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A B S T R A C T   

Severe episodic air pollution blankets entire cities and regions and have a profound impact on humans and their 
activities. We compiled daily fine particle (PM2.5) data from 100 cities in five continents, investigated the trends 
of number, frequency, and duration of pollution episodes, and compared these with the baseline trend in air 
pollution. We showed that the factors contributing to these events are complex; however, long-term measures to 
abate emissions from all anthropogenic sources at all times is also the most efficient way to reduce the occurrence 
of severe air pollution events. In the short term, accurate forecasting systems of such events based on the 
meteorological conditions favouring their occurrence, together with effective emergency mitigation of 
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anthropogenic sources, may lessen their magnitude and/or duration. However, there is no clear way of pre-
venting events caused by natural sources affected by climate change, such as wildfires and desert dust outbreaks.   

1. Background 

Questions regarding causes underlying severe air pollution events 
and our capacity to prevent them have arisen since these events began to 
occur on a large scale during the advanced stages of the industrial rev-
olution. The answer depends not only on the knowledge of the respon-
dent, but also on their interests or agendas. Winston Churchill, Prime 
Minister of Great Britain, asserted that the infamous smog event of 
December 1952 in London – one of the earliest and best-known events of 
this kind – was an act of God, thereby implying that it was not avoidable 
(Brimblecombe, 2012; Cohen et al., 2017). Yet it has been argued that it 
was related to the location and density of power plants burning low 
grade (high sulphur) coal within the city of London as decided by a 
previous government, and was therefore caused by humans (Brim-
blecombe, 2012). 

Our understanding of severe air pollution events has significantly 
improved over the last decade, revealing an incredible complexity of 
causes and a myriad of factors governing their severity, for e.g. (Doherty 
et al., 2017; Mazzeo et al., 2018; Millán, 2014; Wu et al., 2018). In 
addition, the importance of preventing such events and not only miti-
gating baseline air pollution has been fully recognized: for example, re- 
analysis of data from the 1952 London smog event showed that it caused 
12,000 additional deaths and immense economic costs due to disruption 
of the city’s operations (Bell and Davis, 2001; Davis, 2002). Thereafter, 
both short- and long-term exposure guidelines were developed and 
promulgated (WHO, 2006), and countries around the world have since 
implemented prevention and mitigation policies and curbing measures. 

Unfortunately, severe air pollution events are not a memory from the 
past, but still occur around the world. While it was expected that the 
mitigation measures implemented by the countries would gradually 
lower the burden of severe air pollution events, whether this is indeed 
the case is not known. How have the frequency, intensity and duration of 
these events evolved? To answer these questions, the objectives of our 
work were: (a) to evaluate the trends in severe air pollution in a 
representative number of cities around the world; and (b) to compare 
the trends in severe air pollution with the trends in baseline air pollution 
of the studied cities. Here we attempted only a general qualitative 
overview of the likely main drivers, while detailed quantitative analysis 
of the drivers of change must be done at the local scale while considering 
all the relevant local parameters and factors that contribute to the 
change. 

The World Health Organization (WHO) concluded that PM2.5 (par-
ticles with aerodynamic diameter <2.5 μm), is the air pollutant with the 
most severe health impacts (WHO, 2013a, 2013b), and therefore we 
selected PM2.5 as the pollutant for our evaluation. To address our ob-
jectives, we first need to define what constitutes a severe PM2.5 pollution 
event, and then summarize the scientific understanding of the various 
mechanisms of the formation of these events. 

Note that ambient particulate matter can be characterised by many 
other metrics in addition to mass concentration (PM2.5), including par-
ticle number concentration / size distribution, surface area, composition 
(content of metals, elemental and organic carbon content, other ele-
ments or compounds); however, none of these are routinely monitored, 
and hence are not available for global comparisons. 

2. What is a severe air pollution event? 

One basic manifestation of severe air pollution is low visibility. 
Reduction in visibility is caused by an increased concentration of 
airborne particles; therefore, the severity of the event is often linked to 
the concentration of particulate matter (PM) in the air, expressed as 

PM2.5 However, air pollution events can occur without any immediate 
change to visibility. High ozone (O3) concentrations occur in spring and 
summer, when the presence of its precursors, nitrogen oxides (NOx =

NO2 + NO) and volatile organic compounds (VOCs), and favourable 
meteorological conditions, including high insolation, do not initially 
cause reduced visibility. The second stage of the process, when particles 
form in the air (Zhang et al., 2015), is when visibility decreases. 

There are many definitions of severe air pollution events, most 
commonly provided by the authorities responsible for controlling them. 
For example, the definition of ‘severe’ could be associated with the EU 
Directive 2008/50/EC, which requires member states to inform or alert 
their population if alert thresholds from Annex XIV are exceeded or an 
exceedance is forecast. Specific actions are required when alert thresh-
olds are exceeded to inform the public about health risks and recom-
mended personal behavior to minimize exposure (UNION, 2008). 
However, these alert thresholds have only been set for nitrogen dioxide 
(NO2), O3 and sulphur dioxide (SO2). Furthermore, Annex II reports the 
limit values for NO2, PM10 and PM2.5, with only NO2 and PM10 having a 
short-term limit value. Implementation of measures is also suggested to 
avoid exceedances of the NO2 and PM10 limit values. By contrast, in 
China, severe air pollution events are related to PM2.5, and in other 
countries, they are related to air quality indices including PM2,5, O3 and 
other pollutants; sometimes one pollutant drives the index, but not al-
ways. Several examples of severe air pollution events in different 
countries are provided in Supplement 1. The substantial differences in 
severe air pollution definitions and alert limit values between countries 
are due to differences in the economic and political situations of the 
countries, which lead to differences in countries’ approaches to the 
mitigation of air pollution. 

It is important to note that the notion of ‘severity’ is relative rather 
than absolute. There are cities where baseline air quality is relatively 
good (baseline is defined here as the trend component of concentration 
with the influence of seasonal variation and pollution events removed; 
see the Methods section for details), and therefore a ‘severe’ increase 
over the baseline could be of much smaller absolute magnitude than the 
baseline in polluted cities. There is evidence, however, that despite 
overall local air quality being relatively good, such pollution events still 
have a measurable acute impact on health (Di et al., 2017; Milojevic 
et al., 2014; O’Connor et al., 2008). 

A severe air pollution event is sometimes termed ‘haze’. Haze is a 
meteorological term (referring to visibility-reducing liquid aerosols), so 
to avoid confusion, it is not used in this paper. As a point of interest, the 
word for haze in some Latin languages is bruma, which is a poetic word 
for mist and fog. 

3. Mechanisms behind severe air pollution events 

Severe episodic air pollution events are caused by local, regional, or 
transboundary (anthropogenic or natural) emissions of air pollutants, 
but specific meteorological conditions often favor the development of 
such events and influence their severity. In particular, forest fires, desert 
dust storms, crop burning, high insolation, or intense anticyclonic con-
ditions might favour the transport, formation, or accumulation of 
pollution that might yield high levels of pollutants. Briefly, the causes 
and contributors include: (1) occurrence of meteorological conditions 
leading to efficient formation and rapid growth of secondary pollutants; 
(2) a rapid increase in the intensity of source operation intensity of 
source operation (e.g., increase in residential space heating using coal or 
wood during cold spells) or accidental emissions; and (3) occurrence of 
meteorological conditions favourable for stagnant air, trapping and 
accumulating pollution. Synergetic effects across these three 
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mechanisms can further amplify the severity of events. The causes of and 
contributors to the specific formation mechanisms of severe PM air 
pollution events, as described above, are schematically presented in 
Fig. 1, and are further discussed below, in the context of the results of the 
data analysis. We highlight this as being consistent with a study by 
Amato et al. (2016), who reported that most of the PM mass concen-
tration is driven by the secondary formation of particles (vapor 
condensation). 

4. Methods 

4.1. Selection of cities 

We selected a non-probability purposive sample of 100 cities based 
on the availability of PM2.5 monitoring station data, which optimised 
global geographic coverage. We expected that there would be greater 
differences in the trends of PM2.5 concentrations for locations in 
different regions (e.g., with different sources, economic development or 
government policies) versus between cities in the same regions. We 

Fig. 1. Formation mechanisms of severe air pollution events: (1) occurrence of meteorological conditions leading to efficient formation and rapid growth (vapor 
condensation) of secondary pollutants; (2) a rapid increase in the intensity of source operation or accidental emissions (fire as an example); and (3) occurrence of 
meteorological conditions favourable for stagnant air, trapping and accumulating pollution. 
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focused on the period of 2013 to 2017, because this is when the stan-
dards were introduced in China, leading to substantial decreases in 
baseline PM2.5 concentrations in the country (Wang et al., 2017a). 

The specific criteria that we used for inclusion of a city were: (1) a 
population of at least 20,000 by the year of 2017 according to United 
Nations statistics (https://datahub.io/core/population-city#data); (2) 
at least one PM2.5 monitoring station in the downtown area of the city; 
and (3) PM2.5 daily average monitoring data in the city with a coverage 
of at least 80% from 2013 to 2017. In cases with more than one moni-
toring station in a city, we chose the station that is most representative of 
the city’s general urban air quality. For cities whose monitoring data are 
hourly averages, we calculated the daily average as long as at least 20 h 
of data were valid on that day. We also checked to ensure that the 
missing data of each city’s dataset did not concentrate on any specific 
season. This study did not take into account the differences among the 
methods nor the instruments used for measuring PM2.5 in different cit-
ies. An assumption was made that the organizations operating the in-
struments (most of them the government) followed appropriate 
calibration procedures. Regardless, because the emphasis of the study 
was on temporal trends within each city, any inter-city differences in 
absolute values due to the instruments would not influence the findings. 

4.2. Data preparation 

Depending on the sources (discussed below), the format of the PM2.5 
data differed. In order to make a common processing program work for 
every city’s data, we first read in the data and then wrote the data to a 
prescribed format. This process was repeated for every city, and no data 
filtering was applied during this process. All data processing was done 
via RStudio (Team, 2017). 

4.3. Analysis of the trends of the events: overall, frequency, magnitude 
and duration 

Initially we intended to use the local definitions of severity used in 
the cities (countries) included in the analysis and not to restrict it to a 
pollutant. Because the differences between the definitions of severity in 
different countries proved to be impossible to reconcile for the purposes 
of this work, we decided to base the analysis on the actual concentration 
values of PM2.5. 

We considered three indices to describe the PM2.5 pollution events 
occurring in each city, including: (1) the annual frequency of pollution 
events (denoted as If, unit: events per year); (2) the annual average 
pollution event magnitude (denoted as Im, unit: percentage over the 
criterion value, which is derived by first calculating the percentage by 
which the event’s concentration surpasses the criterion, then calculating 
the mean percentage of all the pollution events occurring within 1 year); 
and (3) the annual average pollution duration (the mean of the duration 
of all the pollution events occurring within 1 year, denoted as Id, unit: 
days per event). Obviously, the value of all the three indices will vary, 
depending on the method used for the identification of severe air 
pollution events. The method that we used was based on the theory of 
STL (seasonal-trend decomposition procedure based on Loess). STL is a 
useful methodology for “decomposing a time series into trend, seasonal 
and remainder components” (Cleveland et al., 1990), and it allows the 
trend and seasonal component to be removed from the time series PM2.5 
data. Normalization and linear regression have been performed on in-
dividual indices for further analysis. Other studies used 95th percentile 
to identify pollution events (Johnston et al., 2011), but we consider that 
our method is more appropriate because this method implies that 5% of 
the days are grouped as pollution events, which cannot be true for all the 
cities. A detailed reasoning for our choice of analysis methods is given in 
Supplement 3. 

As the next step, we calculated the standard deviation (SD) of the 
remainder component and used 3*SD as the criterion for pollution 
events (Hirata et al., 2005). This means that if a value in the remainder 

component is higher than 3*SD, then its corresponding date is classified 
as one day with a pollution event. This approach helped us to focus on 
the variation rather than the absolute magnitude of the concentrations. 
Because different cities had different remainder components, we were 
able to make a direct comparison between severely polluted and 
moderately polluted cities, which would not be practical if we chose a 
universal pollution event value for all the cities. 

To comprehensively consider all the three indices, we used principal 
component analysis (PCA) as a method of rating, which is useful for 
identifying the directions in which data have the most variance (Vasi-
lyeva et al., 2018). First, we applied PCA to recognize the direction that 
is constituted by the linear combination of Im and Id and where most of 
the variance in Im and Id concentrate. Then we calculated the geometric 
mean of the recognized direction and the If. If is not included in the PCA 
because it shows only a weak correlation with the other two indices. The 
results can be interpreted as the rating of pollution events for each city in 
each year, and the value of the rating (denoted as RPE, no unit) is related 
to the severity of pollution events: a higher RPE means higher severity. 
Normalization is performed on RPE through equation (1) to make its 
meaning clearer. 

RPE,norm =
RPE − RPE,min

RPE,max − RPE,min
*100 (1) 

In this way, RPE,norm has a value from 0 to 100, where 0 represents 
the lowest pollution event level among all the cities during 2013–2017, 
and 100 represents the highest. Through the slope of the linear regres-
sion of RPE,norm (denoted as SPE,norm), we can judge how a city’s rating, 
or the severity of air pollution events has changed within the period 
investigated. If SPE,norm is positive, then the severity of a city’s pollution 
events has become more severe over the 5 years, and vice versa. 

4.4. Separation of baseline from severe air pollution events 

Because the trend component (long-term trend) identified from the 
STL decomposition process represents the concentration level with the 
influence of seasonal variation and pollution events removed, it is 
regarded as the baseline PM2.5 concentration of a city. 

It is important to compare between the trend of RPE,norm and the 
long-term air pollution trend for the same city. This is because their 
relationship can reflect the effectiveness of mitigation measures: 
whether measures to reduce baseline PM2.5 are also effective in reducing 
the frequency and/or severity of pollution events. The trend of RPE,norm 
was calculated through linear regression over its 5-year values, and the 
long-term trend was calculated through linear regression of the baseline 
concentration. 

4.5. Comparison of trends in the events versus baseline trends 

We compared the trend of RPE,norm and the baseline trend for every 
city during 2013–2017 and classified the cities into four groups based on 
the results: 

Group 1. The trend of RPE,norm is positive while the baseline term 
trend is negative 
Group 2. The trend of RPE,norm is negative while the baseline term 
trend is positive 
Group 3. The trend of RPE,norm and the baseline trend are both 
positive 
Group 4. The trend of RPE,norm and the baseline trend are both 
negative. 

This classification is a consequence of the analysis method we 
adopted here, taken as the basis for comparison of the actual concen-
trations of PM2.5 and then separating the events from the baseline 
pollution. The division would likely be different if a fixed value had been 
used to judge severe air pollution events, which is the approach most 
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countries take in practice. However, because the baseline is different in 
every country, using a fixed value would have masked the trends actu-
ally occurring. 

5. Results  

(i) Results: Quantitative analysis 

We collected PM2.5 data from a total of 100 cities in 29 countries on 
five continents (listed in Table S2, together with the data sources). The 
data met our criteria and no seasonality was observed in the dates with 
missing data for individual cities. While we endeavoured to optimize the 
global coverage, there are many blank areas around the globe, for which 
no data that would meet our criteria were available; this was particu-
larly the case for Africa, with data available only for South Africa, as it 
does not appear that there is any regulatory monitoring conducted in 
other African countries. Other countries, for example Russia, conduct 
monitoring, but the data are not made public, and are not available on 
request. 

The severity of the PM2.5 pollution events was considered according 
to three indices: (1) the annual frequency of pollution events (If); (2) the 
annual average pollution event magnitude (Im); and (3) the annual 
average pollution event duration (Id). The yearly average values of these 
three indices are listed in Table S3.1, as well as the slopes of their 
normalized values. Additionally, we introduced an overall rating of the 
severity of pollution events for each city in each year, considering all 
three indices (RPE,norm). Significantly, we used the magnitude of stan-
dard deviation as a key parameter in the calculation of RPE,norm. Thus, 
this metric describes the severity of events in a relative sense, rather 
than in an absolute sense for any given city. A full description of the 

indices and how they were computed is presented in the Methods sec-
tion. In general, neither the severity, nor its elements, including fre-
quency, magnitude or duration, are experienced equally by all the 
regions, as can be seen from Figs. 2–5. Qualitative analysis of the 
possible reasons for this and the suggested drivers is presented below. 

Overall, the highest mean baseline PM2.5 concentration over the 5 
years was observed in Shijiazhuang, China (112 μg/m3), while the 
lowest was recorded in Halifax, Canada (5.3 μg/m3). The highest mean 
annual severe pollution frequency over the 5 years was observed in 
Cagliari, Italy (4.6 per year), while the lowest was recorded in Nicosia, 
Cyprus (0.4 per year). Comparing larger regions, the mean frequency (If) 
of cities in China was 3.0 per year, with a baseline of 56.8 μg/m3, while 
for North American cities it was 2.5 per year and 8.3 μg/m3, respectively 
and for European cities, 2.8 per year and 15.0 μg/m3. 

5.1. Trend in severe air pollution events 

Fig. 2 shows the annual trend in the overall severity of PM2.5 
pollution events for the 5-year period investigated. Although a 5% sig-
nificance level is more commonly used, we opted to use 10% because the 
slopes were calculated for 5-yearly values and only a few cities satisfy 
the 5% criterion. A similar approach was taken in other environmental 
science studies (e.g. (Do et al., 2017)). The trend was negative (e.g. 10% 
significance level that its value was less than zero, similarly hereinafter) 
for Haerbin, Haikou, Kitchener, Montreal, Nanjing, Macau, Hangzhou, 
Philadelphia, Helsinki, and Wuhan (listed in sequence of increasing 
significance, similarly hereinafter), which means that the overall 
severity of PM2.5 pollution events in these nine cities, relative to their 
respective baselines, experienced statistically significant decreases over 
the 5-year period at the 10% significance level. Sasolburg, 

Fig. 2. Linear regression slopes (SPE,norm; unit: per year; a higher value means worsening severity) of the normalized rating of the severity of pollution events (RPE, 

norm range: 0–100; no unit) for all the cities. Specific values of SPE,norm can be found in Table S3.1. Triangles indicate cities in which the corresponding slopes are 
different from zero at a 10% significance level. 
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Fig. 3. Linear regression slopes for the normalized annual frequency of severe air pollution events (If,norm; range: 0–100; no unit) for all the cities (e.g. Sf,norm; unit: 
per year; a higher value means the annual frequency of pollution events is increasing faster). Specific values of Sf,norm can be found in Table S3.1. Triangles indicate 
cities in which the corresponding slopes are different from zero at a 10% significance level. 

Fig. 4. Linear regression slopes (Sm,norm; unit: per year; a higher value means the annual average magnitude of pollution events is increasing faster) of the normalized 
annual magnitude of severe air pollution events (Im,norm; range: 0–100, no unit) for all the cities. Specific values of Sm,norm can be found in Table S3.1. Triangles 
indicate cities in which the corresponding slopes are different from zero at a 10% significance level. 
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Johannesburg, and Hamburg are the cities that experienced a statisti-
cally significant increase in PM2.5 pollution events over this period at the 
10% significance level. The aforementioned cities are shown as triangles 

in Fig. 2 while the other cities are shown as circles. 
Figs. 3–5 show the results of linear regression slopes for the 

normalized annual frequency, normalized annual average pollution 

Fig. 5. Linear regression slopes (Sd,norm; unit: per year; a higher value means the annual average duration of pollution events is increasing faster) for the normalized 
annual duration of severe air pollution events (Id,norm; range: 0–100; no unit) for all the cities. Specific values of Sd,norm can be found in Table S4. Triangles indicate 
cities in which the corresponding slopes are different from zero at a 10% significance level. 

Fig. 6. Average frequency of PM2.5 pollution events (counts per year) over the 5-year period for all the cities.  
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magnitude, and the normalized annual average pollution event duration 
(If,norm, Im,norm and Id,norm) of all the cities, while Fig. 6 shows the 
average frequency of PM2.5 pollution events over the 5-year period for 
all the cities. Comparing the average frequency of PM2.5 events over the 
5-year period (Fig. 6), and the trend in annual frequency (Fig. 3), an 
observation can be made that while the former presents an overall 
overview for the period under analysis for each of the cities, the latter 
provides better insight into the changes occurring. For example, while in 
the eastern part of China the overall frequency is high for many of the 
cities (Fig. 6), the annual frequency is decreasing for most of these cities 
(Fig. 3). However, the opposite is true for the Australian cities, which are 
characterized by an overall high frequency (Fig. 6), with the annual 
frequency increasing (Fig. 3). Another observation that can be made 
from Figs. 2–5 is that the frequency, magnitude, and duration tend to 
accompany each other. 

When a significance level of 10% is selected, Hangzhou, Kitchener, 
Haerbin, Nanning, Nanjing, Mulhouse, Montreal, and Wuhan experi-
enced significant decreases in event frequency (If,norm) from 2013 to 
2017, while Sasolburg, Johannesburg, Yinchuan, Los Angeles, and 
Hamburg experienced significant increases. Philadelphia, Helsinki, 
Macau, Swansea, and Toronto experienced significant decreases in the 
relative magnitude of events (Im,norm), while Sasolburg experienced 
significant increases. Haerbin, Philadelphia, Istanbul, Helsinki, She-
nyang, and Kitchener experienced significant decreases in event dura-
tion (Id,norm), while Zurich, Prague, Sasolburg, and Anchorage 
experienced significant increases. It can be concluded that in different 
cities, different aspects of the severity are more significant (frequency, 
magnitude, or duration), and these aspects would have a higher impact 
on the overall rating of the severity of pollution events for the cities. 

Considering all the cities, Im and Id are in positive correlation with 
each other (Pearson’s r is about 0.37, Kendall’s tau is about 0.36), while 
If shows only a weak correlation with the other two indices (Pearson’s r 
is about −0.028 and −0.077). Similar to the approach adopted by 
Shaker (Shaker, 2018), we applied principal component analysis (PCA) 
to identify the direction constituted by the linear combination of Im and 
Id and where most of the variance in Im and Id concentrate. The identified 
direction explains 68% of the total variance. 

5.2. Relationships between the trends in baseline air pollution and the 
trends in severe air pollution events 

The trends in baseline PM2.5 pollution for all the cities are listed in 
Table S3.1. Based on a comparison of the trend of the normalized rating 
of the severity of pollution (RPE,norm), and the long-term trend in base-
line air pollution for every city during 2013–2017, we found that 30 
cities belonged to Group 1 (positive RPE,norm trend with air pollution 
decreasing but the event rate on the rise); 6 cities belonged to Group 2 
(negative RPE,norm with air pollution increasing, but the event rate 
decreasing); 10 cities belonged to Group 3 (positive RPE, with both air 
pollution and severe air event rate increasing); and 54 cities belonged to 
Group 4 (negative RPE,norm, with both air pollution and event rates 
decreasing). The cities in each group are listed in Table S3.2.  

(ii) Results: Qualitative analysis 

We conducted qualitative analysis by considering the outcomes of 
the quantitative analysis, and then attempting to contextualize and 
explain (qualitatively) the trends in the selected cities included in the 
quantitative analysis. This involved gaining an understanding of the 
mitigation measures taken in these cities (based on the insights provided 
by the co-authors), and/or an understanding of the specific meteoro-
logical events of relevance. This was done with a view to answering the 
four specific questions set out below. 

5.3. What were the measures being taken to mitigate baseline air pollution 
in cities? 

It was not possible within the scope of this work to quantitatively 
analyse each individual city to determine the reasons behind the trends 
observed. Measures taken to successfully reduce baseline air pollution in 
the cities from Group 4 (where the severity of pollution events also 
decreased) varied considerably between cities. In particular, a compre-
hensive set of measures was implemented in China (Zhang et al., 2019) 
and, as a result, most (but not all) of the Chinese cities are in Group 4. In 
the Canadian city of Toronto for example, the phase-out of coal-based 
electricity generation in 2005–2013 led to an overall improvement of 
air quality that may also have contributed to weaker events in 
2013–2017 (Jeong et al., 2013). In New York State, on the other hand, 
changes in air quality occurred from 2008 to 2013 as a result of 
implementation of regulations on fuel quality, and vehicular and power 
plant emissions. Such changes continued to occur after 2013 because of 
several other reasons including the economic instability of the 
2008–2013 period with the recession of 2008–2009, the drastic drop in 
the price of natural gas relative to coal, the increased contributions of 
gas direct injection engines to the car fleet, and the reformulation of 
gasoline (Zhang et al., 2018a). In Stockholm, a congestion charge was 
implemented in 2007 as a tax levied on most vehicles entering and 
exiting central Stockholm for the purpose of reducing traffic congestion 
and improving the air quality. In 2016, congestion taxes were increased 
in the inner-city parts of Stockholm. Since 2010, driving with studded 
tyres is no longer allowed in certain areas of Stockholm. In addition, 
various initiatives were undertaken to bind and remove settled dust on 
the roads. However, in countries from Groups 1 and 3, while measures 
were taken to mitigate air pollution, they were not successful. 

5.4. What were the reasons for severe air pollution events in cities? 

Although the basic mechanisms involved in the formation of severe 
air pollution events are well understood (as schematically presented in 
Fig. 1), on a local or regional scale the hypotheses about what triggers 
the events are not always fully proven or supported. However, in many 
places there is a good understanding of the key drivers behind these 
events, and examples of these (as related to the mechanisms listed 
above), are set out below.  

2. Occurrence of meteorological conditions leading to efficient formation 
and rapid growth (vapor condensation) of secondary pollutants. Sec-
ondary pollutants, such as secondary organic aerosols (SOAs) and O3, 
which are formed in the air by some of the source-emitted precursors 
undergoing a series of physico-chemical processes, are present dur-
ing severe air pollution events. Even during the COVID-19 lockdown, 
in some areas PM2.5 pollution episodes took place because the at-
mospheric conditions were favourable for the formation of second-
ary PM (vapor condensation) from gaseous precursors (Huang et al., 
2021). As reported above, most of the PM2.5 mass in the urban 
background is attributable to secondary PM formation. High inso-
lation and high temperatures are favourable to the formation of O3 as 
it is a product of photochemical reactions that are further enhanced 
under the vertical recirculation of air masses or stagnant conditions 
(Brines et al., 2015; Millán et al., 2000; Saiz-Lopez et al., 2017). The 
occurrence of secondary PM includes nucleation and subsequent 
growth processes (Ehn et al., 2014) that are more efficient in con-
ditions of high insolation (Kulmala et al., 2014), low temperature 
and low relative humidity (Cheng et al., 2019; Hamed et al., 2011). 
Stronger solar radiation produces more free radicals to efficiently 
oxidize precursors, accelerating O3 formation and the generation of 
large amounts of PM (contributing mainly to particle number, not 
mass concentration). O3 generally has a higher production rate at a 
higher temperature, while secondary PM is formed more easily at a 
lower temperature that promotes higher supersaturation and 
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therefore a higher nucleation rate. Relative humidity is a critical 
factor in the development of secondary PM. In addition to hygro-
scopic growth, a rapid increase of sulphates and secondary organic 
aerosols has been observed at high relative humidity owing to 
aqueous-phase chemistry in severe air pollution episodes in China 
(Brines et al., 2015; Hama et al., 2020; Hamed et al., 2011; Huang 
et al., 2021). A rapid increase in the intensity of source operation and 
accidental emissions, resulting in a significant increase of source- 
emitted pollution in the vicinity of the source, and at distance due 
to its transport, as a one-off, seasonal, or cyclic event. Examples 
include PM emissions from (i) a dust source (desert) (Al-Dabbous and 
Kumar, 2014), the co-transport of pollutants with PM dust, the bio-
aerosol load, the interaction (e.g. condensation or adsorption) of 
desert dust with local gaseous pollutants; and the local accumulation 
of pollutants due to the decrease of the boundary layer height during 
intense dust episodes (Dominguez-Rodriguez et al., 2020; Querol 
et al., 2019; Sakhamuri and Cummings, 2019); (ii) wildfires (one-off 
events) (e.g. a megafire in Chile in 2017 (de la Barrera et al., 2018); 
(iii) agricultural waste burning – practiced for example during winter 
upwind of Delhi (Hama et al., 2020) and causing severe episodes of 
pollution in the city (Kumar et al., 2015), and occurring in China in 
June, September and October, and in Brazil all year round; (iv) 
massive application of natural fertilizers with high emissions of 
ammonia (NH3); and (vi) biogenic emissions occurring during 
particular times of the day or season (Guenther et al., 1996; Li et al., 
2017); (vii) substantial increase in residential coal (or wood) com-
bustion for heating during cold seasons, such as during the historic 
1952 London fog (Bell and Davis, 2001; Davis, 2002).  

3. Occurrence of meteorological conditions favourable for stagnant air, 
trapping and accumulating pollution. Conditions that favour stability 
generally include a shallow planetary boundary layer, weak surface 
winds, and descending air flows. Unfavourable meteorological con-
ditions have been linked to orographic forcing in many places, such 
as in the region of the north China plain where a unique basin terrain 
effect and a ‘harbors’ effect of the leeside slope of the Tibetan Plateau 
often results in stagnation development and pollution accumulation 
leading to large-scale episodic pollution (Long et al., 2016; XU et al., 
2015). Furthermore, climate change (e.g. global warming, drought, 
El Niño–Southern Oscillation, Atlantic meridional overturning cir-
culation) may affect meteorological conditions by influencing large- 
scale circulations (e.g. East Asian winter monsoons, prevailing north- 
westerly winds) leading to deterioration in the city’s ventilation 
conditions (Cai et al., 2017; Westervelt et al., 2016; Wu et al., 2018; 
Zhang et al., 2018b).  

4. .Synergetic effects of emissions and atmospheric processes (An et al., 
2019). Adverse meteorological conditions can limit the dispersion of 
primary pollutants and precursors, leading to a rapid increase in 
secondary pollutants. The increase in oxidants (e.g. O3, NO3 and OH) 
elevates the atmospheric oxidative capacity and accelerates the 
formation of other secondary pollutants. High concentrations of PM, 
on the other hand, enhance the air stability by aerosol–radiation 
interaction, which cools the surface and warms the air, leading to 
temperature inversion, decreased planetary boundary layer height 
and accumulated water vapor (Peng et al., 2016; Stocker et al., 
2013). The interaction of the planetary boundary layer, moisture and 
PM forms a positive feedback cycle to trap PM near the surface 
(Zhang et al., 2018b). Furthermore, atmospheric transport of pol-
lutants can play a contributing role. For example, even though forests 
could be far away from urban centres, the city’s anthropogenic VOCs 
that reach the forest would result in more secondary organic aerosol 
than that formed from biogenic sources (Shrivastava et al., 2019). 
Therefore, mixing of urban air with emissions from biogenic sources 
can exacerbate the problem and cause a continental event. A few 
examples of synergist events follow. 

In Spain, five atmospheric basins (those of Madrid, north Barcelona, 

Tarragona, Valencia-Castelló, Puertollano and Guadalquivir River) 
recorded very intensive summer O3 episodes (Querol et al., 2016). These 
pollution episodes were caused by high emissions of anthropogenic and 
biogenic pollutants (NOx and biogenic and anthropogenic VOCs), 
coupled with the vertical recirculation of air masses produced by the 
interaction of sea and mountain breeze circulations with a complex 
orography (Millán, 2014; Querol et al., 2017). On the other hand, the 
high vehicle density in Madrid, coupled with a dense urban structure, 
high dieselization of the fleets and the well-known ‘dieselgate’, as well 
as the development of intensive anticyclonic scenarios in a continental 
basin characterized by a high mountain chain in its northern side, very 
often yields very high NO autumn-winter episodes with extremely high 
NO2 episodes (Borge et al., 2018). A more detailed discussion of the 
causes and abatement measures taken in Spanish cities to prevent severe 
air pollution events is presented in Supplement 4. In London, in contrast, 
while there is some indication that the frequency of severe PM2.5 epi-
sodes is falling, and where such episodes typically occur in March, April, 
September and December, a mix of meteorological conditions is sug-
gested as a cause (Beddows et al., 2015). It has also been demonstrated 
that all severe episodes involved a large regional component (broadly 
represented by Outer London concentrations), with an additional lesser 
increment added by local sources (Inner London), under similar mete-
orological conditions – a continental air mass that gathered particles and 
gases as it passed over urban and industrial regions of Continental 
Europe transporting polluted air over the UK via light easterly winds. In 
general, these episodes are dominated by secondary particles, and those 
in March and April are particularly high in ammonium nitrate and 
coincide with periods of heavy agricultural crop and land spraying in 
northern Europe (Graham et al., 2020). By contrast, in Colombia 
(Guevara Luna et al., 2018; Hernandez et al., 2019; Mendez-Espinosa 
et al., 2019), PM2.5 pollution episodes occur in the dry period, from 
January to March, and are regional in nature, and are not restricted to 
individual cites (Guevara Luna et al., 2018; Hernandez et al., 2019; 
Mendez-Espinosa et al., 2019). The cause of the events was the reduction 
of mixing height during the dry period coupled with a substantial in-
crease in wildfires in Northern South America. 

5.5. What leads to the reduction in severe air pollution events? 

Two main approaches are considered to be the key to reducing/ 
eliminating severe air pollution events:  

1. Long-term measures towards reducing baseline air pollution. In the cities 
belonging to Group 4, the decrease in baseline PM2.5 pollution was 
accompanied by a decrease in severe pollution events, strongly 
implying that measures aimed at improving the former are also 
efficient in mitigating the latter. While we cannot conclusively prove 
this for each individual city, the fundamental principle that a 
reduction in emissions at any point of time is the most obvious 
precaution against severe air pollution events is the most likely 
reason why Group 4 is the largest group (less baseline pollution, less 
severe pollution).  

2. Short-term measures towards lessening the severity of the events. The key 
premise here is the prediction of an event based on meteorological 
conditions conducive to transporting emissions to a particular loca-
tion/region, trapping pollution, and/or conditions under which 
secondary pollutants are formed (usually in conjunction with trap-
ping and/or transport). For example, while Santiago (Group 2) has 
experienced a clear decline in PM2.5 concentrations over the last 20 
or 30 years (Barraza et al., 2017; Gallardo et al., 2018), baseline air 
pollution is on the rise, explained in part by an increase in the 
vehicular fleet and a decline in the use of public transportation 
(Gallardo et al., 2018). However, the number of episodes decreased 
in 2017, which has been attributed to the introduction of a more 
efficient forecasting system (Saide et al., 2011, 2016) that started in 
full in 2016. The effectiveness of mitigation measures to curb 
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extreme pollution in Santiago has been addressed in the scientific 
literature, and in particular the application of a state-of-the-art 
model to compare the efficacy of vehicular restrictions and ban-
ning of residential combustion (Mazzeo et al., 2018). Other authors 
have compared days with similar atmospheric conditions for which 
contingency measures were applied or not (Mullins and Bharadwaj, 
2015; Troncoso et al., 2012). Saide et al. (2011) (Saide et al., 2011, 
2016) used atmospheric modeling to show that episodes are the 
result of multiple days of accumulated emissions and that same-day 
emissions often contribute only a small fraction of the observed 
pollution during an episode. 

5.6. What led to the increase in severe air pollution events?  

1. Insufficient reduction in baseline pollution at the urban scale, which can 
be claimed to be the case for many of the cities in Group 1. 

2. Insufficient reduction in baseline pollution at the regional scale. A num-
ber of PM2.5 and/or O3 pollution episodes in urban areas have been 
attributed to the direct or indirect impact of regional emissions. In 
particular, agricultural ammonia is responsible for increased PM2.5 
levels in urban environments (Giannakis et al., 2019) and for a 
relevant attributable premature mortality (Lelieveld et al., 2015). 
However, most of the O3 pollution episodes affecting urban areas are 
highly influenced by regional and long-range transport of pollution.  

3. Climate change has affected the increase in episodic events of pollution 
emissions. Globally, climate change resulting from anthropogenic 
emissions has an impact on meteorological conditions on a local 
scale and, in turn, on local pollution events (Hou and Wu, 2016; 
Westervelt et al., 2016; Zhang et al., 2017). For example, the 
mechanisms through which drought or heatwaves resulting from 
climate change may influence extreme PM2.5 events include dust 
storms and bushfire smoke (Doherty et al., 2017; Jones and Fleck, 
2020). Generally, PM2.5 mass is more likely contributed to by com-
bustion than by mechanical processes such as windblown dust, so it 
is possible that fires during the early drought periods may be the 
main driver of PM2.5 increases; whereas in later drought periods 
there is less vegetation to burn, and dust storms are more likely (but 
possibly contributing less PM2.5). For example, an increase in the 
severity of events in Sydney was linked to increased dryness across 
the State of New South Wales, leading to an increase in fire intensity 
(Johnston et al., 2011), with a similar situation occurring in the 
Canadian west coast cities of Edmonton and Vancouver (Canada, 
2020; Wang et al., 2017b). 

6. Conclusion 

Health, environmental, economic and social risks of air pollution are 
well understood and therefore countries around the world are taking 
steps to counteract it, in the first place by mitigating emissions. There-
fore, there is an expectation that overall baseline air pollution is 
decreasing as well as the frequency, magnitude and duration of severe 
air pollution events. Our results show that indeed this is the case in 54 
out of the 100 cities investigated (cities belonging to Group 4). However, 
this is not the case in 46 cities. In general, the situation is improving in 
Chinese cities, deteriorating in Australian cities, not changing in South 
American cities, and varying across European cities. In the US, the east 
coast is improving while the west coast is becoming worse. 

Our results are indicative because the trends were not statistically 
significant for many of the cities; nevertheless, our findings provide a 
global overview for the first time. Longer observation times of the trends 
investigated are needed to determine the impact of regulations and the 
influence of changing climate and thus meteorological conditions (both 
usually require observation for more than 5 years). Further in-depth 
analysis of all the drivers in each individual city is also required. The 
length of time required to acquire sufficient observations to forecast 
trends is uncertain considering not only the variation in meteorology, 

but also natural and anthropogenic changes (e.g. the introduction of 
new regulations). Although we did not identify or model all such factors, 
as this would itself be a large task, our observational results remain 
informative of current trends. Nonetheless, repeating our analyses based 
on 10 years of data (after 2023), and possibly extending it by using 
monitoring data from additional locations or/and remote sensing data, 
would provide a much-improved insight. 

Air pollution monitoring should be extended, because at present the 
data for some of the world’s most heavily polluted cities are not avail-
able. This applies in particular to African cities and cities in India other 
than Delhi. The analysis should also be extended to geographic and 
political regions, rather than being focused only on cities. 

Despite these limitations, there are several important findings from 
this study that point to actions that must be taken to reduce the burden 
of severe air pollution events. 

Firstly, our results highlight that reduction of baseline air pollution 
on a long-term city and country basis will eliminate severe air pollution 
caused by anthropogenic sources. Therefore, reducing baseline air 
pollution should be the prime focus of national and regional pollution 
mitigation strategies. 

Secondly, we acknowledge that this will not be sufficient to 
completely eliminate the “plague” of severe air pollution, as those events 
that are influenced by climate change and therefore change in local 
meteorology (fires or desert storms) are expected not only to continue 
but to worsen in severity, as the example of the 2019/2020 bushfires in 
Australia demonstrates (Yu et al., 2020). We should now face the reality 
that significant reductions in anthropogenic emissions that contribute to 
climate change from all sources are essential to reverse the escalating 
trend of severe air pollution events. 
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Ibarra, C., Munizaga Muñoz, M., O’Ryan, R., Osses, M., 2018. Evolution of air quality 
in Santiago: The role of mobility and lessons from the science-policy interface. 

Giannakis, E., Kushta, J., Bruggeman, A., Lelieveld, J., 2019. Costs and benefits of 
agricultural ammonia emission abatement options for compliance with European air 
quality regulations. Environ. Sci. Eur. 31, 93. 

Graham, A.M., Pringle, K.J., Arnold, S.R., Pope, R.J., Vieno, M., Butt, E.W., Conibear, L., 
Stirling, E.L., McQuaid, J.B., 2020. Impact of weather types on UK ambient 
particulate matter concentrations. Atmosph. Environ.: X 100061. 

Guenther, A., Zimmerman, P., Klinger, L., Greenberg, J., Ennis, C., Davis, K., Pollock, W., 
Westberg, H., Allwine, G., Geron, C., 1996. Estimates of regional natural volatile 
organic compound fluxes from enclosure and ambient measurements. J. Geophys. 
Res.: Atmosph. 101, 1345–1359. 

Guevara Luna, M.A., Guevara Luna, F.A., Méndez Espinosa, J.F., Belalcázar Cerón, L.C., 
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2014. Chemistry of atmospheric nucleation: on the recent advances on precursor 
characterization and atmospheric cluster composition in connection with 
atmospheric new particle formation. Annu. Rev. Phys. Chem. 65, 21–37. 

Kumar, P., Khare, M., Harrison, R.M., Bloss, W.J., Lewis, A., Coe, H., Morawska, L., 2015. 
New directions: air pollution challenges for developing megacities like Delhi. Atmos. 
Environ. 122, 657–661. 

Lelieveld, J., Evans, J.S., Fnais, M., Giannadaki, D., Pozzer, A., 2015. The contribution of 
outdoor air pollution sources to premature mortality on a global scale. Nature 525, 
367–371. 

Li, H., Zhang, Q., Zhang, Q., Chen, C., Wang, L., Wei, Z., Zhou, S., Parworth, C., 
Zheng, B., Canonaco, F., 2017. Wintertime aerosol chemistry and haze evolution in 
an extremely polluted city of the North China Plain: significant contribution from 
coal and biomass combustion. Atmos. Chem. Phys. 17. 

Long, X., Tie, X., Cao, J., Huang, R., Feng, T., Li, N., Zhao, S., Tian, J., Li, G., Zhang, Q., 
2016. Impact of crop field burning and mountains on heavy haze in the North China 
Plain: a case study. Atmos. Chem. Phys. 16. 
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