenstern et al. 2008; Parker, Akinbami, and Woodruff
2009; Peltre 1998 among others). In addition, over the
past two decades, the work of many researchers suggests
the need to monitor airborne fine allergens (starch gran-
ules inside the pollen grain released in large amounts
following pollen rupture or spore fragments) and not
only the entire pollen grains or spores (Buters et al.
2012, 2010; Miguel et al. 2006; Puc et al. 2016; Rantio-
Lehtimiki, Viander, and Koivikko 1994, 2004; Taylor
et al. 2002). These spore fragments or starch pollen gran-
ules can trigger asthma attack more efficiently since they
are smaller inner particles (diameter in the fine mode)
that can penetrate deeper into the lungs and exacerbate
lung inflammation and allergic reactions. Allergic rhinitis
prevalence is 18.7% in Europe, and the sensitization rate
to pollen is 19.3% and 4.4% to fungal spores and molds,
respectively (Klein et al. 2012). Modeling efforts have
started over the past decade or so in North America
(Efstathiou, Isukapalli, and Georgopoulos 2011; Zhang
et al. 2014) but they are incomplete and the performance
is inadequate and therefore further research is needed
particularly concerning the modeling of fragmentation
of bioaerosols. The study of aeroallergens cannot be
done independently of that of air pollution. As an
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example, more details about the interaction pollution-
pollen are given below.

Interaction of pollution-pollen
Chemical pollution interacts with pollen in four differ-
ent ways: 1) it impacts the quantity of emitted pollen by
plants, 2) it increases the allergenic impact of the pollen
released, 3) it changes the patient individual sensitiza-
tion to pollen and allergens and, 4) it favors pollen
rupture or cracks in its surface liberating small aller-
gens which can penetrate deeper in the lungs and
exacerbate respiratory problems such as allergic asthma
(de Weger et al. 2013; EPA 2008; Gervais 1994; Jelks
1987; Laaidi, Chinet, and Aegerter 2011; Lacroix 2005;
Miguel et al. 2006; Ring et al. 2001; Sénéchal et al. 2015;
Taylor and Jonsson 2004; Thibaudon 2007). The need
to monitor both pollen and aeroallergens in ambient air
has been highlighted in an expert opinion and reports
published by several countries around the world
(Buters et al. 2010, 2012; Dales et al. 2004, 2008; Klein
et al. 2012; see also a review in Sofiev and Bergmann
2013). Contaminated pollen with pollution are more
dangerous than non-contaminated pollen as an
increase of IgE (a marker for allergies) has been
reported in many studies (Majd et al. 2004; Parker,
Akinbami, and Woodruff 2009). Peltre (1998) coined
the new term polluen (pollutant+pollen) to represent
a contaminated pollen with adsorbed fine particles
(including trace metals or black carbon) or absorbed
gas pollutants (NO,, PAH, NH; among others). In
parts of Europe, pollen is legally recognized as an air
pollutant (e.g., in France, Légifrance 2010), but is rarely
addressed by air quality scientists in North America.
The potential importance of the pollution-pollen as
a health risk may warrant additional studies to address
existing knowledge gaps. In the US, according to the
Asthma and Allergy Foundation of America, 14 of the
15 cities listed as the “most challenging places to live
with asthma” have overlapping risks of ozone and rag-
weed pollen (EPA 2008; NRDC 2015) suggesting
a hazardous synergy between pollen and pollution.
There is a research gap in the understanding of
synergies between anthropogenic, biological pollution
and weather as suggested by Klein et al. (2012). This is
particularly true in the context of climate change where
these synergies could become more active (D’Amato
et al. 2015). Finally, Cao et al. (2014) have shown that
many kinds of pathogens and bacteria can be spread
out through PM, s in smog and increase the risk of
respiratory diseases. The same is applicable for some
fungal spores such as from Alternaria, which could be
involved in triggering asthma epidemics in some
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specific weather conditions so-called “thunderstorm-
asthma” (Marks and Bush 2007). Robichaud and
Comtois (2019) showed that an increase in asthma
hospitalization in Montreal is associated with weather
fronts during the spring season and proposed the con-
cept of “frontal-asthma” to describe the complex
synergy pollen-pollutant-weather conditions.

Monitoring and forecasting effort

In Canada, besides the private sector (Weather Network)
very little attention has been given to airborne measure-
ment of bioaerosols as compared to that in Europe. In the
U.S,, the situation is similar with Multi-Media Inc. which
provides aeroallergen public forecast. However, the
American  Academy of Allergy, Asthma, and
Immunology (AAAAI) collects pollen and mold counts
in near-real time on their website (https://www.aaaai.org/
). One pilot study in Canada was a monitoring effort in
Halifax (Arsenault, Waugh, and Richardson 2005), where
bioaerosols (pollen and fungal spores) were collected
according to AAAAI protocols. According to Klein et al.
(2012): “today’s air quality legislation falls short of addres-
sing air quality degradation by biological weather.” It is
believed that the burden of asthma, and other allergic
diseases (the most common causes of emergency room
visits), can be reduced with appropriate monitoring and
an improved monitoring/forecasting alert system for
aeroallergens (Osborne, Alcock, and Fleming 2017).
This aeroallergen alert system should also be coordinated
with the pollutant alert system for consistency.
Quantifying better emissions of bioaerosols is a high
priority for the U.S. National Academy of Science (NAS
2016) in order to reduce uncertainties for known sources
and constrain emissions of poorly understood bioaero-
sols. More details about the need to better monitor pollen
and health impact could be found in ANSES (2014).
Control of bioaerosol emissions in an urban setting is
possible. People living near allergenic vegetation (birch
trees, ragweed, etc.) may become sensitized to their aller-
gens and later develop lifetime allergies to pollen (Jelks
1987). Eliminating ragweed, imposing rules concerning
future avoidance of planting urban decorative trees which
are highly allergenic such as birch trees, Chinese Elm, and
other similar taxons are among example. Moreover,
efforts should be allowed to produce bioaerosols forecast
for the public (pollen, spores, bacteria, and virus) and to
study the relation to pollution forecast (e.g., pollen-
synergy between ragweed and ozone) so that sensitive
people may better avoid exposure to this double threat.
Research and monitoring of bioaerosols are important
not just for their impact on health and allergies, but also
because they can influence air, precipitation, and climate.

Important emerging issues related to air quality
in Canada

In the last section, individual selected emerging pollu-
tants of concern were identified, described and
a prioritization level (whenever possible) was obtained
through the methodology of Figure 1. In this section,
we discuss overarching emerging issues selected based
on the definition given in the Methodology Section.
Note that these emerging issues are connected to var-
ious degree to emerging pollutants selected in Table 2.

Growing transportation sector: the need to improve
monitoring and modeling of particle number
concentration, black carbon, and diesel

Technology in the transportation sector is evolving
rapidly. While the major focus has been on the challenge
of decarbonizing the transportation sector and reducing
regulated pollutants, UFPs, black carbon, and diesel par-
ticles have received much less attention and they are
collectively considered here as an emerging threat. Near-
road UFPs particle number and black carbon are expected
to increase since the density of diesel vehicles will also
increase (HIS 2017). Mass concentration has traditionally
been the metric used for assessing PM pollution, and has
been the metric used for ambient air quality standards in
many countries to protect public health. However,
according to recent studies presented at the Symposium
on ultrafine particles in Belgium (EFCA 2019), by mon-
itoring experience in Ireland (AQEG 2018) or across the
world (de Jesus et al. 2019), there is an urgent need to
better establish the link between health risk and particle
number concentration. This would be a useful comple-
mentary metric, which will allow setting effective regula-
tions (based on the number of particles and not only on
total mass). Current legislation in air quality focusses on
monitoring the total mass of fine particulates (PM,s).
Several authors (Saliba et al. 2017; Zimmerman et al.
2016) shows that the new GDI (gasoline direct injection)
technology for cars produces about one order of magni-
tude more particle number than the PFI (port-fuel injec-
tion) vehicles although the former complies more with
existing regulation for NO,, CO and emits less carbon
dioxide than the latter. Since there has been a significant
trend in the last ten years to switch toward the GDI
technology (HIS 2017), this will potentially cause an
important increase in the urban number of nanoparticles
including black carbon. The latter poses a risk to health
and is a climate short-term forcer (IPCC 2013; WHO
2016b).

In a recent study of near-road monitoring in Canada
(SOCAAR 2019), it was found that 60% of black carbon
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comes from local traffic and that a small portion of
trucks and cars were responsible for the majority of
emissions. Moreover, the same study showed that non-
tail pipe emissions are now contributing more to the
PM,s mass than tailpipe emissions in downtown
Toronto. Emami, Masiol, and Hopke (2018) showed
that although declines were noted from 2002 to 2011
in submicron particle concentrations in a metropolitan
area of the northeastern United States, since 2011, an
increase has been observed matching the GDI sharp
increase of market penetration. The recent upward
trend of UFPs number concentration is likely to be
the norm over the next decades worldwide since the
modern vehicle fleet is increasing everywhere (HIS
2017; Zimmerman et al. 2016). In parallel, the rise of
SUVs popularity will not help pollution reduction.
According to the International Energy Agency, in
2010, 18% of worldwide car sales were SUVs whereas
in 2018, it amounts to 40% (IEA 2019). Note that in
Canada, the size of vehicle has increased during the
period 2007-2016 (17% increase) as well as the average
one-way travel distance (increase from 7.8 to 8.7 km)
(SOCAAR 2019 and reference therein) which adds up
to future challenges if trends remain similar. Finally,
the aviation sector is another growing issue since it is
known as the greater emitter of urban nanoparticles
(Hudda et al. 2014; Keuken et al. 2015; Rahim, Pal,
and Ariya 2019). This subject is covered in more details
in the next section.

Despite extensive discussion of introducing UFPs
metrics into the U.S. regulatory system, particle num-
ber concentration has not been promulgated as
a National Ambient Air Quality Standard (NAAQS)
(Masiol et al. 2018). Discussions have been going on
for at least a few decades and actions to reduce uncer-
tainties in measurement protocols are needed
(Teichman 2008). Recently, the European Federation
of Clean Air and Environmental Protection
Associations (EFCA 2019) concluded that regulation
is strongly recommended to policymakers in Europe
concerning UFPs. Although technological problems
associated with UFPs measurement exist and monitor-
ing protocols are not well established, effort to control
or mitigate the impact of UFPs should be enhanced
considering the potential considerable heath risk.
Moreover, current near-road monitoring is inadequate
in Canada and should be enhanced since more than
one-third of the Canadian population live near major
roads (SOCAAR 2019). Real-world measurement of
emission factors shows important differences from
laboratory-based values especially marked with the
large seasonality of the Canadian climate. For example,
cold temperatures increase the near-road concentration
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of UFPs and NOx (SOCAAR 2019). UFP measurement
also makes it possible to improve the knowledge on
pollution source identification (AQEG 2018; Keuken
et al. 2015). UFPs, black carbon and diesel linked with
growing transportation represent an area of emerging
concern for toxicology and air quality that warrants
more attention. Note that, in Europe, a standard
(known as EURO-6 standard, see S1 for details) for
UFPs has been proposed for ignition vehicles (6
X 10" particles/km) to protect public health and
which can be considered for North America as well.
Finally, of particular concern is the fast-growing sector
of freight transport especially the heavy-duty diesel
vehicles. From 1990 to 2015, heavy-duty diesel trucks
and rail emissions increased by a factor of 2.7 times
(ECCC 2017). A heavy-duty diesel truck or bus exhibits
particle number emission factors that are one of two
orders of magnitude larger than a typical petrol car
(Morawska et al. 2008 and references therein).

Air quality in the vicinity of airports and aircraft
emissions

The air travel sector is continuing to experience the
fastest growth among all modes of transport.
Historically, across the world from 1992 to 2005,
an increase of passengers of 5.2% per year has
been registered (Fleuti 2008; Lee et al. 2009).
According to the latest ICAO’s forecasts (using
the year 2015 as a baseline), global passenger traffic
will grow at 4.3% percent annually from 2015 to
2035 (https://www.icao.int/sustainability/Pages/eap-
fp-forecast-scheduled-passenger-traffic.aspx) mainly
driven by the developing economies and globaliza-
tion (Masiol and Harrison 2014 and references
therein). Furthermore, an increase in aircraft age
and traveled distance is also expected (ACI 2016)
which also will contribute to emission increase
(Lopes et al. 2019).

Airports have been known for a long time as sources
of noise but recently also of poor air quality (Hsu et al.
2013; Hudda et al. 2014; Kukken et al. 2015; Rahim,
Pal, and Ariya 2019; Touri et al. 2013). Although NO,
emissions have been reduced in aviation from 1997 to
2003 (a decrease of 40%), airports have been shown to
contribute significantly to anthropogenic UFP emission
in the apron and area surrounding airport (Kumar et al.
2013; Touri et al. 2013). Recently, Rahim, Pal, and
Ariya (2019) have demonstrated that pollution by
nanoparticles containing trace metals (e.g., Fe, Al, Zn,
Ni) was found at higher number concentrations than
expected at Pierre E.-Trudeau airport in Montreal (note


https://www.icao.int/sustainability/Pages/eap-fp-forecast-scheduled-passenger-traffic.aspx
https://www.icao.int/sustainability/Pages/eap-fp-forecast-scheduled-passenger-traffic.aspx

360 A. ROBICHAUD

that Ni is a highly prioritized emerging pollutant in
Table 2). Metal presence is mostly due to 1) fuel impu-
rities, and 2) corrosion of mechanical components of
engines (Masiol and Harrison 2015). Secondary organic
aerosols is also a product of aircraft exhaust and mostly
dominate the PM component at low thrust while sulfate
becomes dominant at higher power (Masiol and
Harrison, 2015 and references therein). Aircraft emit
NO,, SOy, CO, CO,, sulfates, hydrocarbons, lead, and
black carbon (IPCC 1999), ultrafine particles with
nanometals (Masiol et al. 2015; Rahim, Pal, and Ariya
2019 and reference therein) as well as other CEPs
mentioned above. At airports, naphthalene could
reach high levels due to jet aircraft exhaust (Touri
et al. 2013). Note that most of CEPs in Table 2 are
also emitted by jet aircraft exhaust in significant
amounts (Masiol and Harrison 2015).

Direct measurements of turbojets emissions have
shown that UFPs are of two types: nonvolatile black
carbon and nucleated sulfurous particles (Petzold et al.
2011). Particles emitted from aircraft engines are
described by a bi-modal distribution with a size emission
peaking in the nucleation mode at 10-20 nm (Keuken
et al. 2015) and another mode between 30 and 100nm
(US/EPA 2019) with higher particle counts compared to
emission from diesel engines (AQEG 2018; Winther et al.
2015). UFPs around airports were also found much
higher than previously believed (Hsu et al. 2013; Hudda
et al. 2014; Keuken et al. 2015; Lopes et al. 2019; Rahim,
Pal, and Ariya 2019; Weichenthal et al. 2016). Several
studies across the world have identified that airports are
hotspots of air pollution (Westerdahl et al. 2008; Rahim,
Pal, and Ariya 2019; Touri et al. 2013), more specifically of
PAHs (Touri et al. 2013 and references therein) and UFPs
(among others Hudda et al. 2014 in Los Angeles, USA;
Hofman et al. 2016; Keuken et al. 2015 for Amsterdam,
Netherlands; Weichenthal et al. 2016 in Toronto, Canada;
Lopes et al. 2019 for Lisbon, Portugal,; Rahim, Pal, and
Ariya 2019 in Montreal, Canada). These studies also
indicate that UFPs concentration are higher downwind
of the airport. First, Hudda et al. (2014) using a mobile
monitoring approach detected up to 4-5 fold increase at
distances 8-10 km downwind of Los Angeles airport.
Similarly, in Europe, Keuken et al. (2015) made measure-
ments at a site located 7 km of Schipol airport and when
the wind direction was from the airport, a threefold
increase of UFP number was observed. Other researchers
(Riley et al. 2016 in USA; Lopes et al. 2019 in Portugal)
have confirmed these results. Westerdahl et al. (2008)
computed that between different sites (upwind vs. down-
wind) at the Los Angeles airport differences could be up
to about a 100-fold increase in particle counts, a 134-fold

increase in NO,, and a 12-fold increase in black carbon
(900 m behind the plume of a jumbo jet taking off). Other
studies in North America include Weichenthal et al.
(2016) using mobile monitoring and land-use regression
model suggest a similar issue of UFPs hotspot in the
vicinity of the Lester B. Pearson airport in Toronto
(Canada). In addition, in the Montreal region, nanopar-
ticles measured at or near airports are an order of magni-
tude higher than anywhere else including downtown
(Rahim, Pal, and Ariya 2019). Similarly, Lopes et al.
(2019) found that 10-min means of particle counting
increased 18-26 fold at locations near the airport, and
fourfold at locations up to 1 km distance to the airport.
Note that airport emissions include not only aircraft
engine exhaust, but also ground vehicles and power
units (Unal et al. 2005). Collectively, all these studies
leave no doubt about the need for more monitoring and
modeling of UFPs at or near airports and to better char-
acterize emission inventories at airports.

Air pollution emissions from the aviation sector
have been subjected to less rigorous control than road
traffic emissions (AQEG 2018; Harrison, Masiol, and
Vardoulakis 2015). Lead and sulfur have been largely
removed from fossil fuels in many sectors (e.g., terres-
trial vehicles) but not for aviation (piston-powered or
jet exhaust) (AQEG 2018; Clark 2014; EPA 2012;
Masiol and Harrison 2015; Winther et al. 2015). For
example, the upper limit of sulfur content typically
allowed in kerosene is 3000 ppm versus 10 ppm in
car gasoline (Masiol and Harrison 2015).

Current engine emissions control and emission fac-
tors (described in ICAO 1993) remain largely uncer-
tain. For example, black carbon is measured using
a metric called the “smoke number” which has been
shown to largely underestimate (by a factor 3 to 10) the
real emission rate from most jet engines. A new method
has been proposed by ICAO, called FOA3 but Stettler
et al. (2013) have shown that it still underestimates
significantly black carbon emission for jet aircrafts.
The authors developed a new method called FOX to
properly account for hydrocarbons emissions from air-
craft. However, there is no indication of whether or not
emission factors are being revised in the ICAO engine
database suggesting a current underestimation of air-
craft emissions.

No clear regulation and no routine monitoring exists
on aircraft exhaust emissions at the current time at
airport sites although ICAO (International Civil
Aviation Organization) has provided standards for
emissions of NOx, CO, hydrocarbons and smoke for
landing and takeoff (ICAO 1993). However, recent
literature (as mentioned above) shows that non-



regulated pollutants (including UFPs) are found in
excess of safe limits at or near airports. One of the
cause, according to Lee and Mo (2011), is that the
aviation industry did not actively invest in truly inno-
vative energy-saving technologies in aircraft systems.
Most fuel efficiency improvements occurred before
1995 (related to the introduction of high bypass turbo-
fan engines). According to Fleuti (2008), airports
should be scrutinized for the accountability of air emis-
sions contributions to the local and regional air quality.
Many researchers (Hudda et al. 2014; Masiol and
Harrison 2014; Rahim, Pal, and Ariya 2019; Touri
et al. 2013) recommend further environmental studies
close to the airport to evaluate the fate of nanosize
particles and other pollutants and health impact.
More specifically, exposure studies combining disper-
sion models and population distribution are recom-
mended (such as the study of Keuken et al. 2015) to
get a better understanding on the potential impacts on
the health of UFPs associated with airport activities.
Simple measures could be adopted to reduce concen-
trations of CEPs related to aviation. Moore et al. (2015)
found that reducing the aromatic and sulfur content of
jet fuel to near zero-values results in roughly a 10-fold
decrease in aerosol number emitted per kilogram of
fuel burned. Note that the use of biofuels can reduce
about 50-70% of particle concentration number
(Moore et al. 2017) which is another viable option.
Ambient air quality standards do not exist for CEPs
in North America; therefore, they are not taken into
account in current airport operations and planning.
However, future airport-related planning and develop-
ment should address CEPs exposures to communities
around the airport especially those who are downwind
of a particular airport (AQEG 2018). Aircraft emissions
produce significant unburned hydrocarbons particles
but ICAO (1993) only refers to a lump sum of all
hydrocarbons, which creates a significant gap of knowl-
edge for emission inventories and on health impacts
from the aviation sector (Masiol and Harrison 2015).
Kerosene-based fuels have the potential to cause acute
or persistent neurotoxic effects. However, scientific evi-
dence is still lacking concerning the real health impact
(Masiol and Harrison 2015). Most studies highlight the
knowledge gaps about AQ near and at airports (emis-
sion inventory, chemical composition) with exposure to
population, workers, and travelers. Masiol and
Harrison (2015) have identified several gaps and
sciences issues related to airport activities: 1) emission
inventories at airports, 2) quantification of ozone pre-
cursors, 3) standardization of procedures for measure-
ment of exhaust for regulatory purposes, 4) chemical
and physical characterization of PM, 5) role of plumes
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aging on PM mass and composition, 6) assessment of
health effects, and 7) identification of tracers for airport
pollution sources.

Oil and gas development: ethane, propane and
toluene as a tracer of emission sources and proxies
for many CEPs

Another important issue in Canada (as well as in the rest
of North America) is the fast development of unconven-
tional oil and gas (especially hydraulic fracturing) which
has raised concerns on the impact on the environment
and on public health (Costa et al. 2017). Hydraulic frac-
turing and oil gas development occurs mostly in western
provinces of Canada since a moratorium has been
imposed in the province of Québec, in most of the
Atlantic provinces and Yukon. It has been found difficult
to correctly monitor air pollution near and over oil and
gas development sites and evaluate their impacts for var-
ious reasons: 1) monitoring is costly, 2) sampling must
take place over a long period to establish robust results, 3)
emissions sources are located over private industrial
properties and obtaining authorizations to monitor and
at appropriate time is not guaranteed (Costa et al. 2017;
Richardson and Ternes 2018 and references therein).
Many studies have described in details the operations
and associated pollution of oil and gas activities. The
goal of this section is to identify the best pollution trackers
of unconventional oil and gas development (HF and oil
sands) which could somehow increase our knowledge and
reduce uncertainties with respect to fugitive emissions.
This aspect has been little addressed in the current
literature.

Hydraulic fracturing (HF)

The past decade or so has seen a continued growth in
the number of environmental studies on HF, with
many addressing potential risks to the environment
and health (Costa et al. 2017 and references therein).
According to numerous authors (see the Special Issue
in the Environmental Science and Technology Journal
on HF; Sept. 2014), shale gas exploitation has been
found to reduce CO, emissions (as compared to coal-
burning) but this gain could be offset by many factors
associated with HF such as: 1) increasing energy use is
actually slowing down the development of renewable
sources of energy (due to lower price associated with
HF), and 2) the emissions of fugitive methane and
ozone precursors is more than previously thought
(Small et al. 2014). The major contaminants associated
with hydraulic fracturing are benzene, toluene, ethyl-
benzene, xylene, NO,, methane, ethane, and propane
all of them having serious health impacts (www.psr.
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org) and contribute to ozone formation (and therefore
to climate warming). Moreover, air toxins, and parti-
culate matter are emitted from flaring, compressors,
and engines. Health impacts are largely unknown
from this rapidly developing industry. Among the few
studies, one covering 128,862 births in rural Colorado
found that congenital heart defects and neural tube
deficits were associated to the HF pollution
(McKenzie et al. 2014).

Vengosh, Mitch, and McKenzie (2017), based on
a review over 100 scientific papers, concluded that
a major environmental priority related to HF is the
quantification of fugitive methane emissions (which is
often underestimated by a factor 10-40). Hydraulic
fracturing technique exploits tight or low-porosity
rock formation gas and oil deposits and consists of
the high-pressure injection of millions of gallons of
water with the addition of surfactants, sand, and che-
micals (such as biocides) deep into the ground to frac-
ture shales and extract natural gas or oil. Most HF
development originally occurred in the U.S. with
more than 7000 shale gas wells in Pennsylvania alone.
However, HF is now quickly expanding to other coun-
tries (Richardson and Ternes 2018). In Canada, more
than 175,000 wells have been horizontally fractured
safely for gas or oil so far in the past 60 years, primarily
in the western provinces (https://canada.chevron.com/
environment/hydraulic-fracturing).

It is reported that fugitive emissions occur from HF
(ethane, propane, methane, etc.) and that the ethane
and propane increase in North America has been
attributed to this industry, which has contributed to
increase background tropospheric ozone in the western
part of the U.S. (Dalsgren et al. 2018; NAS 2016) and
likely in Western Canada (as reported by Robichaud
and Ménard 2014; their table 5e shows an upward trend
for all the percentiles up to the 95™). Moreover,
methane is the second greenhouse gas in terms of
radiative forcing and is 25 times more effective per
molecule than carbon dioxide at 100-yr timescale
(Lelielveld, Crutzen, and Dentener 1998). Methane is
also a precursor of ozone and contributes to strato-
spheric water vapor and therefore has also an indirect
influence on climate forcing. Air quality models
(AQM) do not predict well-peak episodes in western
rural areas in the U.S. due to the rapid development of
this sector (NAS 2016 and references therein) and
underestimation of HF emissions (Vengosh, Mitch,
and McKenzie 2017). This phenomenon occurs espe-
cially in winter since ozone production is most sensitive
to VOC emission during this season with several ozone
precursors related to HF such as ethane, propane, and
methane (Adgate, Goldstein, and McKenzie 2014). The

ethane upward trend for atmospheric concentrations
which has been noted over the past decade or so in
North America matches the upward trend (2.9-4.7%
per year) of ethane emissions (https://nar.ucar.edu/
2015/acom/d2-ethane-emissions-inventory; Helmig
et al. 2016). Although ethane and propane are non-
carcinogenic and have low toxicity (https://toxnet.nlm.
nih.gov), it turns out to that they seem perfect candi-
date for monitoring HF emissions (including methane)
and may serve as proxies for a large basin of emerging
pollutants since they are strongly correlated with many
CEPs (see correlation matrix in Simpson et al. 2010).
They are the longest-lived non-methane hydrocarbon,
contributes to ozone formation, and are also precursors
of aerosols (Seinfeld and Pandis 2006). Satellite total
column measurements (from OMI) are available from
satellite retrievals and show a global increase of ethane
since 2009 (Franco et al. 2016). One sink of both ethane
and methane is OH. Therefore, the fact that ethane is
being underestimated in emission inventory has an
impact on AQMs by producing underestimate OH
which, in turn, impacts methane (Dalsgren et al.
2018). New studies done with AQMs have shown that
ethane (and also propane) emissions has been under-
estimated by 50% and even more which in turns leads
to underestimating methane by 0.5-0.7% in models.
Since methane accumulates in the atmosphere (lifetime
of about 12 years), this would give model long-term
biases. Moreover, tropospheric ozone is also underesti-
mated in AQMs by up to 5-13% due to ethane and
propane underestimation in emission inventories
(Dalsoren et al. 2018; Helmig et al. 2016). Monitoring
ethane and propane correctly is a key to better under-
stand the impact of HF on the atmospheric chemistry.
Ethane and propane affect the formation and loss of
many pollutants and greenhouse gases and also of
aerosols (Dalsgren et al. 2018; Helmig et al. 2016).
They are also among the most abundant VOC in the
urban environment (e.g., Table 3a). While ethane and
methane share the same sources of emission, methane
has a long lifetime and is well-mixed and it is hard to
identify its emission sources whereas ethane and pro-
pane sources are easier to trace back (Dalseren et al.
2018). There is a lot of uncertainty on the methane
leakage from HF sources (Costa et al. 2017) and ethane
and propane monitoring (as “methane tracker”) could
help to diminish uncertainties on methane emissions
due to HF (Dalsoren et al. 2018). Moreover, ethane and
propane affect the formation and loss of several other
air pollutants and greenhouse gases. Since models tend
to underestimate ethane and propane in the Northern
Hemisphere (NAS 2016), it is important to adequately
monitor ethane and propane for model verification and
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data assimilation purposes and to reduce overall uncer-
tainty related to HF.

Alberta oil sands

Canada has the third-largest oil reserves in the world
with 97% of its reserves located in the oil sands (www.
canadasoilsands.ca). Published articles on the monitor-
ing of emerging pollutants are limited concerning oil
sands. Canadian studies tend to discuss monitoring
over oil sands in terms of regulated pollutants
(McLinden et al. 2016; Sioris et al. 2018). Among
other interesting Simpson et al. (2010, 2013) showed
that clear statistical enhancements of concentrations
occurred compared to local background values (see
definition in S1 for background) from 1.9 up to 397
times for ethane and n-Heptane, respectively. Emission
of BTEX (benzene, toluene, ethylbenzene, and xylene)
and PAHs compounds are also often present in asso-
ciation with gas and oil development but only few
reports are available. Measurements have shown that
BTEX compounds were in excess from 7 up to 181
times the background over oil sands (Simpson et al.
2010). Toluene is considered as one of the key critical
emerging pollutants in this review (see Table 1) and
turnout to be a good proxy for benzene, ethylbenzene,
and xylene (mostly carcinogenic chemicals) since the
coefficient of correlation of toluene with many toxics is
often greater than 0.9 (Simpson et al. 2010). Note that
1,3-butadiene (high priority in Table 2) was found in
excess of more than 100 times over the oil sands region
(Simpson et al. 2013). Propane is also a good proxy for
tracking oil and gas emissions of emerging chemical
compounds with a high coefficient of correlation (R >
0.7) for a majority of compounds sampled by Simpson
et al. (2010) over Alberta oil sands. Since toluene,
ethane, and propane are the key to monitor unconven-
tional oil and gas development (oil sands and HF pol-
lution tracker), it is suggested to focus more and
improve the monitoring of these compounds near oil
sands. Comprehensive studies have been achieved by
Canadian researchers who have demonstrated that
many pollutants such as secondary organic aerosols
(Liggio et al. 2016), gaseous organic acids (Liggio
et al. 2017) and carbon dioxide (Liggio et al. 2019)
may be underestimated for oil sands region of
Alberta, Canada suggesting the need for enhanced
monitoring, modeling, and emissions characterization
of oil sands activity and associated emerging pollutants.
Finally, it is worth mentioning the study of Makar et al.
(2018) who estimated, using a high-resolution regional
model (GEM-MACH), the impact of oil sands in acid-
ification of ecosystems in western Canada and found
that the ecosystem damage (using 2013 emissions)
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would potentially occur over a large region (the spatial
extent in exceedance of critical loads varied between 1
x 10* and 3.3 x 10° km?).

Excess of ammonia (NHs) increasing worldwide

Another critical rising issue is ammonia. The central
role of ammonia in environmental problems is now
becoming widely recognized. Gaseous ammonia reacts
with sulfuric acid or nitric acid and contribute to the
acidification, eutrophication and also affects biodiver-
sity (Erisman et al. 2007; LRTAP 2016). Increase of
ammonia (NH;) in the environment is considered as
a worldwide critical emerging issue (Galloway et al.
2008). Excess of ammonia could be very detrimental
to the environment (as a nitrogenous waste) being
partly responsible for the recent rapid eutrophication
of lakes and coastal waters (Callisto, Molozzi, and
Etham 2014; Erisman et al. 2007). Galloway et al.
(2008) reports that increasing ammonia emissions
combined with the pervasive inefficiencies in use
could have unknown consequences on the nitrogen
cycle. In Canada, ammonia emissions have increased
by about 20% since during the period 1990-2016
according to NPRI (https://www.canada.ca/en/environ
ment-climate-change/services/environmental-indica
tors/air-pollutant-emissions.html). Ammonia dispersed
in the environment mainly originates from agricultural
processes (e.g., livestock farming and fertilization), soil,
and fossil fuel combustion (Buijsman, Mass, and
Asman 1987). From a public health perspective, inhala-
tion of ammonia can also cause bronchoconstriction
and asthma on human and animal (Portejoie,
Martinez, and Landmann 2002) and is also unpleasant
with its pungent odor. Ammonia is globally increasing
with the highest ammonia emissions produced in
northern India and southeastern China (Van Damme
et al. 2018). Global ammonia emissions from agricul-
ture are projected to increase strongly in the future due
to population growth (which needs more and more
food) and increasing demand for biofuels. Ammonia
contributes to nitrous oxide formation and may affect
global warming (Hopfner et al. 2016). For example,
biofuels production from corn in US or from sugar
cane in Brazil is producing a rise in N,O emissions
and ozone (two powerful greenhouse gases) that could
cancel out any CO, savings (Crutzen et al. 2008;
Galloway et al. 2008 and references therein).
According to Huang et al. (2014), oxidation of ammo-
nium in an intensively managed agricultural soils could
be responsible to nearly half of N,O emissions to the
atmosphere (a greenhouse gas with 298 times the
potential of that of carbon dioxide). Ammonia is also
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a precursor gas that can react in the atmosphere to
produce particulate matter (PM) such as ammonium
nitrate (NH4,NO;), ammonium sulfate ((NH,4),SOy),
and ammonium hydrogen sulfate (NH,HSO,).
Particles of ammonium salts can also attach to each
other to form aerosol particles acting as condensation
nuclei in cloud formation (Hopfner et al. 2016).

As of 2014, about 88% of the ammonia produced
worldwide was used as fertilizers. Worldwide produc-
tion of NH; is on the rise as shown in Figure 2.
Roughly 60-85% of NH; emissions in the United
States are estimated to be associated from agricultural
sources. Half of the industrial ammonia production is
eventually lost to the environment with significant
impacts on ecosystems (Erisman et al. 2007; Hopfner
et al. 2016). Note, however, that part of the ammonia
atmospheric gaseous current rise is associated with the
decrease of the main reactive agents (NOy and SO,).
Satellite observations suggest a significant increase of
about 30% in tropospheric gas-phase NH; in North
China during 2008-2016. However, the estimated
NH; emissions decreased slightly by 7% in the same
area (mostly due to changes in agricultural practices).
During the same time, emissions of SO, have rapidly
declined by about 60% during the same time. By inte-
grating measurements from ground and satellite,
a long-term anthropogenic NHj emission inventory,
and chemical transport model simulations, Liu et al.
(2018) found that large SO, emission reduction is
responsible for the NH; increase over the North
China Plain (due to less ammonium sulfate formation).
Similarly, Chan, Gantt, and McDow (2018) have shown
that the reduction of sulfates have produced a switch to
winter PM, 5 concentration maxima in the United
States now dominated by nitrate aerosols (instead of

sulfates). This illustrates the difficulty of managing air
quality since reducing a regulated pollutant can pro-
duce another one to emerge and produce new kinds of
problem. That also suggests that no single strategy will
work to reduce the adverse impact of excess nitrogen in
the environment.

The satellite IASI interferometer developed by the
Center National d’Etudes Spatiales (CNES) has
recently identified previously undetected sources of
ammonia. Van Damme et al. (2018) were able to
catalog 248 ammonia sources, two-thirds of which
had previously never been identified. Since an
increase in fertilizer use through increasing demands
for food and biofuels is expected, better management
of ammonia or abatement is necessary (Erisman et al.
2007). According to Van Damme et al. (2018),
EDGAR emission inventory should be wupdated.
Although it agrees with TASI, it underestimates global
ammonia by an order of magnitude in 66% of the
time.

This is not surprising since agriculture is expanding
and new cars emit more ammonia than before related
to the fact that new vehicles are equipped with a three-
way catalytic converter (Liu et al. 2014). Recently,
a study monitoring urban concentrations showed levels
of ammonia three times higher near-road compared to
a site located in the urban background (SOCAAR
2019). This indicates that ammonia emission from the
transportation sector might have been underestimated
before since most of the monitoring sites are not based
on near-road monitoring.

A network for measurement of ammonia has been
set in US (AMoN). In Canada, a mapping algorithm for
ammonia has been formulated by researchers using
satellite data (Shephard and Cady-Pereira 2015) or
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Figure 2. Worldwide production of ammonia (1998-2017). Raw data obtained from. Raw data obtained from https://www.usgs.gov/

centers/nmic/mineral-commodity-summaries
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using surface model-data fusion (Cole et al. 2018;
Robichaud et al. 2018). Improved monitoring and man-
agement of ammonia is required to slow down eutro-
phication which is a very significant deterioration of
the environment which is evolving rapidly across
Canada and the rest of the world. Understanding better
the emissions, transport, and fate of ammonia under
various meteorological conditions (such as the study of
Moravek et al. 2019; Wentworth et al. 2016) is neces-
sary given the large impact of excess of ammonia on the
environment.

Impact of climate change and population
growth

In this final section, we briefly discuss how climate
change and population growth exacerbate CEPs and
critical emerging issues discussed above. First, due to
an increase in temperature and frequency of droughts
in some places and an increase of precipitation in other
locations (IPCC 2013), several emerging issues (includ-
ing those discussed above) could be significantly exa-
cerbated. For example, increasing surface water
temperature and precipitation (due to more intense
storms washing out more chemicals into the water-
ways) combined with increasing nitrogenous waste
lost in the environment (due to ammonia emission
increase among others) will likely accelerate eutrophi-
cation in the future (Callisto, Molozzi, and Etham
2014). Given both increase of population and climate
change, it is important to review agricultural practices
in order to reduce the loss of ammonia in the environ-
ment (Galloway et al. 2008). For example, about 25% of
the lakes in the province of Quebec (renowned for the
abundance and purity of its lakes) have been categor-
ized with various degrees of eutrophication due to
agricultural practices (http://www.environnement.
gouv.qc.ca/rapportsurleau/cartes/GR12_C03_Lac.htm).
Climate change is also affecting many other parts of
ecosystems such as biological aerosol concentrations
(pollen, bacteria, and fungal spores). The latter are
expected to increase as well due to the higher fertiliza-
tion effect of CO, and increasing temperature that both
favor plant growth, increase the length of the growing
season and the associated biological emissions
(D’Amato et al. 2015; Garneau et al. 2005). In general,
climate change worsens respiratory health (NRDC
2015) and allergy problems (D’Amato et al. 2015). For
example, ragweed plants have been shown to grow
bigger, produce more pollen and extend their season
under higher temperature and CO,. Ozone occurrence
and ragweed are both likely to increase under climate
change affecting the more allergic population (EPA
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2008; NRDC 2015 and references therein). Birch pollen
has been shown to be more allergenic under higher
temperature (Ahlholm, Helander, and Savolainen
1998). Increase of biogenic emissions (such as isoprene
and terpene precursors of secondary organic aerosols)
which depends on temperature and other environmen-
tal parameters are also expected to affect photochem-
istry (e.g., formaldehyde, see Zhu et al. 2017b).

Other connection with climate change and the emer-
ging issue discussed here include the ozone-climate
penalty (see definition in Suppl. Material S1) and
increase of wildfires (producing more CO, CO,, fine
particles, and other related pollutants) which can, in
turn, reinforce climate warming. Since air quality, cli-
mate change and population growth are connected,
better mitigation strategies and interdisciplinary studies
will be needed (Fiore, Vaishali, and Leibensperger
2015) especially in a context of increasing heat-urban
island effects making some megacities more sensitive to
climate change (Parrish et al. 2011 and references
therein; Fiore, Vaishali, and Leibensperger 2015). Due
to global warming, some existing pollutants sensitive to
air temperature such as ground-level ozone and some
other photochemical compounds could start increasing
again due to increasing temperature, frequency and
intensity of droughts and enhance peak ozone episodes,
which have stabilized or decreased over the past dec-
ades (Jaffe and Zhang 2017). For example, Reid, Yap,
and Bloxam (2008) have estimated that the background
ozone is increasing at a rate of 0.3 to 0.5 ppb per year
while ozone concentration peaks are diminishing in
North America (see Robichaud and Ménard 2014).
The full description of the problem of reemerging
ozone and other climate-sensitive chemical compounds
is not part of the scope of this work and will be
discussed in more details in a future publication.

Discussion and conclusion

Emerging contaminants often linked with new technol-
ogies reach the atmospheric environment from various
anthropogenic sources and affect public health and
other components of the environment. The aim of
this manuscript is to provide a critical overview of
knowledge around critical emerging pollutants and air
quality issues. The document proposes a methodology
for filtering lists of pollutants to select the critical
emerging pollutants (see Figure 1). This manuscript
also discusses selected emerging air quality issues,
many of which are related to emerging pollutants.
Note that the results of selected pollutants overall
agree with the work of Galarneau et al. (2016) and is
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also in agreement with the list of critical pollutants
ranked by ANSES (2018).

The lack of knowledge about emerging pollutants
(especially near sources; i.e. near-road and near air-
ports) may lead to erroneous conclusions concerning
their modeling, monitoring, long-term trends and geo-
graphical mapping (e.g., through data fusion or data
assimilation) and ultimately lead to inappropriate poli-
cies and regulations. It is necessary to reduce uncer-
tainties concerning 1) the real health risk that these
emerging pollutants pose on public health, 2) their
impact on atmospheric chemistry and on the environ-
ment, and 3) their long-term trends. The burden of
disease caused by air pollution shown by numerous
epidemiological studies (mostly based on regulated pol-
lutants such as ozone, NO, and PM, ;) could also be
partly caused by emerging pollutants (such as these
identified in Table 2) and their synergy with other
components of the atmosphere (including other related
pollutants, meteorological conditions, etc.). This is
important to acknowledge that fact which is not much
discussed in the current literature and which should be
clarified in future health studies. Moreover, lack of
appropriate monitoring of critical emerging pollutants
(CEPs) restricts opportunities to verify air quality mod-
els (with respect to these CEPs) and to provide an
adequate model forecast that protects public health.
At the current moment, air quality forecasts and air
quality indices only exist for regulated pollutants, which
may not allow a full protection to the public against
CEPs. For example, policies and actions to control or
mitigate the impact of PM, s and PM;, will not neces-
sarily work for UFPs (AQEG 2018; de Jesus et al. 2019).

The evolution of scientific knowledge and growing
sources of emissions contributes to the identification of
new toxic effects on health and/or on the environment.
Despite scientific uncertainties, additional research,
monitoring, and modeling of the CEPs and emerging
issues discussed in this article would be in agreement
with the “precautionary principle” (CEPA 1999) for
guiding actions to protect the environment and health.
The co-benefits of action on these CEPs and emerging
issues include impacts on climate change (i.e., reduc-
tion of black carbon, tropospheric ozone, and methane;
Fuller et al. 2018), as well as on existing environmental
issues (i.e., eutrophication and acidification).

There are numerous gaps in knowledge about criti-
cal emerging pollutants and critical emerging issues.
These include:

(1) the physical characterization of many CEPs
(emission, transport, deposition in the
environment),

(2) the chemical composition and size distribu-
tion of UFPs, BC, and diesel in different
environments which has been under-studied
(important from the perspective of source
appointment and health studies),

(3) emission factors and emission inventory for
UFPs or other CEPs are more uncertain than
for regulated pollutants (such as PM,s and
PMjo) especially in the context of rapidly
developing technology (HF and oil sands)
but also for growing industries (such as avia-
tion, on-road freight transportation),

(4) the specification of adequate monitoring pro-
tocols for some CEPS (e.g., ultrafine particles,
acrolein) which could improve the capability
to better monitor and forecast air quality,

(5) the identification of the uncertainty and the
role of CEPs on the burden of disease (gap in
knowledge due to the lack of measurements
and exposure data of CEPs). This represents
a challenge especially for UFPs which have
a high spatio-temporal variation in their
concentrations,

(6) the characterization of ecological effects of
emerging issues on the impact on the global
environment (e.g., ammonia),

(7) the understanding of the synergy between
CEPs (including bioaerosols) and other pollu-
tants on its impact on health and the
environment,

(8) uncertainty about background values of CEPs
(which are either missing or highly uncertain)
and long-term trends of CEPs especially near
sources (near-road, airports, maritime ports,
industries),

(9) poorly quantified emissions of ammonia and
methane (emerging issues)

(10) uncertainty of the local level of exposure of
CEPs on the population (e.g., UFPs, arsenic,
etc.) which requires adequate monitoring
especially near-road, near industries and near
airports,

(11) code of good practices to mitigate the impact
of many CEPs (e.g., reducing sulfur content in
the aviation sector, better agriculture, and oil
and gas practices).

No federal standards exist for air toxics in Canada
(Galarneau et al. 2016). However, several provinces
have set-up guidelines for many toxic compounds but
they tend to be inconsistent from one province to
another. Variation of up to two order of magnitudes
exist for 24 h and 1-year period (Table 4). For example,



Table 4. Selected provincial guidelines with a factor of varia-
bility across provinces.

1 year
Compounds 24hr guideline guideline Variability
acrylonitrile - (0.12 Ontario) 100
(12 Quebec)
butadiene - (2 Ontario) 6.67
(0.3 Quebec)
ethylene oxide - (0.04 Ontario) 80
(0.0005
Quebec)
toluene (400 Alberta) - 5
(2000 Ontario)
trichloroethylene - (2.3 Ontario) 5.75
(0.4 Quebec)
arsenic (0.3 Manitoba) (0.01 Alberta) 1 (24 hr)/3.33 (yr)
compounds (0.3 Ontario) (0.003 Quebec)
cadmium (2 Manitoba)  (0.05 Ontario) 80 (24 hr)/1.39 (yr)
(0.025 Ontario) (0.036 Quebec)
manganese - (0.2 Alberta) 8

(0.025 Quebec)

for acrylonitrile, the standard is 0.12 pug/m’ (1 year) in
Ontario and 12 pg/m’ in Quebec (a difference of 100
times). For butadiene, a factor of 6.67 difference exists
between the two provinces (2.0 pug/m’ in Ontario, 0.3
ug/m’ in Quebec) but up to two order of magnitude
higher than the European toxicological reference value
of 0.06 ug/m> (ANSES 2018). Moreover, many
Canadian provinces have no air quality standards at
all for CEPs. In addition, the NAPS monitoring net-
work measure metals at only a few industrial sites in
Canada (mostly in Western Canada). Therefore, there
is a lack in addressing industrial pollution in Canada
since it is not the mandate of NAPS to measure near
industrial sites.

The methodology adopted to rank emerging pollu-
tants was found appropriate, allows identifying and
prioritize emerging pollutants. Given the importance
of the emerging pollutants and the complexity of their
chemical, biological and physical effects, increasing
dialog with stakeholders and adopting
a multidisciplinary approach to bring together air
quality specialists, chemists, epidemiologists, toxicolo-
gists, environmental physicians and policymakers,
among others is required to reduce uncertainties
about CEPs and their related issues. Robust data on
emerging contaminants (to increase knowledge of
their fate, behavior, and environmental risk) are also
lacking and inclusion of the critical emerging pollu-
tants presented here (Table 1) should be undertaken
in air quality models (e.g., GEM-MACH in Canada).
The prioritization scheme (Figure 1) and the literature
overview presented here could be considered as
a starting point. Reducing uncertainties of air pollu-
tion would not only improve public health and miti-
gate future costs related to mortality and morbidity
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but also protect the environment, achieve sustainable
development, slow down climate change and ecosys-
tem degrading as well as to reduce environmental
injustice. On the short and on medium-term, adequate
resources are necessary to manage emerging pollu-
tants and issues to avoid further degradation of the
environment. Addressing emerging pollutants and
issues by providing new resources is not a threat to
economic development. On the contrary, it may pro-
duce massive savings in health-care costs in the long
run (Fuller et al. 2018; Lopes et al. 2019; Pinder,
Adams, and Pandis 2007; Stiglitz 2019). An integrated
air quality and greenhouse gas management plan in
a context of sustainable development is necessary
since there are many links between air quality, climate
changes and energy issues and the environment. Air
quality management faces multiple challenges (Fiore,
Vaishali, and Leibensperger 2015). For example, long-
range of transported greenhouse gases such as CH,,
which is currently not regulated, is an important
ozone precursor (Jacobson 2002). Pervasive use of
ammonia for fertilization exacerbates eutrophication
and also increase PM, s and N,O. Finally, an impor-
tant aspect about new technology in which vigilance is
needed is the increasing popularity of hybrid-diesel
vehicles. These vehicles could, in theory, save up to
30% fuel (i.e. hybrid buses). However, in a real-world
situation, an average economy of only 6% was
achieved in a case study made on Hong-Kong buses.
Moreover, although CO, emissions were decreasing,
N,O emissions (a much more powerful greenhouse
gas than CO,) were increased by four times
(Keramydas et al. 2018).

The links among air quality, climate change,
energy, and environmental issues suggest that an
integrated management plan would be the most
appropriate for addressing these interconnected
issues. This integrated approach would ensure that
efforts to reduce a specific pollutant would not then
inadvertently increase another pollutant leading to
adverse impacts on the environment or on the cli-
mate (Fiore, Vaishali, and Leibensperger 2015). An
improved understanding of the linkages between air
quality, including of the emerging pollutants and
issues, and climate is essential for informing policy
decisions. Finally, given the high level of proof
required for regulation (Grandjean and Landrigan
2006; Michaels 2008) applying the precautionary
principle is also needed in air quality management.
The science recommendations following this litera-
ture overview of emerging pollutants and issues
include:
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(1)

)

3)

(4)

©)

(6)

improved monitoring (including use of alter-
native methods such as unmanned aerial vehi-
cles, low-cost sensors, passive samplers,
proxies from satellite measurements, etc.),
modeling, and characterization of emerging
pollutants can improve understanding of
population exposure especially in the vicinity
of major airports, major roads, and industries.
Continuous VOC monitoring is particularly
important for epidemiological studies (cur-
rently VOCs are only available on an inter-
mittent basis, e.g., 24-hour samples every 3,6
or 12 days in Canada),

scrutinize more and reinforce the monitoring
and testing of emissions from the transporta-
tion sector for non-regulated pollutants such
as UFPs, black carbon, naphthalene and
others CEPs (Table 2), which may have sig-
nificant health, environmental and climate
change impacts (particularly from the aviation
sector and new technology such as GDI for
terrestrial vehicles),

reduce uncertainties to define adequate mon-
itoring protocols concerning ultrafine parti-
cles, acrolein and other artifacts in the
measurement system,

develop further land-use regression models to
help mapping emerging pollutants having
small-scale spatial gradients such as toluene,
acrolein, and UFPs. There is a clear need for
a thorough understanding of the spatio-
temporal variation of UFPs and other relevant
CEPs, giving their health impacts,

given the importance of ammonia excess on the
deterioration of the environment, better agricul-
tural practices (use of fertilizers, management of
livestock waste) and incentives to reduce nitro-
genous wastes from the agriculture sector and
wastewater discharges from municipalities
should be encouraged. Global EDGAR emission
inventory for ammonia needs to be revisited
significantly as ammonia emissions seen from
satellite (IASI instrument) are significantly
higher than in the global inventory,

develop the monitoring and modeling of bio-
logical pollution in Canada and promote the
study of the interaction between pollen and
pollutant. Characterizing bioparticles emis-
sion has been identified as a high priority by
the US National Academy of Science (NAS
2016) given its impact on air quality, public
health, and climate. Improvement of the
science to produce biaoaerosols simulation

(pollen, spores) and its relation to the pollu-
tion is desirable (since an important synergy
exist between pollen and pollution, i.e. rag-
weed and ozone; birch pollen and diesel),

(7) investigate the development of an air quality
index that includes exposure to near-road
pollution, air toxics and other CEPs (includ-
ing polluen),

(8) improve reporting of CEPs emission to
national inventories such as the National
Pollutant Release Inventory (NPRI) in
Canada. Improved accuracy and trends in
emission inventories are critical to adequately
support air quality policies and better protect
public health. Consistent accountability
mechanisms and consistent reporting require-
ments should also be improved,

(9) develop a geographical mapping of emerging
pollutants (data fusion of air quality model
and observations) to appropriately support
epidemiological studies including CEPs simi-
lar to the work of Van Donkelaar et al. (2010)
for PM, 5 and Robichaud and Ménard (2014)
for ground-level ozone and PM,; and for
other criteria air pollutants (Robichaud et al.
2016). Mobile apparatus should be prioritized
given the high spatio-temporal variability of
some CEPs (e.g., UFPs), and with near-road
monitoring enhanced (SOCAAAR 2019),

(10) continue to develop policies based on science,

(11) a better coordinated approach to optimally
meet both climate and air quality objectives
(e.g., GDI, hybrid-diesel buses, agricultural
practices, oil and gas industry, etc.) is needed.
A quantitative understanding of the climate
effects of emerging air pollutants and issues
is critical in this respect.
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