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Abstract: In cold temperatures, vehicles idle more, have high cold-start emissions including green-
house gases, and have less effective exhaust filtration systems, which can cause up to ten-fold more
harmful vehicular emissions. Only a few vehicle technologies have been tested for emissions below
−7 ◦C (20 ◦F). Four-hundred-million people living in cities with sub-zero temperatures may be
impacted. We conducted a scoping review to identify the existing knowledge about air-pollution-
related health outcomes in a cold climate, and pinpoint any research gaps. Of 1019 papers identified,
76 were selected for review. The papers described short-term health impacts associated with air
pollutants. However, most papers removed the possible direct effect of temperature on pollution and
health by adjusting for temperature. Only eight papers formally explored the modifying effect of
temperatures. Five studies identified how extreme cold and warm temperatures aggravated mor-
tality/morbidity associated with ozone, particles, and carbon-monoxide. The other three found no
health associations with tested pollutants and temperature. Additionally, in most papers, emissions
could not be attributed solely to traffic. In conclusion, evidence on the relationship between cold
temperatures, traffic-related pollution, and related health outcomes is lacking. Therefore, targeted
research is required to guide vehicle regulations, assess extreme weather-related risks in the context
of climate change, and inform public health interventions.

Keywords: traffic-related air pollution (TRAP); vehicle emissions; cold climate; vehicle cold start;
low temperatures; human health; transportation; climate change; extreme weather

1. Introduction

Outdoor air pollution has long been recognized as a threat to human health, contribut-
ing to mortality and morbidity, and it is expected to be worsened by extreme weather
events related to climate change. Several body systems are impacted, from acute short-term
outcomes to chronic long-term health effects, such as the respiratory and cardiovascular
systems, or fetal development during pregnancy [1]. The World Health Organization
declared that ambient air pollution is a significant environmental risk to health and mortal-
ity [2]. In addition, the International Agency for Research on Cancer considers outdoor air
pollution a leading environmental cause of cancer deaths [3]. In most cities, transportation
is a significant source of air pollution leading, for example, to early deaths in the US [4].

Traffic contributes to a wide range of short- and long-lived air pollutants, including
primary pollutants (particulate matter, nitrogen oxides, sulphur oxides, carbon monox-
ide, volatile organic compounds, and unburned hydrocarbons), and secondary pollutants
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(ozone, particulate matter, and secondary organic aerosols (SOA)). Transportation contribu-
tion to air pollution is from the combustion engine and vehicle tailpipe emissions, exhaust,
tire and brake wear, road resuspended dust particles, and evaporative emissions. Zero-
emission clean vehicle technologies, such as fuel cell electric vehicles and electric vehicles,
still generate wear and resuspended dust particles [5,6]. A vehicle generates emissions
when it is at the beginning of the trip (cold start emissions), during the trip (hot exhaust
and resuspended dust particles), idling, and at the end of the trip when the vehicle is
parked (evaporative emissions). All modern on-road and off-road vehicles contain exhaust
aftertreatment (i.e., filtration) systems that contribute to lowering criteria air contaminants.
However, suppose the vehicle exhaust aftertreatment system is not operating in its design
conditions (mainly temperature-related); in that case, it may emit different pollutants such
as unburned hydrocarbons and CO, or NO2 and NH3, which can contribute to public health
risks [7,8].

In addition, a cold climate adversely impacts vehicle energy consumption and green-
house gas emissions, quantified by total-cycle CO2 emissions. Zero-emission and low-
emission vehicle technologies, such as electric vehicles and plug-in hybrid electric vehi-
cles (PHEV), are not exempt. The electric range is reduced, and emissions (PHEV) are
increased [9]. There is a strong regional-dependency on battery electric vehicle (BEV)
performance (reduced electric range, increased CO2) [10,11].

The exhaust of a vehicle contains many toxic substances, for which only four main
components are regulated: carbon monoxide (CO), unburned hydrocarbons (HC), nitrogen
oxides (NOx), and particulate matter (PM). Many other classes of toxic material are included
in the four main categories, but are not measured separately. For example, HC consists
of a wide range of hydrocarbons that may consist of polycyclic aromatic hydrocarbons
(PAHs); a few are known carcinogens. NOx (i.e., NO, and NO2) has a different health
impact, and the NOx fraction may change significantly depending on vehicle technology.
PM contains sulphate and nitrate, organic matter, metals (engine lube oil and engine wear),
and black carbon. PM is an indicator of the total mass of particles emitted from the exhaust.
Still, particle size and particle number (PN) in the nano-size range are significantly more
important when new engine technologies are used. PN emission limits have only recently
been introduced in a limited European class of vehicles.

Another documented issue with vehicular emissions is that in-use emissions are signif-
icantly higher than certification limits, due to lack of maintenance, fuel and lube oil quality,
exhaust tampering, and adverse weather conditions such as cold climate. In many cases,
emissions are sacrificed for power and fuel economy [12,13]. Additionally, a cold climate
can impact vehicle emissions’ characteristics and, consequently, air quality. Reducing
harmful exhaust gas emissions in conventional vehicles relies on exhaust aftertreatment
systems, which require operating temperatures of 300 ◦C to 400 ◦C, unavailable during the
initial cold phase of vehicle operation. For example, during a cold start, the temperature of
the particulate filter is low, which is further intensified under a cold climate, since it will
take longer for the particulate filter to reach the required operating temperature [14,15].
Thus, PM emissions from the engine directly go to the environment.

Moreover, the duration of the cold phase period in a vehicle increases substantially
under cold temperatures. In cold climate cities, most urban short trips (e.g., 10–15 min)
conclude before the vehicle has reached a fully warmed-up condition. For instance, on a
cold winter day, most vehicles, after traveling a short distance to a school drop-off zone, are
still in the vehicle cold phase with the low-efficiency operation of the exhaust aftertreatment
systems.

Thus, harmful vehicular emissions drastically increase as vehicle start-up temperature
decreases [16]. In contrast, existing emission regulations only consider vehicles’ tailpipe
emission and operating temperature down to −7 ◦C [17], well above many countries’ cold
season temperatures. The −7 ◦C cold testing requirement is not even across all jurisdictions
and vehicle technologies. Hence, it is expected that engine control unit calibrations are
not tuned to maximize emission reduction below that temperature limit. Furthermore,
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the levels of air pollution in below-zero climates may also be intensified by house heating
combustion processes and meteorological conditions, such as thermal inversions, which
trap and increase pollutant levels. Thus, extreme cold (or hot) temperatures can influence
pollutant levels in the air, and their chemical mixtures [18]. These conditions may affect
public exposure to harmful vehicular emissions in cold temperatures, increasing health
risks, decreasing productivity, and impacting climate change.

A recent study on the effects of temperatures on mortality shows that cold tempera-
tures have more consequences than hot temperatures, without considering the role of air
pollution [19]. While many research studies have identified the impact of warm tempera-
tures on air pollution-related health outcomes, there is scarce evidence addressing those
links in a cold climate, i.e., below-zero and below −7 ◦C [20,21]. It is also unclear how much
further prospective emission regulations should go for the sake of air pollution and public
health, for example, considering coexisting variables such as ambient temperature [22].

This scoping review aims to map the scope and nature of the scientific literature on
the impact of a cold-weather climate on traffic-related air pollution and the resulting health
outcomes. This initiative is a collaboration between engineering and environmental health
researchers, as part of a larger project funded by Canada’s SSHRC Knowledge Synthesis
Grants in the area of “Living within the Earth’s Carrying Capacity” [23]. We aim to learn
about the breadth and depth of existing literature and identify the existing research gaps
responding to the following questions:

• What are the reported relationships between health impacts and air pollution in cold
weather (i.e., below zero ◦C temperatures)?

• Does cold weather modify the health impacts of air pollution?
• Are the health impacts of air pollution reported in cold temperature different from

those identified in warm temperature?
• Can the health effects in cold climates be directly attributed to a specific source, e.g.,

traffic?

Enhancing the understanding of the potential health risks of traffic-related air pollution
in a cold climate and disseminating the results could help identify areas of opportunity to
minimize pollution’s impact on health in cold climate countries and locations impacted by
harsh winters due to climate change. Moreover, it will support future research to fill the
identified research gaps.

2. Materials and Methods

The scoping review followed the Joanna Briggs Institute (JBI) guidelines for scoping re-
views [24], and the frameworks developed by Arksey and O’Malley and Levac et al. [25,26].
The protocol for this study has been published elsewhere [27]. Predefined inclusion and
exclusion criteria guided the search strategies and the decisions on which data sources
will be included (Table 1). The following elements of Population, Concept and Context (as
described by the JBI manual) guided the inclusion criteria:

Population: Human health outcomes with no restrictions on age or gender;
Concept: Traffic-related air pollution in cold climates;
Context: Cold climate, i.e., locations with below-zero temperatures in the cold season.

2.1. Identifying the Research Question

The scope of the inquiry was guided by the research questions to identify what is
known about the impact of cold climate on air pollution-associated health outcomes.

2.2. Identifying Relevant Studies

An initial search in several search engines was undertaken by an expert searcher
librarian (SC) to identify articles on the topic. The text words contained in the titles and
abstracts of relevant articles, and the index terms used to describe the papers, were used to
develop a complete and refined search strategy from the following search engines: OVID
Medline, Ovid EMBASE, SCOPUS, Proquest Dissertations and Theses Global, Compendex
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(Engineering Village), EBSCO Environment Complete, and PROSPERO using a controlled
vocabulary (e.g., MeSH, Emtree) and keywords representing the concepts “automobiles,”
“pollution,” “cold climate,” and “health effects.” Searches were adjusted appropriately
for different databases. Additional citations from other sources were added for screening.
Reference lists of included papers were screened for further relevant articles. Only studies
published in English (following the team’s language proficiency) for which the full text
was available until the end of 2020, were included [24].

Table 1. Inclusion and exclusion criteria.

Inclusion Exclusion

Paper characteristics
Any paper up to December 2020

Peer-reviewed (including reports)
Full text in English

Abstracts from meeting proceedings.
Not in English

Health outcomes
Human health only

Any measurable health impact, including
biomarkers of disease

Toxicology studies
Risk assessment studies

Exposure studies (i.e., chemical blood levels,
computational estimated risk)

Pollution Measurable urban outdoor air pollution

Indoor pollution
Occupational exposures

Emissions explicitly from sources other than
traffic (e.g., fire, industry).

Cold Climate

Below-zero temperatures (e.g., minimum,
average, mean, lower quartile)

Measured temperature (range or average
is indicated)

No measured temperatures provided

2.3. Study Selection

Citations were uploaded into RefWorks, and Covidence, where 517 duplicates were re-
moved. One-thousand and nineteen titles and abstracts were screened by two independent
reviewers (OW and AOV) against the inclusion criteria for the review, and irrelevant studies
were removed. The full text of 259 papers was assessed in detail against the inclusion
criteria by the reviewers. One-hundred and eighty-six papers were excluded. Reasons for
exclusion included: no data on temperatures; outdoor pollution levels or health outcomes;
temperature levels reported were above zero; occupational or toxicological studies; not in
English; not peer-reviewed; or the full text was not available (e.g., meeting proceedings,
abstracts). Four relevant papers were added through a snowball methodology. Any dis-
agreements that arose between the reviewers at each stage of the selection process were
resolved through discussion. The different phases of the search and the results can be seen
in a PRISMA flow diagram [28] (Figure 1).

2.4. Charting the Data

Using a data extraction form developed by OW and AOV, data were extracted from
the included papers (OW) and verified by a second reviewer (AOV). Data extraction
categories were modified and revised as necessary during each included study’s iterative
data extraction process. The data extracted included specific details on:

• Paper characteristics (authors, the years studied and published, study location);
• The participants (population studied);
• Concept (air pollution sources and assessment, pollutant studied and reported levels,

health outcomes explored);
• Context (temperature values and seasons studied);
• Study design and methodology (methods, confounders, lag time);
• Key findings relevant to the review questions as declared by the authors of the papers.
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2.5. Collating, Summarizing, and Reporting the Results

Data Analysis was conducted by two reviewers (OW and AOV). In addition, regu-
lar consultations took place throughout the iterative process of data extraction, collation,
and analysis with the larger interdisciplinary team. The diverse composition of the au-
thors’ team provided various perspectives on the topic, input, and guidance towards the
subsequent phases of the literature review and helped identify the literature gaps. The
findings are presented through qualitative descriptions, summary tables, and figures to
map the data.

3. Results

We included 76 out of 1536 publications for the final evaluation, investigating the
health impacts of air pollution in cold climate countries (Figure 1). A summary of the
details of all identified papers is provided in Table S1.

The identified papers were published between 1996–2020, studying various time
frames—the earliest from 1985 and the latest from 2016. Our search included all cold
climate regions or countries. However, we identified studies only from the following
countries: thirty-seven papers from North America (Canada n = 24, USA n = 13); twenty-
three papers from Europe (UK n = 5, Germany n = 4, Sweden n = 4, Iceland n = 2, the
Netherlands n = 2, one from each of the following countries, Croatia, Denmark, Lithuania,
Norway, and Spain and one that explored several European cities); and sixteen papers from
Asia. Sixty-six papers focused on the associations between air pollution and health (in this
context, associations refer to a statistical relationship between an independent variable,
i.e., air pollution in a cold climate and dependent one, i.e., health outcomes). Another ten
articles focused on the effect of temperature on health outcomes.

The papers included several study designs, including time series, case-cross-over,
comparative research, and ecological. Moreover, the studies used various methodologies
and statistical approaches such as generalized linear mixed models, additive Poisson
regression models, or general additive models.

Besides controlling for temperature in those papers that focused on the impact of air
pollution, or controlling for air pollution in those exploring the temperature effects on
health, many other confounders were included (e.g., SES, smoking) (Table S1). Sixty-one
papers investigated lag effects of more than one day in their analysis. Only two papers
explored longer-term outcomes (i.e., whole pregnancy or season in the following year).
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3.1. Health Outcomes

The reviewed studies explored associations of one or several health outcomes with
air pollution in a cold climate. Morbidity and mortality related to respiratory and car-
diovascular effects were the most analyzed health outcomes. Specific health outcomes
studied include the following: all-cause cardiovascular and respiratory mortality (n = 16),
various respiratory diseases (COPD, asthma, bronchitis, nasal symptoms, wheeze, allergic
sensitization) (n = 16), cardiovascular diseases (myocardial infarction, stroke, arrhythmia,
cardiac autonomic function, acute coronary syndrome, ischemic heart disease) (n = 13), and
mental health (depression, suicide attempts, substance use, various) (n = 7). In addition,
other papers studied several health outcomes, including headaches, migraines, rheumatoid
arthritis, abdominal pain, chest pain and weakness, conjunctivitis, epistaxis, appendicitis,
birth outcomes, otitis media, collection of symptoms, ED admission, ambulance dispatches
for various reasons, and testing of biomarkers of disease (glucose metabolism, systemic
inflammation) (n = 16). Health data were obtained from registries on mortality, ER visits,
hospitalizations, outpatient clinics, or self-reports. The reviewed studies examined the
whole population (n = 47), only adults and seniors (n = 10), individuals with pre-existing
diseases (n = 9), eight papers focused on children (1–18 years old), and another two papers
focused mainly on children (1–20 and 8–24 years old).

3.2. Air Pollution

Twenty-eight articles described the source of air pollution as a combination of traffic
indicators (i.e., specific pollutants) and other combustion sources, geologic elements, stud-
ded tires, or dust. Another 28 articles did not discuss any specific source for air pollution.
Twenty articles indicated that the source of air pollution in the location studied was mainly
traffic-related. The pollutants studied were related to traffic emissions (e.g., BC, NO2).

Data on air pollution was predominantly collected from monitoring stations (n = 72).
Other air pollution exposure metrics used in a few papers included proximity to main
roads or heavy traffic (n = 2), dispersion models (n = 2), satellite remote sensing (n = 1), and
personal monitors (e.g., home, car) (n = 2) to characterize air pollution.

Various chemicals were studied concerning health outcomes (Figure 2). Most studies
(n = 45) explored one to six criteria pollutants (CO, NO2, SO2, O3, PM10, PM2.5) in different
combinations. Twenty-six studies examined various other pollutants along with criteria
pollutants. Three papers focused on non-criteria pollutants only (i.e., black carbon (BC),
Delta-C, particulate number concentration (UFP), accumulation mode AMP, PM<2.5, Methyl
tert-butyl ether (MTBE)). Two articles did not study pollutants but merely described the
pollution level in the location where the study was conducted (Figure 2). Only one pollutant
was studied in seven studies: PM2.5, PM10, MTBE, black carbon. Additional details on the
pollutants tested in the reviewed papers are available in Table S2).

The studies analyzed pollutants individually, and not as a mixture. An air quality
index characterized pollution (AQHI, API, AQI) in a few instances.

3.3. Cold Climate

As per our inclusion criteria, all the papers included in this review studied locations that
reach below-zero temperatures. Forty-seven papers were from areas that registered ≤ −7 ◦C
temperatures, and 29 papers were from areas that had temperatures between 0 ◦C and
−7 ◦C. Some articles provided further stratification of the temperatures according to
percentile distributions. Eight papers explored winter data only, but most of the studies
included an average of all-year temperatures in their analysis (n = 68). Of those analyzing
year-round data, thirty-eight papers also explored warm and cold seasons (n = 38), four
seasons, and/or both warm and cold seasons (n = 6). Twenty-four papers did not include
seasonality and only used yearly average data (n = 8).
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Figure 2
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Figure 2. Distribution of the various pollutants studied in relation to health outcomes. 1 CP = the
number of papers which explored one type of criteria pollutant. 2 CP–6 CP = the number of papers
that explored multiple combinations of 2–6 criteria pollutants. Other = pollutants explored other than
criteria pollutants including: Black carbon, black smoke, NO, NOx, NO3, SO4, sulphate H2S PAHs,
COH, trace elements (copper, zinc, bromine, lead, iron, silicon, calcium, manganese, nickel, vanadium,
selenium, sulphur, and potassium), volatile organic compounds (VOCs) (formaldehyde, benzene,
toluene, methyl tert-butyl ether (MTBE)), particles, PNC (particulate number concentration/UFP
indicator) or UFP, Delta-C, PM2.5–10, PN (particulate number), PNam (accumulation mode particle
number), PM2.5 bound hopanes, PMion (sum of sulphate nitrate and ammonium), PMrest (the
difference between urban PM10 and rural; a proxy for locally generated PM10), PM2.5 components,
PM<2.5, AMP (accumulation mode).

3.4. Connecting Health Outcomes to Air Pollution in Cold Climate Locations

Most articles mainly focused on the relationship between pollution and health out-
comes (n = 66) after adjusting for temperature. Ten papers focused on temperatures. Two
papers adjusted for pollutants, and only eight papers explored the effect of temperatures
on pollution levels and related health outcomes (interactions). Temperature and seasons
were tested as variables in those eight studies.

3.4.1. Air Pollution and Health Outcomes Associations in a Cold Climate Location

Sixty-six papers explored the association between air pollution and various health
outcomes in a cold climate. The studies differed in the statistically significant associations
with different health outcomes, related or unrelated to seasons or temperature. Overall,
among the pollutants identified as associated with health outcomes, NO2 and PMs were
the most frequently involved (Figure 3). Additional details are available in Table S3.

1. Twenty-seven papers identified an association between air pollution and health out-
comes with no indication of seasonal or temperature relation, including two papers
that mentioned pollution levels as a contextual description [29–55].

2. Thirty-one papers indicated different seasonal associations between pollutants and
health outcomes:

(a) Twelve papers identified that the association between pollution and health
outcomes was more robust in the cold seasons/temperatures [56–67];

(b) Nine papers identified associations of pollution and health in both cold and
warm seasons/temperatures [68–76];
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(c) Ten papers reported stronger associations in the warm temperature season [77–86].

3. Another eight papers explored only winter data [87–94]. In this subset of papers, the
authors were interested in the possible role of cold weather in health outcomes or
explaining alterations in body function and symptoms in response to winter condi-
tions, related industrial emission trends, wood-burning smoke, pollutant transport,
and inversions [87,92,93]. Others recognized existing differences in the pollutant
mixtures from summer [89,92]. Finally, Stieb et al. [92] focused on winter data because
it allowed the evaluation of multi-pollutant models and aggregated pollutant indices.

3.4.2. Temperatures/Seasons and Health Outcomes

Two papers focused on the effects of temperature, including high and low temper-
atures. One study identified that extremely hot temperature was positively associated
with all-cause and cardiovascular disease ambulance calls. In contrast, extremely cold
temperatures were positively associated with all-cause, cardiovascular and respiratory
morbidity [95]. The second paper identified warmer temperatures associated with adverse
birth outcomes [96]. In these two papers, the analysis models adjusted for pollutants.

3.4.3. Temperature/Season Impact on Air Pollution and Health Outcomes

Only eight papers explored the interaction between temperatures and pollution and
their effect on health outcomes (Figure 4).

Five of them specifically explored and identified temperature as an effect modifier of
the pollution impact on health outcomes [21,97–100].

All these papers analyzed data from China. In addition, four of those papers examined
mortality as the health outcome, and one paper studied cardiovascular effects.

Two of those papers identified a stronger association in cold temperatures, aggravating
the effects of pollution on mortality [21,97]. In both studies, the minimum temperatures
were between 0 ◦C to −7 ◦C. Chen et al. [97] tested the effects of O3, considering PM10, NO2
and SO2. They identified that O3 effects were more substantial in the low-temperature days
of the cold season—those with temperatures below 18 ◦C had the most potent modification
effect. Cheng and Kan [21] evaluated the effects of PM10, SO2, NO2, and O3, identifying a
statistically significant interaction between PM10/O3, and extremely low temperatures for
non-accidental and cause-specific mortality. There was no significant interaction with SO2
or NO2.
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In contrast, two papers identified that warm temperatures strengthened the effects of
pollution (PM10) when assessing mortality [98,99]. Meng et al. (2012) tested PM10 only and
Li et al. (2011) tested PM10, NO2, and SO2.

The fifth paper explored CO and PM2.5 and identified that warm and cold temperatures
modified the associations with cardiovascular outcomes to various extents [100]. Significant
interactions were identified between PM2.5 in the cold and CO in the warm seasons.

The authors explored the effects of several pollutants and temperatures in the remain-
ing three papers and their association with various outcomes (mental health, ambulance
dispatches, and cardio-respiratory outcomes). Tested contaminants included NO2, PM10,
PM2.5, O3, SO2, CO and NO, and the locations included recorded minimum temperatures
between 0 ◦C and 7 ◦C. The health outcomes were associated with cold temperatures [101]
and cold and warm temperatures [102,103], but not with the pollutants.
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4. Discussion

We identified and reviewed 76 papers exploring the relationship between health out-
comes and air pollution in cold temperatures (below 0 ◦C). The examined health outcomes
were primarily short-term and predominantly centred on respiratory and cardiovascular
morbi-mortality. The reviewed papers predominantly relied on criteria pollutants data.
Most papers did not test for interactions of temperature, air pollution, and health outcomes.
Rather they aimed to understand the relationship between pollution and health or temper-
ature and health, where temperature or pollutants were considered confounders. Some of
these papers described seasonal differences but did not formally explore the interactions of
the three variables of interest, except for eight articles. Five of them identified that both
cold and warm temperatures impacted the magnitude of O3, PM2.5, PM10, and CO effects
on increased mortality and cardiovascular diseases when combined. Three of the eight
papers reported associations of health outcomes and pollutants with cold temperatures in
locations that did not reach temperatures lower than −7 ◦C. Another three studies found
no association with the contaminants tested since only health outcomes and low tempera-
tures showed associations. Hence, the findings provide a limited understanding of cold
temperatures’ impact on traffic pollution and health outcomes, identifying that extreme
temperatures potentiate air pollution health effects—a relevant aspect of climate change.

4.1. The Impact of Cold Temperatures on Pollution and Health

Low and high temperatures can impact the pollution mixture, pollutant levels, and
related health outcomes [99,104]; however, in most studies exploring health outcomes,
the temperature or pollution are adjusted as a confounder to avoid potential bias to the
research analysis and findings [99]. Some of the studies reviewed suggest a possible
association of seasonality with pollution-related health outcomes, which aligns with other
reports [105]. However, in the reviewed papers, most studies considered temperature a
confounder; therefore, temperatures were adjusted in the analysis models. Thus, they
removed the possible relationship with temperature. The evidence is even more scarce
when considering cold temperatures below −7 ◦C, as in many cities in the world. Harsh
winters, and the spectrum of cities where climate has changed (e.g., temperatures in Texas,
USA, dropped to −17 ◦C in February 2021) are attributed to climate change [106,107], and
their possible impacts on pollution and health bring further attention to this topic. While
the effects of warm weather are likely better documented, there is limited evidence about
the effects of cold temperatures, which invites a targeted exploration in cold locations
to understand health impacts and pollution [21]. This is a gap in our understanding of
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the association between cold temperatures, air pollution and related population health.
Studying the impact of cold temperatures on pollution and identifying health outcomes
is a complex question that challenges existing methodologies. Available epidemiological
methods can provide information on the seasonality of disease and pollution. However,
bringing these together is more challenging and requires novel research methods, e.g.,
artificial intelligence.

4.2. Air Pollutants in a Cold Climate

Although we focused on traffic-related air pollution, it was impossible to identify
papers that exclusively used traffic-related pollution data. Most studies used monitored
data, which is readily available for research purposes. However, monitoring stations
capture pollutants from all sources, making the direct connection between traffic pollution
and health uncertain.

More specific connections could be made with better exposure characterization. NO2
and PMs were most frequently associated with health outcomes in the cold season among
the criteria pollutants studied. Both contaminants (NO2 and PMs) are commonly re-
ferred to as indicators of traffic pollution. However, they can also originate from other
sources. The few papers identified by this review that explored temperature’s impact
suggest the need to examine its role further when assessing PMs-, O3-, and CO-related
health impacts [21,97,100]. Existing literature identified that pollutants behave differently
according to seasons and regions. Therefore, this invites future research to determine the
interactive effects between temperatures and pollution while considering geographical
variations [20,105].

Apart from criteria pollutants, the papers reviewed tested other pollutants. Indeed,
criteria pollutants are monitored because of their known potential health impact. However,
while there is substantial evidence on criteria pollutants, there are other pollutants we know
little about, which may significantly affect health outcomes. For example, gasoline direct
injection (GDI) technology introduced for improved fuel economy emits nanoparticles due
to mixing direct injection jet of fuel into the air [108]. SCRs (selective catalytic reduction)
use a toxic agent, NH3 (ammonia), as a reducing agent for NOx conversion. However, NH3
may only be partially converted and released into the exhaust under conditions such as cold
exhaust in a cold climate [109,110]. Usually, testing non-criteria pollutants implies limited
monitoring based on complicated and expensive processes. This limits our understanding
of various emission sources over time. The literature that explores other pollutants is
growing. However, there is still a need to find ways to increase our knowledge of these
pollutants (e.g., developing standardized methods, a shift in the conceptualization of air
pollution beyond criteria pollutants, considering mixtures, increasing funding).

Thus, it is unclear whether or how cold climate may impact traffic emissions, com-
position and the atmospheric behaviour of pollutants, and the potential health impacts.
The knowledge gap also increases because fuel composition is different in the winter and
summer, affecting the type and mixture of emissions, a fact not noted in any of the papers
identified for this review (except one article that explored MTBE use in the winter, which is
no longer used). Studies show changes in the composition may impact ozone levels. This
aligns with some of the findings identified in our review [21,97]. Additionally, there has
been limited evidence in the papers reviewed on the impact of air pollutants in combination
as mixtures; instead, most papers studied the individual pollutants’ role.

4.3. Health Outcomes Associations

The health outcomes studied in the reviewed literature included a variety of diseases
and symptoms. These health outcomes reflect previously reported pollution-related effects.
Some of the health outcomes reported in this review were directly associated with the
cold season, implying the seasonality of diseases and increased health vulnerability in
the cold season. A systematic review [105] identified that seasons modify the short-term
effects of air pollution on morbidity. Although our review also found evidence of sea-
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sonal effects, we could not identify specific patterns of the associations between warm
or cold seasons, pollutants, and health outcomes. Primarily, papers identified seasonal
relationships after “removing” the effect of temperature (as indicated above), suggesting
that seasonal exposures and measured effects involve the participation of other co-existing
characteristics besides the temperature. For example, seasonal variations in the pollution
chemical mixture composition, seasonal changes in the pollutants’ concentrations resulting
from altered emissions and meteorological conditions, or human behaviour changes. This
represents a clear gap in our understanding of the impact of cold temperatures on pollution
and the related health outcomes.

4.4. Strengths and Limitations

A strength of this study is the multidisciplinary perspective brought by the team to
include various perspectives into the review process and the identification of research gaps
that have implications for car regulations, warning systems to vulnerable populations in
specific weather conditions and locations, and public health.

The health outcomes reported in the reviewed literature primarily represent short-term
impacts, and there is no evidence reflecting the long-term effects of relative exposure to low
pollution levels. Therefore, our review could not capture the effects on chronic diseases,
such as cancer and neurodevelopmental disorders.

It is possible that although we used several databases, supplemented the search with
citation chaining, and manually searched recent years of relevant journals, some related
articles on this complex topic may be missing.

5. Conclusions

Existing evidence on the relationship between cold temperatures, pollution, and
adverse health outcomes is limited. The reviewed studies described various short-term
health outcomes, some of which found seasonal associations of air pollution with morbidity
and mortality, but mostly removed the possible impact of temperature from the findings.
Only eight papers formally explored the complex modifying effect of temperatures on
pollution levels and the resulting health outcomes. A broad exploration of the literature
was necessary to identify the exitance of sufficient publications for more sophisticated
reviews. Our results indicate there is not enough evidence to move in that direction.

Cold temperatures may contribute to a substantial increase in harmful vehicular
tailpipe emissions. Air pollutants’ potential health impact in cold climate challenges
current vehicle regulations.

Considering the lack of evidence on the impact of extremely cold temperatures on
traffic-related air pollution and adverse health outcomes, the following gaps in the current
literature are noted:

• Limited evidence on pollutants’ behaviour in a cold climate below −7 ◦C and their
impact on health;

• Cold temperatures were often included as a confounder in the analysis, limiting our
understanding of the combined impact of pollution and health;

• Limited knowledge on non-criteria pollutants and their impact on health in a cold
climate;

• Minimal evidence explicitly addresses the impact of traffic-related emissions, cold
temperatures, and health;

• Limited literature evaluating the long-term health effects of pollutants in a cold climate.

These identified gaps invite future interdisciplinary research that will employ ad-
vanced research methods to address the complexity of understanding mixtures of multiple
pollutants and their health impact in a cold climate. This research will have implications
for policy, regulations, and practice. In addition, it will guide which measures can be taken
to mitigate the effects of traffic-related air pollution on health outcomes in a cold climate.
Furthermore, there is a need to study the contribution of vehicle emissions in light of cold
temperatures due to global climate change.
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