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Epidemiological studies of Covid-19 have, in most cases, provided 
inconclusive results to date regarding the role of air pollution in the 
transmission of the SARS-CoV-2 virus and the geographical spread 
of the disease, both regionally and globally. 

The present review analysed just under 6 000 articles published up 
to 31 May 2021, looking at the role of pollution and air quality factors 
in the transmission of SARS-CoV-2 and in the geographical 
differences in Covid-19 propagation. A body of evidence shows that 
chronic and short-term exposure to different fractions of aerosols 
and types of air pollution exacerbates symptoms, affects co-
morbidities and increases mortality rates for respiratory diseases 
similar to Covid-19, as well as for Covid-19. Although other pathways 
can contribute, the airborne route is likely to be the dominant mode. 

There is consistent and increasing evidence that SARS-CoV-2 
spreads by airborne transmission, and it is possible that different 
variants have different environmental sensitivities. Safer indoor 
environments are required, not only to protect unvaccinated people 
and those for whom vaccines fail, but also to deter vaccine-resistant 
variants or novel airborne threats that may appear at any time.  

The public health community, governments and health agencies 
should act accordingly, referring to this mode as the principal mode 
of transmission in their recommendations and statements, 
enhancing associated research and improving monitoring networks. 
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I 

Executive summary 

1. Introduction 
Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2) is the pathogenic agent of 
Covid-19, a disease first reported in a small cluster of people in Wuhan, Hubei Province, China, in 
December 2019, which subsequently spread worldwide. Due to its high infectiousness and 
aggressive course, the World Health Organization (WHO) soon declared Covid-19 a public health 
emergency of international concern. While the course of the disease is often mild, indistinguishable 
from common influenza, in a considerable number of cases, patients affected by SARS-CoV-2 
infection experience serious complications. These include organ failure, septic shock, pulmonary 
oedema, severe pneumonia and acute respiratory stress syndrome, which proved fatal in many 
cases. In 2020, the most severe symptoms, requiring intensive care recovery, were generally 
observed in older people with previous comorbidities, including cardiovascular, endocrine, 
digestive and respiratory diseases. With the arrival of more transmissible variants in 2021 and the 
large-scale implementation of mass vaccination campaigns in developed countries, the burden of 
Covid-19 shifted to younger, unvaccinated populations as of June 2021. 

However, due to the high variability in political and sanitary decisions taken by the different 
governments, data about incidence, lethality and mortality differ between countries and even 
between regions of the same country. From the end of February 2020, contagion spread rapidly in 
Italy and Covid-19 spread widely quickly thereafter to other European countries and continents, 
leading to restrictions and a global lockdown, with evident social and economic repercussions.  
Dissimilarities in the stages of the pandemic, cannot be explained by different health policies and 
systems alone. 

Although knowledge concerning the aetiology of coronavirus-related disease has grown since the 
outbreak was first identified, considerable uncertainty remains concerning Covid-19's pathogenesis, 
as well as the factors contributing to heterogeneity in disease severity around the globe. 
Environmental factors, such as urban air pollution or differences in air quality may play an important 
role in facilitating the spread and transmission of SARS-CoV-2. Similarly, these factors may have 
different effects on the pathology and prognosis of the infection (e.g. by increasing susceptibility to 
severe outcomes of Covid-19). Despite the impact of ambient air pollution on excess morbidity and 
mortality being well established for a suite of diseases and over several decades, precise mechanistic 
associations and clear attribution in the case of Covid-19 are still emerging. In particular, major 
ubiquitous ambient air pollutants, including fine particulate matter (PM2.5), nitrogen dioxide (NO2), 
and ozone (O3), may have both a direct and an indirect systemic impact on the human body by 
enhancing oxidative stress and inflammation, eventually leading to respiratory, cardiovascular and 
immune system dysfunction and deterioration. 

Although epidemiological evidence remains limited, previous findings on the severe acute 
respiratory syndrome (SARS) outbreak, the most closely related human coronavirus disease to 
Covid-19, revealed associations between air pollution and the SARS case-fatality rate in the Chinese 
population. An analysis of 213 cities in China initially demonstrated that temporal variations in 
Covid-19 cases were associated with short-term variations in ambient air pollution. It is plausible 
therefore, that prolonged exposure to air pollution determinants may have a detrimental effect on 
the prognosis of patients infected with Covid-19. As is usual in the early literature on emerging 
hazards, questions remain concerning the generalisability and reproducibility of these findings, due 
to the lack of control in the epidemic stage of disease, population mobility, residual spatial 
correlation, and potential confounding by co-pollutants. 

In this regard, only a few studies to date (mid-2021) have successfully resolved the current vast 
evidence gap on this topic. This review examines recent evidence. 
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2. Aim of the study 

This study has four main objectives: 

1. To establish the degree of knowledge on the role and nature of air pollution in the transmission 
of SARS-CoV-2, or in a potential increased burden of disease for Covid-19 patients, stemming 
from currently available peer-reviewed literature research. 

2. To use the current literature to make a preliminary identification of the gaps of knowledge 
currently existing in uncovering any potential hazards for enhanced incidence, transmission 
and severity of Covid-19 associated with pollution, in particular with aerosol chemical 
composition. 

3. To investigate the probability that Covid-19 might have had its more negative impact in more 
polluted cities or regions in Europe. Similarly, to look for existing evidence on the possibility that 
new surges of the infection, occurring in meat-processing factories, could be related to cooling 
conditions, which could facilitate the transmission of the disease in such premises. 

4. To outline the general state of knowledge emerging from the research up to date, propose 
important lines of investigation that require further investigation, identify knowledge gaps in 
the current literature and issue essential recommendations on all these matters, as well as list 
and assess potential policy actions. 

This report has the central objective of analysing all relevant knowledge and the evidence generated 
so far of a potential influence of air quality factors on facilitating both the geographical evolution of 
Covid-19 pandemic and SARS-CoV-2 transmission. It also aims to provide EU decision-makers and 
the general public with a rapid summary and policy actions to undertake in the light of this evidence. 

3. Methodology 
This report presents a summary of key findings to date, as informed by published peer-reviewed 
literature up to the end of May 2021. It is motivated both by the global relevance of the subject and 
by the staggering number of papers and pre-prints currently available, which emphasises the need 
for careful review and communication of the state of the science. 

We emphasise that this report has also a number of constraints. First, it considers only peer-reviewed 
papers (not pre-prints) published by the end of May 2021. In this regard, this report is not a formal 
systematic review, but a summary of the most relevant state of the literature according to the author 
and other scientific reviewers. Second, the report focuses on outdoor air quality conditions and not 
on indoor air quality determinants. Although connections between outdoor and indoor 
environments are somehow considered, the report does not thoroughly address the details of 
indoor air circulation or climate control. Finally, links with climate and weather patterns are not 
considered at the same level of detail, as they were addressed elsewhere in full. They are introduced 
and discussed in this report in the supportive impact meteorology may have on the effects of air 
quality and pollution on both the SARS-CoV-2 virus and the geographical spread of the Covid-19 
pandemic. 

4. Results and conclusions 
Epidemiological studies of Covid-19 have, in most cases, provided as yet inconclusive results 
regarding the role of air pollution on the geographical spread of the disease, both regionally and 
globally. Although some interesting research points towards AQ sensitivity of the virus and 
facilitated spread of the disease geographically, further study and more systematic research on the 
relationship between air pollution (sensu air quality) and Covid-19 should be encouraged and 
conducted. 
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To date, Covid-19 transmission dynamics appears to not have mainly been driven by air quality 
factors, despite airborne transmission appearing to have played a central role. Instead, public health 
interventions may have had a more prominent role in transmission and its geographical 
propagation. Other relevant drivers include changes in human behaviour, stringency in non-
pharmacological interventions (NPI) and demographic structure of affected populations. In mid-
2021, main effects can also be attributed to the dominance of new virus strains, in combination with 
the different vaccination strategies adopted by different countries with regard to age classes, 
vaccine types etc. 

There is evidence that chronic and short-term exposure to different fractions of aerosols and air 
pollution (AP) exacerbates symptoms and increases mortality rates for respiratory diseases similar 
to Covid-19 and – albeit limited – for Covid-19. This is consistent with early studies of differences in 
Covid-19 mortality rates, but these results need to be further confirmed and consolidated by 
controlling for individual-level risk factors. 

Mechanisms by which aerosols appear to have facilitated airborne transmission are well established 
for similar viruses to SARS-CoV-2 and both laboratory and field results are emerging in this case. 
These important results, particularly those informing on how the virus transmits from person-to-
person, need to be fully complemented by curated epidemiological studies at the population level 
and by dedicated cohorts. 

Governments and health leaders should heed the science and focus their efforts on airborne 
transmission and its implications. Safer indoor environments are required, not only to protect 
unvaccinated people and those for whom vaccines fail, but also to deter vaccine-resistant variants 
or novel airborne threats that may appear at any time. Updating regulations on indoor ventilation 
and air quality (AQ), particularly in healthcare, work and educational environments is urgently 
required, both in the face of new pandemic waves (i.e. new variants), and to better respond to new 
potential respiratory viruses and bacteria in the future. 

Detailed high-resolution and quality-controlled datasets on both Covid-19 indicators as well as on 
weather and pollution measurements should be encouraged and be made free and openly 
accessible according to findability, accessibility, interoperability, and reusability (FAIR) standards to 
the research community at large. 

Facilitated transmission in meat processing factories has repeatedly occurred in many countries in 
Europe, although a clear link either to contaminated food packages or to an enhanced airborne 
transmission inside those premises still needs to be established. Clear and active communication 
between researchers, the media, and decision-makers is required to ensure that scientific findings 
are promptly translated into actionable policy in an appropriate, objective and responsible manner. 

5. Policy options 

Policy option 1. Increase the recognition of the airborne transmission of SARS-CoV-2 

There is consistent and increasing evidence that SARS-CoV-2 spreads by airborne transmission. 
Although other routes can also contribute to the spread, the airborne route is likely to be the 
dominant mode. The public health community and health agencies could act accordingly, referring 
to this as the principal mode of transmission in their recommendations and statements, and work 
to issue corresponding occupational guidelines. 

Policy option 2. Coordinate the development of early-warning systems for Covid-19 

Early-warning systems could be developed by research groups and companies, and quality-
controlled comparison exercises could be stimulated and funded by international agencies and 
governing bodies. Results of such an initiative could be based on open-data and publicly accessible 
results. Process-based modelling studies at this time begin to anticipate that Covid-19 transmission 
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may become seasonal over time, suggesting that extrinsic climatic and environmental factors (also 
AP and AQ) may be relevant for disease prediction. 

Policy option 3. Upgrade the monitoring network of aerosols in Europe 

An improvement of the network of aerosol and AP monitoring stations in Europe could be 
encouraged. This new generation of AQ stations could supply a more recently updated portfolio of 
a wider variety of atmospheric chemicals (in addition to the few ones that are at present subject to 
mandatory EU regulation). This physical, chemical, but also biological determination of the aerosols 
we breathe could, whenever possible, be provided on a near-real time basis and for a broader range 
of AQ composition. The current EU regulatory legislation is very limited in this regard. 

Policy option 4. Investigate the links between AQ and Covid-19 

Research quantifying links between AQ factors and Covid-19 is urgently needed. It is critical that 
analytical and modelling studies are properly designed to accurately account for confounding 
factors, to consider both direct and indirect extrinsic environmental effects, to integrate limitations 
in the Covid-19 data record, and to make use of mathematical or statistical techniques in order to 
explicitly integrate data errors in models, report uncertainty ranges, evaluate predictive capacity 
properly (for out-of-fit data), and apply appropriate statistical or process-based modelling 
techniques. Further epidemiological studies are needed to better estimate the impact of AP on 
Covid-19. 

Policy option 5. Higher investment in epidemiological and laboratory research 

In vitro, in vivo, as well as epidemiological and modelling studies at the population level are also 
strongly needed, particularly to explore the particle–virus interaction more precisely in the air and 
in the person-to-person transmission, but also to precisely quantify any potential sensitivity and 
dose-response function of the virus. Hitherto, no studies exist on the specific effects that the 
chemical nature of aerosols may exert in facilitating or not SARS-CoV-2 transmission, or in 
conditioning human susceptibility (e.g. in enhancing inflammatory responses, promoting the 
cytokine cascade etc.). 

These studies should be supported. Effects exerted by the aerosol chemistry that may explain 
geographical/spatial propagation in Covid-19 cases within and between populations are thus far 
contradictory, and deserve more investigation. Research on aerosol size and chemical composition 
with regard to the viability and infectivity of SARS-CoV-2 are also needed urgently. In parallel, better 
precision equipment and methodologies to monitor the presence of viruses – and other 
pathogens – could be developed. 
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1. A brief introduction on health effects of air quality (AQ)  
Air quality (AQ) and in particular in its reference to air pollution (AP) has been reported to be the 
biggest environmental threat to health in Europe, with more than 400,000 deaths annually 
attributed (EEA, 2019), affecting a diverse array of health outcomes (from ischemic heart disease, 
stroke, chronic obstructive pulmonary disease, cancer and respiratory infections to contributing to 
neurological disorders, asthma, diabetes and obesity). PM2.5 is widely known to have significant 
adverse effects on human health (US EPA 2009; Anderson et al., 2012; Kim and Kabir, 2015), Many 
studies and reports by agencies, institutions and governments have addressed AP effects on health 
in the past and keep regularly updating on the matter. I refer to those publications for a more 
exhaustive understanding of the topic, well beyond the scope of the current report. Being fine 
particles (less than 2.5 μm) where consensus is as the main AP contributors, their geographical 
differences could be also associated to locally harsher impacts of SARS-CoV-2 infections, should the 
two be demonstrated to have a connection.  

This particular aspect will be explored in Section 3. Other constituents, such as nitrous oxides and 
ozone should be also carefully analysed, despite it is well-known that a diversity of APs are not 
customarily measured on a routine basis throughout the EU. Therefore, there is little margin to 
assess other APs effects on both the severity of Covid-19 or on the previous pre-conditioning 
towards more susceptibility by people living in areas with specific types of APs, a limitation that 
should be overcome and that is specifically addressed in the Policy recommendations. 
Epidemiological studies show evidence that PM2.5 long-term exposure is associated with enhanced 
mortality and morbidity (WHO, 2013), this evidence being weaker for PM10. There are also 
consistent relations between APs daily exposures and immediate mortality and morbidity during 
the next days. Repeated exposures in several days can result in health effects greater than single-
day effects and the hazards of long-term exposure are known to be much greater than those 
observed for short-term exposure.  

The former might suggest that the relation is not only with severity, but may also be due to the 
progression of the underlying diseases. There is also significant evidence from toxicological and 
clinical studies on the effects of combustion-derived particles that short-lived maximum exposures 
(ranging from less than an hour to a few hours) lead to immediate physiological changes [WHO, 
2013]. The breathing of particulate matter carries these particles deep into lungs and the 
bloodstream, giving rise to respiratory and cardiovascular disease, or premature death. Inhaling 
PM2.5 induces the activation of the NLRP3 inflammasome and NLRP3 plays a central role in 
pulmonary inflammation-related diseases like chronic obstructive pulmonary disease, asthma, and 
acute respiratory distress syndrome.  

PM2.5 has been implicated in a broad range of diseases, like Alzheimer's disease, Prion diseases, type 
2 diabetes, and some infectious diseases (Yang et al., 2013). Inflammasome activation by Covid-19 
has been recently described by Conti et al. (2020), linked to an hyperinflammation status of poor 
prognosis Covid-19 patients. These patients show increased blood levels of Interleukin-1, 
Interleukin-6 and tumor necrosis factor-α (TNF-α). It is also known that chronic exposure to fine 
particulate matter (PM2.5) (Hassan et al., 2019; Kloog et al., 2012), ozone (Purvis et al., 1961; Yazdi et 
al., 2019), and nitrogen dioxide (Kulle and Clements, 1988) can lead to immune system dysregulation 
such as overexpression of inflammatory cytokines and chemokines (Bernstein et al., 2004; Fattorini 
and Regoli, 2020). 

Exposure to ultrafine or nano sized particles from vehicle exhaust fumes is also of additional concern 
due to their bioreactivity, having the potential to penetrate every human organ, including the brain, 
and are heavily abundant in cities (Gonet & Maher, 2019). Under 5 % of Alzheimer's cases, for 
example, are inherited, which indicates a strong likelihood that environmental factors may be 
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contributing factor to the fact that cases of Alzheimer's disease are expected to double in the next 
two decades (Maher, 2019). As an example, iron bearing nanoparticles coming from industry, 
heating and vehicles could be of particular importance, because of the specific impacts of iron on 
health. While iron is essential for human health, its excessive accumulation in certain regions of the 
brain has been connected to a number of cardiovascular effects and neurodegenerative illnesses, 
including Alzheimer's, Parkinson's and Huntingdon's. Externally produced magnetite particles were 
also recently identified in the brain's frontal cortex (Gonet & Maher, 2019).  

This research differed from previous studies which, while having shown a correlation between an 
abundance of magnetite and Alzheimer's disease, had focused on magnetite as something 
endogenous, or in other words produced by the human body rather than coming from the external 
environment. Examination of human brain samples from Mexico City and Manchester found that 
the magnetites present in the brain tissue were extremely similar to magnetite 'nanospheres' 
formed by combustion (Maher et al., 2016). These externally generated iron-rich nanoparticles were 
increased in brain autopsies from older individuals from Manchester, and in younger people from 
Mexico City, including airborne magnetite, in urban environments alongside busy urban roads. 
(Maher et al, 2016; Maher, 2019). Similarly, ultrafine particles are seen to be able to penetrate deep 
in the alveolar tissue and the circulatory cascade, being found in cardiac tissue among many other 
organs (Chen et al., 2020), despite there is not yet a specific EU directive regulating ultrafine AP 
levels. 

Some evidence has tightly linked ambient AP to occurrence of numerous respiratory diseases, such 
as Chronic obstructive pulmonary disease (COPD, Ling and van Eeden, 2009) and asthma (Gorai et 
al., 2016). Moreover, AP is also associated with infectious diseases transmission. For example, worse 
AQ has also been shown to increase SARS fatality (Cui et al., 2003) as well as to increase influenza 
incidence (Landguth et al., 2020). In laboratory conditions, van Doremalen et al. (2020) 
demonstrated a long viability of SARS-CoV-2 in ambient aerosols, which could be an important 
source of Covid-19 transmission (Luo et al., 2020). However, whether ambient air pollutants are 
associated with increased incidence of Covid-19 in realistic situations remains largely unknown.  

Most policies targeting AP are based on mass concentrations of particulate matter (PM), while 
nanoscale particles, to which human bodies are most easily exposed, contribute little to mass 
measurements (Maher, 2019). Ultrafine particles could be a matter of particular concern because of 
their reactivity (high surface to volume ratio), potential toxicity (arising from their composition 
and/or surface charge), and their ability to gain access to any organ, cell, and organelle, including 
mitochondria.  

Episodic acute AP, from both fine particulate matter and gases (ozone, nitrogen dioxide and sulfur 
dioxide) exposure can also lead to intensified respiratory infection symptoms, due to exacerbation 
of asthma and other inflammatory responses that can lead to acute respiratory distress (Guarnieri 
and Balmes, 2014). Ozone was found to disrupt the protease/antiprotease balance in the human 
airway, leading to an increased risk of influenza infection (Kesic et al., 2012). Other laboratory 
findings showed that ozone can effectively inactivate influenza virus (Hiroshi and Jp, 2009; 
Sooryanarain and Elankumaran, 2015). And even other evidence suggests that ozone might 
enhance pulmonary innate immunity, which promotes allergic responses in susceptible individuals 
(Ali et al., 2018), indicating that the various mechanisms by which inhaled oxidants might modulate 
viral pathogenesis are highly complex and still remain to be fully characterised (Kesic et al., 2012).  
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2. Methodology and bibliographic search strategy 
The author used PRISMA guidelines for the selection of referenced studies to be included in this 
report (Page et al., 2021). The flowchart is presented below in Fig. 1. 

Figure 1– PRISMA flowchart used in this review for the selection of articles to be included 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Databases: Scopus, Web of Science, PubMed and the National Center for Biotechnology Information (NCBI). **Reports 
excluded after personal assessment, as topic was different from sought. 

Source: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an 
updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71 
For more information, visit: http://www.prisma-statement.org/ 
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be subject to omissions. Only peer reviewed articles published by May 31st 2021 or those I was made 
aware of that have proof of acceptance at the time of closing this are cited in the report. The search 
strategy consisted of the following terms: 

- (COVID OR SARS-COV-2) AND (POLLUTION OR AEROSOLS) 

- (COVID OR SARS-COV-2) AND (CLIMATE OR WEATHER OR METEOROLOGY) 

Searches were not aimed at being fully systematic as this lies beyond the scope of the present report. 
However, searches were very broad in scope and including other/additional keywords was found 
not to significantly influence the amount of results, as similar searches identified similar articles. 
Hyphenation (for example, 'bio-aerosol') also did not affect results. 

This report has followed the PRISMA guidelines and reviewers have performed a check on the 
quality of the study according to ECBM. The total number of articles analysed in the present review 
of current evidence is 5.920, divided in the following way: 

- [(COVID OR SARS-COV-2) AND (POLLUTION OR AEROSOLS)]: January-December 2020: 2.890; 
January-May 2021: 1.603. 

- [(COVID OR SARS-COV-2) AND (CLIMATE)]: January-December 2020: 852; January-May 2021: 575. 

These articles –albeit being published- were additionally subject to an expert evaluation on their 
quality and reliability prior to being included in this report and by the assessment of expert 
reviewers. In this regard, I am aware that this post-publication assessment may reflect a certain bias 
by the author and reviewers, despite this process was made in a further aim for scientific quality at 
a time when many more publications than normal on a single topic (Covid-19) overload all scientific 
journals. This publication pressure (both from the side of authors as well as from publishers in order 
to keep public attention), might have resulted in (the risk of) a low-quality bias, as normal peer-
review process would take more time and undergo stricter revisions.  

The approach to the literature was to focus on those studies that were deemed to be most relevant 
to the report objectives. The report is not a systematic review, and does not attempt to be 
comprehensive in its treatment of the available literature. I also acknowledge that the fast pace of 
Covid-19 publication and the tendency for authors to disseminate their reports on pre-print servers 
prior to review has meant that the peer reviewed literature lagged publicly discussed research 
findings.  

In addition of an oriented search made by the author of this report, a more exhaustive search was 
made every week of the titles and abstracts of databases of academic journal papers (Scopus, Web 
of Science, PubMed and the National Center for Biotechnology Information (NCBI) at the U.S. 
National Library of Medicine (NLM)) for evidence relating aerosols and their composition, pollution 
and Covid-19 health effects. 
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3. Results  
This review is organized around five guiding questions that attempt to answer the aims described 
above. These five questions are listed below, namely: 

3.1 Can the physical size and chemical nature of aerosols facilitate SARS-CoV-2 spread? 

3.2. Can Covid-19 effects be exacerbated by AP and is there an enhanced effect in people with co-
morbidities? 

3.3. Is there higher risk of Covid-19 in more polluted cities? 

3.4. Can Meteorological factors facilitate aerosol-mediated transmission of SARS-CoV-2? 

3.5. Outbreaks in meat-processing factories: A real link with indoor air conditions? 

Literature reviewed is therefore organised around these five topics, after which a conclusion section 
follows.  

3.1. Can the physical (size) and chemical nature of aerosols 
facilitate SARS-CoV-2 spread? 

Studies of the influence of AP on Covid-19 have addressed both the acute impacts that 
compromised AQ might have on transmission or on severity of Covid-19 symptoms and the 
influence that chronic exposure to AP can have on human susceptibility to Covid-19. Consistent with 
studies of other respiratory infections, early studies indicated that there is a positive relationship 
between prevailing AQ conditions (e.g. pollution, B. Wang et al., 2020; R. Wang et al., 2020; Yao et 
al., 2021), especially fine particulate matter (PM2.5), and Covid-19 mortality rates (Jiang and Xu, 
2021; Wu et al., 2020; Yao et al., 2020b), as well as with total case counts (Borro et al., 2020). One 
global analysis concluded that long-term exposure to ambient fine particulate AP contributed to 
~15 % (95 % confidence interval 7–33 %) of Covid-19 mortality worldwide, through the third week 
of April 2020, with higher rates in more polluted environments (Pozzer et al., 2020).  

While a number of studies have found associations between AP and Covid-19 rates (Conticini et al., 
2020; Dettori et al., 2020; Ogen, 2020; Petroni et al., 2020; Wu et al., 2020; Yao et al., 2021; Yongjian 
et al., 2020), concerns among the scientific community have arisen about methodological caveats 
in some of these studies (Heederik et al., 2020; Villeneuve and Goldberg, 2020). This includes studies 
of the impact of ozone on Covid-19 dynamics, which have yielded inconsistent results, 
demonstrating either positive or negative associations between ozone and Covid-19 risk (Adhikari 
and Yin, 2020; Ran et al., 2020; To et al., 2021). 

In general, however, disentangling any independent effects of AP from effects of other causes 
related to Covid-19 outbreaks has been challenging, potentially resulting in an overestimation of 
the effects of AP on Covid-19 occurrence and severity (Brunekreef et al., 2021).  Results therefore 
need to be further confirmed and consolidated by controlling for individual-level risk factors (Wu et 
al., 2020). To date, there has been no peer reviewed evidence of the direct influence that various air 
pollutants have on SARS-CoV-2 transmission. Indoor AP, caused by sources such as smoking, 
woodstoves and fireplaces, is another potentially important and understudied factor in SARS-CoV-
2 transmission,  given that people spend most of their time indoors (Brunekreef et al., 2021). Future 
large cohorts and administrative databases, enabling the inclusion of individual level data and high 
resolution spatiotemporal data, will provide opportunities to thoroughly investigate effects of AP 
on Covid-19 dynamics at the population level (Brunekreef et al., 2021). 
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To date, there is substantially less evidence regarding impacts of AQ on virus transmission arising 
from field studies and data. Aerosol transmission has been identified in other coronaviruses 
(Doremalen et al., 2020) together with infectious doses for other respiratory viruses (Karimzadeh et 
al., 2021), which offers reason to expect that it could be important for SARS-CoV-2 as well (Hou et al., 
2020). Insomuch as particulate matter might serve as a transport medium for virus agents enhancing 
aerosol stability or virus survival on aerosols, it is reasonable to expect that it might similarly enhance 
transmission potential both directly as well as indirectly in high population density or poorly 
ventilated spaces, through deposition of viable virus on fomites, similarly defined as inanimate 
objects that, when contaminated, can transmit pathogens to new hosts.  

In a commentary piece, Greenhalgh et al. (2021) reported consistent, strong evidence that the SARS-
CoV-2 virus, is predominantly transmitted through the air and urged change in public health 
measures as they fail to treat the virus as predominantly airborne. Until recently, main international 
(and national) agencies have been downgrading/denying this transmission route. Recently also, 
evidence supporting large droplet transmission has been questioned as weak or almost non-
existent. Lines of evidence to support the predominance of the airborne route for aerosols over 
droplets or direct contact, were cited as follows: Super-spreader events (i.e. the Skagit Choir 
outbreak, in which 53 people became infected from a single infected case, Lewis, 2021; Bahl, 2021), 
cannot be adequately explained by close contact or touching shared surfaces or objects. Also, 
transmission rates of SARS-CoV-2 are much higher indoors than outdoors, and transmission is 
greatly reduced by indoor ventilation. Silent (asymptomatic or pre-symptomatic) transmission of 
SARS-CoV-2 from people who are not coughing or sneezing accounts for at least 40 percent of all 
transmission (Greenhalgh et al., 2021). Albeit more specific research is needed, confirmation would 
urgently call for a change in mitigation policies and regulation towards contention of the airborne 
transmission. 

Similarly, long-range transmission of the virus between people in adjacent rooms in hotels, who 
never was in each other presence, has been documented (Eichler et al., 2021). By contrast, in this 
review, Greenhalgh et al., 2021 found little to no evidence that the virus spreads easily via large 
droplets, not of contamination of surfaces. Implications for public health measures designed to 
mitigate the pandemic are important, namely, 'droplet measures' such as handwashing and surface 
cleaning, while not unimportant, should be given less emphasis than airborne measures, which deal 
with potential inhalation of infectious particles suspended in the air.  

Airborne control measures (as an infected person exhales, speaks, shouts, sings, or sneezes), include 
ventilation, air filtration, reducing crowding and the amount of time people spend indoors, wearing 
masks whenever indoors (even if not within 6 feet or 2 metres of others), attention to mask quality 
and fit, and higher-grade personal protective equipment (PPE)  for healthcare and other staff when 
working in contact with potentially infectious people. Greenhaulgh et al., 2021 see the widespread 
practice of unnecessary levels of cleaning to the detriment of public health, use of plexiglass indoors 
that is far from sufficiently protective and, depending on air flows, may even be contraindicated, 
instead of attention to ventilation and aerosol risks.  According to Tang et al., 2021 study in the 
Lancet in April, also Covid-19 has redefined airborne transmission and authors stress on the 
relevance of indoor ventilation and AQ measures. 

Controversy is to date still ongoing and possibly one of the reasons is the confusion emanated from 
different understandings of the terminology introduced about the concept of aerosols during the 
last century. This created poorly defined divisions between 'droplet,' 'airborne,' and 'droplet nuclei' 
transmission, leading to misunderstandings over the physical behaviour of these particles (Tellier et 
al., 2019). Essentially, if a person inhales particles—regardless of their size or name— this person is 
breathing in aerosols (Tang et al., 2021). People infected with SARS-CoV-2 produce many small 
respiratory particles laden with virus as they exhale, that other people can breathe, namely 'short 
range' distance (<1 m), while the remainder disperse over longer distances to be inhaled by others 
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further away (>2 m). In essence, all are aerosols as can be inhaled directly from the air (Morawska 
and Milton, 2020). 

On this regard, it is why ventilation is of the utmost importance because the tiniest suspended 
particles can remain airborne for hours, and these constitute an important route of transmission. 
Under these conditions, air replacement or air cleaning mechanisms become much more important 
(Morawska and Cao, 2020; Morawska et al. 2020). This aligns with opening windows or installing or 
upgrading heating, ventilation, and air conditioning systems, as outlined in a recent WHO document 
(2021). 

In this context, where airborne transmission might be dominant, discussion arises on the quality of 
the mask for effective protection against inhaled aerosols, as both high filtration efficiency and a 
good fit are needed to enhance protection against aerosols (Fennelly, 2020, Drewnick et al., 2021). 
Aerosol scientists showed in the past that even talking and breathing are aerosol generating 
procedures (Asadi et al., 2019; Scheugh, 2020; Stadnytskyi et al., 2020). 

In close range situations, people are much more likely to be exposed to the virus by inhaling it than 
by having it fly through the air in large droplets to land on their eyes, nostrils, or lips (Chen et al., 
2020). Similarly, the transmission of SARS-CoV-2 after touching surfaces is now considered to be 
relatively minimal (Goldman, 2020; Haug et al., 2020; SAGE, 2020). Co-benefits of improved indoor 
AQ through better ventilation should also be considered (e.g. reduced sick leave for other 
respiratory viruses, allergies and sick building syndrome (Laumbach and Kipen, 2005; Sundell et al., 
2011).  

As we will see later for other airborne viruses, the enhancing role of PM in virus-to-person interaction 
has been highlighted. The former was argued when –albeit low-, presence of viral RNA on PM was 
reported associated to PM10 exceedances in Bergamo at February 2020 (Setti et al., 2020a-c), similar 
to what Qin et al (2020) reported in Beijing. The complexities associated to the potential binding of 
virus particulates to PM have been hypothesised on the basis of former studies with similar viruses, 
although clearly more research is needed in this direction (see Fig. 2; Duval et al., 2021). 
Understanding the role of coalescence processes for viral particulates in aerosols with PM of 
different sizes is clearly both controversial and an urgent topic of research. Also is uncovering the 
associated molecular properties favouring their persistence and viability or even facilitating 
infection. Association with meteorological and air quality factors is therefore an important 
derivative. 
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Figure 2 – Schematic overview of the processes that might be involved in the presence and 
interaction of SARS-CoV-2 particulates and aerosols, and in the routes of infection   

 

(A) virion loading of airborne particulate matter (PM), (B) loading of PM-virion associates into aerosol droplets, (C) transport 
and dispersion of loaded droplets, (D) Mechanisms of droplet inhalation, transport to alveoles, release of virions from PM 
and subsequent specific binding of virions to host cells, and finally, (E) exhalation.  

Reproduced with permission from Duval et al., Adv. Coll. Interf. Sci. 290, 102400, 2021. License CC BY-ND. 

 

As reported in some studies, asymptomatic or pre-symptomatic transmission of SARS-CoV-2 from 
people who are not coughing or sneezing is likely to account for at least a third, and perhaps up to 
59 %, of all transmission globally and is a key way SARS-CoV-2 has spread around the world 
(Johansson et al., 2021). This is supportive of a predominantly airborne mode of transmission. Direct 
measurements show that speaking produces thousands of aerosol particles and few large droplets 
(Chen et al., 2020), which also supports the airborne route. Indeed, transmission of SARS-CoV-2 is 
higher indoors than outdoors (Bulfone et al., 2021) and is substantially reduced by indoor 
ventilation. Both observations support a predominantly airborne route of transmission.  

In addition, use of personal protective equipment (PPE) in health-care facilities, designed to protect 
against droplet but not aerosol exposure, has not prevented massive infections (Klompas et al., 
2021). Viable SARS-CoV-2 has been detected in the air and in laboratory experiments, SARS-CoV-2 
stayed infectious in the air for up to 3 h with a half-life of 1·1h (Van Doremalen et al., 2020). Viable 
SARS-CoV-2 was identified in air samples from rooms occupied by Covid-19 patients in the absence 
of aerosol generating health-care procedures (Lednicky et al., 2020) and in air samples from an 
infected person's car.  

Although other studies have failed to capture viable SARS-CoV-2 in air samples, this is to be 
expected. Sampling of airborne virus is technically challenging for several reasons, including limited 
effectiveness of some sampling methods for collecting fine particles, viral dehydration during 
collection, viral damage due to impact forces (leading to loss of viability), re-aerosolisation of virus 
during collection, and viral retention in the sampling equipment. Measles and tuberculosis, two 
primarily airborne diseases, have never been cultivated from room air (Fennelly, 2020). SARS-CoV-2 
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has been identified in air filters and building ducts in hospitals with Covid-19 patients; such locations 
could be reached only by aerosols (Nissen et al., 2020).  

Wide variation in respiratory viral load of SARS-CoV-2 counters arguments that SARS-CoV-2 cannot 
be airborne because the virus has a lower R0 (estimated at around 2·5, Petersen et al., 2020) than 
measles (estimated at around 15; Guerra et al., 2017). More so since R0, which is an average, does 
not account for the fact that only a minority of infectious individuals shed high amounts of virus. 
Overdispersion of R0 is well documented in Covid-19 (Endo et al., 2020). In addition, there is limited 
evidence to support other dominant routes of transmission—i.e., respiratory droplet or fomite 
(Chen et al., 2020; Goldman, 2020). Ease of infection between people in close proximity to each other 
has been cited as proof of respiratory droplet transmission of SARS-CoV-2. However, close-proximity 
transmission in most cases along with distant infection for a few when sharing air is more likely to 
be explained by dilution of exhaled aerosols with distance from an infected person.  

The flawed assumption that transmission through close proximity implies large respiratory droplets 
or fomites was historically used for decades to deny the airborne transmission of tuberculosis and 
measles (Fennelly, 2020; Tang et al., 2021). Respiratory activities have been established to produce 
an overwhelming number of aerosols. This recognition and the proper definition of the boundary 
in particle size of 100 μm between aerosols and droplets, instead of the 5 μm, are of much relevance. 
(Fennelly, 2020; Tang et al., 2021). In fact, it is sometimes argued that since respiratory droplets are 
larger than aerosols, they must contain more viruses. However, in diseases where pathogen 
concentrations have been quantified by particle size, smaller aerosols showed higher pathogen 
concentrations than droplets when both were measured (Fennelly, 2020).  

One major argument, however, against airborne transmission in the case of SARS-CoV-2 is that as 
for other respiratory viruses, this transmission is difficult to demonstrate directly. Methodologies for 
extraction are not unified and mixed findings appear in the literature from studies that seek to 
detect viable pathogens in air samples (Pan et al., 2019). Counterarguments to this claim stress that 
if there are insufficient grounds for concluding that a pathogen is not airborne, this statement 
should not be used against this potential route of transmission (Greenhalgh et al., 2021). 

An important point is that the infectious dose needed for transmission through aerosols needs to 
be determined. However, determining infectious doses for each particular virus is a difficult task, 
despite some attempts have been made that indicate it can be very low for other respiratory viruses 
(i.e. HuCoV-229E around 10 PFU; Karimzadeh et al., 2021). They propose that the infectious dose of 
SARS-CoV-2 may be a few hundred particles (despite it is not clear whether the authors refer to 
particles or PFU). 

Instead, a meta-analysis performed on a systematic review aimed at developing a comprehensive 
dataset of respiratory viral loads (rVLs) of SARS-CoV-2, SARS-CoV-1 and influenza A(H1N1) pdm09 
shed some light. It showed that for rVL there exists as an intrinsic virological factor facilitating 
greater over-dispersion for SARS-CoV-2 in the Covid-19 pandemic than A(H1N1)pdm09 in the 2009 
influenza pandemic. A model of individual infectiousness by shedding viable virus via respiratory 
droplets and aerosols, indicates Covid-19 case heterogeneity is of maximal importance. The reason 
is that highly infectious individuals shed tens to thousands of SARS-CoV-2 virions/min via droplets 
and aerosols while breathing, talking and singing (Chen et al., 2021) This finding has important 
implications for disease control and occupational health regulations.  

For instance, the dispersion of aerosols was studied experimentally in several concert halls to 
evaluate their airborne route and thus the risk of SARS-CoV-2 spreading (Schade et al., 2021). The 
former experiment was conducted with a dummy that emitted simulated human breath containing 
aerosols and aerosol and CO2 concentration profiles were mapped using sensors placed around the 
dummy. No substantial enrichment of aerosols and CO2 was found at adjacent seats, provided that 
(1) there were floor displacement outlets under each seat enabling a minimum local fresh air vertical 
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flow of vv = 0.05 m/s, (2) the air exchange rate was more than 3, and (3) the dummy wore a surgical 
face mask. 

A second crucial implication of airborne spread is that the quality of the mask matters for effective 
protection against inhaled aerosols. Masks usually impede large droplets from landing on covered 
areas of the face, and most are at least partially effective against inhalation of aerosols. However, 
both high filtration efficiency and a good fit are needed to enhance protection against aerosols 
because tiny airborne particles can find their way around any gaps between mask and face (Philip 
et al., 2021). If the virus is transmitted only through larger particles (droplets) that fall to the ground 
within a metre or so after exhalation, then mask fit would be less of a concern (Tang et al., 2021). In 
this regard, inhalation as well as exhalation matters in occupational settings' regulations are to be 
improved (Philip et al., 2021). 

As an example, healthcare workers wearing surgical masks have become infected without being 
involved in aerosol generating procedures (Fennelly, 2020; Drewnick et al., 2021; Goldberg et al., 
2021). As airborne spread of SARS-CoV-2 is fully recognised, our understanding of activities that 
generate aerosols will require further definition. Aerosol scientists have shown that even talking and 
breathing are aerosol generating procedures (Asadi et al., 2019; Schleuch et al., 2020; Stadnytskyi.et 
al., 2020) It is now clear that SARS-CoV-2 transmits mostly between people at close range through 
inhalation. This does not mean that transmission through contact with surfaces or that the longer 
range airborne route does not occur, but these routes of transmission are less important during brief 
everyday interactions over the usual 1-m conversational distance.  

In addition, many studies have investigated the reduction in AP levels as a result of Covid-19 
restrictions (Kumari and Toshniwal, 2020; Menut et al., 2020; Ordóñez et al., 2020; Saxena and Raj, 
2021; Venter et al., 2020), which might result in beneficial health effects, e.g., short-term and long-
term avoided mortality from exposure to PM2.5 (Giani et al., 2020). However, the entirety of 
lockdown-induced direct and indirect effects and changes such as delayed treatments for disease, 
mental health impacts and changes in physical activity should be considered. The former might 
offset or surpass the observed reductions in burden of disease due to improved AQ during Covid-19 
lockdown periods (Brunekreef et al., 2021). 

3.1.1. Epidemiological evidence from other respiratory viral diseases  
While direct epidemiological evidence of AQ influence on Covid-19 is only beginning to emerge, 
there is more mature evidence from other respiratory viruses (Audi et al., 2020; Moriyama et al., 
2020). This evidence contributes to the expectation that Covid-19 may also be sensitive to variations 
in AQ factors.  

Asadi et al. (2020) provide evidence of a mode of transmission seldom considered for influenza: 
airborne virus transport on microscopic particles called 'aerosolised fomites.' In a guinea pig model 
used to test influenza virus transmission, a study convincingly demonstrated for influenza virus, that 
aerosolised fomites can be generated from inanimate objects. Complementary, air pollutants might 
also play a role in airborne transmission of viruses. It has been demonstrated that particulate matter 
can be a carrier of airborne pathogens (Cambra-López et al., 2010; Cao et al., 2014), and that aerosols 
can enhance the stability of some viruses, including Middle East respiratory syndrome coronavirus 
(MERS-CoV) (Van Doremalen et al., 2013). The importance of these pathways to infection risk relative 
to the influence that AP has on host resistance to infection is not yet well characterised.   

In the case of influenza, airborne transmission may occur by two modes. First, by sprays of virus-
laden respiratory droplets, such as from a cough or sneeze, impacting immediately onto the 
respiratory mucosa of a susceptible individual. Alternately, by the eventual inhalation of droplet 
nuclei, microscopic aerosol particles consisting of the residual solid cores of evaporated respiratory 
droplets (Killingley, B. & Nguyen-Van-Tam, 2020). The relative contribution of each of these 
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transmission modes remains unknown, and viral, host, or environmental factors may individually or 
in combination, affect which modes are favoured in different settings (Tellier et al., 2019; Roy and 
Milton, 2004; Erbelding et al., 2018). Of interest, Asadi et al. (2020) showed that the vast majority of 
airborne particulates emitted from a guinea pig cage are non-respiratory in origin and thus 
presumably have their origin in environmental dust (Fig. 3). These findings also suggested that 
guinea pigs emit expiratory particles with a size range comparable to that of humans, confirming 
that they could serve well as an analog animal model. It seemed established that if these dust 
particulates become contaminated with influenza virus they can serve as aerosolised fomites that 
carry the virus to a susceptible guinea pig through the air.  

Finally, that same study showed that aerosolised fomites can be generated from inanimate objects. 
For instance, by rubbing a virus-contaminated paper tissue, a fact that can have relevant 
implications –e.g. aerosolised fomites for respiratory virus transmission- in other animal models and 
for transmission between humans. Results in that study showed that dried influenza virus remains 
viable in the environment, on materials like paper tissues and on the bodies of living animals. And 
long enough to be aerosolised on non-respiratory dust particles that can transmit infection through 
the air to new mammalian hosts. Similar elegant results involving infected caged animals that were 
connected to separately caged uninfected animals via an air duct have shown transmission of SARS-
CoV-2 that can be adequately explained only by aerosols (Kutter et al., 2021). 

Figure 3 – Influenza virus-naive guinea pigs are infected by aerosolised fomites 

 

A) Transmission experiment schematic, showing a virus-naïve recipient guinea pig placed downwind of, but physically 
separated from, a virus-immune, virus-contaminated donor guinea pig. B) Nasal wash virus titers, in plaque-forming units 
(pfu) ml−1, from 12 immunes, contaminated donor guinea pigs, each represented by a different color. C) Nasal wash virus 
titers from 12 recipient guinea pigs. Each color represents an individual recipient. Dotted line indicates the limit of 
detection (LOD).  

Reproduced from Asadi et al. 'Influenza A virus is transmissible via aerosolised fomites', Nat. Commun., 2020. DOI: 
10.1038/s41467-020-17888-w PMID: 32811826 PMCID: PMC7435178 under a Creative Commons CC BY-ND license. 
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Asadi et al. (2020) showed how the animal models harboured viable virus on their bodies for up to 
4 days post-contamination, which was subsequently transmitted through the air to infect 3 of 12 
virus-susceptible partner animals housed in separate cages (25 % transmission rate, 95 % credible 
interval 8–52 %). This transmission rate is lower than previously observed under similar 
environmental conditions, with the same influenza virus isolate after intranasal inoculation into 
donor animals. These results suggest that influenza virus transmission via aerosolised fomites may 
be less efficient than transmission by respiratory droplets or droplet nuclei. This pointed to the need 
of further replicate similar studies in a wider set of conditions and scenarios. Again, whereas these 
conclusions cannot be directly extrapolated for SARS-CoV-2 and specific research would be 
desirable given the differences between the two types of viruses, new results by Kutter et al., 2021 
appear to give further credit to similarities with SARS-CoV-2 dynamics.  

Despite the former, considering the fact that the viability of SARS-CoV-2 on many types of surfaces 
has been reported (e.g., on metals for 48 h, plastic for 72 h, cardboard for 24 h, and copper for 4 h; 
NAAQS; van Doremalen et al., 2020), it is likely that the virus on inanimated surfaces can be 
potentially lodged on the PM2.5 and redistributed or transported back into the air. Air particle 
measurements have suggested that SARS-CoV-2 can be carried by PM2.5 in the air when healthcare 
workers remove their personal protective equipment (PPE, Chan et al., 2020; Ong et al., 2020).  
Furthermore, it is also suggested that suspended tiny dust in the air could couple with 
microorganisms of diameter < 5 μm during aerosolisation. Since the diameter of the SARS-CoV-2 is 
two orders of magnitude smaller—the airborne transport is still unclear and, therefore, worth 
exploring. 

At a mechanistic level, PM concentration has been shown to be linked with the increased infection 
rates in many of the virus-related outbreaks in the past two decades caused by RNA viruses. For 
instance, Severe Acute Respiratory Syndrome (SARS) in 2003 (Cui et al., 2003), Swine flu H1N1 
(Influenza) pandemic in 2009 (Morales et al., 2017), H5N2 Influenza outbreak in United States (Zhao 
et al., 2019) and the measles outbreak in 2019 (Peng et al., 2020). 

Virus deposition in the case of influenza, possibly via direct nose and mouth contact, may be more 
efficient than the transfer of dried virus from the bodies of contaminated persons or its retention on 
the surfaces. Respiratory mucus may also have a preservative effect on non-porous surfaces, such 
that deposited virus retains its infectivity longer. These hypotheses remain open for future research 
and for SARS-CoV-2. However, there are already results that serve as a clear proof of principle that 
influenza virus can transmit through the air when carried on micron-sized, non-respiratory 
particulate matter from the environment.  

Indeed, influenza virus transport on dust has been infrequently hypothesised (Chapin, 1916; 
Andrewes, C. H. & Glover, 1941; Khare, P. & Marr, 2015) and experimentally explored (Edward, 1941) 
in the past, and other respiratory pathogens are known or suspected to initiate human infection in 
this manner (Jonsson et al. 2010,  Sarute, N. & Ross, 2017). However, current opinion about influenza 
virus transmission, both in humans (Weber and Silianakis, 2008; Tellier 2019; Killingley & Nguyen-
Van-Tam, 2013; Jones, R. M. & Brosseau, 2015; Tellier et al. 2019) and in animal models (Richard, M. 
& Fouchier, 2016; Bouvier, 2015), appears to presume that airborne infectious virus derives solely 
from exhaled, coughed, or sneezed respiratory particles, or occasionally from aerosol-generating 
medical procedures (Brankston et al., 2007; Tellier et al., 2019).  

Recent research provides direct experimental evidence that the airborne particles mediating 
mammalian influenza virus transmission need not be directly emitted into the air from the 
respiratory tract of an infectious host. Rather, aerosolised fomites from a virus-contaminated 
environment can also spread influenza viruses through the air. The former, if also true for SARS-CoV-
2 might imply updating regulations for occupational health and will deserve further investigation.  
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It is also suggested that for influenza, the stability of the hemagglutinin (HA) protein in the 
environment is one critical factor in influenza virus transmissibility by airborne routes. Given the 
overall complexity of influenza virus transmission, it is unlikely that the presence of aerosolised 
fomites or their environmental stability entirely explains why some influenza viruses transmit 
through the air efficiently while others do not. More likely, airborne transmission efficiency for a 
standard virus, depends variably on multiple factors. Among these, the infectiousness of the virus 
donor, the susceptibility of the virus recipient, and the stability of the virus in the environment 
between them.  

During the early stages of the Covid-19 pandemic in China, air sampling in various hospital locations 
found the highest airborne genome counts of SARS-CoV-2 in rooms where health care workers 
doffed their PPE equipment, hinting that virus was possibly being aerosolised from contaminated 
clothing as it was removed (Liu et al., 2020). However, other research suggests that fomite 
transmission would unlikely be a major route of transmission as attempts to culture SARS-CoV-2 
from surfaces were largely unsuccessful (Goldman, 2020; Mondelli et al., 2020). It must be noted that 
lack of viral cultivation might not always reflect absence of the virus, given the large technical 
problems in such methodologies, as formerly reported. On the other hand, airborne transmission of 
SARS-CoV-2, although plausible (Zuo et al., 2020), was not officially endorsed by the World Health 
Organization (WHO) as a general transmission route (WHO IPC Recommendations, accessed 
29/03/2020 and 14/12/2020).  

There is, however, growing evidence that SARS-CoV-2 can be transmitted by aerosols (droplets ≤50 
μm or even defined as under 100 μm, despite there are differences in terminology depending on 
disciplines, Lednicky et al., 2020; Y. Liu et al., 2020; Tang et al., 2020). Insomuch, the relative 
importance of airborne aerosol transmission in relation to contact transmission (infection through 
direct contact with an infectious person or contaminated surface) or droplet transmission (infection 
through virus-containing respiratory droplets over 100 μm within shorter distances of 1-2 meters) 
and other modes of SARS-CoV-2 transmission, is still controversial at the level of policy and public 
health agencies. Voices that demand further investigation (Klompas et al., 2020) have emerged, 
despite the aerosol's scientific community seems in May 2021 very much aligned in this airborne 
route of transmission. Instead, positive correlations between PM2.5 and other respiratory viruses 
such as the influenza virus have been reported (Su et al., 2019), emphasizing the possibility of 
particulate matter as a transport carrier also for SARS-CoV-2. 

Nor et al. (2021) report a four weeks-study during 48-h measurement intervals in four separate 
hospital wards in Malaysia, and proved the involvement of fine indoor air particulates with a 
diameter of ≤ 2.5 µm (PM2.5) as the SARS-CoV-2 virus's transport agent. Instead, other studies stated 
that the presence of SARS-CoV-2 on the ICU surfaces could not be determined, if a strict cleaning 
protocol was supported with sodium hypochlorite, a high air change rate, and a negative pressure, 
therefore preventing environmental contamination in the intensive care units, ICU (Escudero et al., 
2020). Lane et al. 2021 also investigated whether virus-containing aerosols were present in nursing 
stations and patient room hallways and found no detectable levels (i.e. a threshold of over 8 viral 
copies/m3 of air). In another study, air samples collected at a measuring station in Leipzig as well as 
and purified pollen were analysed for SARS-CoV-2 typical signals or for virus-induced cytopathic 
effects. The study intended to test if the virus could bind to bioaerosols and if so, whether these 
complexes were infectious. The results showed that neither air samples nor purified pollen were 
infectious or could act as carrier for virus particles (Dunker et al., 2021). 

For other diseases, aerosols have been seen to remain in the air for an extended period of time and 
be carried over greater distances (i.e. > 6 m, such as in reported for outbreaks of tuberculosis, 
measles, and chickenpox, Dbouka & Drikakisb, 2020; Ather and Edemekong, 2020). Transmission of 
SARS-CoV-2 in a range of particulate matter (PM) from submicrometer to supermicrometer ranges 
have been reported (Liu et al., 2020; Guo et al., 2020). As PM2.5 in indoor environments is mainly 
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derived from common outdoor sources such as motor-vehicles, biomass burning, and industrial 
emissions, both environments appear closely related. 

 In essence, the longer lifetime of smaller particles may pose a significant viral exposure to 
healthcare personnel, especially in indoor environments, more so given that they can easily 
propagate by tiny turbulent eddies in the air (Wang et al., 2006; Gemenetzis et al., 2006; Quian et al., 
2012; Liu et al., 2018; Chatoutsidou et al., 2015). However, despite numerous studies that have 
demonstrated the transmission route of SARS-CoV-2 via respiratory droplets, direct evidence on 
aerosols-borne transmission remains more limited (Liu et al., 2020; Peng et al., 2020; Morawska & 
Cao, 2020).  

Virus size for known viruses can range from 20 nm to as large as 500 nm, with SARS-CoV-2 being 
approximately twice the size of influenza A. By using electron microscopy, different researchers have 
had varying results, but the diameter of this spherical virus has been found to range between 50 nm 
to 140 nm. Size is important mainly for two reasons in relation to aerosols: namely because it 
determines which characteristics face masks must comply with to be protective, and second as size 
also conditions its airborne dispersal range and persistence. However, as viruses may travel 
embedded in larger particles, filtration of sizes larger than 140 nm may be efficient for small viruses 
as well.  

Also, the dynamic behaviour of a particle may not correlate exactly with its size, since depending on 
the containing matrix and aerosol's structure, a small particle may behave as a larger particle in its 
dynamic properties. Respiratory droplets are typically 5-10 micrometers (µm) in length, while 
aerosols smaller than 5 μm and controlled experiments from ill (and infectious) patients indicate a 
variable amount of viruses (differences of the order of several thousands) contained depending on 
the size of aerosols. No study instead has reported a significant correlation between the virus 
concentration and PM's diameter. Whilst N95 masks from different producers may have slightly 
different specifications, the protective capabilities offered by N95 masks are largely attributed to the 
masks' obligation to remove at least 95 % of all particles with an average diameter of 300 nm or less.  

Recent longitudinal studies have begun to investigate the associations of PM2.5 and influenza. For 
example, a study in Beijing, China, reported the association between the delayed impact of short-
term exposure of PM2.5 and monthly influenza cases (Liang et al. 2014). A follow up study found 
correlations between PM2.5 exposure and daily influenza risk by age group in Beijing, China, 
suggesting a 1-day optimal lag effect (Feng et al., 2016). A more recent study showed consistently 
increased odds of healthcare encounters for influenza for elevated PM2.5 exposure estimates 
averaged across several lag periods, 0–28 days (Horne et al., 2018). Building on models of airborne 
disease transmission in order to derive an indoor safety guideline that would impose an upper 
bound on the 'cumulative exposure time, Bazant and Bush, 2021 investigated by means of a 
theoretical model an upper bound on the product of the number of occupants and their time spent 
in a room. They showed how specifically the Six-Foot Rule is a guideline that offers little protection 
from pathogen-bearing aerosols sufficiently small to be continuously mixed through an indoor 
space.  

For SARS-CoV-2, the viral load of infectious individuals is very variable by orders of magnitude and 
it was demonstrated both experimentally and by model simulations, that most environments and 
contacts are under conditions of low virus abundance (virus-limited). In these conditions,  surgical 
masks are, in principle, effective at preventing virus spread. Instead, more advanced masks and 
other protective equipment are required in potentially virus-rich indoor environments including 
medical centres and hospitals (Cheng et al., 2021). It is therefore clear also experimentally that 
reducing background aerosols (i.e. ventilation, distancing) reduces infection risk.  

Aerosols generated by infected people act merging together with background aerosols, what 
implies that as well as removing aerosols by ventilation, their generation should also be minimized 
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(Ashworth 2021). A common means of aerosol generation –much overlooked but of great relevance 
in many societies- is the toilet flush, which increases background aerosol content not only in the 
same room but over larger distances, thus acting as a transport system for viral particles. It has been 
reported in Edinburgh's hospitals (Ashworth, 2021) that toilets are not provided with lids and 
therefore nosocomial transmission can take place. Simple and inexpensive evidence-based 
measures such as lids could largely reduce indoor aerosols as could also ionizers in public spaces. 
Reducing background aerosols could, in turn, reduce infectivity. 

3.2. Effects of AP on disease susceptibility and the well-being of 
individuals. Can Covid-19 effects be exacerbated by AP and is 
there an enhanced effect in people with co-morbidities? 

Studies have pointed out that AP may be a contributing factor to the Covid-19 pandemic. However, 
the specific links between AP and infection by the SARS-CoV-2 yet remain unclear. Epidemiological 
investigations have related various air pollutants to Covid-19 morbidity and mortality at the 
population level, however, those studies often suffer from several limitations. AP may be linked to 
an increase in Covid-19 severity and lethality through its impact on chronic diseases, such as 
cardiopulmonary diseases and diabetes, but controlling for previous co-morbidities is a difficult task 
when length of experimental time is, as here, much limited. Experimental studies have, in general, 
shown that exposure to AP leads to a decreased immune response, thus facilitating viral penetration 
and replication. Viruses may also persist in air through complex interactions with particles and gases 
depending on: 1) chemical composition; 2) electric charges of particles; and 3) meteorological 
conditions such as humidity, ultraviolet (UV) radiation and temperature. In addition, in principle, by 
reducing UV radiation, air pollutants may promote viral persistence in air and reduce vitamin D 
synthesis.  

In the specific case of AQ, research on Covid-19 and other respiratory illnesses can be divided into: 
(1) studies that are concerned with the transmission of the pathogen, primarily related to aerosol 
dynamics, and (2) studies related to the effects of certain pollutants on the immune response 
function, influencing the severity of disease symptoms and probability of death. And as a last 
category, that related to (3) previous co-morbidities. There is substantial evidence for (2) and likely 
also for (3), although drawn from a number of other respiratory diseases to which Covid-19 and its 
causing virus, resembles.  

In addition, concerns exist that long-term conditions, resulting from Covid-19 infections can be 
worsened by previous and current AP exposure, increasing hospital admissions for respiratory and 
cardiovascular ailments/diseases (Brunekreef et al., 2021). This may have a direct impact on Covid-19 
symptom severity, since the body's ability to respond to the infection is further compromised, and 
it also means that individuals with a history of exposure to AP are more likely to have comorbidities 
that make them more susceptible to severe health impacts when faced with a viral infection 
(Ciencewicki and Jaspers, 2007; Kim et al., 2018). This includes cardiovascular diseases and other 
vasculitis, respiratory diseases, diabetes, and hypertension (Yang et al., 2020). 

Most support for the alleged relationships between APs and Covid-19 may therefore come from 
age-related studies. Age is one of the most important prognostic factors associated to Covid-19 
lethality (Pierce et al., 2021; Lara et al., 2020). The rationale is that eldest people, after long time living 
in highly polluted areas, could acquire higher levels of predisposition to display an increase of their 
hyper-inflammatory biomarkers. This cascade of events has been shown to leads to pulmonary 
fibrosis or other organ damage due to interaction with pollution and with further reactive oxygen 
species (e.g. the latter activating the NLRP3 inflammasome). Also, dementia or Alzheimer disease, 
developed mainly in the eldest population, is described to relate with an overexpression of the 
angiotensin-converting enzyme-2 (ACE-2) via reactive oxygen species production and the 
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subsequent NLRP3 inflammasome activation. As mentioned, SARS-COV-2 infection has also been 
linked to inflammation via ACE-2 receptors. 

Recent population studies suggest a role for the NLRP3 inflammasome activation in lung 
inflammation and fibrosis in SARSCOV and SARS-CoV-2 infections (Lara et al., 2020). AP is also 
documented to show increased amounts of radioactivity depending on particular conditions, and 
some studies relate these characteristics and the presence of SARS-CoV-2 in bioaerosols to an 
activation of the cytokine cascade (Ratajczak et al., 2020). 

At a mechanistic level the diagram below (Fig. 4) could –at least partly- illustrate the connections 
between AP, meteorological factors and both the virus transmission and  propagation of the disease 
at the population level. 

Figure 4 – Air pollutants/virus interaction according to atmospheric conditions 

 
Relative humidity plays a role in the desiccation or hydration of viral droplet and, thus, influences the size of the droplet 
and the persistence of respiratory viruses in the air. Solar ultraviolet (UV) radiation has in vitro antiviral activity and leads 
to an increase in vitamin D synthesis. Atmospheric air pollutants may lead to decreased UV penetration leading to reduced 
vitamin D synthesis and temperature influences the size of the viral droplets. In addition, low temperatures decrease the 
functioning of airways ciliated cells, while high temperatures may have antiviral activity. Droplet nuclei refers to viral 
droplets ⩽50μm (also called viral airborne or viral aerosols). In addition to the common effect of air pollutants, which lead 
to a decrease in immune respiratory defense, particulate matter (PM) may be involved in respiratory virus transport. (AMP: 
antimicrobial proteins and peptides; ELF: epithelial lining fluid; RASS: renin-angiotensin-aldosterone system; AT1R: 
angiotensin 2 receptor type 1. 

This material has not been reviewed prior to release; therefore the European Respiratory Society may not be responsible 
for any errors, omissions or inaccuracies, or for any consequences arising there from, in the content. Reproduced with 
permission of the ERS 2021 from Bourdrel T et al., 'The impact of outdoor AP on Covid-19: a review of evidence from in 
vitro, animal, and human studies',. European Respiratory Review 30 (159) 200242; DOI: 10.1183/16000617.0242-2020 
Published 9 February 2021. 
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On (3) above, AP may increase Covid-19 morbidity and mortality through its action on associated 
co-morbidities. Experimental studies conducted for other respiratory viruses support the hypothesis 
that AP exposure may facilitate the occurrence of Covid-19 infection through a decrease in immune 
response. In vitro, animal and human studies have reported that exposure to air pollutants leads to 
increased mucosal permeability and oxidative stress, decreased antioxidants and surfactant 
antimicrobial proteins, as well as impaired macrophage phagocytosis. In addition, SARS-CoV-2 entry 
in host cells through ACE 2 requires the cleavage of the viral spike protein by proteases, and such 
protease activity may be increased by AP, as is documented for several other respiratory viruses. 

According to their composition, PM and viruses can interact and modify viral activity as shown by in 
vitro studies. In addition, PM is known to carry microorganisms such as viruses, and there is 
controversy whether SARS-CoV-2 RNA has been identified in PM in open-air aerosols. It is clear, 
though, that it is present in aerosols in closed spaces (e.g. hospital wards, metro stations and other 
crowded spaces). It is therefore absolutely clear that this topic deserves urgent investigation, as it is 
of paramount importance for issuing appropriate regulations for occupational health and for 
associated policy actions. Although there is a need for more specific studies exploring interactions 
between air pollutants and SARS-CoV-2 in the ambient air and their impact on human health, this 
review highlights that both short and long-term exposures to AP may be important aggravating 
factors for SARS-CoV-2 transmission and Covid-19 severity and lethality through multiple 
mechanisms, some of them yet unclear. Future studies should also examine the role in Covid-19 
epidemiology of both outdoor and indoor AP, and the physical and chemical composition of 
aerosols. The fact that both biology and atmospheric chemistry are separately implicated suggests 
that a more holistic approach to disease management and mitigation is necessary both in 
addressing the current Covid-19 pandemic and other future viral epidemics. 

Chronic exposure to PM2.5 and NO2 are described by Frontera et al. 2020 to correlate with alveolar 
angiotensin-converting enzyme-2 (ACE-2) receptor overexpression, that could ultimately lead to 
more severe Covid-19 infection. Mechanisms proposed are two-fold: (1) Chronic exposure to PM2.5 
causing alveolar ACE-2 receptor overexpression, which might lead to an increase in viral load in 
patients exposed to pollutants.  

This in turn would deplete ACE-2 receptors and impair host defenses, or/and (2) High atmospheric 
NO2 may provide a second hit causing a severe form of SARS-COV-2 in ACE-2 depleted lungs 
resulting in a worse outcome (Macías-Verde et al., 2021). Dalan et al. (2020) found out that SARS-
COV-2 uses the same pathway as SARS-CoV, infecting humans through the angiotensin-converting 
enzyme-2 (ACE-2) receptor (Conti et al., 2020). Neuron and glial cells are also a potential target of 
Covid-19 due to the overexpression of ACE-2 receptors in dementia or Alzheimer's Disease patients 
[39]. Ratajczak & Kucia (2020) reports, as well, SARS-COV-2 infection and overactivation of the NLRP3 
inflammasome as a trigger of the cytokine storm and a risk factor for damage of hematopoietic stem 
cells. For instance, the relationship between PM and SARSCoV-2 entry factors has been investigated 
in mice and new evidence provided regarding the underlying mechanism and susceptibility factors 
related to the increase in Covid-19 prevalence following PM exposure (Zhu et al., 2021)  

With respect to AQ, there is strong evidence for influenza and other respiratory viruses that poor AQ 
contributes to an increase in lower respiratory infection mortality (Troeger et al., 2018). Long-term 
studies of AP have presented convincing evidence of effects of fine particles (PM2.5) on all-cause 
mortality, morbidity and mortality from cardiovascular and respiratory diseases as well as with 
diabetes and lung cancer. In addition, nitrogen dioxide (NO2) and ozone (O3) are associated with 
respiratory disease and mortality, for which there also exists strong evidence from short-term 
studies, demonstrating effects on mortality and hospital admissions from very low exposure levels.  

Chronic diseases such as asthma, COPD, lung cancer, heart disease and diabetes can predispose to 
and worsen the outcomes of respiratory infections such as Covid-19 according to recent studies 
(Brunekreef et al., 2021). Exposure to polluted air can lead to oxidative stress and damage to the 
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respiratory system, which reduces resistance to infection (Ciencewicki and Jaspers, 2007). This 
applies to both acute and chronic exposure. NO2 levels, for example, have been found to correlate 
with respiratory infection hospitalisations on a timescale of days (Fusco et al., 2001) and with the 
prevalence of respiratory infections between different cities (Jaakkola et al., 1991). The influence of 
NO2 on infection rates for other respiratory diseases than Covid-19 has been supported in 
laboratory studies (Rose et al., 1988).  

Similarly, elevated particulate matter (PM) levels in outdoor air have been found to correlate with 
respiratory infection rates and severity for both acute (Chen et al., 2017; Dominici et al., 2006; Lin, 
2005; Schwartz et al., 1991; Wordley et al., 1997) and chronic (Dockery et al., 1989; Pope III et al., 
2004) PM exposures. Similar evidence exists for carbon monoxide (CO) and sulphur dioxide (SO2) 
exposures, while studies of ozone have yielded mixed results (Ali et al., 2018; Domingo and Rovira, 
2020; Wolcott et al., 1982). A seven-year study documented a positive relationship between ozone 
and paediatric influenza incidence. This study further demonstrated a significant interaction 
between particulate matter and temperature, whereas findings for ozone were found to be 
temperature independent (Xu et al., 2013). Other modelling analyses showed that ozone was 
negatively associated with influenza risk (Ali et al., 2018; Su et al., 2019).  

Specific to coronaviruses, AP was found to increase the case fatality rate for SARS in China (Cui et al., 
2003). Wind speed has been shown to interact with AQ factors (Cox et al., 1975; Kurita et al., 1985), 
i.e. low wind speed can favour the stagnation of particulate matter mixed with viral agents (Coccia, 
2021, 2020). Formerly, a negative association was found between wind speed and the secondary 
attack rate of SARS, indicating that high wind speed potentially contributes to the dilution and 
removal of droplets, decreasing the suspension time of SARS in the air (Cai et al., 2007). Other studies 
suggested that increased wind speed might support the diffusion of virus particles, increasing the 
likelihood of transmission between individuals over longer distances (Peci et al., 2019). These 
conflicting findings emphasise the need for further studies to investigate the role of wind speed in 
modulating virus transmission. 

In relation to the role of PM2.5, PM10 and NO2, in in particular Covid-19 spread and lethality, 
evidence is yet inconclusive. Studies often used different research methods or did not generally 
include potential confounding factors (Copat et al., 2020). Investigating cardiovascular 
comorbidities affected by pollution during the Covid-19 pandemics Versaci et al., 2021, for instance, 
appraised the impact of Covid-19, weather, and environment features on the occurrence of ST-
elevation myocardial infarction (STEMI) and non-ST-elevation myocardial infarction (NSTEMI) in a 
large Italian region and metropolitan area. However, changes in STEMI and NSTEMI could not be 
explained successfully and more investigation is needed. Multi-stage and multiply adjusted models 
highlighted reductions in STEMI to be significantly associated with Covid-19 data (p<0.001), 
whereas changes in NSTEMI were significantly associated with both NO2 and Covid-19 data (both 
p<0.001). The latter might point to the combined effect of lockdowns and reduction of pollutants 
on the health of individuals. Therefore, evaluating the validity of this relationship demands yet 
further and more rigorous assessment. 

Alongside, Middya and Roy (2021) analysing data for India at a high-resolution spatial level obtain 
strong positive relationships between Covid-19 deaths hotspots in western India and both PM2.5 
and population density. The former approach added to generally underestimated incidences and 
mortality data in most countries highlighted in some studies and the need to more accurately 
evaluate the contribution of both PM2.5 and NO2 as potential facilitators of Covid-19 spread and 
lethality (Zoran et al., 2020). As a consequence, more studies including longer time periods and 
designs that can overcome representability constraints and data inaccuracies are needed to 
strengthen scientific evidences and support firm conclusions. 
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3.3. Is there higher risk of Covid-19 in more polluted cities? 
As summarized in the briefing by ENVI report (2020) Europeans are not all affected by AP in the same 
way, what raises questions about potential differences in Covid-19 incidences. Whereas Eastern 
Europe is more impacted by high levels of PM2.5 due to its higher emission rates, instead NO2 
concentrations are the highest in the most densely populated areas in western Europe and are 
linked to local sources such as traffic, domestic and industrial emissions. And as in the case of ozone, 
it is formed under the effect of light and sunlight and therefore appears linked to the warmest and 
sunniest regions, resulting in a division that shows a north-south difference. Alongside, segments of 
population most sensitive to the health effects of AP are children, pregnant women, the elderly and 
people with pre-existing health problems. Therefore, studies should be conducted that analyse 
Covid-19 rates and incidences differences to check whether same patterns apply. Potential linkages 
with places with poorer AQ standards, where also the more vulnerable live should also be 
conducted.  

A few studies have shown a possible link between AP and Covid-19 pulmonary severity also relating 
it to increased fatality. Early on April 2020, Ogen (2020) reported high concentrations of  
tropospheric NO2 over two regions in Europe (Northern Italy and Madrid metropolitan area), as 
detected by the Sentinel-5P satellite. The NO2 buildup close to the surface was hypothesised to be 
associated to high incidence of respiratory problems and inflammation. This chronic exposure to 
NO2 is consequently argued to be an important contributor to the high Covid-19 fatality rates 
observed in these regions. Frontera et al. (2020) found that regions of the world with high 
concentration of air pollutants, especially PM2.5 and NO2, have higher infection rates from SARS-
CoV-2 and result in a higher mortality, despite the mechanistic link was, unfortunately, not 
established. Chronic exposures to these same air pollutants are correlated with alveolar angiotensin-
converting enzyme-2 (ACE-2) receptor overexpression, in principle leading to more severe Covid-19 
infection. 

A study taking as a focus the city of Lodi in Lombardy, where the first outbreak occurred in Italy in 
the first pandemic wave, found that SARS-CoV-2 cases and mortality increased in a non-linear way, 
when the distance from Lodi reduced below 92 km and 140 km, respectively. These relationships 
were intriguingly amplified by ozone (O3) pollution (Tripepi et al., 2020). Similarly, a study analysing 
the impact of four ambient air pollutants on the Covid-19 mortality rate in the United States of 
America, established that high ground-level ozone and nitrogen dioxide concentrations contribute 
to a greater Covid-19 mortality rate (Liu and Li, 2020). However, as authors themselves state, this 
study was subject to multiple limitations that could result in inaccuracies, as many other confounder 
variables could not be properly accounted for and the sample size was also very small. Along similar 
lines, Zoran et al. (2020) found that air relative humidity in Milan was -albeit moderately- significantly 
inversely correlated with all confirmed Covid-19 cases (i.e. Total Covid-19 deaths, and Covid-19 daily 
new and total numbers). 

There are reports of multiple gastrointestinal symptoms in patients with Covid-19 linked to poor AQ 
and high levels of particulate matter (Crawford et al., 2021). Moreover, in addition to industrial and 
urban pollution, health disparities in the United States (U.S.) are seen among minorities and 
immigrants who account for the majority of seasonal farm workers frequently exposed to PM in 
agricultural dusts (Lighthall 2001; Schenker et al., 1998). Strikingly, many farm workers live below 
the poverty level with limited access to healthcare services thus increasing their risk of developing 
respiratory disorders from exposure to airborne pollutants (Elliott and von Essen, 2016; Lineker & 
Smedley, 2002). Most AP is man-made and derived from fossil fuels including toxins from car exhaust 
and industrial waste (Winkler et al., 2018).  

Additionally, agricultural enterprises including concentrated animal feeding operations include a 
variety of dusts, vapors and fumes that can promote and exacerbate respiratory diseases including 
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chronic obstructive pulmonary disease (COPD), hypersensitivity pneumonitis (Charavaryamath & 
Singh, 2006; Nordgren & Bailey, 2016) and organic dust toxic syndrome (Von Essen SG, Auvermann, 
2005; Seifert et al., 2003). More specifically, farmers who are in daily contact with livestock (e.g. pigs) 
are exposed to dust composed of microorganisms originating from animal dander and fecal matter 
(White et al., 2019). While the inhalation of dust and other airborne pollutants are major factors in 
the development of cardiovascular and respiratory complications, recent studies have also shown 
that urban airborne particulate matter can have adverse effects on the gastrointestinal (GI) tract (e.g. 
barrier function and microbial composition) and immune system. 

An additional vulnerability appears to be the association between increased deaths from Covid-19 
in areas with high levels of AP, more specifically, elevated exposure to the toxic component nitrogen 
dioxide (NO2). Ogen et al. (2020) assessed long-term exposure to NO2 in European countries and 
found a strong correlation between high levels of NO2 (>100 μmol/m2) and Covid-19 fatalities 
(Ogen, 2020), despite causation could not be established. Nitrogen dioxide can also react with other 
chemicals and produce secondary pollutants such as ozone and PM US EPA 2019). A recent USA 
nationwide cross-sectional study revealed that an increase of just 1 ug/m3 of PM corresponded to 
an 8 % increase in Covid-19 deaths (Wu et al., 2020). This study, adjusted for multiple county-level 
confounders, covered more than 3000 US counties and examined whether the Covid-19-related 
mortality per capita varied by estimated county level PM2.5 concentrations across the 2000–2016 
period.  

After adjusting for population density, average body mass index, levels of poverty, smoking rates, 
average temperature, humidity, and the number of tests performed in each state, the study 
concluded that a 1 μg·m3 increase in long-term PM2.5 concentrations were associated with an 8 % 
increase in Covid-19 mortality, which is a factor of 10 higher than all-cause mortality rates in the 
same counties reported in a previous analysis. By taking into account the time of virus introduction 
in each county, this study also took into account the dynamic of the disease. Although this study 
adjusted for potential confounders, it is based on the assumption that previous PM2.5 
concentrations were still representative of those during 2016–2020. Another limitation comes from 
the fact that many of the county-level adjustment factors resulted from the Behavioral Risk Factor 
Survey that excluded institutionalised residents, whereas they represent a large part of Covid-19 
deaths. 

While the mechanisms by which AP modifies severity of Covid-19 responses have yet to be 
determined, very little is known about the host factors that determine mild or even asymptomatic 
responses compared with life-threatening or fatal outcomes. As with many inflammatory diseases, 
it is the combination of specific host and environmental factors in certain individuals that provokes 
more severe disease outcomes. What does appear to be emerging from evidence generated thus 
far is that environmental air pollutants have a positive correlation with overall Covid-19 severity.  

Among the studies addressing short-term effects of AP, Setti et al. 2020 were the first to observe an 
association between the number of Italian provinces with daily averaged PM10 concentrations 
exceeding the European limit values of 50 μg·m−3 and the subsequent number of Covid-19. 
Significant associations were found between mean concentrations of PM2.5 during the month of 
February 2020 and the total number of Italian Covid-19 cases on 31 March 2020. However, a similar 
study focusing on the Lombardy and Piedmont regions in Northern Italy from 10 February to 27 
March 2020 reported a null association between the number of Covid-19 cases and PM10 
concentrations measured several days before the COVID emergency explosion (Bontempi et al., 
2020).  

A study exploring Covid-19 cases in Italy, France, Germany and Spain reported a positive association 
between PM2.5 and PM10 concentrations between February and April 2020 and the number of 
SARS-CoV-2 infected cases, while a negative association was found for O3 (Bourdrel et al., 2021). In 
China, city-specific effects of PM10 and PM2.5 on daily confirmed Covid-19 cases were examined in 
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more than 70 cities (Jiang et al., 2020). Short-term lagged (7 and 14 days) increases in PM2.5 were 
associated with daily Covid-19 confirmed cases, and the magnitude of effect was greater for PM2.5 
than for PM10. Another study in China looked at short-term levels of six different pollutants (PM2.5, 
PM10, SO2, CO, NO2 and O3) in 120 cities to determine their association with daily Covid-19 
confirmed cases (Yao et al., 2021). The study reported an approximate 2 % increase in daily Covid-19 
cases for every 2-week lagged 10 μg·m−3 increase in PM2.5 and PM10 . However, this very limited 
increase casts doubt on the overall impact in this particular study, and larger studies need urgently 
be developed (Bourdrel et al., 2021). 

Regarding the role of long-term exposure to AP, an Italian study reported that mean levels of NO2, 
O3, PM2.5 and PM10 during the past 4 years, as well as the number of days exceeding the limit values 
established by the European Commission during the past 3 years, were both correlated with the 
number of Covid-19 cases in Italy (Fattorini et al., 2020). A UK study using individual data from the 
UK Biobank of 1450 participants, including 669 Covid-19 confirmed cases, that adjusted the models 
for confounding variables, reported significant positive associations of PM2.5 and PM10 with SARS-
CoV-2 infectivity. In addition, to explore the link between AP and the spread of Covid-19, several 
studies have analysed the effect of AP on the prognosis of Covid-19.  

Although these studies answer a different question and may also have their own weaknesses, 
exploring the prognosis of Covid-19 is less influenced by the dynamics of infection and thus leads 
to less internal validity threats such as unmeasured confounding factors. In terms of Covid-19 
mortality, NO2 was found to be related to Covid-19 in a study covering Italy, Spain, Germany and 
France that revealed 83 % of Covid-19 fatalities occurred in the regions with the highest NO2 levels 
(Pansini and Fornacca, 2020), despite a mechanistic link was not shown. In an Italian study, Covid-19 
mortality on 31 March 2020 was twice as high in the regions with the highest levels of PM2.5 
compared to that in the regions with the lowest levels of PM2.5. Interpretations of these short- and 
long-term effects should be made with caution and always in the context of their respective 
epidemiologic designs. 

Furthermore, it has been described that members of racial and ethnic minority groups are at a 
greater risk of contracting Covid-19 due to social inequalities and health disparities. This increased 
vulnerability is also seen among seasonal agricultural workers in Covid-19 high-risk rural counties in 
the US (NCFH, 2020). Moreover, while the specific influences of aerosolised agricultural dust on 
Covid-19 are unknown, it is not unreasonable to suggest that given its causal role in many 
respiratory conditions, agricultural dust may represent a potential additional risk factor for Covid-19 
infection, or more severe outcomes, in agricultural workers. This may be particularly relevant to the 
high levels of Covid-19 in Imperial County, California. This rural and agriculture-intense inland 
county has a number of disadvantages as it battles the pandemic including limited access to 
healthcare, high levels of poverty, obesity, and asthma hospitalisations (Tulimiero et al., 2020), as 
well as poor AQ with higher levels of particulate matter exposure than the state or national averages 
(Jones & Fleck, 2020; Man et al., 2017; NIEHS, 2020). 

Recently, another large study conducted at the county level in the USA showed a significant 
relationship between long-term exposure to NO2 and Covid-19 mortality (Wu et al., 2020). This study 
used both single and multi-pollutant models and controlled for spatial trends and a comprehensive 
set of potential confounders including state-level test positive rates, county-level healthcare 
capacity, phase-of-epidemic, population mobility, socio-demographics, socioeconomic status, 
behaviour risk factors, and meteorological factors. Furthermore, the previously mentioned UK study, 
adjusted for population density, found that the levels of SO2 and NO2 recorded between 2018 and 
2019, were positively linked to Covid-19 cases and Covid-19 mortality, while O3 was negatively 
correlated.  

Although population density is important because it can promote both viral spread and AP, it fails 
to explain why some highly populated regions have larger numbers of Covid-19 cases and fatalities, 
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pointing to socioeconomic and racial inequalities, including disparities related to environmental 
exposure. Recent data from the USA indicated that the number of Covid-19 cases and fatalities 
experienced by Black citizens were higher (up to 75 %) than in the rest of the population, although 
they constitute only a small proportion (32 % at maximum) of the overall population. Outside 
conventional epidemiology, comprehensive econometric methods were applied to study the effect 
of PM2.5 and Covid-19 cases, hospitalisations and deaths in all 355 municipalities in the Netherlands 
(Cole et al., 2020). The authors attempted a number of sensitivity analyses to account for 
unmeasured confounding (or omitted variable bias as commonly known in econometrics), 
measurement error in the exposure and the outcome and spatial spill-over.  

They found that a 1 μg·m−3 increase in long-term PM2.5 is associated with nine additional cases, 
three additional hospital admissions, and two additional deaths. Interestingly, this study found that 
the relationships between AP and Covid-19 are also observed in rural zones, which suggests that AP 
plays a direct role in impacting Covid-19, independent of an urban setting with all its characteristics, 
such as density or crowding. In those rural zones, PM2.5 mainly arises from agricultural sources and 
especially from intensive livestock farming that leads to NH3 release. By interacting with other 
gaseous pollutants such as NOx, atmospheric NH3 leads to PM2.5 formations. In Europe, agriculture 
is one of the main sources of PM2.5 (Lelieveld et al., 2015). 

Finally, an additional and interesting avenue of research that can help provide evidence is the in 
vitro, animal and human studies. Bourdrel et al., 2021 review the different studies to date from 
different perspectives. For instance, for diseases such as influenza and measles, they state that 
several studies have demonstrated that increases in air pollutant concentrations were associated 
with an increased occurrence of respiratory viral diseases among children and adults, in particular 
when the viral infection was concomitant to a short-term increase in exposure to AP. Increases in 
PM2.5 concentrations have been associated with increased rates of viral infection, namely influenza, 
respiratory syncytial virus (RSV) and measles. In these studies, concentrations of PM2.5 were 
correlated with the number of new cases of respiratory viral infections with a lag time of a few days 
(Su et al., 2019; Chen et al., 2017).  

It is still unclear, however, how long this virus remains infectious in ambient air and whether the low 
viral load contained within the aerosol is sufficient to induce infection. Atmospheric interactions 
between gases and viruses are also complex and depend on meteorological contributing factors 
such as UV radiation and relative humidity. By reducing UV radiations (which have antiviral activity) 
air pollutants may promote viral persistence in ambient air and also reduce vitamin D synthesis, and 
thus may play a role in the immune response against viral infections. 

3.4. Can meteorological factors facilitate aerosol-mediated 
transmission of SARS-CoV-2? 

A thorough understanding of the role of meteorological factors on both Covid-19 incidence and 
SARS-CoV-2 transmission is not the central objective of this part of the review. An exhaustive 
compendium of the evidences to date is presented in the 1st Report of the WMO Covid-19 Task Team 
on Meteorological and AQ (MAQ) factors affecting the Covid-19 pandemic (WMO, 2021). Although 
there is as yet no consensus on the subject, it seems likely that a decrease in humidity leads to 
dehydration of macro droplets into smaller droplets that are able to remain in suspension in the 
ambient air, while an increase in humidity may lead to increased water content of viral droplets, and 
thus increased weight, enabling them to fall to the ground faster (Bourdrel et al., 2021). And in the 
case of temperature, whereas colder conditions lead to an increase in other respiratory viral 
transmissions such as influenza, there are yet contradictory results on the link between Covid-19 
and temperature (Moriyama et al., 2020).  
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While several studies found that temperature was negatively associated with Covid-19 mortality and 
transmission, others did not find any evidence of an association (Liu et al., 2020; Mccartney and 
Byrne, 2020; Tobias, 2021]. Massive amounts of preprints and fast-tracked publications bearing low-
quality criteria have added more confusion to the field (Chen et al., 2021). Some recent studies have 
also tried to investigate the link to meteorological factors by studying the potential role of 
seasonality in the disease dynamics. The explicit addition of climate was evaluated as significant, in 
a process-based model tailored to simulate the potential role of both, seasonality (Lopez and Rodó, 
2020; Liu et al., 2021) and temperature or absolute humidity (Rodó et al. (2021) on the spatial and 
temporal evolution of the Covid-19 pandemic.  

Complementary approaches to prediction of Covid-19 cases using deep learning techniques 
integrating weather information for India suggest that there might be skill at medium range (1–7 
days lead) in some of the states in India (Bhimala et al., 2021). In particular, long short-term memory 
(LSTM) models using either specific humidity and temperature were skillful at these lead times, 
depending on the geographical location of states, 

The base assumption of the linkage with meteorological factors is that, dry (relative humidity <20 %) 
and cold air affects both immunity and viral spread owing to the fact that dry air may facilitate 
airborne viral transport, and that cold conditions, in addition to low humidity, may impair the 
functioning of airways ciliated cells (Moriyama et al., 2020). 

Depending on the geographical location and local conditions, in a cold season, the dense cold air 
may cause a temperature inversion, which reduces air mixing and thus, exacerbates existing 
particulate pollution. The persistence of air pollutants can also be influenced by the lack of wind, 
preventing dispersion. Finally, atmospheric conditions that promote PM formation and stagnation 
may also promote SARS-CoV-2 persistence in the air (Fronza et al., 2020). In contrast, sunny days 
with hot temperatures and solar UV radiation may increase the oxidative potential of the 
atmosphere, leading to higher O3 concentrations and may also lead to a reduced viability of SARS-
CoV-2 in the air. However, although an increasing body of data appears to report the detection of 
SARS-CoV-2 RNA in air, this does not correlate to the presence of infectious viruses nor it does inform 
on the risk for airborne transmission of SARS-CoV-2. Hence there is a marked knowledge gap that 
requires urgent attention (da Silva et al.,2021). 

As described above, the expectation that the transmission of SARS-CoV-2 and/or the severity of 
Covid-19 symptoms may be sensitive to MAQ factors stems from laboratory studies that have shown 
the ability of many viruses to survive in the air or on surfaces is sensitive to AQ factors (Marr et al., 
2019; Tang, 2009). Many studies on Covid-19 have focused on the first line of reasoning, and have 
sought to quantify the potential association between variations in AQ factors and Covid-19 using 
epidemiological records (Briz-Redón and Serrano-Aroca, 2020, p.; McClymont and Hu, 2021; 
Mecenas et al., 2020; Shakil et al., 2020; Smit et al., 2020). These studies have applied Covid-19 case 
data in a variety of ways, including analysis of raw case numbers through time, cumulative case 
numbers, case growth rates, and estimates of the basic reproduction number (the mean number of 
new infections caused by an infected individual in a completely susceptible population and in the 
absence of interventions) or effective reproduction number (reproductive number accounting for 
acquired immunity and interventions) derived from case data.  

The results of early epidemiological studies on the meteorological influence on Covid-19 rates 
yielded inconclusive and sometimes controversial results. A number of these studies reported 
potential associations between one or a combination of several meteorological variables and 
metrics of Covid-19 spread, growth-rate, or prevalence (Briz-Redón and Serrano-Aroca, 2020; 
Carleton et al., 2021; McClymont and Hu, 2021; Mecenas et al., 2020; Pan et al., 2021; Shakil et al., 
2020; Smit et al., 2020; To et al., 2021). However, there is no consensus across studies on the relative 
importance of various meteorological variables (e.g., UV radiation, temperature, humidity) and at 
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this stage no firm or generalizable conclusions can be drawn (Briz-Redón and Serrano-Aroca, 2020; 
Mecenas et al., 2020; Shakil et al., 2020; Smit et al., 2020).  

In this regard, even claimed evidence of decreasing growth rates in Covid-19 spatial distribution due 
to increasing UV radiation is not devoid of controversy (Carleton et al., 2021). Indeed, relative to an 
average Covid-19 incidence growth rate of 13.2 %, a 1 % decrease in this growth over the 
subsequent 2.5 weeks has been attributed to a one standard deviation increase in UV. Such mild 
changes, obtained from a large database covering 173 countries, with econometrics methods such 
as temporal distributed lag regression models, despite claiming to control for confounding 
variables, call for more research once the temporal extent of the database increases, and 
inconsistencies in the extent of data reporting have a more limited negative effect on analyses 
(Carleton et al., 2021). Inconsistent results to date, however, do not necessarily imply AQ factors will 
not affect SARS-CoV-2 transmission or Covid-19 severity.  

Additional challenges to clarify these relationships have included non-independence of certain 
meteorological variables, exclusion of other social and behavioural modulating factors when testing 
for associations, residual confounders that are not properly controlled for, data heterogeneities 
across countries, high proportion of asymptomatic cases, and the difficulty of ascertaining 
intercomparability for data on Covid-19 cases, also at subnational levels. It has been suggested that 
during the pandemic phase of Covid-19 non-MAQ factors such as low levels of immunity in the 
population and vulnerability to infection and disease and impacts of non-pharmaceutical 
interventions (NPIs) likely predominate in determining epidemiological patterns (Baker et al., 2020; 
Jüni et al., 2020; Meyer et al., 2020), while seasonality, and effects of MAQ, may emerge during the 
post-pandemic phase (Kissler et al., 2020).  

However, other modeling work has suggested that seasonality does have a potential influence even 
early in epidemics (López and Rodó, 2020) and may have contributed significantly to sustaining of 
new pandemic waves of Covid-19 (e.g. in the case of Japan, as highlighted in Rodó et al., 2021). For 
this reason, it is important to emphasise the uncertainty in our current understanding of the 
potential impact of AQ factors on Covid-19, while continuing to investigate potential for AQ 
information to support public health policy and the Covid-19 response.  

Peer reviewed laboratory studies of SARS-CoV-2 sensitivity to meteorological and AQ variables are 
still rare, given the time required to perform and publish such work. Results of available studies do 
include some evidence of meteorological sensitivity. This includes findings that the survival of SARS-
CoV-2 in aerosols as well as on surfaces appears to decline in the presence of increased UV-A and 
UV-B radiation (Ratnesar-Shumate et al., 2020; Schuit et al., 2020b). Results for humidity are less clear, 
with some indication that there is a slight increase in virus survival at lower relative humidity (20 %) 
(Biryukov et al., 2020; Dabisch et al., 2020) and other experiments showing greater survival at both 
medium (40-60 %) and high (68-88 %) relative humidity, depending on different suspension 
matrices (Smither et al., 2020). Results of these types of laboratory studies are critical for 
understanding the mechanistic basis of the relevance of aerosols to Covid-19 transmission, but at 
the same time, these studies are fundamentally different from epidemiological studies in that they 
focus on the specific issue of virus survival under controlled conditions rather than on 
meteorological and AQ influences on disease risk at the population scale. Their transferability to 
real-life settings is not always straightforward. 

It has so far been hypothesised that cold and dry conditions are particularly suitable for aerosol 
transmission of other viruses in mid-latitude winter settings, attributing higher importance to 
aerosol transmission in temperate climates (Huang et al., 2020; Lowen et al., 2008; Tamerius et al., 
2011). Other sensitivities might be observed in warm and humid climates, where small respiratory 
droplets absorb water, increase in size and then settle more readily on surfaces, placing a greater 
focus on contact transmission over airborne transmission in tropical climates (Lowen et al., 2008; 
Tamerius et al., 2011). For temperature and humidity, a broader suite of mechanisms has been 
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proposed. The first mechanism relates directly to virus stability and transmission. Laboratory studies 
of several enveloped viruses such as influenza and other human coronaviruses have indicated a 
sensitivity to relative or absolute humidity and temperature (Chan et al., 2011; Harper, 1961; Ijaz et 
al., 1985; Schaffer et al., 1976), which is assumed to be due to environmental effects on viral surface 
proteins and lipid membrane (Tang, 2009).  

Lower temperature was found to enhance the structural organisation of lipids of the influenza virus 
envelope and improve stability (Polozov et al., 2008). Laboratory results of environmental 
sensitivities vary by virus, but point to the fact that low humidity environments favour the rapid 
evaporation of water from exhaled aerosols, forming droplet nuclei (supposedly of <5µm in 
diameter) that might allow for prolonged viability and transmissibility of influenza virus (Lowen et 
al., 2007; Tellier, 2006; Weinstein et al., 2003). This raises the possibility that the seasonality of these 
viruses may be related to higher survival rates in cooler and drier environments. Laboratory studies 
of viral transmission in animals, which have focused on influenza, also show that low relative 
humidity (20-35 %) and cool temperatures (5°C) favour enhanced transmission in experiments that 
span a wide range of humidity and temperature conditions (Lowen et al., 2008, 2007).  

It is now well-established that SARS-CoV-2 transmission commonly occurs in closed spaces (ECDC, 
2020). As is often noted, people tend to spend more time congregating in poorly ventilated 
environments when it is cold/hot and/or precipitating outside, and this behavioural change might 
also help explain seasonal patterns in the risk of respiratory viral infections like those producing 
Covid-19 (Audi et al., 2020). In hot climates, people tend to escape the heat, spending increased time 
in air-conditioned indoor spaces. The importance of these behavioural factors relative to direct 
environmental influence on virus survival or host response is an active area of research, and no firm 
conclusions can be drawn for Covid-19 at this time. However, as evidence builds for the importance 
of aerosolised transmission of Covid-19 (Doremalen et al., 2020; Lednicky et al., 2020; Yuan Liu et al., 
2020), the role of weather in pushing people towards closed indoor environments requires 
attention. Extremely warm weather might also have a negative impact on efforts to reduce 
transmission rates (ECDC, 2020; Lu et al., 2020).  

The hypothesis that ventilation and airflow might influence SARS-CoV-2 transmission in indoor 
environments builds on studies that have shown ventilation to be a predictor of transmission rates 
for other viruses, including influenza and SARS (Knibbs et al., 2011; Li et al., 2007). For SARS-CoV-2, 
quantitative empirical evidence of these relationships is beginning to emerge, though the 
relationships are complex and are beyond the scope of this report. The expectation that airflow and 
ventilation might influence SARS-CoV-2 transmission, combined with this emerging evidence, is 
strong enough that health authorities have issued recommendations. For example, the European 
Centre for Disease Prevention and Control (ECDC) recommends that direct airflow should be 
diverted away from individuals.  

Also, the minimum number of indoor-outdoor air exchanges per hour, depending on the applicable 
building regulations, should be ensured given that an increase in the number of air exchanges per 
hour can reduce the likelihood of indoor transmission (ECDC, 2020). From a meteorological 
perspective, it is known that outdoor meteorological conditions have a significant influence on 
indoor air exchange rates, and that outdoor temperature is a particularly strong predictor in most 
situations (Wallace et al., 2002). Given this association and the general understanding that air 
exchange is a factor in indoor transmission, the potential for meteorology to influence indoor SARS-
CoV-2 transmission via its impact on air exchange rates warrants further investigation.  

Sewage and human excreta have long been recognized as potential routes for transmitting human 
pathogens. SARS-CoV-2 has been detected in human feces and urine, where it could remain viable 
for days and still show infectivity (WHO, 2020; Xiao et al., 2020; Giacobbo et al., 2021). Urban 
flooding, a common threat caused by heavy rainfalls, is frequently reported in urban communities 
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along with sewage overflows. Han and He (2021) report sewage-associated transmission linked to 
hot-spots of Covid-19 cases, and highlighted the roles of sewage overflow and sewage-
contaminated aerosols in two publicised events of community outbreaks.  

A few studies point to the fact that exceptionally high temperatures, combined with health 
inequities exacerbated by the Covid-19 outbreak, may have increased vulnerability to heat in 2020 
(Pascal et al., 2021). In summary, the interaction between meteorology and AQ should also be 
considered as it can potentially be very relevant throughout the pandemic waves (Chen et al., 2020; 
Le et al., 2020; P. Wang et al., 2020; Wang and Zhang, 2020). In addition to its direct impact on virus 
stability, meteorology may also influence virus transmission through affecting AQ (Yansui Liu et al., 
2020), e.g., ozone is formed by photochemical reactions between sunlight and precursor pollutants, 
which is favoured in warm conditions (Guarnieri and Balmes, 2014). A few promising studies (yet in 
a pre-print stage) show clear indication of climate sensitivities linked to Covid-19 spatial and 
temporal heterogeneity, despite these studies are not yet considered in the current report. 

A last point to highlight despite the well-known -albeit limited and short-lasting - decrease in AP 
detected nearly in every country and also worldwide as a consequence of the massive movement 
restrictions applied during lockdown regulations, is that the Covid-19 pandemic has also resulted in 
harmful side effects that demand quick mitigation actions. Namely, the unrestrained use of 
disposable plastic bags, lunch boxes and masks within the nationwide quarantine (e.g. in China) led 
to hundreds of millions of plastic wastes every day. The potential environmental pollution caused 
by the use of disposable plastic products worldwide during the pandemic is of much social concern 
and should be contained and redressed (Liu et al., 2021). 

3.5. Outbreaks in meat-processing factories: A real link with indoor 
air conditions? 

Covid-19 infection clusters have been reported already in the first wave of the pandemics in Europe 
related to both the fresh meat and seafood industry in different countries, which caused concerns 
about potential foodborne transmission of SARS-CoV-2 (Hu et al., 2020). Frequent outbreaks of 
Covid-19 infections were also reported among workers in slaughtered meat processing plants in 
different countries, such as Canada, Brazil, Germany, and Ireland. In Auckland, New Zealand, four 
new Covid-19 infected cases were reported in August 2020 following a period of no new infections 
for more than 100 days in the country, one of whom was a worker engaged in handling frozen food. 
In Qingdao, China, two dockers handling imported frozen seafood tested positive which resulted in 
a small-scale Covid-19 outbreak, despite the origin could not be unequivocally traced to the 
seafood. Although it is hard for SARS-CoV-2 to replicate after leaving the host, evidence exists that 
the virus can survive even on frozen surfaces for prolonged periods of transit and export (Munnink 
et al., 2021; Pang et al., 2020; Kampf et al., 2020). It remains to be confirmed, though, whether causes 
are the handling of contaminated food, or the facilitated airborne transmission in conditions that 
resemble those (cold and dry) in natural open spaces in winter in temperate areas, in which the virus 
can be more easily aerosolised and persist longer (Fig. 5). 
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Figure 5 – Possible food-associated transmission routes of Covid-19 

 
Reprinted with permission from Hu et al., 'Evidence of Foodborne Transmission of the Coronavirus (Covid-19) through the 
Animal Products Food Supply Chain. Env. Sci. Tech. 2020. Copyright 2020 American Chemical Society. 

 

Transmission of SARS in concentrated livestock rearing operations and meat-processing factories 
have been raised as part of a more general public concern over airborne biological and chemical 
emissions from such operations, as well as more specific health scares related to them. A seminal 
study in this regard was the epidemiological study of Wing and Wolf (2000). They noted increased 
incidences of headaches, runny nose, sore throat, excessive coughing, diarrhoea and burning eyes 
among those living near industrial livestock operations in North Carolina in the USA, compared with 
a control group of those not living within 2 miles of such operations. Although this epidemiological 
study was merely correlative, it stimulated much research on the airborne transmission of microbial 
pathogens from livestock operations – a potential route for disease transmission. 

Analysing the data from one large-scale study, it appears there is no strong correlation between the 
number of animals in a concentrated animal feeding operation (CAFO) and the microbial biomass it 
produces (Hong et al. 2012). Therefore, any potential abnormal occurrence of Covid-19 outbreaks in 
these premises should be in principle thought to be motivated by both the close proximity among 
workers in an environment with optimal conditions for both virus survival and aerosols propagation.  

Most of the current knowledge on the risk of environmental transmission of SARS-CoV-2 through 
the food chain is based on previous studies of other CoVs, such as SARS-CoV-1 and MERS-CoV 
(Kampf et al., 2020), but not yet on SARS-CoV-2. Enveloped viruses are typically adsorbed on surfaces 
via electrostatic, van der Waals, and hydrophobic interactions (Joonaki et al., 2020), which is highly 
dependent on the properties of different surfaces. To investigate the surface behaviour of SARS-
CoV-2 under real scenarios (Biryukov et al., 2020; Chia et al., 2020) the precise characterisation of the 
surface properties and the associated microenvironment such as humidity, pH, and biofluid is 
needed. In addition, more attention should be paid to the adsorption and desorption characteristics 
of SARS-CoV-2 at both cellular and tissue surfaces as food product, to evaluate the viability of SARS-
CoV-2. Based on this understanding of the underlying adsorption and survival mechanisms, new 
packaging and shipment surface materials could be designed to reduce or prevent the viability of 
SARS-CoV-2.  
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To date, the number of studies or news appearances reporting such clusters of cases (e.g. outbreaks) 
is limited, and possibly concentrated to the first months of the pandemics. At that time, a certain 
alarm was created as many local outbreaks were reported. In this regard, not only healthcare 
workers, but also workers in food/meat-processing factories wearing surgical masks had become 
infected without being involved in aerosol generating procedures (Nguyen et al., 2020; Klompas et 
al., 2021; Goldberg et al., 2021). Regarding potential mitigation actions to reduce the risk of infection 
in this labour premises, disinfection is still considered as an essential tool in the prevention of 
foodborne transmission of SARS-CoV-2. Ultraviolet light is currently used for the disinfection of any 
pathogen as it is with SARS-CoV-2 on the surface of imported packages. At a personal level the use 
of N95 face masks and eye-protective equipment should be encouraged. However, given the 
frequent and extensive infection processes that would currently be required combined with the 
health concerns regarding the use of the disinfection products, alternative ideas are still needed for 
the development of effective disinfection methods with low side effects. 

A similar situation has been explored in the case of sea food markets, such as for the presumed 
original source in Wuhan (Zhang et al., 2021). Zhang et al. (2021) conducted a quantitative microbial 
risk assessment (QMRA) to evaluate the aerosol transmission risk by using the South China Seafood 
Market as an example (Fig. 6). The key processes were integrated into a high-resolution simulated 
modelling framework including aerosol movement simulations, covering viral shedding, dispersion, 
deposition in air, biologic decay, lung deposition, and the infection risk based on a dose−response 
model. 

Figure 6 – Quantitative microbial risk assessment (QMRA) for SARS-CoV-2 aerosol transmission in 
the sea-food market in Wuhan 

 
 

Source: Zhang X, Ji Z, Yue Y, Liu H, Wang J., 'Infection Risk Assessment of Covid-19 through Aerosol Transmission: a Case  
Study of South China Seafood Market'. Environ. Sci. Technol., 2021. Creative Commons CC BY-ND license. 
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Such studies should be encouraged in those factories, markets and other facilities to be identified 
in a catalogue of high-risk aerosols' transmission environments. Results simulating different 
infective caseloads (in terms of infected people present) might be useful and help deploy specific 
and highly-effective mitigation strategies (ventilation, operating rules for functioning, policy 
practices, etc…). These sorts of simulations should be incorporated into mandatory regulations for 
occupational health safety in high-risk premises. With the current information available, however, 
large uncertainties in these approaches remain mainly due to the limited information available on 
the credible dose−response relation and the viral shedding which need further studies. As a main 
conclusion, the simulated risk of having one infected person in the market exhaling SARS-CoV-2 
viruses rapidly decreased outside the market due to the dilution by ambient air. It became below 
10−6 at 5 m away from the exit. Multiple (>1) infected individuals were, however, not simulated. 

The abundance of SARS-CoV-2 in the different environments should therefore be accurately 
determined based on a standardised method, including standards of sampling, pre-treatment, 
storage, and quantitative/qualitative analysis, and applied for the comparison of different processes, 
especially for the global food supply chain (Pang et al., 2020). The integrity and viability of SARS-
CoV-2 on packaged, stored and transported materials need to be fully evaluated, and the 
relationship between abundance, viability, and infectivity of SARS-CoV-2 clearly established (Ong et 
al., 2020; Prather et al., 2020). 

Along similar grounds and given the more recent weight given to aerosol transmission of SARS-CoV-
2, special attention is deserved all workers having an enhanced exposition to aerosols. In particular, 
health care workers and oral health-care workers may carry the greatest risk. (Jungo et al., 2021). An 
online survey in this regard was conducted within a population of French dental professionals 
between April 1 and April 29, 2020. Univariable and multivariable logistic regression analyses were 
performed to explore risk indicators associated with laboratory-confirmed Covid-19 and Covid-19-
related clinical phenotypes (i.e. phenotypes present in 15 % or more of SARS-CoV-2-positive cases). 
4172 dentists and 1868 dental assistants responded to the survey, representing approximately 10 % 
of French oral health-care workers. The prevalence of laboratory-confirmed Covid-19 was 1.9 % for 
dentists and 0.8 % for dental assistants. Higher prevalence was found for Covid-19-related clinical 
phenotypes both in dentists (15.0 %) and dental assistants (11.8 %). Also Covid-19 incidence has also 
been recorded in dialysis centre during a nosocomial outbreak, underscoring the need to improve 
regulations for occupational health and for compromised patients in critical health care facilities (Iio 
et al., 2021).  
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4. Discussion and conclusions 

4.1. Air pollution effects on SARS-CoV-2 and/or Covid-19 
While a number of studies have found associations between air pollution (AP) and Covid-19 rates, 
concerns among the scientific community have arisen about serious methodological caveats and 
inconsistencies in some of these studies (Carlson et al., 2020). As for other respiratory infections, 
early studies indicated that there is a positive relationship between prevailing air quality (AQ) 
conditions, especially fine particulate matter and Covid-19 mortality rates. The same has been stated 
with regard to Covid-19 incidence (Bourdrel et al., 2021). However, disentangling any independent 
effects of AP from effects of other causes related to Covid-19 outbreaks has been challenging, 
potentially resulting in perhaps, an overestimation or an underestimation of the effects of AP on 
Covid-19 occurrence and severity.  

While direct epidemiological evidence of AQ influence on Covid-19 is only beginning to emerge, 
there is more mature evidence from other respiratory viruses. For instance, aerosols can enhance 
the stability of some viruses, including Middle East respiratory syndrome coronavirus (MERS-CoV; 
van Doremalen et al., 2021). Also, in the case of influenza, airborne transmission was found to occur 
by two modes, either by sprays of virus-laden respiratory droplets or by the eventual inhalation of 
droplet nuclei; microscopic aerosol particles consisting of the residual solid cores of evaporated 
respiratory droplets (Asadi et al., 2020). At a mechanistic level, particulate matter (PM) concentration 
has been shown to be linked with increased infection rates in many of the virus-related outbreaks 
in the past two decades caused by ribonucleic acid (RNA) viruses (Mishra et al., 2020). Examples 
include the severe acute respiratory syndrome (SARS) in 2003, H1N1 swine influenza pandemic in 
2009, H5N2 influenza outbreak in the United States and the measles outbreak in 2019. 

For other diseases, recent studies show consistently increased odds of healthcare encounters 
related to seasonal influenza with elevated PM2.5 exposure estimates averaged across several lag 
periods, 0-28 days (Landguth et al., 2020). Such results question the six-foot rule (which is defined 
as the safe distance to maintain against other people's exhaled aerosols) as a guideline that offers 
little protection from pathogen-bearing small aerosols, for these may be continuously mixed 
through an indoor space. In the specific case of AQ, research on Covid-19 and other respiratory 
illnesses can be divided into: 
(1) studies that are concerned with the transmission of the pathogen, primarily related to aerosol 

dynamics; 
(2) studies related to the effects of certain pollutants on the immune response function, influencing 

the severity of disease symptoms and probability of death; and 
(3) studies analysing the impact of Covid-19 on people with previous co-morbidities.  

Evidence on point 1 is relatively limited at the time of finalising this study, which considers published 
studies. However, a small but important amount of substantial evidence in a few studies points to 
the airborne route as dominant. Instead, there is substantial evidence for (2), and likely also for (3), 
although drawn from a number of other respiratory diseases resembling Covid-19 and its causing 
virus. 
Most support for the alleged relationships between air pollution and Covid-19 may therefore come 
from age-related studies. Age is one of the most important prognostic factors associated to Covid-19 
lethality (El Hasbani et al., 2020; Pearce et al., 2021). The rationale is that elderly people, living in 
highly polluted areas for a long time, could acquire higher levels of predisposition to displaying an 
increase of their hyper-inflammatory biomarkers. This cascade of events has been shown to lead to 
pulmonary fibrosis or other types of organ damage due to interaction with pollution and with 
further reactive oxygen species (e.g. the latter activating the NLRP3 inflammasome, Stout-Delgado 
et al., 2016). Also, dementia or Alzheimer's disease, developed mainly in the oldest section of the 
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population, is described to relate with an overexpression of the angiotensin-converting enzyme-2 
(ACE-2) via reactive oxygen species production and the subsequent activation of the NLRP3 
inflammasome (Kehoe et al., 2016). As mentioned, SARS-CoV-2 infection has also been linked to 
inflammation via ACE-2 receptors. 

Experimental studies conducted for other respiratory viruses support the hypothesis that AP 
exposure may facilitate the occurrence of Covid-19 infection through a decrease in immune 
response. In vitro, animal and human studies have reported that exposure to air pollutants leads to 
increased mucosal permeability and oxidative stress, decreased antioxidants and surfactant 
antimicrobial proteins, as well as impaired macrophage phagocytosis (Bourdrel et al., 2021). In 
addition, SARS-CoV-2 entry in host cells through ACE-2 requires the cleavage of the viral spike 
protein by proteases, and such protease activity may be increased by AP, as is documented for 
several other respiratory viruses (Zhu et al., 2021). 

In addition, concerns exist that long-term conditions, resulting from Covid-19 infections can be 
worsened by previous and current AP exposure, increasing hospital admissions for respiratory and 
cardiovascular diseases. This may have a direct impact on Covid-19 symptom severity, since the 
body's ability to respond to the infection is further compromised. This also means that individuals 
with a history of exposure to AP are more likely to have comorbidities making them more 
susceptible to severe health impacts when faced with a viral infection (Roychoudhury et al., 2020). 
This includes cardiovascular diseases, vasculitis, respiratory diseases, diabetes and hypertension. Air 
pollution may increase Covid-19 morbidity and mortality through its action on associated co-
morbidities. Experimental studies conducted for other respiratory viruses support the hypothesis 
that AP exposure may facilitate the occurrence of Covid-19 infection through a decrease in immune 
response. In vitro, animal and human studies have reported that exposure to air pollutants leads to 
increased mucosal permeability and oxidative stress, decreased antioxidants and surfactant 
antimicrobial proteins, as well as impaired macrophage phagocytosis (Bourdrel et al., 2021). In 
addition, SARS-CoV-2 entry in host cells through ACE-2 requires the cleavage of the viral spike 
protein by proteases, and such protease activity may be increased by AP, as is documented for 
several other respiratory viruses. On point 3 mentioned above, AP may increase Covid-19 morbidity 
and mortality through its action on associated co-morbidities.  

To date, however, there is substantially less evidence for Covid-19 disease regarding impacts of AQ 
on SARS-CoV-2 virus transmission arising from field studies and epidemiological data. In relation to 
the role of PM2.5, PM10 and NO2, in particular for Covid-19 spread and lethality, evidence is as yet 
inconclusive. Studies often used different research methods or did not generally include potential 
confounding factors.  

4.2. Role of airborne transmission in the Covid-19 pandemics 
Aerosol transmission has been identified to occur in other coronaviruses and other respiratory 
viruses, which offers reason to believe that it could be important for SARS-CoV-2 as well (WMO, 
2021). Insomuch as particulate matter might serve as a transport medium for virus agents enhancing 
aerosol stability or virus survival on aerosols, it is reasonable to expect that it might similarly enhance 
SARS-CoV-2 transmission potential. This is consistent with recently emerged strong evidence 
showing SARS-CoV-2 virus as predominantly transmitted through aerosols, therefore urging a 
change in public health measures (as they still fail to treat the virus as predominantly airborne). 
Silent (asymptomatic or pre-symptomatic) transmission of SARS-CoV-2 from people who are not 
coughing or sneezing accounts for at least 40 percent of all transmissions. In fact, long-range 
transmission of the virus between people in adjacent rooms in hotels or hospitals, who were never 
in each other's presence, has been documented (Greenhalgh et al., 2021). 
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For other diseases, aerosols have been observed to remain in the air for an extended period of time 
and be carried over greater distances (i.e. > 6 metres, such as in reported outbreaks of tuberculosis, 
measles, and chickenpox, Klompas et al., 2020). Transmission of SARS-CoV-2 in a range of PM from 
submicrometer to supermicrometer ranges has already been reported. In fact, virus size for already 
known viruses can range from 20 nanometres (nm) to as large as 500 nm, with SARS-CoV-2 being 
approximately twice the size of influenza A. However, as viruses may travel embedded in larger 
particles, filtration of sizes larger than 140 nm may be efficient for small viruses as well (Chua et al., 
2020). Also, the dynamic behaviour of a particle may not correlate exactly with its size, since 
depending on the containing matrix and aerosol's structure, a small particle may behave as a larger 
particle in its dynamic properties. Respiratory droplets are typically 5-10 micrometers (µm) in length, 
while aerosols are smaller than 5 μm. On the one hand, controlled experiments from ill (and 
infectious) patients indicate a variable amount of viruses (with differences of the order of several 
thousands) contained, depending on the size of aerosols (Milton et al., 2013). On the other hand, no 
study has reported a significant correlation between the virus concentration and PM diameter. 

Airborne control measures (as for when an infected person exhales, speaks, shouts, sings, or 
sneezes), include ventilation, air filtration, reducing crowding and the amount of time people spend 
indoors, wearing masks whenever indoors (even if not within 6 feet or 2 metres of others). Special 
attention should be paid to mask quality and fit, and higher-grade personal protective equipment 
(PPE) for healthcare and other staff when working in contact with potentially infectious people. 

Aerosol sizes and protection measures are still a matter of great controversy. Possibly one of the 
reasons is the confusion emanating from different understandings of the terminology introduced 
on the concept of aerosols during the last century. This created poorly defined divisions between 
'droplet', 'airborne', and 'droplet nuclei' transmission, leading to misunderstandings over the 
physical behaviour of these particles (Tang et al., 2021). In essence, all are aerosols, as they can be 
inhaled directly from the air. Ventilation is therefore of the utmost importance, as the tiniest 
suspended particles can remain airborne for hours, therefore constituting an important route of 
transmission. Under these conditions, air replacement or air cleaning mechanisms become much 
more important. As reported in some studies, asymptomatic or pre-symptomatic transmission of 
SARS-CoV-2 from people who are not coughing or sneezing is likely to account for at least a third, 
and perhaps up to 59 %, of all transmission globally (Greenhalgh et al., 2021). It is thus a key way in 
which SARS-CoV-2 has spread around the world, supportive of a predominantly airborne mode of 
transmission. 

The enhancing role of PM in virus-to-person interaction has also been highlighted. The complexities 
associated to the potential binding of virus particulates to PM have been hypothesised on the basis 
of former studies with similar viruses, although it is clear that more research is needed in this 
direction. Although other studies have failed to capture viable SARS-CoV-2 in air samples, this is to 
be expected. Sampling of an airborne virus is technically challenging for several reasons, including 
the limited effectiveness of some sampling methods for collecting fine particles (Greenhalgh et al., 
2021). In fact, measles and tuberculosis, two primarily airborne diseases, have never been cultivated 
from room air. A crucial implication of this airborne spread is that the quality of the mask matters for 
effective protection against inhaled aerosols. Masks usually impede large droplets from landing on 
covered areas of the face, and most are at least partially effective against inhalation of aerosols 
provided there is high filtration efficiency and a good fit.  

4.3. Polluted cities and the occurrence of Covid-19 
Europeans are not all affected by AP in the same way, which raises questions about potential 
differences in Covid-19 incidences. Whereas Eastern Europe is more impacted by high levels of 
PM2.5 due to its higher emission rates, nitrogen dioxide (NO2) concentrations are highest in the 
most densely populated areas in western Europe and are linked to local sources such as traffic, 
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domestic and industrial emissions. A few studies have shown a possible link between AP and 
Covid-19 pulmonary severity, which is related to increased fatality (Li et al., 2021; WMO, 2021). 
Proposed factors are high concentrations of tropospheric NO2, as detected by the sentinel-5P 
satellite. The NO2 build-up close to the surface was hypothesised to be associated to a high 
incidence of respiratory problems and inflammation. This chronic exposure to NO2 is consequently 
argued to be an important contributor to the high Covid-19 fatality rates observed in these regions. 
There are reports of multiple gastrointestinal symptoms in patients with Covid-19 linked to poor AQ 
and high levels of particulate matter (Lai et al., 2021). Moreover, in addition to industrial and urban 
pollution, health disparities are seen among minorities and immigrants who account for the 
majority of seasonal farm workers frequently exposed to PM in agricultural dust. 

An additional vulnerability factor appears to be the association between increased deaths from 
Covid-19 in areas with high levels of AP, more specifically, elevated exposure to the toxic component 
NO2. While the mechanisms by which AP modifies severity of Covid-19 responses have yet to be 
determined, very little is known about the host factors that determine mild or even asymptomatic 
responses compared with life-threatening or fatal outcomes. As with many inflammatory diseases, 
it is the combination of specific host and environmental factors in certain individuals that provokes 
more severe disease outcomes. What does appear to be emerging from evidence generated thus 
far is that environmental air pollutants have a positive correlation with overall Covid-19 severity. A 
study exploring Covid-19 cases in Italy, France, Germany and Spain reported a positive association 
between PM2.5 and PM10 concentrations between February and April 2020 and the number of 
SARS-CoV-2 infected cases, while a negative association was found for ozone (O3; Bourdrel et al., 
2021). In China, city-specific effects of PM10 and PM2.5 on daily confirmed Covid-19 cases were 
examined in more than 70 cities. Short-term lagged (7 and 14 days) increases in PM2.5 were 
associated with daily Covid-19 confirmed cases, and the magnitude of effect was greater for PM2.5 
than for PM10. 

It is still unclear, however, how long this virus remains infectious in ambient air and whether the low 
viral load contained within the aerosol is sufficient to induce infection. Atmospheric interactions 
between gases and viruses are also complex and depend on meteorological contributing factors 
such as ultraviolet (UV) radiation and relative humidity. By reducing UV radiation (which has antiviral 
activity), air pollutants may promote viral persistence in ambient air and also reduce vitamin D 
synthesis, and thus may play a role in the immune response against viral infections. 

In summary, studies should be conducted that analyse differences in Covid-19 rates and incidences 
to check whether same patterns apply and the mechanistic link is justified. Potential linkages with 
places presenting poorer AQ standards, where more vulnerable people are likely to live, should also 
be conducted urgently. 

4.4. Climate as facilitator, or not, of Covid-19 pandemics 
Although there is as yet no consensus on the subject, it seems likely that a decrease in humidity 
leads to dehydration of macro droplets into smaller droplets that are able to remain in suspension 
in the ambient air (Bourdrel et al., 2021). An increase in humidity may lead to increased water 
content of viral droplets, and thus increased weight, enabling them to fall to the ground faster. In 
the case of temperature, whereas colder conditions lead to an increase in the transmission of other 
respiratory viruses (such as influenza), the results are thus far contradictory on the link between 
Covid-19 and temperature. Some recent studies have also tried to investigate the link to 
meteorological factors by studying the potential role of seasonality in disease dynamics (López and 
Rodó, 2020). The explicit addition of climate was evaluated as significant in a process-based model 
tailored to simulate the potential role of both, seasonality and temperature, albeit more studies are 
similarly needed (Rodó et al., 2021). 
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The base mechanistic assumption of the linkage with meteorological factors is – similar to influenza 
and other milder respiratory viruses – that, dry (relative humidity <20 %) and cold air affects both 
immunity and viral spread. A reason might be the fact that dry air may facilitate airborne viral 
transport, and that cold conditions, in addition to low humidity, may impair the functioning of 
airway ciliated cells. 

Additional challenges to clarify these relationships include the non-independence of certain 
meteorological variables, exclusion of other social and behavioural modulating factors when testing 
for associations, residual confounders that are not properly controlled for, data quality and 
heterogeneities across countries, high proportion of asymptomatic cases, and the difficulty of 
ascertaining intercomparability for data on Covid-19 cases at subnational and city levels. 

Peer reviewed laboratory studies of SARS-CoV-2 sensitivity to meteorological and AQ variables are 
still rare, given the time required to perform and publish such work. Results of available studies do 
include some evidence of meteorological sensitivity. This includes findings regarding the survival of 
SARS-CoV-2 in aerosols as well as on surfaces, which appears to decline in the presence of increased 
UV-A and UV-B radiation (Storm et al., 2020). Results for humidity are less clear, with some indication 
that there is a slight increase in virus survival at lower relative humidity (20 %). Results of laboratory 
studies attempting to uncover relationships under controlled conditions are critical for 
understanding the mechanistic basis of the relevance of aerosols to Covid-19 transmission. At the 
same time, though, these studies differ from epidemiological studies in which the focus is on disease 
risk at the population scale. Their transferability to real-life settings is, however, not always 
straightforward. 

It has so far been hypothesised that cold and dry conditions are particularly suitable for aerosol 
transmission of other viruses in mid-latitude winter settings, attributing higher importance to 
aerosol transmission in temperate climates. Other sensitivities might be observed in warm and 
humid climates that, similar to influenza, are largely unresolved. It is now well established that 
SARS-CoV-2 transmission commonly occurs in closed spaces. As is often noted, people tend to 
spend more time congregating in poorly ventilated environments when it is cold/hot and/or 
precipitating outside (ECDC, 2020), and this behavioural change might also help explain seasonal 
patterns in the risk of respiratory viral infections like those producing Covid-19. In hot climates, 
people tend to escape the heat, spending increased time in air-conditioned indoor spaces. The 
importance of these behavioural factors relative to direct environmental influences on virus survival 
or host response is an active area of research, and no firm conclusions can be drawn for Covid-19 at 
this time (WMO, 2021). A few studies point to the fact that exceptionally high temperatures, 
combined with health inequities exacerbated by the Covid-19 outbreak, may have increased 
vulnerability to heat in 2020. 

4.5. Covid-19 surges in meat factories as indicators of potential 
foodborne transmission of SARS-CoV-2 

Covid-19 infection clusters were already reported in the first wave of the pandemic in Europe, 
related to both the fresh meat and seafood industry in different countries, which caused concern 
about potential foodborne transmission of SARS-CoV-2 (Pittito et al., 2021). Although it is hard for 
SARS-CoV-2 to replicate after leaving the host, evidence exists that the virus can survive even on 
frozen surfaces for prolonged periods of transit and export. It remains to be confirmed, however, 
whether causes are the handling of contaminated food, or the facilitated airborne transmission in 
conditions that resemble those (cold and dry) in natural open spaces in winter in temperate areas, 
in which the virus can be more easily aerosolised and persist for longer. 

Most of the current knowledge on the risk of environmental transmission of SARS-CoV-2 through 
the food chain is based on previous studies of other CoVs, such as SARS-CoV-1 and MERS-CoV, but 
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not as yet on SARS-CoV-2 (Dhama et al., 2020). Enveloped viruses are typically adsorbed on surfaces 
via electrostatic, van der Waals, and hydrophobic interactions, which is highly dependent on the 
properties of different surfaces. To investigate the surface behaviour of SARS-CoV-2 under real 
scenarios, the precise characterisation of the surface properties and the associated 
microenvironment, such as humidity, pH, and biofluid, is needed. In addition, more attention should 
be paid to the adsorption and desorption characteristics of SARS-CoV-2 at both cellular and tissue 
surfaces of food product, to evaluate the viability of SARS-CoV-2. Based on this understanding of the 
underlying adsorption and survival mechanisms, new packaging and shipment surface materials 
could be designed to reduce or prevent the viability of SARS-CoV-2. To date, the number of studies 
or news appearances reporting such clusters of cases (e.g. outbreaks) is limited, and possibly 
concentrated to the first months of the pandemics. 

The affected population in specific workplaces, not only healthcare workers, but also workers in 
food/meat-processing factories wearing surgical masks, had become infected without being 
involved in aerosol generating procedures. Regarding potential mitigation actions to reduce the risk 
of infection in these workplaces, disinfection is still considered an essential tool in the prevention of 
foodborne transmission of SARS-CoV-2. Ultraviolet light is currently used for the disinfection of any 
pathogen, as it is with SARS-CoV-2, on the surface of imported packages. At a personal level, the use 
of N95 face masks and eye-protective equipment should be encouraged. However, given the 
frequent and extensive infection processes that would currently be required, combined with the 
health concerns regarding the use of the disinfection products, alternative ideas are still needed for 
the development of effective disinfection methods with low side effects. The integrity and viability 
of SARS-CoV-2 on packaged, stored and transported materials needs to be fully evaluated, and the 
relationship between abundance, viability, and infectivity of SARS-CoV-2 clearly established. 
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5. Policy options 

Policy option 1. Increase the recognition of the airborne transmission of SARS-CoV-2 

There is consistent and increasing evidence that SARS-CoV-2 spreads by airborne transmission. 
Although other routes can contribute, the airborne route is likely to be the dominant mode. The 
public health community and health agencies could act accordingly, referring to this mode as the 
principal mode of transmission in their recommendations and statements, and work to issue 
corresponding occupational guidelines. 

Policy option 2. Coordinate the development of early-warning systems for Covid-19 

Early-warning systems could be developed by research groups and companies and quality-
controlled comparison exercises stimulated and funded by international agencies and governing 
bodies. Results of such an initiative could be based on open data and results made publicly 
accessible. Process-based modelling studies at this time begin to anticipate that Covid-19 
transmission may become seasonal over time, suggesting that extrinsic climatic and environmental 
factors (also AP and AQ) may be relevant for disease prediction. 

Therefore, articulated networks of expert groups and institutions could be supported for the optimal 
forecasting of Covid-19 (and other potential viruses) in the future. In summary, the interaction 
between meteorology and AQ should also be considered, as it can potentially be very relevant 
throughout pandemic waves. In addition to its direct impact on virus stability, meteorology may 
also influence virus transmission through its indirect effects on AQ. 

Policy option 3. Upgrade the monitoring network for aerosols in Europe 

An improved network of aerosol and AP monitoring stations in Europe could be encouraged. A new 
generation of AQ stations could supply a more updated portfolio of a wider variety of atmospheric 
chemicals (in addition to those few that are at present mandatory under European Union 
regulation). These physical, chemical, as well as biological determinations of the aerosols we breathe 
could, whenever possible, be provided on a near-real-time basis for a broader range of AQ 
composition. The current EU regulatory legislation is very limited in this regard.  

Policy option 4. Investigate the links between AQ and Covid-19 

Research quantifying links between AQ factors and Covid-19 is needed urgently. It is critical that 
analytical and modelling studies are properly designed to: accurately account for confounding 
factors; consider both direct and indirect extrinsic environmental effects; integrate limitations in the 
Covid-19 data record; make use of mathematical or statistical techniques to explicitly integrate data 
errors in models; report uncertainty ranges; evaluate predictive capacity properly (for out-of-fit 
data); and apply appropriate statistical or process-based modelling techniques. 

Policy option 5. Higher investment in epidemiological and laboratory research 

In vitro, in vivo, as well as epidemiological and modelling studies at the population level are also 
strongly needed, in particular to explore more precisely the particle–virus interaction in air and in 
person-to-person transmission, as well as to precisely quantify any potential sensitivity and dose-
response function of the virus. No studies exist as yet on the specific effects that the chemical nature 
of aerosols may exert in facilitating, or not, SARS-CoV-2 transmission, or in conditioning human 
susceptibility (e.g. in enhancing inflammatory responses, promoting the cytokine cascade etc.). 

These studies should be supported. Effects exerted by the aerosols' chemistry that may explain 
geographical/spatial propagation in Covid-19 cases within and between populations are thus far 
contradictory, and deserve more investigation. Research on aerosol size and chemical composition 
with regard to the viability and infectivity of SARS-CoV-2 are also needed urgently. In parallel, better 
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precision equipment and methodologies to monitor the presence of viruses – and other pathogens 
– could be developed. The availability of this methodology and the installation of the necessary 
equipment in critical sites, ideally offering rapid detection of viruses in aerosols, would have a great 
impact for the timely reduction of transmission and the control of pandemics. 
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6. Appendix I. Data quality and methodological 
considerations  

Open and free access to the best quality data is required for effective extraction of relevant 
information at these critical stages in the pandemic progression worldwide. Good governance and 
sustainable funding are required to establish truly interdisciplinary studies and equitable 
cooperation, enabling systemic change at international, national, regional and local levels. This 
proposition is not new but brings multiple challenges, including establishing principles of 
cooperation, for example in terms of clarity of parameter definitions, format standards for data 
interoperability, statistical methods, data resolution, data aggregation methods, frequency, 
updates, standardised protocols (for reporting, for example), meta-data requirements, code sharing, 
privacy considerations where applicable, etc... In some cases, open collaboration can run into 
conflict with national data policies (WMO, 2021).  

This is a persistent challenge that calls for diplomacy and appropriate enabling environments to 
encourage open findability, accessibility, interoperability, and reusability (FAIR)  data exchange. 
Indeed, the EU AQ Report 2020 (addressing policy makers): 'The overall impact of AP on heart and 
chronic lung disease is more than large enough to motivate aggressive reduction policies. Such 
policies that protect the population from the effects of AP are likely to protect as well against 
Covid-19 deaths possibly attributable to AP. 

Data quality, usability, and interoperability pose significant challenges for studies of AQ influence 
on Covid-19 risks. These challenges apply to at least three types of data: the Covid-19 related 
outcome variables, meteorological and air quality datasets, and data on other potential influences 
on Covid-19 risk, including space- and time-varying influence of social and behavioural measures 
(e.g. non-pharmacological interventions, NPIs) and other behavioural factors (WMO, 2021).  

With respect to the outcome variable, Covid-19 analysis has, in general, struggled with inconsistent 
and predominantly unreliable and not fully comparable data on Covid-19 case numbers, These 
challenges have stemmed from uneven policies on and access to Covid-19 testing, reporting delays, 
limited health system resources, and the lack of existing standards and mechanisms to create and 
maintain databases for pandemic monitoring and response (Gardner et al., 2020). Given these 
limitations, potential biases in the health data used in the analyses will very likely exist.  

The use of quality controlled centralised Covid-19 databases such as the Johns Hopkins University 
Coronavirus Dashboard (Dong et al., 2020), the New York Times Case Inventory (The New York Times, 
2020), Our World in Data Covid-19 database (Roser et al., 2020) the COVID Tracking Project (The 
Atlantic, 2020), the Financial Times excess mortality database (Burn-Murdoch et al., 2020), or others 
offers some confidence in the raw data used. Nevertheless, even these data aggregators can inherit 
data artifacts from contributing sources, such that additional quality control is required when the 
data are applied to large, automated analyses (Badr et al., 2020).  

For the meteorological and air quality (MAQ) variables themselves, studies typically made use of in 
situ station-based data and the Copernicus Atmospheric Data Store for main air pollutants 
(Copernicus Atmosphere Monitoring Service, 2020). The quality of these data sources should, 
however, be verified with data producers or directly with the information provided in the respective 
peer reviewed publications.  

To quantify associations between these weather and environmental factors and variations in 
Covid-19, predictive models should also consider other intrinsic and extrinsic factors that influence 
the trajectory of the epidemic. and include time-varying non-environmental factors that have 
evolved over the course of the pandemic, such as mobility, adoption of protective behaviours, and 
the implementation and enforcement of NPIs. There is no clear consensus regarding the best 
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sources of information on these diverse epidemiological factors, and in many cases there is simply 
an absence of reliable data (WMO, 2021). Given these limitations, it is critical that empirical studies 
of meteorological and environmental influences clearly state a rationale and methodology for the 
treatment of non-environmental factors, both to ensure that a best effort is made to control for 
relevant confounders and to indicate relevant limitations, assumptions, and uncertainties. This risk 
must be acknowledged, communicated, and guarded against. Collaboration across fields, including 
by climate data providers, epidemiologists, health data scientists, and experts in risk 
communication, is particularly important in this regard. 

Both longitudinal and cross-sectional studies of the environmental influence on Covid-19 risk must, 
at a minimum, account for behavioural change and public health interventions in response to or 
with the aim at controlling Covid-19 spread. While an argument can be made that Covid-19 
awareness and interventions were low in the very earliest stages of the pandemic, it is evident that 
already by late spring of 2020 there was generalized change in behaviours and policies that 
influenced disease transmission and that may interfere with any potential environmental effect, if 
present, also that exerted by pollution.  

It is therefore complex to account for these diverse behavioural changes and interventions when 
assessing the impact of environmental factors on Covid-19. Measures of personal mobility (Google 
LLC, 2020), inventories of Covid-19 response policies (Hale et al., 2020), pollutant emissions changes 
(Guevara et al., 2020), and dates of cessation of in-person schooling or other public activities (Auger 
et al., 2020) have all been employed as controls alongside pollution variables.  

In addition, studies need to adjust for factors that might considerably influence the estimate of the 
response variable, including Covid-19 testing rates and reporting methodologies/delays. Emerging 
research is now considering the global and regional deployment of mass-scale Covid-19 
vaccinations and their regional differences, including vaccine production capacities, population 
coverage, at a time when new variants set a new and even more complicated scene. 

Research in the topics of relevance for the current Covid-19 pandemic has to face all kinds of 
unprecedented pressures, essentially governed by fast processing for prompt publication and the 
high demand for sound results. These external conditions do not favour strict and quality-controlled 
procedures and the maintenance of good research practices (see Fig. 7 for a proposition of best 
practices to be kept). For instance, a clear separation should be made among laboratory studies 
performed under controlled conditions--which are critical for informing mechanistic understanding 
of environmental sensitivities--and epidemiological studies that attempt to infer potential 
meteorological or air quality influences. 
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Figure 7 – Schematic of best practices for research on meteorological and air quality, MAQ influences 
on Covid-19 

 
Reproduced with permission from Zaitchik et al. Nat. Comms. 'A framework for research linking weather, climate and 
Covid-19',  2020. 

Other noted limitations throughout the review process often have to do with the lack of full 
statistical accuracy when reporting on relationships, in particular correlations. For instance, Li et al. 
(2020) reported a significant correlation between Covid-19 incidence and the AQ index (AQI) in both 
Wuhan (R2 = 0.13, p < 0.05) and XiaoGan (R2 = 0.223, p < 0.01), but the percentage of variance 
accounted for by these associations did not even reach 5 % of the variability and the maximum 
reported values less than 10 % (e.g. between NO2 and Covid-19 incidence in Wuhan: R2 = 0.329, p 
< 0.01). A similar result was reported by Mai et al. (2021), highlighting the need for more robust 
approaches to these controversial associations. These type of results cast serious doubts on the 
validity and relevance of resulting conclusions, given the problems in the experimental design and 
statistical approaches.  

Approaches with time-series analysis studies also varied greatly, from simple ones (e.g. Li et al., 2020) 
performing linear correlations to more solid statistical analysis (Landguth et al., 2020). The latter 
used Bayesian spatial linear statistics with covariance models, employing uniform and 
uninformative priors for the regression parameters. In very few of those studies the resulting models 
were cross-validated. For instance, Landguth et al. 2020 evaluated results using a leave-one-out data 
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cross validation approach). Fully operational models proving skilful with out-of-fit data intervals are 
still missing at the time of the completion of this report. 

Methodological approaches to investigate the health impacts of AP on epidemics should differ from 
those used for chronic diseases, but the methods used in these studies have not been appraised 
critically. Effective communication among researchers, data providers, disseminators of information, 
and end users is therefore a critical component of successful climate services, particularly in the case 
of MAQ-informed Covid-19 risk analysis (WMO, 2021). Public health policies and personal 
behavioural decisions are being made quickly and with imperfect information, and a 
miscommunicated or ineffectively communicated informed risk analysis has the potential to do 
substantial harm (Carlson et al., 2020).  

For this reason, the research and forecast communities must assume extra responsibility when 
disseminating results (see suggested procedure in Figure 7 above and in Zaitchik et al., 2020). This 
includes clear, plain-language summaries of key findings, limitations of the analysis, generalizability, 
and relationship to other relevant studies. It also includes engaging with media and social media in 
a measured and balanced manner. In the case of Covid-19, researchers and data providers must 
engage carefully to pre-empt misinterpretation or over-interpretation of results (Carlson et al., 
2020).   

Various studies that suffer from important limitations, have also reported a link between AP 
exposure and Covid-19 morbidity and mortality in humans. For instance, from an epidemiological 
point of view, several concerns may arise from non-randomized studies that have investigated this 
relationship. First, the values for the number of confirmed Covid-19 cases, including the number of 
deaths, are often determined without standardised methodologies and tools, and without reliable 
testing in many cases during the first months of the Covid-19 pandemic. These may have led to 
severe underestimations in the total number of Covid-19 'outcomes'. Secondly, the studies suffer 
from AP exposure misclassification.  

Available assessments come from either satellites or local monitoring stations without any detail on 
individual exposures. Aside from the study by Travaglio et al. (2021) with individual level data from 
the UK Biobank, all epidemiological studies are ecological with aggregated assessments at the 
population levels (countries, counties and cities); thus, more longitudinal studies with individual 
level data are also needed (Villeneuve and Goldberg, 2020).  

Ambient outdoor pollution concentrations can be a general indicator of AQ, but they are not a 
reliable substitute for the exposure experienced by a given individual. In this context, using 
exceedance levels established by public authorities is also limiting, although it can be considered as 
a proxy of chronic exposure to elevated levels of AP. Another weakness encountered arises from the 
fact that both AP and infections are auto-correlated both spatially and temporally, which has not 
always been taken into account so far by many of the existing studies. Therefore, studies lacking a 
control for spatio-temporal autocorrelations have been shown to bias the estimation of the results.  

In this context it has to be underlined that Covid-19 cases mainly arise from clusters of infections or 
super-spreading events, (i.e. at work, that are not taken into account in epidemiological studies 
(Villeneuve and Goldberg, 2020). Furthermore, a great proportion of analyses have not properly 
taken into account the role played by important confounders, i.e. factors related to both AP and 
Covid-19, such as population density (Villeneuve and Goldberg, 2020). The problem of confounders 
is extensive to many studies that approach this problem from typical social sciences statistical 
designs, testing for odds ratios or limited cohort studies, due to the short records available.  

Especial care should be held in excessively underscoring those results, for controlling for all 
confounders might result unrealistic. In fact, viral spread may vary considerably across different 
areas depending on population density, the time of the virus introduction, and the time of infection 
control measures, such as physical distancing, mask requirements, test policies or stay-at-home 
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directives. All these factors influence the dynamics of the disease that can be estimated through the 
daily number of new cases or through the calculation of the basic reproductive number (R0) and 
effective reproductive number, both depending on transmissibility, contact rates and duration of 
contagiousness, as well as on virus mutation time. As AP may also influence both transmissibility 
and duration of infectiousness, the analysis of the impact of AP on the dynamic of Covid-19 has to 
take into account confounders such as population density, the time of the virus introduction and 
the time of introduction of infection control measures (Heederik et al., 2020). 

Additional limitations of these observational studies include the fact that most environmental 
health studies estimate conditional associations between non-randomized environmental 
exposures and health outcomes by directly regressing observed data without conceptual and 
design stages (Bind and, Rubin, 2019). This approach, that is well documented does not guarantee 
valid causal inferences in general, especially in AP studies in which environmental exposures can be 
correlated with each other and effects are small (Rubin, 2007; Bind 2019). Disentangling 
independent air pollutant effects has been a challenge for observational studies, but can be 
achieved if the latter is embedded into a hypothetical multi-pollutant randomized experiment (Bind, 
2019). 

Moreover, to assess the robustness of epidemiological conclusions, AP studies should systematically 
consider sensitivity analyses that either: 1) vary the magnitude of the relationships between the 
unmeasured background covariates and both the exposure assignment mechanism and the 
outcome; or 2) study deviations from the assumed exposure assignment mechanism or 3) approach 
potential relationships by inspecting how shapes in the epidemiological dynamics appear 
consistent at a multiplicity of time and spatial scales. Further investigations taking into account 
these limitations are needed to better understand the relationship of AP exposure to Covid-19. 
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7. Appendix II. Air collection methodologies 
Although normally overlooked, differences among techniques and methodologies used for SARS-
CoV-2 identification and quantification in aerosols may be critical to assess the presence of the virus 
in aerosols. Previous studies have demonstrated that the efficiency of different samplers for 
collection and preservation of the infectivity of microorganisms can vary as a function of the specific 
microorganism. This is an important technical problem compromising results obtained and 
conclusions drawn. For instance, Ratnesar-Shumate et al., (2021) compared the performance of 
eight different equipment (low-flow aerosol sampling devices) to both sample SARS-CoV-2 virus 
particles and obtain viable virus in small particle aerosols.  

The influence of sampling duration on recovery of infectious virus was also evaluated. Similar 
concentrations of infectious SARS-CoV-2 were measured in aerosols for the majority of the samplers 
tested, with the exception of the midget impingers, which measured significantly lower 
concentrations of SARS-CoV-2. Additionally, in three of the four impingers tested, additional clean 
airflow through the device following collection of infectious virus resulted in a decrease of the 
infectious concentration of virus over time, suggesting that virus was being inactivated and these 
devices may not be suitable for sampling for long durations (Ratnesar-Shumate et al., (2021).  

More research and consensus methodologies are encouraged as discrepancies among studies may 
simply arise from non-standardised approaches to sample collection and to the proper extraction 
of genetic material. For instance, when dealing with the aerosol's isolation of SARS-CoV-2 viruses, 
several equipment and methodologies have been used that may add uncertainty to the results 
obtained. In this regard, there is no uniform and publicly validated approach to the sampling of air, 
RNA extraction from aerosols and ulterior sequencing protocols (or amplification if needed), which 
makes intercomparison difficult or even impossible.  

For instance, Noor et al, 2021 conducted air sampling for 48 h during a 29 days sampling period 
using two types of instruments; an AQ sensor known as AiRBOXSense (AIRBOXSENSE V3.0, UKM 
Tech. Sdn Bhd, Malaysia) and a low volume sampler (LVS) (MINIVOL, AirMetrics, USA). Instruments 
were treated using ultraviolet light for 20 min (UV) (UV-C 253.7 nm), further disinfected with 70 % 
alcohol and calibrated before being translocated to the next wards.  

The same instruments were used to avoid variability during sampling but AiRBOXSense was used to 
continuously measure PM2.5, while the LVS was used to determine the virus loading in PM2.5 
trapped on filter paper (WHATMAN glass microfiber filters, Grade GF/F) with a tight specification of 
0.6–0.8 μm particle retention and pure borosilicate glass structure, GF/F. A 5 L min−1 of air was 
drawn into the AiRBOXSense. Instead, the Minivol's pump draws air at 5 L min−1 through a filter 
paper. Each filter paper was collected after 48 h of sampling and stored in a sealed container and 
kept in − 80 °C laboratory freezer. The filter papers were extracted for viral load analysis using 
reverse transcription quantitative real time polymerase chain reaction (RT-qPCR) approach. The 
former is an example of a methodological pathway to virus determinations that is not necessarily 
followed by other studies. 
 



STOA | Panel for the Future of Science and Technology  

  

44 

REFERENCES 

Ali, S.T., Wu, P., Cauchemez, S., He, D., Fang, V.J., Cowling, B.J., Tian, L., 'Ambient ozone and influenza 
transmissibility in Hong Kong', Eur. Respir. J.,  2018. 

Anderson, J.O., Thundiyil, J.G., Stolbach, A., 'Clearing the air: a review of the effects of particulate matter 
AP on human health', J. Med. Toxicol., 2012. 

Andrewes, C. H. & Glover, R. E., 'Spread of infection from the respiratory tract of the ferret I: Transmission 
of influenza A virus', Br. J. Exp. Pathol., 1941. 

Anyamba, A., Chretien, J.-P., Small, J., Tucker, C.J., Formenty, P.B., Richardson, J.H., Britch, S.C., Schnabel,  
D.C., Erickson, R.L., Linthicum, K.J., 'Prediction of a Rift Valley fever outbreak', Proc. Natl. Acad. Sci., 
2009. 

Armocida, B., Formenti, B., Ussai, S., Palestra, F., Missoni, E., 'The Italian health system and the Covid-19 
challenge', Lancet Public Health, 2020. 

Asadi, S., Gaaloul ben Hnia, N., Barre, R.S., Wexler, A.S., Ristenpart, W.D., Bouvier, N.M., 'Influenza A virus is 
transmissible via aerosolized fomites', Nat. Commun., 2020. 

Asadi S, Wexler AS, Cappa CD, Barreda S, Bouvier NM, Ristenpart WD., 'Aerosol emission and 
superemission during human speech increase with voice loudness', Sci. Rep., 2019. 

Ashworth AJ., 'Covid-19: Reducing background aerosols could reduce infectivity', BMJ, 2021. 
Åström, D.O., Bertil, F., Joacim, R., 'Heat wave impact on morbidity and mortality in the elderly population:  

a review of recent studies', Maturitas, 2011. 
Ather, B., Edemekong, P. F., 'Airborne Precautions', StatPearls Publishing, 2020. 
Audi, A., AlIbrahim, M., Kaddoura, M., Hijazi, G., Yassine, H.M., Zaraket, H., 'Seasonality of Respiratory Viral 

Infections: Will Covid-19 Follow Suit?', Front. Public Health, 2020.  
Auger, K.A., Shah, S.S., Richardson, T., Hartley, D., Hall, M., Warniment, A., Timmons, K., Bosse, D., Ferris, 

S.A., Brady, P.W., 'Association between statewide school closure and Covid-19 incidence and 
mortality in the US', Jama, 2020. 

Asadi S, Wexler AS, Cappa CD, Barreda S, Bouvier NM, Ristenpart WD., 'Aerosol emission and 
superemission during human speech increase with voice loudness', Sci. Rep., 2019. 

Ayanlade, A., Nwayor, I.J., Sergi, C., Ayanlade, O.S., Di Carlo, P., Jeje, O.D., Jegede, M.O., 'Early warning 
climate indices for malaria and meningitis in tropical ecological zones', Sci. Rep., 2020.  

Badr, H.S., Du, H., Marshall, M., Dong, E., Squire, M.M., Gardner, L.M., 'Association between mobility 
patterns and Covid-19 transmission in the USA: a mathematical modeling study', Lancet Infect. 
Dis., 2020. 

Badr, H.S., Gardner, L.M., 'Limitations of using mobile phone data to model Covid-19 transmission in the 
USA', Lancet Infect. Dis., 2020. 

Bahl P, de Silva C, Bhattacharjee S, Stone H, Doolan C, Chughtai AA, MacIntyre CR., 'Droplets and Aerosols 
Generated by Singing and the Risk of Coronavirus Disease 2019 for Choirs', Clin. Infect. Dis., 2021.  

Baker, R.E., Yang, W., Vecchi, G.A., Metcalf, C.J.E., Grenfell, B.T., 'Susceptible supply limits the role of climate 
in the early SARS-CoV-2 pandemic', Science, 2020.  

Baracchini, T., King, A.A., Bouma, M.J., Rodó, X., Bertuzzo, E., Pascual, M., 'Seasonality in cholera dynamics:  
A rainfall-driven model explains the wide range of patterns in endemic areas', Adv. Water Resour., 
2017. 

Bazant M. Z., J. W. M. Bush., 'A guideline to limit indoor airborne transmission of Covid-19', PNAS USA, 
2021. 

Bedell, K., Buchaklian, A.H., Perlman, S., 'Efficacy of an Automated Multiple Emitter Whole-Room 
Ultraviolet-C Disinfection System Against Coronaviruses MHV and MERS-CoV', Infect. Control 
Hosp. Epidemiol., 2016.  

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

45 

Bernstein, J.A., Alexis, N., Barnes, C., Bernstein, I.L., Nel, A., Peden, D., Diaz-Sanchez, D., Tarlo, S.M., Williams, 
P.B., Bernstein, J.A., 'Health effects of Air Pollution', J. Allergy Clin. Immunol., 2004. 

Bhimala KR, Patra GK, Mopuri R, Mutheneni SR., 'Prediction of Covid-19 cases using the weather 
integrated deep learning approach for India', Transbound Emerg. Dis., 2021. 

Bind MAC, Rubin DB., 'Bridging observational studies and randomised experiments by embedding the 
former in the latter', Stat. Methods Med. Res., 2019. 

Bind M-A., 'Causal modeling in environmental health', Annu. Rev. Public Health, 2019. 
Biryukov, J., Boydston, J.A., Dunning, R.A., Yeager, J.J., Wood, S., Reese, A.L., Ferris, A., Miller, D., Weaver, 

W., Zeitouni, N.E., Phillips, A., Freeburger, D., Hooper, I., Ratnesar-Shumate, S., Yolitz, J., Krause, 
M., Williams, G., Dawson, D.G., Herzog, A., Dabisch, P., Wahl, V., Hevey, M.C., Altamura, L.A., 
'Increasing Temperature and Relative Humidity Accelerates Inactivation of SARS-CoV-2 on 
Surfaces', mSphere, 2020.  

Bontempi E., 'First data analysis about possible Covid-19 virus airborne diffusion due to air particulate  
matter (PM): the case of Lombardy (Italy)', Environ. Res., 2020. 

Borro, M., Di Girolamo, P., Gentile, G., De Luca, O., Preissner, R., Marcolongo, A., Ferracuti, S., Simmaco, M., 
'Evidence-based considerations exploring relations between SARS-CoV-2 pandemic and AP: 
involvement of PM2. 5-mediated up-regulation of the viral receptor ACE-2', Int. J. Environ. Res. 
Public. Health, 2020. 

Bourdrel T, Annesi-Maesano I, Alahmad B, et al., 'The impact of outdoor AP on Covid-19: a review of 
evidence from in vitro, animal, and human studies', Eur. Respir. Rev., 2021.  

Bouvier, N. M., 'Animal models for influenza virus transmission studies: a historical perspective', Curr. Opin. 
Virol., 2015. 

Bramley TJ, Lerner D, Sames M., 'Productivity losses related to the common cold', J Occup. Environ. Med., 
2002.  

Brankston, G., Gitterman, L., Hirji, Z., Lemieux, C. & Gardam, M., 'Transmission of influenza A in human 
beings', Lancet Infect. Dis., 2007. 

Briz-Redón, Á., Serrano-Aroca, Á., 'The effect of climate on the spread of the Covid-19 pandemic: A review 
of findings, and statistical and modeling techniques', Prog. Phys. Geogr. Earth Environ., 2020. 

Brunekreef, B., Downward, G., Forastiere, F., Gehring, U., Heederik, D.J.J., Hoek, G., Koopmans, M.P.G., Smit, 
L.A.M., Vermeulen, R.C.H., 'AP and Covid-19. Including elements of AP in rural areas, indoor AP 
and vulnerability and resilience aspects of our society against respiratory disease, social 
inequality stemming from AP, study for the committee on Environment, Public Health and Food 
Safety, Policy Department for Economic, Scientific and Quality of Life Policies, European 
Parliament, Luxembourg, 2021. 

Bulfone TC, Malekinejad M, Rutherford GW, Razani N., 'Outdoor transmission of SARS-CoV-2 and other 
respiratory viruses: a systematic review', J. Infect. Dis., 2021. 

Bunker, A., Wildenhain, J., Vandenbergh, A., Henschke, N., Rocklöv, J., Hajat, S., Sauerborn, R., 'Effects of 
air temperature on climate-sensitive mortality and morbidity outcomes in the elderly; a 
systematic review and meta-analysis of epidemiological evidence', EBioMedicine, 2016. 

Buonanno, M., Welch, D., Shuryak, I., Brenner, D.J., 'Far-UVC light (222 nm) efficiently and safely inactivate s 
airborne human coronaviruses', Sci. Rep., 2020. 

Burn-Murdoch, J., Giles, Chris, Romei, Valentina, Pilling, H.F.D., Pitel, L., Stabe, M., 'Financial Times Excess 
mortality database', GitHub, 2020.  

Buss, L.F., Prete, C.A., Abrahim, C.M.M., Mendrone, A., Salomon, T., Almeida-Neto, C. de, França, R.F.O., 
Belotti, M.C., Carvalho, M.P.S.S., Costa, A.G., Crispim, M.A.E., Ferreira, S.C., Fraiji, N.A., Gurzenda, S., 
Whittaker, C., Kamaura, L.T., Takecian, P.L., Peixoto, P. da S., Oikawa, M.K., Nishiya, A.S., Rocha, V., 
Salles, N.A., Santos, A.A. de S., Silva, M.A. da, Custer, B., Parag, K.V., Barral-Netto, M., Kraemer, 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

46 

M.U.G., Pereira, R.H.M., Pybus, O.G., Busch, M.P., Castro, M.C., Dye, C., Nascimento, V.H., Faria, N.R., 
Sabino, E.C., 'Three-quarters attack rate of SARS-CoV-2 in the Brazilian Amazon during a largely 
unmitigated epidemic', Science, 2020. 

Cai, Q.-C., Lu, J., Xu, Q.-F., Guo, Q., Xu, D.-Z., Sun, Q.-W., Yang, H., Zhao, G.-M., Jiang, Q.-W., 'Influence of 
meteorological factors and AP on the outbreak of severe acute respiratory syndrome', Public 
Health, 2007.  

Callow, K.A., Parry, H.F., Sergeant, M., Tyrrell, D.A.J., 'The time course of the immune response to 
experimental coronavirus infection of man', Epidemiol. Infect., 1990.  

Cambra-López, M., Aarnink, A.J., Zhao, Y., Calvet, S., Torres, A.G., 'Airborne particulate matter from 
livestock production systems: A review of an AP problem', Environ. Pollut., 2010. 

Cannell, J., Vieth, R., Umhau, J., Holick, M., Grant, W., Madronich, S., Garland, C., Giovannucci, E., 'Epidemic 
influenza and vitamin D', Epidemiol. Infect., 2006. 

Cao, C., Jiang, W., Wang, B., Fang, J., Lang, J., Tian, G., Jiang, J., Zhu, T.F., 'Inhalable microorganisms in 
Beijing's PM2. 5 and PM10 pollutants during a severe smog event', Environ. Sci. Technol., 2014. 

Carleton, T., Cornetet, J., Huybers, P., Meng, K.C., Proctor, J., 'Global evidence for ultraviolet radiation 
decreasing Covid-19 growth rates', Proc. Natl. Acad. Sci., 2021. 

Carlson, C.J., Gomez, A.C., Bansal, S., Ryan, S.J., 'Misconceptions about weather and seasonality must not 
misguide Covid-19 response', Nat. Commun., 2020. 

Carr, R.H., Montz, B., Maxfield, K., Hoekstra, S., Semmens, K., Goldman, E., 'Effectively Communicating Risk 
and Uncertainty to the Public: Assessing the National Weather Service's Flood Forecast and 
Warning Tools. Bull', Am. Meteorol. Soc., 2016. 

Casalegno, J.S., Ottmann, M., Duchamp, M.B., Escuret, V., Billaud, G., Frobert, E., Morfin, F., Lina, B., 
'Rhinoviruses delayed the circulation of the pandemic influenza A (H1N1) 2009 virus in France',  
Clin. Microbiol. Infect., 2010. 

Cauchemez, S., Ferguson, N.M., Wachtel, C., Tegnell, A., Saour, G., Duncan, B., Nicoll, A., 'Closure of schools 
during an influenza pandemic', Lancet Infect. Dis., 2009. 

Cauchemez, S., Valleron, A.-J., Boëlle, P.-Y., Flahault, A., Ferguson, N.M., 'Estimating the impact of school 
closure on influenza transmission from Sentinel data', Nature, 2008. 

Chan, J. F. W. et al., 'A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating 
person-to-person transmission: a study of a family cluster', Lancet, 2020. 

Chan, K.H., Peiris, J.S.M., Lam, S.Y., Poon, L.L.M., Yuen, K.Y., Seto, W.H., 'The Effects of Temperature and 
Relative Humidity on the Viability of the SARS Coronavirus', Adv. Virol., 2011. 

Chan, K.-H., Sridhar, S., Zhang, R.R., Chu, H., Fung, A.Y.-F., Chan, G., Chan, J.F.-W., To, K.K.-W., Hung, I.F.-N., 
Cheng, V.C.-C., Yuen, K.-Y., 'Factors affecting stability and infectivity of SARS-CoV-2', J. Hosp. 
Infect., 2020. 

Chen W, Zhang N, Wei JJ, Yen HL, Li Y., 'Short-range airborne route dominates exposure of respiratory 
infection during close contact', Build. Environ., 2020.  

Chen S, Prettner K, Kuhn M, Geldsetzer P, Wang C, Bärnighausen T, Bloom DE., 'Climate and the spread of 
Covid-19', Sci. Rep., 2021. 

Chapin, C. V., 'The Sources and Modes of Infection', 2nd edn John Wiley & Sons, Inc., New York, 1916. 
Charavaryamath C, Singh B., 'Pulmonary effects of exposure to pig barn air', J. Occup. Med.Toxicol., 2006. 
Chatoutsidou, S. E. et al., 'Indoor/outdoor particulate matter number and mass concentration in modern 

offices', Build. Environ., 2015. 
Chen, G., Zhang, W., Li, S., Zhang, Y., Williams, G., Huxley, R., Ren, H., Cao, W., Guo, Y., 'The impact of 

ambient fine particles on influenza transmission and the modification effects of temperature  
in China: A multi-city study', Environ. Int., 2017.  

Chen, H., Huo, J., Fu, Q., Duan, Y., Xiao, H., Chen, J., 'Impact of quarantine measures on chemical 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

47 

compositions of PM2. 5 during the Covid-19 epidemic in Shanghai, China', Sci. Total Environ., 
2020. 

Chen, Alexandra Schneider, Josef Cyrys, Kathrin Wolf, Christa Meisinger, Margit Heier, Wolfgang von 
Scheidt, Bernhard Kuch, Mike Pitz, Annette Peters, and Susanne Breitner for the KORA Study 
Group, 'Hourly Exposure to Ultrafine Particle Metrics and the Onset of Myocardial Infarction in 
Augsburg, Germany', EHP, 2020. 

Chen PZ, Bobrovitz N, Premji Z, Koopmans M, Fisman DN, Gu FX., 'Heterogeneity in transmissibility and 
shedding SARS-CoV-2 via droplets and aerosols', Elife, 2021. 

Cheng Y, Ma N, Witt C, Rapp S, Wild PS, Andreae MO, Pöschl U, Su H., 'Face masks effectively limit the 
probability of SARS-CoV-2 transmission', Science, 2021. 

Chen W, Zhang N, Wei J, Yen H-L, Li Y., 'Short-range airborne route dominates exposure of respiratory 
infection during close contact', Building Environ., 2020.  

Chia, P. Y., Coleman, K. K., Tan, Y. K., Ong, S. W. X., et al., 'Singapore Novel Coronavirus Outbreak Research, 
T. Detection of air and surface contamination by SARS-CoV-2 in hospital rooms of infected 
patients', Nat. Commun., 2020.  

Ciencewicki, J., Jaspers, I., 'AP and Respiratory Viral Infection', Inhal. Toxicol., 2007.  
Coccia, M., 'The effects of atmospheric stability with low wind speed and of AP on the accelerated 

transmission dynamics of Covid-19', Int. J. Environ. Stud., 2021. 
Coccia, M., 'How do low wind speeds and high levels of AP support the spread of Covid-19?', Atmospheric 

Pollut. Res., 2020. 
Cole MA, Ozgen C, Strobl E., 'Air Pollution Exposure and Covid-19', IZA Discussion Papers No. 13367. Bonn, 

Institute of Labor Economics', 2020. 
Conti P, Ronconi G, Caraffa A, et al., 'Induction of pro-inflammatory cytokines (Interleukin-1 and 

Interleukin-6) and lung inflammation by Coronavirus-19 (Covid-19 or SARS-CoV- 2): anti-
inflammatory strategies', J. Biol. Regul. Homeost. Agents, 2020. 

Conticini, E., Frediani, B., Caro, D., 'Can atmospheric pollution be considered a co-factor in extremely high 
level of SARS-CoV-2 lethality in Northern Italy?', Environ. Pollut., 2020. 

Copat C, Cristaldi A, Fiore M, Grasso A, Zuccarello P, Signorelli SS, Conti GO, Ferrante M., 'The role of AP 
(PM and NO2) in Covid-19 spread and lethality: A systematic review', Environ. Res., 2020. 

Copernicus Atmosphere Monitoring Service, Copernicus Atmosphere Data Store. The European Centre 
for Medium-Range Weather Forecasts (ECMWF), 2020.  

Cox, R., Eggleton, A., Derwent, R., Lovelock, J., Pack, D., 'Long-range transport of photochemical ozone in 
north-western Europe', Nature, 1975. 

Crawford MS, Nordgren TM, McCole DF., 'Every breath you take: Impacts of environmental dust exposure 
on intestinal barrier function-from the gut-lung axis to Covid-19', Am. J. Physiol. Gastrointest. 
Liver. Physiol., 2021.  

Cuevas, L.E., Jeanne, I., Molesworth, A., Bell, M., Savory, E.C., Connor, S.J., Thomson, M.C., 'Risk mapping 
and early warning systems for the control of meningitis in Africa', Vaccine, 2007. 

Cui, Y., Zhang, Z.-F., Froines, J., Zhao, J., Wang, H., Yu, S.-Z., Detels, R., 'AP and case fatality of SARS in the 
People's Republic of China: an ecologic study', Environ. Health, 2003. 

da Silva, R.G., Ribeiro, M.H.D.M., Mariani, V.C., dos Santos Coelho, L., 'Forecasting Brazilian and American 
Covid-19 cases based on artificial intelligence coupled with climatic exogenous variables', Chaos 
Solitons Fractals, 2020. 

da Silva PG, Nascimento MSJ, Soares RRG, Sousa SIV, Mesquita JR., 'Airborne spread of infectious SARS-
CoV-2: Moving forward using lessons from SARS-CoV and MERS-CoV', Sci. Total Environ., 2021. 

Dabisch, P., Schuit, M., Herzog, A., Beck, K., Wood, S., Krause, M., Miller, D., Weaver, W., Freeburger, D., 
Hooper, I., 'The Influence of Temperature, Humidity, and Simulated Sunlight on the Infectivity of 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

48 

SARS-CoV-2 in Aerosols', Aerosol Sci. Technol., 2020. 
Dalan R, Bornstein SR, El-Armouche A, et al., 'The ACE-2 in COVID- 19: foe or friend?', Horm. Metab. Res., 

2020. 
Darnell, M.E.R., Subbarao, K., Feinstone, S.M., Taylor, D.R., 'Inactivation of the coronavirus that induces 

severe acute respiratory syndrome, SARS-CoV.' J. Virol. Methods, 2004. 
DeFelice, N.B., Little, E., Campbell, S.R., Shaman, J., 'Ensemble forecast of human West Nile virus cases and 

mosquito infection rates', Nat. Commun., 2017. 
Dettori, M., Deiana, G., Balletto, G., Borruso, G., Murgante, B., Arghittu, A., Azara, A., Castiglia, P., 'Air 

pollutants and risk of death due to Covid-19 in Italy', Environ. Res., 2020. 
Deyle, E.R., Maher, M.C., Hernandez, R.D., Basu, S., Sugihara, G., 'Global environmental drivers of influenza', 

Proc. Natl. Acad. Sci., 2016.  
Dbouka, T. & Drikakisb, D., 'On coughing and airborne droplet transmission to humans', Phys. Fluids, 2020. 
Dhama K, Patel SK, Sharun K, et al. SARS-CoV-2 jumping the species barrier: Zoonotic lessons from SARS,  

MERS and recent advances to combat this pandemic virus. Travel Med Infect Dis. 37:101830. 
doi:10.1016/j.tmaid.2020.101830, 2020. 

Dockery, D.W., Speizer, F.E., Stram, D.O., Ware, J.H., Spengler, J.D., Ferris Jr, B.G., 'Effects of Inhalable 
Particles on Respiratory Health of Children1-4'. Am. Rev. Respir. Dis., 1989. 

Domingo, J.L., Rovira, J., 'Effects of air pollutants on the transmission and severity of respiratory viral 
infections', Environ. Res., 2020. 

Dominici, F., Peng, R.D., Bell, M.L., Pham, L., McDermott, A., Zeger, S.L., Samet, J.M., 'Fine Particulate AP 
and Hospital Admission for Cardiovascular and Respiratory Diseases', JAMA, 2006. 

Doms, C., Kramer, S.C., Shaman, J., 'Assessing the use of influenza forecasts and epidemiological 
modeling in public health decision making in the United States', Sci. Rep., 2018. 

Dong, E., Du, H., Gardner, L., 'An interactive web-based dashboard to track Covid-19 in real time', Lancet 
Infect. Dis., 2020. 

Doremalen, N. van, Bushmaker, T., Morris, D.H., Holbrook, M.G., Gamble, A., Williamson, B.N., Tamin, A., 
Harcourt, J.L., Thornburg, N.J., Gerber, S.I., Lloyd-Smith, J.O., Wit, E. de, Munster, V.J., 'Aerosol and 
Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1', N. Engl. J. Med., 2020.  

Dowd, J.B., Andriano, L., Brazel, D.M., Rotondi, V., Block, P., Ding, X., Liu, Y., Mills, M.C., 'Demographic 
science aids in understanding the spread and fatality rates of Covid-19', Proc. Natl. Acad. Sci., 
2020.  

Drewnick F, Pikmann J, Fachinger F, Moormann L, Sprang F, Borrmann S., 'Aerosol filtration efficiency of 
household materials for homemade face masks: influence of material properties, particle size, 
particle electrical charge, face velocity, and leaks', Aerosol Sci. Technol., 2021. 

Dugas, A.F., Jalalpour, M., Gel, Y., Levin, S., Torcaso, F., Igusa, T., Rothman, R.E., 'Influenza forecasting with 
Google flu trends', PloS One, 2013. 

Dunker S, Hornick T, Szczepankiewicz G, Maier M, Bastl M, Bumberger J, Treudler R, Liebert UG, Simon JC., 
'No SARS-CoV-2 detected in air samples (pollen and particulate matter) in Leipzig during the first 
spread', Sci. Total Environ.' 2021. 

Duval, J., van Leeuwen, H., Norde, W., Town, R. Chemodynamical features of nanoparticles: Application 
to understanding the dynamic life cycle of SARS-CoV-2 in aerosols and aqueous biointerfacial 
zones. Adv. Coll. Interf. Sci. 290, 102400, 2021. 

Eccles, R., 'An Explanation for the Seasonality of Acute Upper Respiratory Tract Viral Infections', Acta  
Otolaryngol. (Stockh.), 2002.  

ECDC, 'Heating, ventilation and air-conditioning systems in the context of Covid-19: first update',  
European Centre for Disease Prevention and Control. 2020.  

Edward, D. G. F., 'Resistance of influenza virus to drying and its demonstration on dust', Lancet, 1941. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

49 

EEA, 'Healthy environment, healthy lives: how the environment influences health and well-being in 
Europe', EEA Report No 21/2019. 2019. 

Eichler N, Thornley C, Swadi T, et al., 'Transmission of severe acute respiratory syndrome coronavirus 2 
during border quarantine and air travel, New Zealand (Aotearoa)', Emerging Infect. Dis., 2021.  

Elliott L, von Essen S., 'COPD in farmers: what have we learnt?', Eur Respir J, 2016. 
Endo A, Abbott S, Kucharski AJ, Funk S., 'Estimating the overdispersion in Covid-19 transmission using 

outbreak sizes outside China', Wellcome Open Res., 2020. 
ENVI Report EU parliament.' AP and Covid-19', 2020. 
Escudero D, Boga JA, Fernández J, Forcelledo L, Balboa S, Albillos R, Astola I, García-Prieto E, Álvarez-

Argüelles ME, Martín G, Jiménez J, Vázquez F., 'SARS-CoV-2 analysis on environmental surfaces 
collected in an intensive care unit: keeping Ernest Shackleton's spirit', Intensive Care Med. Exp., 
2020. 

EPA (U.S. Environmental Protection Agency). Integrated Science Assessment (ISA) For Particulate Matter 
(Final Report). 2009. EPA/600/R-08/139F.Washington, DC:U.S. EPA. 

Erbelding, E. J. et al., 'A universal influenza vaccine: the strategic plan for the National Institute of Allergy 
and Infectious Diseases', J. Infect. Dis., 2018. 

Fattorini, D., Regoli, F., 'Role of the chronic AP levels in the Covid-19 outbreak risk in Italy', Environ. Pollut. 
2020. 

Fennelly KP., 'Particle sizes of infectious aerosols: implications for infection control', Lancet Respir. Med., 
2020.  

Flaxman, S., Mishra, S., Gandy, A., Unwin, H.J.T., Mellan, T.A., Coupland, H., Whittaker, C., Zhu, H., Berah, T., 
Eaton, J.W., Monod, M., Ghani, A.C., Donnelly, C.A., Riley, S., Vollmer, M.A.C., Ferguson, N.M., Okell, 
L.C., Bhatt, S., 'Estimating the effects of non-pharmaceutical interventions on Covid-19 in 
Europe', Nature, 2020. 

Foxman, E.F., Storer, J.A., Fitzgerald, M.E., Wasik, B.R., Hou, L., Zhao, H., Turner, P.E., Pyle, A.M., Iwasaki, A., 
'Temperature-dependent innate defense against the common cold virus limits viral replication 
at warm temperature in mouse airway cells', Proc. Natl. Acad. Sci., 2015. 

Foxman, E.F., Storer, J.A., Vanaja, K., Levchenko, A., Iwasaki, A., 'Two interferon-independent double-
stranded RNA-induced host defense strategies suppress the common cold virus at warm 
temperature', Proc. Natl. Acad. Sci., 2016. 

Frontera A, Cianfanelli L, Vlachos K, et al., 'Severe AP links to higher mortality in Covid-19 patients: the 
'double-hit' hypothesis', J. Infect., 2020. 

Fronza R, Lusic M, Schmidt M, et al., 'Spatial–temporal variations in atmospheric factors contribute to 
SARS-CoV-2 outbreak', Viruses, 2020. 

Fusco, D., Forastiere, F., Michelozzi, P., Spadea, T., Ostro, B., Arcà, M., Perucci, C.A., 'AP and hospital 
admissions for respiratory conditions in Rome, Italy', Eur. Respir. J., 2001.  

García-Pando, C.P., Thomson, M.C., Stanton, M.C., Diggle, P.J., Hopson, T., Pandya, R., Miller, R.L., 
Hugonnet, S., 'Meningitis and climate: from science to practice', Earth Perspect., 2014. 

Gardner, L., Ratcliff, J., Dong, E., Katz, A., 'A need for open public data standards and sharing in light of 
Covid-19', Lancet Infect. Dis., 2020. 

Gemenetzis, P., Moussas, P., Arditsoglou, A. & Samara, C., 'Mass concentration and elemental composition 
of indoor PM2.5 and PM10 in University rooms in Thessaloniki, northern Greece', Atmos. Environ., 
2006. 

Giacobbo, A., Rodrigues, M.A., Ferreira, J., Bernardes, A., de Pinho, M., 'A critical review on SARS-CoV-2 
infectivity in water and wastewater. What do we know?', Science of The Total Environment, 2021. 

Giani, P., Castruccio, S., Anav, A., Howard, D., Hu, W., Crippa, P., 'Short-term and long-term health impacts 
of AP reductions from Covid-19 lockdowns in China and Europe: a modeling study', Lancet 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

50 

Planet. Health, 2020. 
Goldberg L, Levinsky Y, Marcus N, etal., 'SARS-CoV-2 infection among health care workers despite the use 

of surgical masks and physical distancing-the role of airborne transmission', Open Forum Infect. 
Dis., 2021.  

Goldman, E., 'Exaggerated Risk of Transmission of Covid-19 by Fomites', Lancet Infect. Dis., 2020. 
Google LLC, 'Covid-19 Community Mobility Reports', 2020.  
Grant, W.B., Lahore, H., McDonnell, S.L., Baggerly, C.A., French, C.B., Aliano, J.L., Bhattoa, H.P., 'Evidence 

that Vitamin D Supplementation Could Reduce Risk of Influenza and Covid-19  Infections and 
Deaths', Nutrients. 2020. 

Graudenz, G.S., Landgraf, R.G., Jancar, S., Tribess, A., Fonseca, S.G., Faé, K.C., Kalil, J., 'The role of allergic 
rhinitis in nasal responses to sudden temperature changes', J. Allergy Clin. Immunol., 2006. 

Greenhalgh, T., Jose L Jimenez, Kimberly A Prather, Zeynep Tufekci, David Fisman, Robert Schooley, 'Ten 
scientific reasons in support of airborne transmission of SARS-CoV-2', The Lancet, 2021.  

Group, T.E., 'Cold exposure and winter mortality from ischaemic heart disease, cerebrovascular disease, 
respiratory disease, and all causes in warm and cold regions of Europe', The Lancet, 1997. 

Guarnieri, M., Balmes, J.R., 'Outdoor AP and asthma', The Lancet, 2014. 
Guerra FM, Bolotin S, Lim G, et al., 'The basic reproduction number (R0) of measles: a systematic review', 

Lancet Infect. Dis., 2017. 
Guevara, M., Jorba, O., Soret, A., Petetin, H., Bowdalo, D., Serradell, K., Tena, C., Denier van der Gon, H., 

Kuenen, J., Peuch, V.-H., 'Time-resolved emission reductions for atmospheric chemistry modeling 
in Europe during the Covid-19 lockdowns', Atmospheric Chem. Phys. Discuss, 2020. 

Guo, Y., Barnett, A.G., Yu, W., Pan, X., Ye, X., Huang, C., Tong, S., 'A large change in temperature between 
neighbouring days increases the risk of mortality', PloS One, 2011. 

Guo, Y., Gasparrini, A., Armstrong, B.G., Tawatsupa, B., Tobias, A., Lavigne, E., Coelho, M. de S.Z.S., Pan, X., 
Kim, H., Hashizume, M., 'Temperature variability and mortality: a multi-country study', Environ. 
Health Perspect., 2016. 

Guo, Z. et al., 'Aerosol and surface distribution of severe acute respiratory syndrome coronavirus 2 in 
hospital wards, Wuhan, China', Emerg. Infect. Disease J., 2020. 

Gupta, S., Raghuwanshi, G.S., Chanda, A., 'Effect of weather on Covid-19 spread in the US: a prediction 
model for India in 2020', Sci. Total Environ., 2020. 

Hagbom, M. et al., 'Ionizing air affects influenza virus infectivity and prevents airborne-transmission', Nat. 
Sci. Rep., 2015. 

Hale, T., Webster, S., Petherick, A., Phillips, T., Kira, B., 'Oxford covid-19 government response tracker' 
Blavatnik Sch. Gov., 2020. 

Han J, He S., 'Urban flooding events pose risks of virus spread during the novel coronavirus (Covid-19) 
pandemic', Sci Total Environ., 2021. 

Harper, G.J., 'Airborne micro-organisms: survival tests with four viruses', Epidemiol. Infect., 1961. 
Hassan, L., Pecht, T., Goldstein, N., Haim, Y., Kloog, I., Yarza, S., Sarov, B., Novack, V., 'The effects of ambient 

particulate matter on human adipose tissue'. J. Toxicol. Environ. Health, 2019. 
Haug, N., Geyrhofer, L., Londei, A., Dervic, E., Desvars-Larrive, A., Loreto, V., Pinior, B., Thurner, S., Klimek, 

P., 'Ranking the effectiveness of worldwide Covid-19 government interventions', Nat. Hum. 
Behav., 2021. 

He L, Xiao-Long X., Da-Wei D., Zhen-Yu H., Zhuang M., Yan-Jun G., 'AP and temperature are associated 
with increased Covid-19 incidence: A time series study', International Journal of Infectious 
Diseases, 2020. 

Heederik, D.J., Smit, L.A., Vermeulen, R.C., 'Go slow to go fast: a plea for sustained scientific rigour in AP 
research during the Covid-19 pandemic', Eur. Respiratory Soc., 2020. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

51 

Hii, Y.L., Zhu, H., Ng, N., Ng, L.C., Rocklöv, J., 'Forecast of dengue incidence using temperature and rainfall', 
PLoS Negl. Trop. Dis., 2012. 

Hiroshi, T., Jp, P.E., 'Inactivation of Influenza Virus by Ozone Gas', IHI Engineering Review, 2009. 
Hirve, S., Newman, L.P., Paget, J., Azziz-Baumgartner, E., Fitzner, J., Bhat, N., Vandemaele, K., Zhang, W., 

'Influenza Seasonality in the Tropics and Subtropics–When to Vaccinate?', PLoS One, 2016. 
Hoshen, M.B., Morse, A.P., 'A weather-driven model of malaria transmission', Malar. J., 2004. 
Hou, Y.J., Chiba, S., Halfmann, P., Ehre, C., Kuroda, M., Dinnon, K.H., Leist, S.R., Schäfer, A., Nakajima, N., 

Takahashi, K., Lee, R.E., Mascenik, T.M., Graham, R., Edwards, C.E., Tse, L.V., Okuda, K., Markmann,  
A.J., Bartelt, L., Silva, A. de, Margolis, D.M., Boucher, R.C., Randell, S.H., Suzuki, T., Gralinski, L.E., 
Kawaoka, Y., Baric, R.S., 'SARS-CoV-2 D614G variant exhibits efficient replication ex vivo and 
transmission in vivo', Science, 2020. 

Hu, L, Jie Gao, Linlin Yao, Li Zeng et al., 'Evidence of Foodborne Transmission of the Coronavirus 
(Covid-19) through the Animal Products Food Supply Chain. Env. Sci. Tech. 2020. 

Huang, J., Zhang, L., Liu, Xiaoyue, Wei, Y., Liu, C., Lian, X., Huang, Z., Chou, J., Liu, Xingrong, Li, X., 'Global 
prediction system for Covid-19 pandemic', Sci. Bull., 2020. 

Huang, K.E., Lipsitch, M., Shaman, J., Goldstein, E., 'The US 2009 A(H1N1) Influenza Epidemic: Quantifying 
the Impact of School Openings on the Reproductive Number', Epidemiology, 2014.  

Huang, Z., Huang, J., Gu, Q., Du, P., Liang, H., Dong, Q., 'Optimal temperature zone for the dispersal of 
Covid-19', Sci. Total Environ., 2020. 

Iio R, Kaneko T, Mizuno H, Isaka Y., 'Clinical characteristics of Covid-19 infection in a dialysis center during 
a nosocomial outbreak', Clin. Exp. Nephrol., 2021. 

Ijaz, M., Brunner, A., Sattar, S., Nair, R.C., Johnson-Lussenburg, C., 'Survival characteristics of airborne  
human coronavirus 229E', J. Gen. Virol., 1985. 

Irwin, C.K., Yoon, K.J., Wang, C., Hoff, S.J., Zimmerman, J.J., Denagamage, T., O'Connor, A.M., 'Using the 
Systematic Review Methodology To Evaluate Factors That Influence the Persistence of Influenza 
Virus in Environmental Matrices', Appl. Environ. Microbiol., 2011. 

Ivashkiv, L.B., Donlin, L.T., 'Regulation of type I interferon responses', Nat. Rev. Immunol. 2014. 
Jaakkola, J.J., Paunio, M., Virtanen, M., Heinonen, O.P., 'Low-level AP and upper respiratory infections in 

children', Am. J. Public Health, 1991.  
Jiang, Y., Xu, J., 'The association between Covid-19 deaths and short-term ambient AP/meteorological 

condition exposure: a retrospective study from Wuhan, China', Air Qual. Atmosphere Health, 2021.  
Johansson MA, Quandelacy TM, Kada S, et al., 'SARS-CoV-2 Transmission From People Without Covid-19 

Symptoms', JAMA Netw. Open., 2021. 
Hassanpouryouzband, A., Heldt, C. L., Areo, O., 'Surface Chemistry Can Unlock Drivers of Surface Stability 

of SARSCoV-2 in Variety of Environmental Conditions', Chem., 2020. 
Jones, R. M. & Brosseau, L., 'M. Aerosol transmission of infectious disease', J. Occup. Environ. Med., 2015. 
Jones BA, Fleck J., 'Shrinking lakes, AP, and human health: Evidence from California's Salton Sea', Sci. Total 

Environ., 2020.  
Jonsson, C. B., Figueiredo, L. T. M. & Vapalahti, O., 'A global perspective on hantavirus ecology, 

epidemiology, and disease', Clin. Microbiol. Rev., 2010. 
Jungo S, Moreau N, Mazevet ME, Ejeil AL, Biosse Duplan M, Salmon B, Smail-Faugeron V., 'Prevalence and 

risk indicators of first-wave Covid-19 among oral health-care workers: A French epidemiological 
survey', PLoS One, 2021. 

Jüni, P., Rothenbühler, M., Bobos, P., Thorpe, K.E., da Costa, B.R., Fisman, D.N., Slutsky, A.S., Gesink, D., 
'Impact of climate and public health interventions on the Covid-19 pandemic: a prospective  
cohort study', Can. Med. Assoc. J., 2020.  

Karimzadeh S, Bhopal R, Nguyen Tien H., 'Review of infective dose, routes of transmission and outcome 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

52 

of Covid-19 caused by the SARS-COV-2: comparison with other respiratory viruses', Epidemiol 
Infect., 2021.  

Kampf, G., Todt, D., Pfaender, S., Steinmann, E., 'Persistence of coronaviruses on inanimate surfaces and 
their inactivation with biocidal agents', J. Hosp. Infect., 2020. 

Kashnitsky, I., Aburto, J.M., 'Covid-19 in unequally ageing European regions', World Dev., 2020.  
Kehoe PG, Wong S, Al Mulhim N, Palmer LE, Miners JS. Angiotensin-converting enzyme 2 is reduced in 

Alzheimer's disease in association with increasing amyloid-β and tau pathology. Alzheimers Res 
Ther. 2016;8(1):50. Published 2016 Nov 25. doi:10.1186/s13195-016-0217-7. 

Khare, P. & Marr, L. C., 'Simulation of vertical concentration gradient of influenza viruses in dust 
resuspended by walking', Indoor Air, 2015. 

Killerby, M.E., Biggs, H.M., Haynes, A., Dahl, R.M., Mustaquim, D., Gerber, S.I., Watson, J.T., 'Human 
coronavirus circulation in the United States 2014–2017', J. Clin. Virol., 2018. 

Killingley, B., Nguyen‐Van‐Tam, J., 'Routes of influenza transmission', Influenza Other Respir. Viruses, 2013. 
Kim, D., Chen, Z., Zhou, L.-F., Huang, S.-X., 'Air pollutants and early origins of respiratory diseases', Chronic 

Dis. Transl. Med., 2018. 
Kim, K.-H., Kabir, E., Kabir, S., 'A review on the human health impact of airborne particulate matter',  

Environ. Int., 2015.  
Kissler, S.M., Tedijanto, C., Goldstein, E., Grad, Y.H., Lipsitch, M., 'Projecting the transmission dynamics of 

SARS-CoV-2 through the postpandemic period', Science, 2020. 
Klompas, M., Baker, M.A., Rhee, C., 'Airborne Transmission of SARS-CoV-2: Theoretical Considerations and 

Available Evidence', JAMA, 2020. 
Klompas M, Baker MA, Rhee C, et al., 'A SARS-CoV-2 cluster in an acute care hospital', Ann. Intern. Med., 

2021. 
Kloog, I., Coull, B.A., Zanobetti, A., Koutrakis, P., Schwartz, J.D., 'Acute and chronic effects of particles on 

hospital admissions in New-England', PloS One, 2012. 
Knibbs, L.D., Morawska, L., Bell, S.C., Grzybowski, P., 'Room ventilation and the risk of airborne infection 

transmission in 3 health care settings within a large teaching hospital', Am. J. Infect. Control, 2011. 
Kraemer, M.U.G., Yang, C.-H., Gutierrez, B., Wu, C.-H., Klein, B., Pigott, D.M., Group†, O.C.-19 D.W., Plessis, 

L. du, Faria, N.R., Li, R., Hanage, W.P., Brownstein, J.S., Layan, M., Vespignani, A., Tian, H., Dye, C., 
Pybus, O.G., Scarpino, S.V., 'The effect of human mobility and control measures on the Covid-19 
epidemic in China', Science, 2020. 

Kramer, S.C., Shaman, J., 'Development and validation of influenza forecasting for 64 temperate and 
tropical countries', PLoS Comput. Biol., 2019. 

Kudo, E., Song, E., Yockey, L.J., Rakib, T., Wong, P.W., Homer, R.J., Iwasaki, A., 'Low ambient humidity 
impairs barrier function and innate resistance against influenza infection', Proc. Natl. Acad. Sci., 
2019. 

Kujundzic, E., Matalkah, F., Howard, C. J., Hernandez, M. & Miller, S. L., 'UV air cleaners and upper-room air 
ultraviolet germicidal irradiation for controlling airborne bacteria and fungal spores', J. Occup. 
Environ. Hygiene, 2006. 

Kulle, T.J., Clements, M.L., 'Susceptibility to virus infection with exposure to nitrogen dioxide', Res. Rep. 
Health Eff. Inst., 1988. 

Kumari, P., Toshniwal, D., 'Impact of lockdown on air quality over major cities across the globe during 
Covid-19 pandemic', Urban Clim., 2020. 

Kurita, H., Sasaki, K., Muroga, H., Ueda, H., Wakamatsu, S., 'Long-range transport of AP under light gradient 
wind conditions', J. Appl. Meteorol. Climatol., 1985. 

Kutter JS, de Meulder D, Bestebroer TM, et al., 'SARS-CoV and SARS-CoV-2 are transmitted through the air 
between ferrets over more than one meter distance', Nat. Commun., 2021. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

53 

Lai, A., Chang, M., O'Donnell, R., Zhou, C., Sumner, J., Hsiai, T, Association of Covid-19 transmission with 
high levels of ambient pollutants: Initiation and impact of the inflammatory response on 
cardiopulmonary disease, Sci. Tot. Env. 779, 2021, 

Landguth et al., 'The delayed effect of wildfire season particulate matter on subsequent influenza season 
in a mountain west region of the USA', Environment International, 2020.  

Lara PC, Macías-Verde D, Burgos-Burgos J., 'Age-induced NLRP3 inflammasome over-activation increases 
lethality of SARS-COV-2 pneumonia in elderly patients', Aging. Dis., 2020.  

Laumbach RJ, Kipen HM., 'Bioaerosols and sick building syndrome: particles, inflammation, and allergy',  
Curr. Opin. Allergy Clin. Immunol., 2005.  

Le, T., Wang, Y., Liu, L., Yang, J., Yung, Y.L., Li, G., Seinfeld, J.H., 'Unexpected AP with marked emission 
reductions during the Covid-19 outbreak in China', Science, 2020. 

Lednicky, J.A., Lauzardo, M., Fan, Z.H., Jutla, A., Tilly, T.B., Gangwar, M., Usmani, M., Shankar, S.N., 
Mohamed, K., Eiguren-Fernandez, A., Stephenson, C.J., Alam, Md.M., Elbadry, M.A., Loeb, J.C., 
Subramaniam, K., Waltzek, T.B., Cherabuddi, K., Morris, J.G., Wu, C.-Y., 'Viable SARS-CoV-2 in the 
air of a hospital room with Covid-19 patients', Int. J. Infect. Dis., 2020. 

Legido-Quigley, H., Asgari, N., Teo, Y.Y., Leung, G.M., Oshitani, H., Fukuda, K., Cook, A.R., Hsu, L.Y., Shibuya, 
K., Heymann, D., 'Are high-performing health systems resilient against the Covid-19 epidemic?', 
The Lancet, 2020. 

Lelieveld J, Evans J, Fnais M, et al., 'The contribution of outdoor air pollution sources to premature  
mortality on a global scale', Nature, 2015. 

Lewis D., 'Superspreading drives the COVID pandemic—and could help to tame it', Nature, 2021. 
Li, Y., Leung, G.M., Tang, J., Yang, X., Chao, C., Lin, J.Z., Lu, J., Nielsen, P.V., Niu, J., Qian, H., 'Role of 

ventilation in airborne transmission of infectious agents in the built environment-a 
multidisciplinary systematic review', Indoor Air, 2007. 

Li H, Xu X-L, Dai D-W, et al., 'AP and temperature are associated with increased Covid-19 incidence: a time 
series study', Int. J. Infect. Dis., 2020. 

Lian, X., Huang, J., Zhang, L., Liu, C., Liu, X., Wang, L., 'Environmental indicator for COVID‐19 non‐
pharmaceutical interventions', Geophys. Res. Lett., 2020. 

Lighthall D., 'The poor health of farm workers', West. J. Med., 2001. 
Lin, M., 'Coarse Particulate Matter and Hospitalization for Respiratory Infections in Children Younger Than 

15 Years in Toronto: A Case-Crossover Analysis', Pediatrics, 2005. 
Linaker C, Smedley J., 'Respiratory illness in agricultural workers', Occupational Medicine, 2002. 
Linde, A., Rotzén-Östlund, M., Zweygberg-Wirgart, B., Rubinova, S., Brytting, M., 'Does viral interference 

affect spread of influenza?', Eurosurveillance, 2009.  
Linthicum, K.J., Anyamba, A., Tucker, C.J., Kelley, P.W., Myers, M.F., Peters, C.J., 'Climate and satellite 

indicators to forecast Rift Valley fever epidemics in Kenya', Science, 1999. 
Lipsitch, M., Viboud, C., 'Influenza seasonality: Lifting the fog', Proc. Natl. Acad. Sci., 2009.  
X., Jianping Huang, Changyu Li, Yingjie Zhao, Danfeng Wang, Zhongwei Huang, Kehu Yang., 'The role of 

seasonality in the spread of Covid-19 pandemic', Environmental Research, 2021. 
Li H, Xu X-L, Dai D-W, et al., 'AP and temperature are associated with increased Covid-19 incidence: a time 

series study', Int. J. Infect. Dis., 2020. 
Liu S, Li M., 'Ambient air pollutants and their effect on Covid-19 mortality in the United States of America', 

Rev. Panam. Salud Publica., 2020. 
Liu, Qi, Tan, Z.-M., Sun, J., Hou, Y., Fu, C., Wu, Z., 'Changing rapid weather variability increases influenza 

epidemic risk in a warming climate', Environ. Res. Lett., 2020. 
Liu, C. et al., 'Influence of natural ventilation rate on indoor PM2.5 deposition', Build. Environ., 2018. 
Liu, Yansui, Zhou, Y., Lu, J., 'Exploring the relationship between AP and meteorological conditions in 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

54 

China under environmental governance', Sci. Rep., 2020. 
Liu, Yuan, Ning, Z., Chen, Y., Guo, M., Liu, Yingle, Gali, N.K., Sun, L., Duan, Y., Cai, J., Westerdahl, D., Liu, X., 

Xu, K., Ho, K., Kan, H., Fu, Q., Lan, K., 'Aerodynamic analysis of SARS-CoV-2 in two Wuhan 
hospitals', Nature, 2020. 

Loh, E., Kugelberg, E., Tracy, A., Zhang, Q., Gollan, B., Ewles, H., Chalmers, R., Pelicic, V., Tang, C.M., 
'Temperature triggers immune evasion by Neisseria meningitidis', Nature, 2013. 

López, L., Rodó, X., 'The end of social confinement and Covid-19 re-emergence risk', Nat. Hum. Behav., 
2020. 

Lowe, R., Barcellos, C., Coelho, C.A., Bailey, T.C., Coelho, G.E., Graham, R., Jupp, T., Ramalho, W.M., Carvalho,  
M.S., Stephenson, D.B., 'Dengue outlook for the World Cup in Brazil: an early warning model 
framework driven by real-time seasonal climate forecasts', Lancet Infect. Dis., 2014. 

Lowe, R., Ryan, S.J., Mahon, R., Van Meerbeeck, C.J., Trotman, A.R., Boodram, L.-L.G., Borbor-Cordova, M.J., 
Stewart-Ibarra, A.M., 'Building resilience to mosquito-borne diseases in the Caribbean', PLoS Biol., 
2020. 

Lowen, A.C., Mubareka, S., Steel, J., Palese, P., 'Influenza Virus Transmission Is Dependent on Relative 
Humidity and Temperature', PLoS Pathog., 2007. 

Lowen, A.C., Steel, J., 'Roles of Humidity and Temperature in Shaping Influenza Seasonality', J. Virol., 2014.  
Lowen, A.C., Steel, J., Mubareka, S., Palese, P., 'High Temperature (30°C) Blocks Aerosol but Not Contact 

Transmission of Influenza Virus', J. Virol., 2008. 
Lu, J., Gu, J., Li, K., Xu, C., Su, W., Lai, Z., Zhou, D., Yu, C., Xu, B., Yang, Z., 'Covid-19 Outbreak Associated 

with Air Conditioning in Restaurant, Guangzhou, China, 2020', Emerg. Infect. Dis., 2020.  
Lu D, Zhang J, Xue C, Zuo P, Chen Z, Zhang L, Ling W, Liu Q, Jiang G., 'Covid-19-Induced Lockdowns 

Indicate the Short-Term Control Effect of Air Pollutant Emission in 174 Cities in China', Environ. 
Sci. Technol., 2021. 

Lutz, C.S., Huynh, M.P., Schroeder, M., Anyatonwu, S., Dahlgren, F.S., Danyluk, G., Fernandez, D., Greene, 
S.K., Kipshidze, N., Liu, L., Mgbere, O., McHugh, L.A., Myers, J.F., Siniscalchi, A., Sullivan, A.D., West, 
N., Johansson, M.A., Biggerstaff, M., 'Applying infectious disease forecasting to public health: a 
path forward using influenza forecasting examples', BMC Public Health, 2019.  

Lytle, C.D., Sagripanti, J.-L., 'Predicted Inactivation of Viruses of Relevance to Biodefense by Solar 
Radiation', J. Virol., 2005.  

Macias-Verde, D., Pedro C. Lara, Javier Burgos-Burgos, 'Same pollution sources for climate change might 
be hyperactivating the NLRP3 inflammasome and exacerbating neuroinflammation and SARS 
mortality', Medical Hypotheses, 2021. 

McCartney DM, Byrne DG., 'Optimisation of Vitamin D status for enhanced immuno-protection against 
Covid-19', Ir. Med. J., 2020. 

Maher, Barbara, Ahmed, Imad, A. M., Davison, Brian, Karloukovski, Vassil and Clarke. Robert, 'Impact of 
Roadside Tree Lines on Indoor Concentrations of Traffic-Derived Particulate Matter',  
Environmental Science & Technology, 2013.  

Maher, Barbara, 'Airborne Magnetite- and Iron-Rich Pollution Nanoparticles: Potential Neurotoxicants 
and Environmental Risk Factors for Neurodegenerative Disease, Including Alzheimer's Disease', 
Journal of Alzheimer's Disease, 2019.  

Maher, Barbara Ann, Ahmed, Imad, Karloukovski, Vassil Vassilev, MacLaren, Donald, Foulds, Penelope, 
Allsop, David, Mann, David, Torres-Jardon, Ricardo, Calderon-Garciduenas, Lilian, 'Magnetite  
pollution nanoparticles in the human brain', Proceedings of the National Academy of Sciences,  
2016. 

Maher, Barbara et al, 'Combustion- and friction-derived magnetic AP nanoparticles in human hearts',  
Environmental Research, 2019. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

55 

Ma, Y., Pei, S., Shaman, J. et al., 'Role of meteorological factors in the transmission of SARS-CoV-2 in the 
United States', Nat. Commun., 2021. 

Man WH, De Steenhuijsen Piters WAA, Bogaert D., 'The microbiota of the respiratory tract: Gatekeeper to 
respiratory health, Nature Reviews Microbiology, 2017.  

Manore, C.A., Davis, J.K., Christofferson, R.C., Wesson, D.M., Hyman, J.M., Mores, C.N., 'Towards an early 
warning system for forecasting human West Nile virus incidence', PLoS Curr., 2014. 

Marr, L.C., Tang, J.W., Van Mullekom, J., Lakdawala, S.S., 'Mechanistic insights into the effect of humidity 
on airborne influenza virus survival, transmission and incidence', J. R. Soc. Interface, 2019. 

Martinez, M.E., 'The calendar of epidemics: Seasonal cycles of infectious diseases', PLoS Pathog., 2018. 
McClymont, H., Hu, W., 'Weather Variability and Covid-19 Transmission: A Review of Recent Research', Int. 

J. Environ. Res. Public. Health, 2021. 
Mecenas, P., Bastos, R.T. da R.M., Vallinoto, A.C.R., Normando, D., 'Effects of temperature and humidity on 

the spread of Covid-19: A systematic review', PLoS One, 2020. 
Menut, L., Bessagnet, B., Siour, G., Mailler, S., Pennel, R., Cholakian, A., 'Impact of lockdown measures to 

combat Covid-19 on air quality over western Europe', Sci. Total Environ., 2020. 
Merow, C., Urban, M.C., 'Seasonality and uncertainty in global Covid-19 growth rates', Proc. Natl. Acad. 

Sci., 2020. 
Meyer, A., Sadler, R., Faverjon, C., Cameron, A.R., Bannister-Tyrrell, M., 'Evidence That Higher 

Temperatures Are Associated With a Marginally Lower Incidence of Covid-19 Cases', Front. Public 
Health., 2020.  

Midgley, C.M., Haynes, A.K., Baumgardner, J.L., Chommanard, C., Demas, S.W., Prill, M.M., Abedi, G.R., 
Curns, A.T., Watson, J.T., Gerber, S.I., 'Determining the Seasonality of Respiratory Syncytial Virus 
in the United States: The Impact of Increased Molecular Testing', J. Infect. Dis., 2017. 

Milton, D.K., Fabian, M.P., Cowling, B.J., Grantham, M.L., McDevitt, J.J., 'Influenza virus aerosols in human 
exhaled breath: particle size, culturability, and effect of surgical masks', PLoS Pathog, 2013. 

Mondelli, M. U., Colaneri, M., Seminari, E. M., Baldanti, F., Bruno, R., 'Low risk of SARS-CoV-2 Transmission 
by Fomites in RealLife Conditions', Lancet Infect. Dis., 2020. 

Monto, A.S., 'Epidemiology of viral respiratory infections', Am. J. Med., 2002.  
Morales KF, Paget J, Spreeuwenberg P. Possible explanations for why some countries were harder hit by 

the pandemic influenza virus in 2009 - a global mortality impact modeling study. BMC Infect 
Dis.17(1):642, 2017. 

Morawska, L., & Cao, J., 'Airborne transmission of SARS-CoV-2: The world should face the reality', Environ. 
Int., 2020. 

Morawska L, Milton DK., 'It is time to address airborne transmission of coronavirus disease 2019 
(Covid-19)', Clin. Infect. Dis., 2020.  

Morawska L, Cao J., 'Airborne transmission of SARS-CoV-2: the world should face the reality', Environ. Int., 
2020.  

Morawska L, Tang JW, Bahnfleth W, etal., 'How can airborne transmission of Covid-19 indoors be 
minimised?', Environ. Int., 2020.  

Moriyama, M., Hugentobler, W.J., Iwasaki, A., 'Seasonality of Respiratory Viral Infections', Annu. Rev. Virol., 
2020.  

Moriyama, M., Ichinohe, T., 'High ambient temperature dampens adaptive immune responses to 
influenza A virus infection', Proc. Natl. Acad. Sci., 2019.  

Munnink, B. B. O., Sikkema, R. S., Nieuwenhuijse, D. F., Molenaar, R. J., Munger, E., Molenkamp, R., Spek, A. 
v. d., Tolsma, P., Rietveld, A., Brouwer, M., Bouwmeester-Vincken, N., Harders, F., Honing, R. H.-v. 
d., Wegdam-Blans, M. C. A., Bouwstra, R. J., GeurtsvanKessel, C., Eijk, A. A. v. d., Velkers, F. C., Smit, 
L. A. M., Stegeman, A., Poel, W. H. M. v. d., Koopmans, M. P. G., 'Transmission of SARS-CoV-2 on 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

56 

mink farms between humans and mink and backto humans', Science, 2021. 
National Ambient Air Quality Standards (NAAQS) https://www.epa.gov/naaqs.  
National Center for Farmworker Health, 'SAWs and Covid-19', 2020. 
National Institute of Environmental Health Sciences, 'Imperial County Community Air Monitoring 

Project', 2020.  
National Research Council, 'Completing the Forecast: Characteriszing and Communicating Uncertainty 

for Better Decisions Using Weather and Climate Forecasts', Chapter 4: Communcating Forecast 
Uncertainty. Washington, D.C. The National Academic Press, 2006. 

Nguyen, J.L., Dockery, D.W., 'Daily indoor-to-outdoor temperature and humidity relationships: a sample 
across seasons and diverse climatic regions', Int. J. Biometeorol., 2016. 

Nguyen, J.L., Schwartz, J., Dockery, D.W., 'The relationship between indoor and outdoor temperature,  
apparent temperature, relative humidity, and absolute humidity', Indoor Air, 2014. 

Nguyen LH, Drew DA, Graham MS, et al., 'Coronavirus Pandemic Epidemiology Consortium. Risk of 
Covid-19 among front-line health-care workers and the general community: a prospective  
cohort study', Lancet Public Health, 2020. 

Nickbakhsh, S., Mair, C., Matthews, L., Reeve, R., Johnson, P.C.D., Thorburn, F., von Wissmann, B., Reynolds, 
A., McMenamin, J., Gunson, R.N., Murcia, P.R., 'Virus–virus interactions impact the population 
dynamics of influenza and the common cold', Proc. Natl. Acad. Sci., 2019.  

Nissen K, Krambrich J, Akaberi D, et al., 'Long-distance airborne dispersal of SARS-CoV-2 in Covid-19 
wards', Sci. Rep., 2020. 

NOAA Climate.gov, 'Environmental datasets for infectious disease modeling, 2020.  
Nor NSM, Yip CW, Ibrahim N, Jaafar MH, Rashid ZZ, Mustafa N, Hamid HHA, Chandru K, Latif MT, Saw PE, 

Lin CY, Alhasa KM, Hashim JH, Nadzir MSM., 'Particulate matter (PM2.5) as a potential SARS-CoV-
2 carrier', Sci. Rep., 2021. 

Nordgren TM, Bailey KL., 'Pulmonary health effects of agriculture', Curr. Opin. Pulm. Med., 2016.  
Ogen, Y., 'Assessing nitrogen dioxide (NO2) levels as a contributing factor to the coronavirus (Covid-19) 

fatality rate', Sci. Total Environ., 2020. 
Ong, S. W. et al., 'Air, surface environmental, and personal protective equipment contamination by severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from a symptomatic patient', JAMA,  
2020. 

Ordóñez, C., Garrido-Perez, J.M., García-Herrera, R., 'Early spring near-surface ozone in Europe during the 
Covid-19 shutdown: Meteorological effects outweigh emission changes', Sci. Total Environ. 2020. 

Pan, M., Lednicky, J. and Wu, C.-Y., 'Collection, particle sizing and detection of airborne viruses', J. Appl. 
Microbiol., 2019. 

Pan, A., Liu, L., Wang, C., Guo, H., Hao, X., Wang, Q., Huang, J., He, N., Yu, H., Lin, X., Wei, S., Wu, T., 
'Association of Public Health Interventions With the Epidemiology of the Covid-19 Outbreak in 
Wuhan, China', JAMA, 2020. 

Pan, J., Yao, Y., Liu, Z., Meng, X., Ji, J.S., Qiu, Y., Wang, Weidong, Zhang, L., Wang, Weibing, Kan, H., 'Warmer 
weather unlikely to reduce the Covid-19 transmission: An ecological study in 202 locations in 8 
countries', Sci. Total Environ.', 2021. 

Pang, X., Ren, L., Wu, S., Ma, W., et al., 'Cold-chain food contamination as the possible origin of Covid-19 
resurgence in Beijing', Natl. Sci. Rev., 2020. 

Pansini R, Fornacca D., 'Higher virulence of Covid-19 in the air polluted regions of eight severely affected 
countries', Epidemiology, 2020. 

Pascal M, Lagarrigue R, Laaidi K, Boulanger G, Denys S., 'Have health inequities, the Covid-19 pandemic 
and climate change led to the deadliest heatwave in France since 2003?', Public Health, 2021. 

Peci, A., Winter, A.-L., Li, Y., Gnaneshan, S., Liu, J., Mubareka, S., Gubbay, J.B., 'Effects of Absolute Humidity, 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

57 

Relative Humidity, Temperature, and Wind Speed on Influenza Activity in Toronto, Ontario,  
Canada', Appl. Environ. Microbiol., 2019. 

Pei, S., Kandula, S., Yang, W., Shaman, J., 'Forecasting the spatial transmission of influenza in the United 
States', Proc. Natl. Acad. Sci., 2018. 

Peng, X. et al., 'Transmission routes of 2019-nCoV and controls in dental practice', Int. J. Oral. Sci., 2020. 
Peng, L., Zhao, X., Tao, Y. et al., The effects of air pollution and meteorological factors on measles cases in 

Lanzhou, China. Env. Sci. Pollut. Res. 27(1) 2020. 
Pequeno, P., Mendel, B., Rosa, C., Bosholn, M., Souza, J.L., Baccaro, F., Barbosa, R., Magnusson, W., 'Air 

transportation, population density and temperature predict the spread of Covid-19 in Brazil',  
PeerJ, 2020. 

Petroni, M., Hill, D., Younes, L., Barkman, L., Howard, S., Howell, I.B., Mirowsky, J., Collins, M.B., 'Hazardous 
air pollutant exposure as a contributing factor to Covid-19 mortality in the United States',  
Environ. Res. Lett., 2020. 

Petersen E, Koopmans M, Go U, et al., 'Comparing SARS-CoV-2 with SARS-CoV and influenza pandemics',  
Lancet Infect. Dis., 2020. 

Petrova, D., Rodó, X., Sippy, R., Ballester, J., Mejía, R., Beltrán‐Ayala, E., Borbor‐Cordova, M.J., Vallejo, G.M., 
Olmedo, A.J., Stewart‐Ibarra, A.M., Lowe, R., 'The 2018–2019 weak El Niño: Predicting the risk of 
a dengue outbreak in Machala, Ecuador', Int. J. Climatol. 2020. 

Philip KEJ, Lewis A, Buttery SC, McCabe C, Fancourt D, Orton CM, Polkey MI, Hopkinson NS., 'Aerosol 
Transmission of SARS-CoV-2: Inhalation as well as Exhalation Matters for Covid-19', Am. J. Respir. 
Crit. Care Med., 2021. 

Pititto A, Rainone D, Sannino V, Chever T, Herry L, Parant S, Souidi S, Ballesteros M, Chapela R, Santiago J 
L, Research for PECH Committee – Impacts of the Covid-19 pandemic on EU fisheries and 
aquaculture, European Parliament, Policy Department for Structural and Cohesion Policies, 
Brussels, 2021. 

Polozov, I.V., Bezrukov, L., Gawrisch, K., Zimmerberg, J., 'Progressive ordering with decreasing 
temperature of the phospholipids of influenza virus', Nat. Chem. Biol., 2008. 

Pope III, C.A., Burnett, R.T., Thurston, G.D., Thun, M.J., Calle, E.E., Krewski, D., Godleski, J.J., 'Cardiovascular 
mortality and long-term exposure to particulate AP: epidemiological evidence of general 
pathophysiological pathways of disease', Circulation, 2004. 

Pozzer, A., Dominici, F., Haines, A., Witt, C., n.d., 'Regional and global contributions of AP to risk of death 
from Covid-19 7', Cardiovascular Research, 2020. 

Prather, K. A., Wang, C. C., Schooley, R. T., 'Reducing transmission of SARS-CoV-2', Science, 2020. 
Purvis, M.R., Miller, S., Ehrlich, R., 'Effect of Atmospheric Pollutants on Susceptibility to Respiratory 

Infection I. Effect of Ozone', J. Infect. Dis., 1961. 
Qian, J., Ferro, A. R. & Fowler, K. R., 'Estimating the resuspension rate and residence time of indoor 

particles', J. Air Waste Manag. Assoc., 2012. 
Qin, N., Liang, P., Wu, C. et al. Longitudinal survey of microbiome associated with particulate matter in a 

megacity. Genome Biol 21, 55 (2020). https://doi.org/10.1186/s13059-020-01964-x. 
Ratajczak MZ, Kucia M., 'SARS-COV-2 infection and overactivation of NLRP3 inflammasome as a trigger of 

cytokine 'storm' and risk factor for damage of hematopoietic stem cells', Leukemia, 2020. 
Ratnesar-Shumate, S., Williams, G., Green, B., Krause, M., Holland, B., Wood, S., Bohannon, J., Boydston, J., 

Freeburger, D., Hooper, I., 'Simulated sunlight rapidly inactivates SARS-CoV-2 on surfaces', J. 
Infect. Dis., 2020. 

Ratnesar-Shumate, S., Bohannon,K., Williams, G., Holland, B., Krause, M., Green, B., Freeburger, D. & 
Dabisch, P. 'Comparison of the performance of aerosol sampling devices for measuring 
infectious SARS-CoV-2 aerosols', Aerosol Science and Technology, 2021. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://doi.org/10.1186/s13059-020-01964-x
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

58 

Reich, N.G., Brooks, L.C., Fox, S.J., Kandula, S., McGowan, C.J., Moore, E., Osthus, D., Ray, E.L., Tushar, A., 
Yamana, T.K., 'A collaborative multiyear, multimodel assessment of seasonal influenza 
forecasting in the United States', Proc. Natl. Acad. Sci., 2019. 

Richardson, S., Hirsch, J.S., Narasimhan, M., Crawford, J.M., McGinn, T., Davidson, K.W., Barnaby, D.P., 
Becker, L.B., Chelico, J.D., Cohen, S.L., 'Presenting characteristics, comorbidities, and outcomes 
among 5700 patients hospitalized with Covid-19 in the New York City area', JAMA, 2020. 

Richard, M. & Fouchier, R. A. M. 'Influenza A virus transmission via respiratory aerosols or droplets as it 
relates to pandemic potential', FEMS Microbiol. Rev., 2016. 

Riddell, S., Goldie, S., Hill, A., Eagles, D., Drew, T.W., 'The effect of temperature on persistence of SARS-
CoV-2 on common surfaces', Virol. J., 2020. 

Rocklöv, J., Sjödin, H., 'High population densities catalyse the spread of Covid-19', J. Travel Med., 2020. 
Rose, R.M., Fuglestad, J.M., Skornik, W.A., Hammer, S.M., Wolfthal, S.F., Beck, B.D., Brain, J.D., 'The  

pathophysiology of enhanced susceptibility to murine cytomegalovirus respiratory infection 
during short-term exposure to 5 ppm nitrogen dioxide', Am. Rev. Respir. Dis., 1988. 

Roser, M., Ritchie, H., Ortiz-Ospina, E., Hasell, J., 'Coronavirus Pandemic (Covid-19)', Our World in Data, 
2020. 

Roy, C. J. & Milton, D. K., 'Airborne transmission of communicable infection—the elusive pathway', N. Engl. 
J. Med., 2004. 

Roychoudhury S, Das A, Sengupta P, et al. Viral Pandemics of the Last Four Decades: Pathophysiology,  
Health Impacts and Perspectives. Int J Environ Res Public Health. 2020;17(24):9411. Published 
2020 Dec 15. doi:10.3390/ijerph17249411. 

Rubin, D., Huang, J., Fisher, B.T., Gasparrini, A., Tam, V., Song, L., Wang, X., Kaufman, J., Fitzpatrick, K., Jain, 
A., 'Association of social distancing, population density, and temperature with the instantaneous 
reproduction number of SARS-CoV-2 in counties across the United States', JAMA Netw. Open, 
2020. 

Rubin DB., 'The design versus the analysis of observational studies for causal effects: Parallels with the 
design of randomized trials', Stat. Med., 2007. 

Runkle, J.D., Sugg, M.M., Leeper, R.D., Rao, Y., Matthews, J.L., Rennie, J.J., 'Short-term effects of specific 
humidity and temperature on Covid-19 morbidity in select US cities', Sci. Total Environ., 2020. 

Sajadi, M.M., Habibzadeh, P., Vintzileos, A., Shokouhi, S., Miralles-Wilhelm, F., Amoroso, A., 'Temperature,  
Humidity, and Latitude Analysis to Estimate Potential Spread and Seasonality of Coronavirus 
Disease 2019 (Covid-19)', JAMA Netw. Open, 2020. 

Sarute, N. & Ross, S. R., 'New World arenavirus biology', Annu. Rev. Virol., 2017. 
Saxena, A., Raj, S., 'Impact of lockdown during Covid-19 pandemic on the air quality of North Indian cities', 

Urban Clim., 2021. 
Scarano, A., Inchingolo, F., Lorusso, F., 'Facial Skin Temperature and Discomfort When Wearing Protective 

Face Masks: Thermal Infrared Imaging Evaluation and Hands Moving the Mask', Int. J. Environ. 
Res. Public. Health, 2020. 

Schade W, Reimer V, Seipenbusch M, Willer U, Hübner EG., 'Viral aerosol transmission of SARS-CoV-2 from 
simulated human emission in a concert hall', Int. J. Infect. Dis., 2021. 

Schaffer, F.L., Soergel, M.E., Straube, D.C., 'Survival of airborne influenza virus: Effects of propagating host,  
relative humidity, and composition of spray fluids', Arch. Virol., 1976. 

Scheuch G., 'Breathing is enough: for the spread of influenza virus and SARS-CoV-2 by breathing only', J 
Aerosol Med. Pulm. Drug Deliv., 2020. 

 
Schenker, MB, Christiani, D, Cormier, Y, Dimich-Ward,et al., 'Respiratory health hazards in agriculture', Am. 

J. Respir. Crit. Care Med. 1998. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

59 

Scheuch G., 'Breathing is enough: for the spread of influenza virus and SARS-CoV-2 by breathing only', J. 
Aerosol, Med, Pulm, Drug, Deliv, 2020. 

Schuit, M., Gardner, S., Wood, S., Bower, K., Williams, G., Freeburger, D., Dabisch, P., 'The Influence of 
Simulated Sunlight on the Inactivation of Influenza Virus in Aerosols', J. Infect. Dis., 2020.  

Schuit, M., Ratnesar-Shumate, S., Yolitz, J., Williams, G., Weaver, W., Green, B., Miller, D., Krause, M., Beck, 
K., Wood, S., Holland, B., Bohannon, J., Freeburger, D., Hooper, I., Biryukov, J., Altamura, L.A., Wahl, 
V., Hevey, M., Dabisch, P., 'Airborne SARS-CoV-2 Is Rapidly Inactivated by Simulated Sunlight', J. 
Infect. Dis., 2020. 

Schwartz, J., Spix, C., Wichmann, H.E., Malin, E., 'AP and acute respiratory illness in five german 
communities', Environ. Res., 1991. 

Scientific Advisory Group for Emergencies (SAGE). 'What is the evidence for the effectiveness of hand 
hygiene in preventing the transmission of respiratory viruses?', 2020. 

Seifert SA, Von Essen S, Jacobitz K, Crouch R, Lintner CP., 'Organic dust toxic syndrome: a review', J. 
Toxicol. Clin. Toxicol., 2003. 

Setti L, Passarini F, De Gennaro G, et al. Searching for SARS-COV-2 on Particulate Matter: A Possible Early 
Indicator of Covid-19 Epidemic Recurrence. Int J Environ Res Public Health.17(9):2986, 2020. 

Setti, L.; Passarini, F.; De Gennaro, G.; Barbieri, P.; Perrone, M.G.; Borelli, M.; Palmisani, J.; Di Gilio, A.; 
Piscitelli, P.; Miani, A. Airborne Transmission Route of Covid-19: Why 2 Meters/6 Feet of Inter-
Personal Distance Could Not Be Enough. Int. J. Environ. Res. Public Health, 17, 2932, 2020. 

Setti L, Passarini F, De Gennaro G, et al. SARS-Cov-2RNA found on particulate matter of Bergamo in 
Northern Italy: First evidence. Environ Res.188:109754, 2020.  

Shakil, M.H., Munim, Z.H., Tasnia, M., Sarowar, S., 'Covid-19 and the environment: A critical review and 
research agenda', Sci. Total Environ., 2020. 

Shaman, J., Jeon, C.Y., Giovannucci, E., Lipsitch, M., 'Shortcomings of Vitamin D-Based Model Simulations 
of Seasonal Influenza', PLoS ONE, 2011. 

Shaman, J., Kandula, S., Yang, W., Karspeck, A., 'The use of ambient humidity conditions to improve  
influenza forecast', PLoS Comput. Biol., 2017. 

Shaman, J., Kohn, M., 'Absolute humidity modulates influenza survival, transmission, and seasonality',  
Proc. Natl. Acad. Sci., 2009. 

Shaman, J., Pitzer, V.E., Viboud, C., Grenfell, B.T., Lipsitch, M., 'Absolute Humidity and the Seasonal Onset 
of Influenza in the Continental United States', PLoS Biol., 2010. 

Shi, P., Dong, Y., Yan, H., Zhao, C., Li, X., Liu, W., He, M., Tang, S., Xi, S., 'Impact of temperature on the 
dynamics of the Covid-19 outbreak in China', Sci. Total Environ., 2020. 

 
Smit, A.J., Fitchett, J.M., Engelbrecht, F.A., Scholes, R.J., Dzhivhuho, G., Sweijd, N.A., 'Winter Is Coming: A 

Southern Hemisphere Perspective of the Environmental Drivers of SARS-CoV-2 and the Potential 
Seasonality of Covid-19', Int. J. Environ. Res. Public. Health, 2020. 

Smither, S.J., Eastaugh, L.S., Findlay, J.S., Lever, M.S., 'Experimental aerosol survival of SARS-CoV-2 in 
artificial saliva and tissue culture media at medium and high humidity', Emerg. Microbes Infect., 
2020. 

Soane, R.J., Carney, A.S., Jones, N.S., Frier, M., Perkins, A.C., Davis, S.S., Illum, L., 'The effect of the nasal cycle 
on mucociliary clearance', Clin. Otolaryngol. Allied Sci., 2001 

Song, X., Wang, S., Hu, Y., Yue, M., Zhang, T., Liu, Y., Tian, J., Shang, K., 'Impact of ambient temperature on 
morbidity and mortality: An overview of reviews', Sci. Total Environ., 2017. 

Song Y, Wu S, Yan YY., 'Control strategies for indoor environment quality and energy efficiency—a 
review', Int. J. Low Carbon Technol., 2015. 

Sooryanarain, H., Elankumaran, S., 'Environmental Role in Influenza Virus Outbreaks', Annu. Rev. Anim. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

60 

Biosci., 2015. 
Stadnytskyi V, Bax CE, Bax A, Anfinrud P., 'The airborne lifetime of small speech droplets and their 

potential importance in SARS-CoV-2 transmission', Proc. Natl. Acad. Sci. USA, 2020. 
Storm, N., McKay, L.G.A., Downs, S.N. et al. Rapid and complete inactivation of SARS-CoV-2 by ultraviolet-

C irradiation. Sci Rep 10, 22421 (2020). 
Stout-Delgado HW, Cho SJ, Chu SG, Mitzel DN, Villalba J, El-Chemaly S, Ryter SW, Choi AM, Rosas IO. Age-

Dependent Susceptibility to Pulmonary Fibrosis Is Associated with NLRP3 Inflammasome  
Activation. Am J Respir Cell Mol Biol. 2016 Aug;55(2):252-63. doi: 10.1165/rcmb.2015-0222OC. 

Su, W., Wu, X., Geng, X., Zhao, X., Liu, Q., Liu, T., 'The short-term effects of air pollutants on influenza-like 
illness in Jinan, China', BMC Public Health, 2019. 

Sultan, B., Labadi, K., Guégan, J.-F., Janicot, S., 'Climate Drives the Meningitis Epidemics Onset in West 
Africa', PLoS Med., 2005. 

Sundell J, Levin H, Nazaroff WW, et al. 'Ventilation rates and health: multidisciplinary review of the 
scientific literature,' Indoor Air, 2011.  

Tamerius, J., Nelson, M.I., Zhou, S.Z., Viboud, C., Miller, M.A., Alonso, W.J., 'Global influenza seasonality:  
reconciling patterns across temperate and tropical regions', Environ. Health Perspect., 2011. 

Tang, J.W., 'The effect of environmental parameters on the survival of airborne infectious agents', J. R. 
Soc. Interface, 2009. 

Tang, S., Mao, Y., Jones, R.M., Tan, Q., Ji, J.S., Li, N., Shen, J., Lv, Y., Pan, L., Ding, P., 'Aerosol transmission of 
SARS-CoV-2? Evidence, prevention and control', Environ. Int., 2020. 

Tang, J., Linsey C Marr, Yuguo Li, Stephanie J Dancer, 'Covid-19 has redefined airborne transmission and 
improving indoor ventilation and air quality will help us all to stay safe', BMJ, 2021. 

Tang JW, Bahnfleth WP, Bluyssen PM, et al. 'Dismantling myths on the airborne transmission of severe 
acute respiratory syndrome coronavirus (SARS-CoV-2)', J. Hosp, Infect., 2021. 

Tellier R, Li Y, Cowling BJ, Tang JW., 'Recognition of aerosol transmission of infectious agents: a 
commentary', BMC Infect. Dis., 2019. 

Tay, M.Z., Poh, C.M., Rénia, L., MacAry, P.A., Ng, L.F.P., 'The trinity of Covid-19: immunity, inflammation 
and intervention', Nat. Rev. Immunol., 2020. 

Tellier, R., 'Review of Aerosol Transmission of Influenza A Virus', Emerg. Infect. Dis., 2006. 
Tellier, R., 'Aerosol transmission of influenza A virus: a review of new studies', J. R. Soc. Interface, 2009. 
Tellier, R., Li, Y., Cowling, B. J. & Tang, J. W., 'Recognition of aerosol transmission of infectious agents: a 

commentary', BMC Infect. Dis., 2019. 
The Atlantic, 'The COVID Tracking Project', 2020. 
The New York Times, 'The New York Times Case Inventory', GitHub, 2020. 
Thomson, M.C., Doblas-Reyes, F., Mason, S.J., Hagedorn, R., Connor, S.J., Phindela, T., Morse, A., Palmer, T., 

'Malaria early warnings based on seasonal climate forecasts from multi-model ensembles', 
Nature, 2006. 

Thomson, M.C., Firth, E., Jancloes, M., Mihretie, A., Onoda, M., Nickovic, S., Broutin, H., Sow, S., Perea, W., 
Bertherat, E., 'A climate and health partnership to inform the prevention and control of 
meningoccocal meningitis in sub-Saharan Africa: The MERIT initiative, in: Climate Science for 
Serving Society', Springer, 2013. 

To, T., Zhang, K., Maguire, B., Terebessy, E., Fong, I., Parikh, S., Zhu, J., Su, Y., 'UV, ozone, and Covid-19 
transmission in Ontario, Canada using generalised linear models', Environ. Res. 2021. 

Tobías A, Molina T, Rodrigo M, Saez M., 'Meteorological factors and incidence of Covid-19 during the first 
wave of the pandemic in Catalonia (Spain): A multi-county study', One Health., 2021. 

Togias, A.G., Naclerio, R.M., Proud, D., Fish, J.E., Adkinson, N.F., Kagey-Sobotka, A., Norman, P.S., 
Lichtenstein, L.M., 'Nasal challenge with cold, dry air results in release of inflammatory mediators.  

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

61 

Possible mast cell involvement', J. Clin. Invest., 1985. 
Tripepi G, Plebani M, Iervasi G, Gori M, Leonardis D, D'Arrigo G, Fusaro M., 'Distance from the outbreak of 

infection, ozone pollution and public health consequences of SARS-CoV-2 epidemic', Eur. J. 
Public Health., 2020. 

Troeger, C., Blacker, B., Khalil, I.A., Rao, P.C., Cao, J., Zimsen, S.R.M., Albertson, S.B., Deshpande, A., Farag,  
T., Abebe, Z., Adetifa, I.M.O., Adhikari, T.B., Akibu, M., Lami, F.H.A., Al-Eyadhy, A., Alvis-Guzman, 
N., Amare, A.T., Amoako, Y.A., Antonio, C.A.T., Aremu, O., Asfaw, E.T., Asgedom, S.W., Atey, T.M., 
Attia, E.F., Avokpaho, E.F.G.A., Ayele, H.T., Ayuk, T.B., Balakrishnan, K., Barac, A., Bassat, Q., 
Behzadifar, Masoud, Behzadifar, Meysam, Bhaumik, S., Bhutta, Z.A., Bijani, A., Brauer, M., Brown, 
A., Camargos, P.A.M., Castañeda-Orjuela, C.A., Colombara, D., Conti, S., Dadi, A.F., Dandona, L., 
Dandona, R., Do, H.P., Dubljanin, E., Edessa, D., Elkout, H., Endries, A.Y., Fijabi, D.O., Foreman, K.J., 
Forouzanfar, M.H., Fullman, N., Garcia-Basteiro, A.L., Gessner, B.D., Gething, P.W., Gupta, R., Gupta,  
T., Hailu, G.B., Hassen, H.Y., Hedayati, M.T., Heidari, M., Hibstu, D.T., Horita, N., Ilesanmi, O.S., 
Jakovljevic, M.B., Jamal, A.A., Kahsay, A., Kasaeian, A., Kassa, D.H., Khader, Y.S., Khan, E.A., Khan, 
M.N., Khang, Y.-H., Kim, Y.J., Kissoon, N., Knibbs, L.D., Kochhar, S., Koul, P.A., Kumar, G.A., Lodha,  
R., Razek, H.M.A.E., Malta, D.C., Mathew, J.L., Mengistu, D.T., Mezgebe, H.B., Mohammad, K.A., 
Mohammed, M.A., Momeniha, F., Murthy, S., Nguyen, C.T., Nielsen, K.R., Ningrum, D.N.A., Nirayo, 
Y.L., Oren, E., Ortiz, J.R., Pa, M., Postma, M.J., Qorbani, M., Quansah, R., Rai, R.K., Rana, S.M., 
Ranabhat, C.L., Ray, S.E., Rezai, M.S., Ruhago, G.M., Safiri, S., Salomon, J.A., Sartorius, B., Savic, M., 
Sawhney, M., She, J., Sheikh, A., Shiferaw, M.S., Shigematsu, M., Singh, J.A., Somayaji, R., Stanaway,  
J.D., Sufiyan, M.B., Taffere, G.R., Temsah, M.-H., Thompson, M.J., Tobe-Gai, R., Topor-Madry, R., 
Tran, B.X., Tran, T.T., Tuem, K.B., Ukwaja, K.N., Vollset, S.E., Walson, J.L., Weldegebreal, F., 
Werdecker, A., West, T.E., Yonemoto, N., Zaki, M.E.S., Zhou, L., Zodpey, S., Vos, T., Naghavi, M., Lim, 
S.S., Mokdad, A.H., Murray, C.J.L., Hay, S.I., Reiner, R.C., 'Estimates of the global, regional, and 
national morbidity, mortality, and aetiologies of lower respiratory infections in 195 countries,  
1990–2016: a systematic analysis for the Global Burden of Disease Study 2016', Lancet Infect. Dis., 
2018. 

Tulimiero M, Garcia M, Rodriguez M, Cheney AM., 'Overcoming Barriers to Health Care Access in Rural 
Latino Communities: An Innovative Model in the Eastern Coachella Valley', The Journal of Rural 
Health, 2020. 

U.S. Environmental Protection Agency, 'Nitrogen Dioxide (NO2) Pollution', 2019.  
van Doremalen, N. et al., 'Aerosol surface stability and of SARS-CoV-2 as compared with SARS-CoV-1', N. 

Engl. J. Med., 2020. 
Van Doremalen, N., Bushmaker, T., Munster, V., 'Stability of Middle East respiratory syndrome coronavirus 

(MERS-CoV) under different environmental conditions', Eurosurveillance, 2013. 
Van Doremalen N, Bushmaker T, Morris DH, et al., 'Aerosol and surface stability of SARS-CoV-2 as 

compared with SARS-CoV-1', New Engl. J. Med., 2020. 
Venter, Z.S., Aunan, K., Chowdhury, S., Lelieveld, J., 'Covid-19 lockdowns cause global AP declines', Proc. 

Natl. Acad. Sci., 2020.. 
 Versaci F, Gaspardone A, Danesi A, Ferranti F, Mancone M, Mariano E, Rotolo FL, Musto C, Proietti I, Berni 

A, Trani C, Sergi SC, Speciale G, Tanzilli G, Tomai F, Di Giosa A, Marchegiani G, Romagnoli E, 
Cavarretta E, Carnevale R, Frati G, Biondi-Zoccai G., 'Interplay between Covid-19, pollution, and 
weather features on changes in the incidence of acute coronary syndromes in early 2020', Int. J. 
Cardiol., 2021. 

Villeneuve, P.J., Goldberg, M.S., 'Methodological considerations for epidemiological studies of AP and the 
SARS and Covid-19 coronavirus outbreaks', Environ. Health Perspect., 2020. 

Von Essen SG, Auvermann BW., 'Health effects from breathing air near CAFOs for feeder cattle or hogs', J. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


STOA | Panel for the Future of Science and Technology  

  

62 

Agromedicine, 2005. 
Wallace, L.A., Emmerich, S.J., Howard-Reed, C., 'Continuous measurements of air change rates in an 

occupied house for 1 year: The effect of temperature, wind, fans, and windows', J. Expo. Sci. 
Environ. Epidemiol., 2002. 

Wang, B., Liu, J., Li, Yanlin, Fu, S., Xu, X., Li, L., Zhou, J., Liu, X., He, X., Yan, J., Shi, Y., Niu, J., Yang, Y., Li, Yiyao, 
Luo, B., Zhang, K., 'Airborne particulate matter, population mobility and Covid-19: a multi-city 
study in China', BMC Public Health, 2020. 

Wang, P., Chen, K., Zhu, S., Wang, Peng, Zhang, H., 'Severe AP events not avoided by reduced 
anthropogenic activities during Covid-19 outbreak', Resour. Conserv. Recycl., 2020. 

Wang, R., Xiong, Y., Xing, X., Yang, R., Li, J., Wang, Y., Cao, J., Balkanski, Y., Peñuelas, J., Ciais, P., 'Daily CO2 
emission reduction indicates the control of activities to contain Covid-19 in China', The 
Innovation, 2020. 

Wang, X., Zhang, R., 'How Did AP Change during the Covid-19 Outbreak in China?, Bull. Am. Meteorol. Soc., 
2020. 

Wang, X., Bi, X., Sheng, G. & Fu, J., 'Hospital indoor PM10/PM2.5 and associated trace elements in 
Guangzhou, China', Sci. Total Environ., 2006. 

Wang J, Tang K, Feng K, et al., 'High Temperature and High Humidity Reduce the Transmission of 
Covid-19', arXiv , 2020. 

Weber, T. P. & Stilianakis, N. I., 'Inactivation of influenza A viruses in the environment and modes of 
transmission: a critical review', J. Infect., 2008. 

Weinstein, R.A., Bridges, C.B., Kuehnert, M.J., Hall, C.B., 'Transmission of Influenza: Implications for Control 
in Health Care Settings', Clin. Infect. Dis., 2003. 

White JK, Nielsen JL, Madsen AM., 'Microbial species and biodiversity in settling dust within and between 
pig farms', Environ Res., 2019. 

WHO/WMO, 'Climate Services for Health: Improving public health decision-making in a new climate'. Eds. 
J.Shumake-Guillemot and L.Fernandez-Montoya. Geneva, 2016. 

Winkler SL, Anderson JE, Garza L, Ruona WC, Vogt R, Wallington TJ., 'Vehicle criteria pollutant (PM, NOx, 
CO, HCs) emissions: how low should we go?, NPJ Clim. Atmos.Sci, 2018. 

Witt, C., Schubert, A.J., Jehn, M., Holzgreve, A., Liebers, U., Endlicher, W., Scherer, D., 'The effects of climate 
change on patients with chronic lung disease: a systematic literature review', Dtsch. Ärztebl. Int., 
2015. 

World Health Organization, 'Review of evidence on health aspects of AP – REVIHAAP Project Technical 
Report', 2013.  

World Health Organization, 'Modes of Transmission of Virus Causing Covid-19: Implications for IPC 
Precaution Recommendations', 2020. 

World Health Organization, 'Roadmap to improve and ensure good indoor ventilation in the context of 
Covid-19', 2021. 

WHO, https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implicati ons-
for-infection-prevention-precautions, 2020. 

WMO, 'First Report of the WMO Covid-19 Task Team on Meteorological and Air Quality (MAQ) factors 
affecting the Covid-19 pandemic', World Meteorological Organization. Geneva, 2021. 

WMO, 'Health Exemplar to the User Interface Platform of the Global Framework for Climate Services', 
World Meteorological Organization, 2014. 

WMO, 'Guidelines on Communicating Forecast Uncertainty', (WMO-No. 4122). World Meteorological 
Organization, 2008. 

Wolcott, J.A., Zee, Y.C., Osebold, J.W., 'Exposure to ozone reduces influenza disease severity and alters 
distribution of influenza viral antigens in murine lungs', Appl. Environ. Microbiol., 1982. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
file:///C:%5CUsers%5Cxrodo%5CAppData%5CRoaming%5CMicrosoft%5CWord%5CWHO%5CWMO,.%20Climate%20Services%20for%20Health:%20Improving%20public%20health%20decision-making%20in%20a%20new%20climate.%20Eds.%20J.Shumake-Guillemot%20and%20L.Fernandez-Montoya.%20Geneva,%202016.%20https:%5Cpublic.wmo.int%5Cen%5Cresources%5Clibrary%5Cclimate-services-health-case-studies.
file:///C:%5CUsers%5Cxrodo%5CAppData%5CRoaming%5CMicrosoft%5CWord%5CWHO%5CWMO,.%20Climate%20Services%20for%20Health:%20Improving%20public%20health%20decision-making%20in%20a%20new%20climate.%20Eds.%20J.Shumake-Guillemot%20and%20L.Fernandez-Montoya.%20Geneva,%202016.%20https:%5Cpublic.wmo.int%5Cen%5Cresources%5Clibrary%5Cclimate-services-health-case-studies.
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


Pollution and the spread of Covid-19 

  

63 

Wordley, J., Walters, S., Ayres, J.G., 'Short term variations in hospital admissions and mortality and 
particulate AP', Occup. Environ. Med., 1997. 

Wu, X., Nethery, R.C., Sabath, M.B., Braun, D., Dominici, F., 'AP and Covid-19 mortality in the United States: 
Strengths and limitations of an ecological regression analysis', Sci. Adv., 2020. 

Xiao F, Sun J, Xu Y, Li F, Huang X, Li H, et al., 'Infectious SARS-CoV-2 in Feces of Patient with Severe 
Covid-19', Emerg. Infect. Dis., 2020. 

Xu, Z., FitzGerald, G., Guo, Y., Jalaludin, B., Tong, S., 'Impact of heatwave on mortality under different 
heatwave definitions: a systematic review and meta-analysis', Environ. Int., 2016. 

Yamana, T.K., Shaman, J., 'A framework for evaluating the effects of observational type and quality on 
vector-borne disease forecast', Epidemics, 2020. 

Yang, J., Zheng, Y., Gou, X., Pu, K., Chen, Z., Guo, Q., Ji, R., Wang, H., Wang, Y., Zhou, Y., 'Prevalence of 
comorbidities in the novel Wuhan coronavirus (Covid-19) infection: a systematic review and 
meta-analysis', Int. J. Infect. Dis., 2020. 

Yang Y, Wang H, Kouadir M, et al., 'Recent advances in the mechanisms of NLRP3 inflammasome  
activation and its Inhibitors'. Cell Death Dis, 2019. 

Yao, Y., Pan, J., Liu, Z., Meng, X., Wang, Weidong, Kan, H., Wang, Weibing, 'Ambient nitrogen dioxide 
pollution and spreadability of Covid-19 in Chinese cities', Ecotoxicol. Environ. Saf., 2021. 

Yao, Y., Pan, J., Liu, Z., Meng, X., Wang, Weidong, Kan, H., Wang, Weibing, 'No association of Covid-19 
transmission with temperature or UV radiation in Chinese cities', Eur. Respir. J., 2020. 

Yao Y, University F, China S, et al., 'Ambient nitrogen dioxide pollution and spread ability of Covid-19 in 
Chinese cities', Ecotoxicol. Environ, Saf, 2021. 

Yao, Y., Pan, J., Wang, Weidong, Liu, Z., Kan, H., Qiu, Y., Meng, X., Wang, Weibing, 'Association of 
particulate matter pollution and case fatality rate of Covid-19 in 49 Chinese cities', Sci. Total 
Environ., 2020. 

Yazdi, M.D., Wang, Y., Di, Q., Zanobetti, A., Schwartz, J., 'Long-term exposure to PM2. 5 and ozone and 
hospital admissions of Medicare participants in the Southeast USA', Environ. Int., 2019. 

Yi Y. Zuo, William E. Uspal, and Tao Wei., 'Airborne Transmission of Covid-19: Aerosol Dispersion, Lung 
Deposition, and Virus-Receptor Interactions', ACS Nano, 2020. 

Yongjian, Z., Jingu, X., Fengming, H., Liqing, C., 'Association between short-term exposure to AP and 
Covid-19 infection: Evidence from China', Sci. Total Environ., 2020. 

Zaitchik, B.F., Sweijd, N., Shumake-Guillemot, J., Morse, A., Gordon, C., Marty, A., Trtanj, J., Luterbacher, J., 
Botai, J., Behera, S., Lu, Y., Olwoch, J., Takahashi, K., Stowell, J.D., Rodó, X., 'A framework for 
research linking weather, climate and Covid-19', Nat. Commun., 2020. 

Zhang X, Ji Z, Yue Y, Liu H, Wang J., 'Infection Risk Assessment of Covid-19 through Aerosol Transmission:  
a Case Study of South China Seafood Market'. Environ. Sci. Technol., 2021. 

Zhao, Y., Richardson, B., Takle, E. et al. Airborne transmission may have played a role in the spread of 2015 
highly pathogenic avian influenza outbreaks in the United States. Sci Rep 9, 11755 (2019). 

Zheng, X., Song, Z., Li, Y., Zhang, J., Wang, X.-L., 'Possible interference between seasonal epidemics of 
influenza and other respiratory viruses in Hong Kong, 2014–2017', BMC Infect. Dis., 2017. 

Zhu TY, Qiu H, Cao QQ, Duan ZL, Liu FL, Song TZ, Liu Y, Fang YQ, Wu GM, Zheng YT, Ding WJ, Lai R, Jin L., 
'Particulate matter exposure exacerbates susceptibility to SARS-CoV-2 infection in humanized 
ACE2 mice', Zool Res., 2021. 

Zoran MA, Savastru RS, Savastru DM, Tautan MN., 'Assessing the relationship between surface levels of 
PM2.5 and PM10 particulate matter impact on Covid-19 in Milan, Italy', Sci. Total Environ., 2020. 

https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA
https://www.zotero.org/google-docs/?S79UpA


 

 

Epidemiological studies of Covid-19 have, in most cases, 
provided inconclusive results to date regarding the role 
of air pollution in the transmission of the SARS-CoV-2 
virus and the geographical spread of the disease, both 
regionally and globally. 

The present review analysed just under 6 000 articles 
published up to 31 May 2021, looking at the role of 
pollution and air quality factors in the transmission of 
SARS-CoV-2 and in the geographical differences in Covid-
19 propagation. A body of evidence shows that chronic 
and short-term exposure to different fractions of aerosols 
and types of air pollution exacerbates symptoms, affects 
co-morbidities and increases mortality rates for 
respiratory diseases similar to Covid-19, as well as for 
Covid-19. Although other pathways can contribute, the 
airborne route is likely to be the dominant mode. 

There is consistent and increasing evidence that SARS-
CoV-2 spreads by airborne transmission, and it is possible 
that different variants have different environmental 
sensitivities. Safer indoor environments are required, not 
only to protect unvaccinated people and those for whom 
vaccines fail, but also to deter vaccine-resistant variants 
or novel airborne threats that may appear at any time.  

The public health community, governments and health 
agencies should act accordingly, referring to this mode as 
the principal mode of transmission in their 
recommendations and statements, enhancing associated 
research and improving monitoring networks. 
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