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Airborne particulate matter (PM) is a pollutant of
concern not only because of its adverse effects on
human health but because of its ability to reduce
visibility and soil buildings and materials. It can be
regarded as a suite of pollutants since PM covers
a very wide range of particle sizes and also has a
diverse chemical composition. Historically, much of
the PM arose from coal burning and was measured
as black smoke. However, in the second half of the
twentieth century in developed countries, there was a
reduction in black smoke emissions from coal burning
and PM steadily became dominated by carbonaceous
particles from road traffic exhaust and the secondary
pollutants, ammonium salts and secondary organic
carbon. This is exemplified by the composition of fine
particles (referred to as PM2.5 ) as measured in London,
Delhi and Beijing. Steadily, as control strategies have
addressed the more tractable sources of emissions, so
sources previously regarded as unconventional have
emerged and have been seen to make a significant
contribution to airborne PM concentrations. Among
these are non-exhaust particles from road traffic,
cooking aerosol and wood smoke. The particle size
distribution of airborne PM is hugely diverse, ranging
from newly formed particles of a few nanometres in
diameter through to particles of tens of micrometres
in diameter. There has been a great deal of interest
in ultrafine (nano) particles because of suspicions of
enhanced toxicity, and as traffic emissions decrease
as a source, so regional nucleation processes have
become much bigger relative contributors to particle
number, but not mass.
This article is part of a discussion meeting issue ‘Air
quality, past present and future’.
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1. Introduction
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Airborne particulate matter (PM) is a pollutant of great importance which presents many
challenges. Its significance lies particularly within two areas. Firstly, it is the pollutant having
by far the largest impact upon public health. This is clearly elaborated by other contributions
to this volume, and according to the Global Burden of Disease study [1], it ranks very highly
among the avoidable causes of non-communicable diseases. PM is also important because it
both absorbs and reflects solar radiation and therefore affects climate [2]. Absorption of incoming
solar radiation by components such as black carbon, which are strongly absorptive, causes local
heating of the atmosphere while more reflective particles such as ammonium sulfate reflect
sunlight back to space and have a net cooling effect at the surface. However, there are also
secondary effects concerned with cloud formation, and the number density of particles referred
to as cloud condensation nuclei has a profound influence upon the albedo of clouds and hence
upon surface air temperatures [3]. Such effects are not the focus of this paper which will address
primarily issues concerned with the size distribution, chemical composition and sources of
airborne PM. It will consider emerging contributors to PM concentrations before focussing on
airborne nanoparticles and considering possible impacts upon future concentrations.
Airborne particles present great complexity because unlike atmospheric trace gases which
have the same chemical and physical properties wherever they occur, airborne particles are in
reality a suite of pollutants varying in particle size and chemical composition on a range of
temporal and spatial scales. Airborne particles can be both directly emitted, referred to as primary,
or formed within the atmosphere from the condensation of trace gases, referred to as secondary
particles. The smallest such particles arising from gas-to-particle conversion processes are 1–2 nm
in diameter. The largest airborne particles are in excess of 100 µm in diameter but have a rather
short atmospheric lifetime due to high gravitational settling speeds. The air quality guidelines
and standards applicable to PM are framed in terms of two health-relevant fractions. The first
is referred to as PM2.5 , which describes particles measured by mass which pass a sampling inlet
with a 50% cut-off efficiency at 2.5 µm. They are, therefore, in effect all particles smaller than
2.5 µm. The other metric, PM10 , describes particles measured by mass passing a sampler inlet
with a 50% efficiency cut-off at 10 µm. It therefore includes the mass of all particles smaller than
10 µm and consequently includes PM2.5 . The other relevant definition is that of ultrafine particles,
generally defined as particles with one dimension smaller than 100 nm (0.1 µm). These are often
also referred to as nanoparticles because of their nanometre dimensions.
Harrison et al. [4] have described the size distribution of particles and how the characteristics
of the size distribution can look very different according to whether it is expressed in terms of
particle number, surface area or volume/mass. Most airborne particles by number are typically
smaller than 100 nm diameter and hence the peak abundance of particles in the urban atmosphere
is often at a size of around 20–30 nm, and in European and North American cities, typically
80–90% of particles by number are smaller than 100 nm. However, when the size distribution
is transformed into a surface area distribution, the majority of the surface area is associated
with particles in the 0.1–1 µm size range referred to as the accumulation mode. Nanoparticles
contribute only a relatively small amount of the total surface area. When the distribution is
converted to a volume distribution or a mass distribution (if the density is known), two modes
typically appear; one in the 0.1–1 µm range referred to as the fine mode and one in the 1–
10 µm range referred to as the coarse mode. The minimum between the two most typically
lies at around 1 µm, but the sub-division at 2.5 µm used by regulatory agencies to define the
PM2.5 metric provides an approximate sub-division of the fine fraction. As a general observation,
fine fraction particles arise predominantly from gas-to-particle conversion processes within the
atmosphere or from emissions from high-temperature processes such as vehicle exhaust or
industrial combustion. On the other hand, coarse fraction particles are more typically associated
with mechanical break-up through abrasion or wind-driven processes such as soil resuspension
or the creation of sea spray by breaking waves. Figure 1 shows average particle number size
distributions measured by a Scanning Mobility Particle Sizer, which separates particles on the
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Figure 1. Average particle number size distributions measured in London (North Kensington and Marylebone Road), Beijing
and Delhi. The shading represents one standard deviation. (Online version in colour.)

basis of giving them charge and then measuring their mobility in an electric field, from air
sampling campaigns in London, Beijing and Delhi. These are winter campaign data which do
not reflect the major seasonal changes in particle concentrations which are seen in both Delhi
and Beijing, and rather less in London. The lowest concentrations are seen at the London North
Kensington site which is an urban background location in central London. The Marylebone Road
site is at roadside and shows a broadly similar size distribution but an appreciably higher average
concentration. The particles from Beijing are greater in both number and size while those in Delhi
are far greater in number with a much larger modal diameter close to 100 nm. It, therefore, appears
that the number concentration and modal diameter tend to scale with the degree of pollution
of the city, with Delhi showing by far the highest pollution levels and London the lowest. The
trend in diameter may reflect different predominant emission sources or may be the result of
particle growth in the atmosphere. In more polluted atmospheres, particles grow more rapidly by
coagulation which depends upon particle number concentrations and by condensational growth
largely due to atmospheric oxidation processes creating species of low volatility which condense
onto existing particles causing them to grow [5]. Figure 2 shows typical diurnal variations of
particle number counts from London, Beijing and Delhi. Just discernable in the Marylebone Road
and North Kensington data are the influences of road traffic emissions, and most notably the
morning rush hour, on number concentrations, while in Beijing, the highest concentrations are
seen in the early afternoon. This is due to two major differences from London. Firstly, the lightduty vehicle fleet in Beijing is wholly gasoline fuelled which leads to much lower emissions
of particles than the diesels which contribute a large part of the light-duty fleet in London. In
London, heavy-duty vehicles can move within the city at all times of day and night, whereas in
Beijing the heavy-duty vehicles are restricted to the nighttime hours. The early afternoon peak
in Beijing is almost certainly the result of new particle formation through regional nucleation
processes referred to later in this article [6,7]. The diurnal variation in Delhi is suggestive of a
major influence of road traffic especially at nighttime when the heavy-duty vehicles enter the city.
There is, however, also a strong diurnal variation of atmospheric boundary layer mixing depths
in Delhi with a much shallower mixed layer at nighttime which is no doubt a contributor to the
very high concentrations seen at this time of the day.

2. Major sources of airborne particulate matter
Particles sampled over open ocean areas show a very major contribution from sea salt as well
as oxidation products of trace gases such as dimethylsulfide which are released from the oceans.
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Figure 2. Average diurnal variation of particle number counts at the sites in London (North Kensington and Marylebone Road),
Beijing and Delhi. The error bars represent one standard deviation. (Online version in colour.)

Table 1. Major sources of particulate matter.
category
road traffic exhaust

main chemical components/source
elemental (black) carbon, organic compounds

sea salt

sodium, magnesium, chloride

ammonium

ammonia (largely from agriculture)

nitrate

oxidation of nitrogen dioxide

sulfate

oxidation of sulfur dioxide

primary organic matter

wood smoke, coal smoke, cooking, etc.

secondary organic matter

oxidation of organic vapours

dust and soil

silicon, aluminium, calcium

..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................

However, over land there tends to be a rather different composition dominated by primary and
secondary components deriving from anthropogenic emissions [8,9]. Table 1 indicates some of
the major categories of particles together with their main chemical components and predominant
sources. Airborne PM is hugely diverse so this list is by no means exhaustive and there are many
trace element components which are not listed in the table. Road traffic exhaust has for many
years been a major contributor, although this is now declining in most of the developed world
[10]. Road traffic exhaust often dominates the particle number concentrations and figure 1 shows
a clear difference between the roadside location at Marylebone Road and the background North
Kensington which is attributable almost wholly to emissions from traffic on Marylebone Road.
The particles typically arise predominantly from older diesel vehicles, although with advances
in technology, the contributions from gasoline are becoming more notable in cities like London,
and in North America gasoline is dominant [11]. The vehicle exhaust particles are comprised
very largely of elemental carbon, referred to as black carbon and organic compounds, which
derive both from unburnt fuel and from lubricating oil vapourized within the engine [12]. In
London, diesel exhaust is the main source of elemental carbon, while in Beijing coal burning
is a major source of particles comprised of elemental carbon and organic compounds [13]. Sea
salt, with major components sodium, magnesium and chloride, makes major contributions at
coastal locations but can still be seen hundreds of kilometres inland. Chloride ion also arises from
neutralization of HCl vapour generated in the combustion of coal and some plastics, and makes
a notable contribution in Delhi [14]. The ammonium ion derives from ammonia gas which comes
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Figure 3. Major chemical component composition of PM2.5 collected during winter campaigns in London (North Kensington),
Beijing and Delhi. (Online version in colour.)

largely from agriculture and is the main neutralizing species for HCl, and for nitric and sulfuric
acids which arise, respectively, from the oxidation of nitrogen dioxide and sulfur dioxide, with
the production of ammonium nitrate and ammonium sulfate which are major constituents of
airborne particles. There are numerous sources which emit organic matter, most notable among
them are biomass burning, both of wood and crop residues, and cooking [15]. Oxidation of
organic vapours in the atmosphere leads to the formation of secondary organic matter which can
be difficult to differentiate from primary emissions but appears to contribute a large proportion of
atmospheric organic matter, amounting to 19% in a London winter campaign [16], and 16–65% in
datasets from China [15]. Within this, there is a large secondary contribution from the oxidation
of biogenic volatile organic compounds emitted by terrestrial vegetation, especially in summer
when emissions of BVOC are highest. Differentiation of the contributions of anthropogenic and
biogenic precursor VOC is challenging, but estimates of the annual average contribution of
biogenic sources to SOA in China are 35%, and for southern China, 65–85% [15]. Changes in
NOx emissions will impact upon SOA formation, as SOA yields are higher as NOx concentrations
decline [17] which needs to be accounted for in developing policy.
The atmosphere also contains wind-blown dusts and soils which tend to reflect local geological
conditions, with major components of silicon, aluminium and calcium typically, although these
dusts can become contaminated with trace metals, for example as in road dust. As can be seen
from figure 3, the major component composition of PM2.5 particles in London, Beijing and Delhi
is not greatly different. There is far greater difference in the average mass concentrations, all of
which were measured in winter sampling campaigns in these cities and do not represent the
annual means which are somewhat lower. These pie charts clearly illustrate the huge importance
of the organic matter and ammonium nitrate and sulfate as typically dominant constituents.
Chemical composition in the form of that in figure 3 does not reveal very full information
on the sources of airborne particles. However, if a larger number of chemical constituents are
measured on a large number of individual air samples, receptor modelling methods can be used to
infer the sources of particles [18]. The term receptor modelling refers to the use of air quality data
to infer the sources responsible for measured pollution levels and is the complement of dispersion
modelling and chemistry-transport modelling which take the known emissions and disperse and
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Figure 4. Source contributions to PM2.5 at North Kensington (%) derived from the application of a Chemical Mass Balance model
(data from [16]). (Online version in colour.)

chemically react them in the atmosphere to predict airborne concentrations. Receptor modelling
of airborne particles depends upon an assumption of mass conservation as in the equation below:
Ci =

i


fi,j gj ,

where Ci , airborne concentration of a component, i; fi,j , mass fraction of component i in particles
from source, j; gj , mass of particles from source j in an air sample.
There are two main approaches used for receptor modelling. Multivariate statistical methods
such as Positive Matrix Factorization make no a priori assumptions about sources and give a
quantitative identification of those constituents which covary in time generating the chemical
profiles of source-related factors, which with suitable intuition and knowledge, can be used
to infer the sources. The other approach of Chemical Mass Balance modelling approaches
the problem from the other end. It uses chemical profiles of known sources as an input and
fits the measured chemical data with the best linear combination of source profiles so as to explain
the measured concentration of each chemical constituent. This can in theory be carried out on a
single air sample, but in practice better results are obtained by the inclusion of multiple samples.
An example of the application of the Chemical Mass Balance model to PM2.5 from the London
North Kensington site [16] is shown in figure 4. A notable weakness of all receptor modelling
methods is the dependence upon the assumption that the chemical profiles of sources are
conserved between source and receptor points. In practice, such profiles are subject to chemical
change, although this is less of an issue for urban samples collected close to sources than for more
remote sites.

3. Emerging sources of airborne particulate matter
In less developed countries, airborne particles tend to be dominated by very familiar sources.
Older and poorly maintained road vehicles are a major source of exhaust emissions and
uncontrolled or poorly controlled combustion of fossil and biomass fuels as well as open burning
of refuse are typically major contributors, both of primary particles and precursor gases such
as HCl and VOC. Many less developed countries are also in drier parts of the world and
consequently wind-blown dusts often of largely natural origin can make major contributions
to PM concentrations [19]. However, in the more developed world, such sources are generally
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under far better control, and as they have become more controlled, so other less familiar sources
are beginning to emerge as important. Four such sources will now be considered.

(b) Cooking aerosol
Major advances in understanding the sources of airborne particles have arisen as a result
of the high time resolution data generated by aerosol mass spectrometers (AMS) [26]. The
AMS measures the mass spectral properties of non-refractory sub-micrometre airborne particles
sampled directly from the atmosphere. Application of Positive Matrix Factorization to the mass
spectral data allows the identification of source-related components of the particles and has
revealed a component with a chemical signature quite close to that of cooking oils and a diurnal
variation with a small peak around midday and a large evening peak [27]. This is attributed to
cooking organic aerosol which has also been quantified through chemical mass balance modelling
using chemical tracers for cooking [16]. There is evidence that many past studies using the
AMS method may have over-estimated airborne concentrations of cooking organic aerosol [28],
but even allowing for this over-estimation, concentrations in the atmosphere are appreciable,
and work in the USA has shown highly elevated concentrations within the vicinity of major
commercial restaurants [29].

(c) Domestic wood combustion
Some western countries saw an increase in the burning of solid fuels and especially biomass as
a result of fuel poverty caused by the economic recession. However, in the UK, an increased
use of biomass fuels, and especially wood, has resulted from a fashion for installing woodburning stoves or using open fireplaces within homes. This appears to be associated more with
the aesthetic pleasures of a fire rather than as a primary means of heating. According to the UK

...............................................................

Road vehicles marketed in Europe and many other parts of the world have to meet emissions
standards referred to as the Euro standards, or national equivalents of the same. Since the
introduction of the Euro 5 standard for light-duty vehicles and Euro 6 for heavy-duty vehicles,
the requirements for very low particle number emissions can only be met by the fitting of diesel
particle filters. More recent regulations are also requiring the use of gasoline particle filters on
gasoline direct injection engines. As a consequence, there has been a marked decline in vehicleemitted particles from road traffic both in terms of number and mass [10]. In such a situation,
non-exhaust emissions become a bigger proportion of the total emissions from road traffic, and
according to estimates from the UK National Atmospheric Emissions Inventory, the non-exhaust
emissions now well exceed the exhaust emissions both in the case of PM10 and of PM2.5 [20]. Nonexhaust emissions are made up predominantly from abrasion particles of brake dust deriving
both from the attrition of the disc and the pad, tyre dust, road surface abrasion particles, and also
resuspended road surface dusts which are not currently included in the UK inventory [21,22].
The latter arise predominantly as a result of shear forces at the road surface created by wheels
passing over the road and also resuspension due to turbulence occurring in the wake of the
passing vehicle. A recent study from Delhi attributes a very large proportion (70%) of road
traffic emissions of PM10 to particle resuspension [23] although the algorithm used to estimate
resuspension is controversial [24], and the contribution to PM2.5 mass is probably very much
smaller. Currently, none of these particle sources is subject to legislative control, but there is a good
deal of research on the control of brake wear particles which is probably the most tractable of the
emission problems. The regular cleaning of road surfaces can reduce the particle resuspension
problem but has a very limited time duration of effect, and there are also dust suppressant
materials which can be sprayed onto the road surface to limit the ability of particles to enter
the atmosphere through resuspension [25].

royalsocietypublishing.org/journal/rsta Phil. Trans. R. Soc. A 378: 20190319

(a) Non-exhaust emissions from road traffic
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Emissions of sulfur dioxide have decreased hugely in western countries over the past decades
and airborne concentrations of sulfur dioxide have reduced in a proportionate manner. On the
contrary, concentrations of sulfate appear to be nonlinearly related to SO2 emissions and have not
fallen proportionately in Europe [34], or North America [35]. Oxides of nitrogen emissions have
also reduced but far less than those of sulfur dioxide largely because of poor controls applied to
the road vehicle fleet which have only recently started to impact on NOx emissions. Nitrate has
not shown a commensurate reduction [35]. Consequently, secondary nitrates typically represent
the largest single component of PM2.5 in countries such as the UK [36]. A factor in the resistance
of ammonium nitrate concentrations to respond to mitigation measures is the fact that emissions
of ammonia, largely from agriculture, have been reduced little if at all in recent decades and high
ammonia concentrations favour the formation of ammonium nitrate particles which otherwise
would be liable to dissociate into ammonia and nitric acid gases which would be subject to more
efficient dry deposition processes [37].
While pollution by nitrates and sulfates has been well understood for many years, it still
presents significant difficulties in chemistry-transport models largely because of a proliferation
of mechanisms which are quite hard to differentiate using atmospheric measurements. However,
among emerging pollutants, secondary organic aerosol (SOA) is now receiving significant
attention. There are no wholly reliable methods of differentiating between primary and secondary
organic aerosol, but current estimates suggest that secondary aerosol comprises a major
proportion of organic particles. There has been even more difficulty in linking back secondary
organic aerosol to specific chemical precursors, although there is fairly good knowledge of the
contribution of biogenic precursors such as isoprene and α-pinene as well as anthropogenic
emissions of compounds such as toluene to the production of secondary organic particles [16,38].
There have been major reductions in VOC emissions in the UK over past decades but it is
unclear whether these have been reflected in a reduction of anthropogenic secondary aerosol.
The biogenic precursors are known to make a significant contribution and there seems little
prospect of these reducing in the near future. It appears that non-traffic related VOC arising
from domestic emissions of solvents and personal care products now contribute substantially
to secondary organic aerosol [39].

...............................................................

4. Secondary particles
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National Atmospheric Emissions Inventory, this has caused a marked upward trend in emissions
from domestic wood combustion especially when expressed as a percentage of the total primary
emissions of PM2.5 . The estimate for 2012 is that biomass sources, of which domestic wood
burning is the largest, contributed 25% of total primary PM2.5 emissions [30]. The UK Air Quality
Expert Group, a government advisory committee, compared emissions of PM2.5 from woodstoves
operating at the limits set by the Clean Air Act and the EU Eco-Design Directive with emissions
from diesel vehicles running at their upper limit, and the emissions from a single woodstove
far exceed those from a modern diesel passenger car or heavy goods vehicle [30]. This appears
to be a widespread problem affecting all areas, even including cities where clean air legislation
attempts to limit the use of fuels such as wood. In the UK, the perception that biomass fuels are
renewable has led to their incentivisation through the Renewable Heat Incentive, which has thus
far influenced mainly the installation of larger combustion plant rather than domestic stoves,
but seems likely to impact adversely upon local air quality. In China and India, the burning
of crop residues can be a very major source of PM [31] which is subject to regional transport,
affecting cities at some distance from the location of the combustion. This source has been very
much reduced in the Beijing area as part of the 5 year Clean Air Action Plan which has led to
significant improvements in urban air quality [32]. A further point noted by AQEG [30] is the
large semi-volatile organic content of particles from sources such as wood burning, which are
often not adequately accounted for in emissions inventories due to poorly designed sampling
protocols. These contribute both to the mass of primary particles and to subsequent secondary
particle formation [33].

5. Ultrafine (nano) particles

...............................................................
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As mentioned earlier, ultrafine are particles usually defined as those with one dimension less than
100 nm. They can be measured by mass and are referred to as PM0.1 , but this is technically quite
difficult. They are far more often measured by number, and since ultrafine particles dominate
the number count in most atmospheres (figure 1), the total particle number count is typically
used as a surrogate for the ultrafine particle concentration. Emissions inventories have been
constructed both in terms of mass and of number. The UK atmospheric emissions inventory
uses a simple method to calculate a mass-based inventory by taking an inventory of particles
in a larger size range such as PM2.5 and using an estimated percentage from each source sector
to estimate the PM0.1 emissions. On the other hand, TNO in the Netherlands has generated an
inventory of ultrafine particle emissions within Europe based upon particle number [40]. Within
this inventory, the transport sector contributions about 75% of total particle number emissions
with international shipping and diesel road traffic making by far the major contributions. As a
result, a map of emissions serves to highlight the major shipping and road traffic routes within
Europe. Projections for future years from a 2005 baseline show major reductions for 2020, mainly
delivered by reductions in emissions from the transport sector [40]. This is due to the fact that
particle number emissions from combustion sources are highly sensitive to the sulfur content
of the fuel, and motor fuels have steadily reduced their sulfur content, now less than 10 parts
per million, and shipping fuels are progressively reducing sulfur but not yet to the same degree.
A notable exception is emissions from jet aircraft for which fuels still contain several hundred
parts per million of sulfur, and emissions from major airports are detectable in the atmosphere
in a number of major European cities at a considerable distance from the main point of emission
[41,42]. Ultrafine particles from road traffic comprise both a soot mode of primarily graphitic
carbon with a lesser amount of associated organic matter, and a nucleation mode which is
primarily semi-volatile organic compounds condensed on the surface of a very small nucleus
of sulfuric acid or inorganic ash derived from engine emissions [5]. The nucleated component has
tended in the past to dominate particle number emissions, but the reduction in the sulfur content
of road vehicle fuels, which took place in late 2007 in the UK and at similar times elsewhere in
Europe, led to a very major reduction in particle number concentrations at roadside locations such
as Marylebone Road [43].
In addition to those particles arising from combustion processes, ultrafine particles also arise
in the atmosphere from homogeneous nucleation processes. These generally involve the initial
formation of sulfuric acid vapour which condenses along with ammonia, amines and water to
form new particles which subsequently grow by condensation of organic matter [7]. Mechanisms
have also been demonstrated in which both biogenic [44] and anthropogenic hydrocarbons [45]
are oxidized to form highly oxygenated molecules (HOMs) which can condense either alone,
or in combination with sulfuric acid to form new particles. Such particles can appear over quite
large geographical regions simultaneously and are hence often referred to as arising from regional
nucleation. The initial formation of sulfuric acid vapour or HOMs depends upon photochemistry,
and an analysis of average diurnal profiles of particle number count and of black carbon used as
a sensitive tracer for diesel emissions shows marked differences between northern and southern
Europe [46]. At sites in northern Europe, there is generally a strong correlation between the
diurnal variation of particle number and of black carbon suggesting diesel emissions as being the
major source of both constituents. In southern Europe, however, there is typically a further large
peak in particle number count in the middle of the day which is not reflected in the black carbon
data. This is the result of regional photochemical nucleation and can make a major contribution
to airborne concentrations of ultrafine particles [47].
Much of the interest in ultrafine particles arises from the suggestion that they may have
enhanced toxicity per unit mass compared to larger particle size fractions [48]. Currently,
however, evidence on health impacts is sparse and lacks overall consistency [49], and the relative
health impacts of primary nanoparticles from road traffic as compared to secondary particles from
regional nucleation is not well understood.
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6. The future

https://doi.org/10.25500/edata.bham.00000435.

Authors’ contributions. R.M.H. conceived the study, designed the study, coordinated the study and prepared the
first draft of the manuscript.

Competing interests. I declare I have no competing interests.
Funding. This research is supported by the Natural Environment Research Council through the AIRPOLLBeijing project within the APHH Programme (NE/N007190/1), the Clean Air for London (ClearfLo) project
(NE/H003142/1) and the NERC-MRC Air Pollution and Human Health Programme (NE/P016499/1).
Acknowledgement. The author expresses thanks to colleagues who contributed to the collection of the data from
Beijing (James Brean, David Beddows, Tuan Vu, Zongbo Shi) and Delhi (William Bloss, Salim Alam, Leigh
Crilley) and others, and to Ulku Alver Sahin for data processing.

References
1. Cohen AJ et al. 2017 Estimates and 25-year trends of the global burden of disease attributable
to ambient air pollution: an analysis of data from the Global Burden of Diseases Study 2015.
Lancet 389, 1907–1918. (doi:10.1016/S0140-6736(17)30505-6)
2. IPCC. 2013 Climate change 2013. Cambridge, UK: Cambridge University Press. See https://
www.ipcc.ch/site/assets/uploads/2018/03/WG1AR5_SummaryVolume_FINAL.pdf.
3. Penner JE, Xu L, Wang M. 2011 Satellite methods underestimate indirect climate forcing by
aerosols. Proc. Natl Acad. Sci. USA 108, 13 404–13 408. (doi:10.1073/pnas.1018526108)

...............................................................

Data accessibility. Data supporting this publication are openly available from the UBIRA eData repository at

royalsocietypublishing.org/journal/rsta Phil. Trans. R. Soc. A 378: 20190319

Road traffic has traditionally been considered as the main culprit for high concentrations of
PM2.5 . However, in cities with modern and well-maintained vehicle fleets, the contribution of
vehicle exhaust to PM2.5 concentrations is decreasing rapidly due to the use of particle traps
on modern vehicles. Although there are minor emissions during trap regeneration, these traps
are almost 100% efficient in removing particles from engine exhaust. Consequently, the nonexhaust particles which now dominate the emissions are becoming a much greater concern
and centre of attention. Other sources outlined above such as non-exhaust particles from road
traffic, domestic wood burning, cooking and secondary organic aerosol are now seen as making
important contributions to airborne concentrations of PM2.5 . Sulfate concentrations have fallen in
major western countries and are likely to continue to fall unless there is a reversal of emissions
controls on sulfur dioxide, but future declines will be hard won due to the nonlinearity of the
relationship between sulfur dioxide and sulfate concentrations. Airborne nitrate is currently the
largest single component of PM2.5 in many developed countries and work in the UK has shown
that its relative contribution increases during air pollution episodes, in this case, represented by
24-h periods where PM10 concentration exceeded the EU daily Limit Value of 50 µg m−3 . Because
of the complex formation mechanisms of nitrate, the nonlinearity between NOx emissions and
nitrogen dioxide concentrations and the impacts of ammonia upon ammonium nitrate formation,
the reductions in NOx emissions which are largely due to better controls on road traffic are most
unlikely to have a substantial impact on atmospheric nitrate levels which will be far harder to
control. The key may well lie in reductions of ammonia emissions, but historically these have been
subject to lesser control than the other primary pollutants and there need to be major changes in
policy if ammonia concentrations are to reduce to a meaningful degree. Secondary organic aerosol
has a large contribution from biogenic precursors which will not change rapidly over time and
will only reduce if there is clear attention to possibilities favouring low emitting species of shrubs
and trees over the higher emitting species. The links between anthropogenic VOCs and SOA are
in general far less clear, and SOA seems to have responded in a relatively minor way to major
reductions in VOC emissions which have occurred in the UK. This suggests SOA is unlikely to
reduce rapidly in the future. As a consequence of these various changes, there is a huge challenge
for countries such as the UK to meet the current WHO air quality guideline for PM2.5 of 10 µg m−3
as an annual mean.

10

11
...............................................................

royalsocietypublishing.org/journal/rsta Phil. Trans. R. Soc. A 378: 20190319

4. Harrison RM, Shi JP, Xi S, Khan A, Mark D, Kinnersley R, Yin J. 2000 Measurement of number,
mass and size distribution of particles in the atmosphere. Phil. Trans. R. Soc. Lond. A 358,
2567–2580. (doi:10.1142/9781848161221_0001)
5. Harrison RM et al. 2018 Diesel exhaust nanoparticles and their behaviour in the atmosphere.
Proc. R. Soc. A 474, 20180492. (doi:10.1098/rspa.2018.0492)
6. Brean J, Harrison RM, Shi Z, Beddows DCS, Acton WJF, Hewitt CN. 2019 Observations of
highly oxidised molecules and particle nucleation in the atmosphere of Beijing. Atmos. Chem.
Phys. 19, 14933–14947. (doi:10.5194/acp-2019-156)
7. Kerminen V-M, Chen X, Vakkari V, Petäjä T, Kulmala M, Bianchi F. 2018 Atmospheric new
particle formation and growth: review of field observations. Environ. Res. Lett. 13, 103003.
(doi:10.1088/1748-9326/aadf3c)
8. Harrison RM, Jones AM, Lawrence RG. 2003 A pragmatic mass closure model for airborne
particulate matter at urban background and roadside sites. Atmos. Environ. 37, 4927–4933.
(doi:10.1016/j.atmosenv.2003.08.025)
9. Harrison RM, Jones AM, Lawrence RG. 2004 Major component composition of PM10
and PM2.5 from roadside and urban background sites. Atmos. Environ. 38, 4531–4538.
(doi:10.1016/j.atmosenv.2004.05.022)
10. Harrison RM, Beddows DC. 2017 Efficacy of recent emissions controls on road vehicles
in europe and implications for public health. Sci. Rep. 7, 1152. (doi:10.1038/s41598-01701135-2)
11. Posner LA, Pandis SN. 2015 Sources of ultrafine particles in the Eastern United States. Atmos.
Environ. 111, 103–112. (doi:10.1016/j.atmosenv.2015.03.033)
12. Shi JP, Mark D, Harrison RM. 2000 Characterization of particles from a current technology
heavy-duty diesel engine. Environ. Sci. Technol. 34, 748–755. (doi:10.1021/es990530z)
13. Liu D et al. 2019 Contrasting physical properties of black carbon in urban Beijing between
winter and summer. Atmos. Chem. Phys. 19, 6749–6769. (doi:10.5194/acp-19-6749-2019)
14. Pant P, Baker SJ, Guttikunda S, Goel A, Shukla A, Harrison RM. 2016 Analysis of sizesegregated winter season aerosol data from New Delhi, India. Atmos. Pollut. Res. 7, 100–109.
(doi:10.1016/j.apr.2015.08.001)
15. Wu X, Vu TV, Shi Z, Harrison RM, Liu D, Cen K. 2018 Characterization and source
apportionment of carbonaceous PM2.5 particles in China—a review. Atmos. Environ. 189,
187–212. (doi:10.1016/j.atmosenv.2018.06.025)
16. Yin J, Cumberland SA, Harrison RM, Allan J, Young D, Williams P, Coe H. 2015 Receptor
modelling of fine particles in southern England using CMB including comparison with AMSPMF Factors. Atmos. Chem. Phys. 15, 2139–2158. (doi:10.5194/acp-15-2139-2015)
17. Lim YB, Ziemann PJ. 2009 Chemistry of secondary organic aerosol formation from OH radicalinitiated reactions of linear, branched, and cyclic alkanes in the presence of NOx . Aerosol Sci.
Technol. 43, 604–619. (doi:10.1080/02786820902802567)
18. Hopke PK. 2016 Review of receptor modeling methods for source apportionment. J Air Waste
Manag. Assoc. 66, 237–259. (doi:10.1080/10962247.2016.1140693)
19. Goudie AS. 2009 Dust storms: recent developments. J. Environ. Manage 90, 89–94.
(doi:10.1016/j.jenvman.2008.07.007)
20. AQEG. 2019 Non-Exhaust Emissions from Road Traffic, Air Quality Expert Group,
Department for Environment, Food and Rural Affairs, London. See https://uk-air.defra.
gov.uk/assets/documents/reports/cat09/1907101151_20190709_Non_Exhaust_Emissions_
typeset_Final.pdf.
21. Thorpe A, Harrison RM. 2008 Sources and properties of non-exhaust particulate matter from
road traffic: a review. Sci Tot. Environ. 400, 270–282. (doi:10.1016/j.scitotenv.2008.06.007)
22. Harrison RM, Jones A, Gietl J, Yin J, Green D. 2012 Estimation of the contribution of brake
dust, tire wear and resuspension to nonexhaust traffic particles derived from atmospheric
measurements. Environ. Sci. Technol. 46, 6523–6529. (doi:10.1021/es300894r)
23. Singh V, Biswal A, Kesarkar AP, Mor S, Ravindra K. 2020 High resolution vehicular PM10
emissions over megacity Delhi: relative contributions of exhaust and non-exhaust sources.
Sci. Tot. Environ. 699, 134273. (doi:10.1016/j.scitotenv.2019.134273)
24. Venkatram A. 2000 A critique of empirical emission factor models: a case study of the
AP-42 model for estimating PM10 emissions from paved roads. Atmos. Environ. 34, 1–11.
(doi:10.1016/S1352-2310(99)00330-1)

12
...............................................................

royalsocietypublishing.org/journal/rsta Phil. Trans. R. Soc. A 378: 20190319

25. Amato F, Querol X, Johansson C, Nagl C, Alastuey A. 2010 A review on the effectiveness
of street sweeping, washing and dust suppressants as urban PM control methods. Sci. Tot.
Environ. 408, 3070–3084. (doi:10.1016/j.scitotenv.2010.04.025)
26. Jimenez JL et al. 2003 Ambient aerosol sampling using the aerodyne aerosol mass
spectrometer. J. Geophys. Res. 108, 8425. (doi:10.1029/2001JD001213)
27. Allan JD et al. 2010 Contributions from transport, solid fuel burning and cooking
to primary organic aerosols in two UK cites. Atmos. Chem. Phys. 10, 647–668.
(doi:10.5194/acp-10-647-2010)
28. Reyes-Villegas E, Bannan T, Le Breton M, Mehra A, Priestley M, Percival C, Coe H, Allan
JD. 2018 Online chemical characterization of food-cooking organic aerosols: implications for
source apportionment. Environ. Sci. Technol. 2018, 5308–5318. (doi:10.1021/acs.est.7b06278)
29. Robinson ES, Gu P, Ye Q, Li HZ, Shah RU, Apte JS, Robinson AL, Presto AA. 2018
Restaurant impacts on outdoor air quality: elevated organic aerosol mass from restaurant
cooking with neighborhood-scale plume extents. Environ. Sci. Technol. 2018, 9285–9294.
(doi:10.1021/acs.est.8b02654)
30. AQEG. 2017 The Potential of Air Quality Impacts from Biomass Combustion, Air Quality
Expert Group, Department for Environment, Food and Rural Affairs, London. https://ukair.defra.gov.uk/assets/documents/reports/cat11/1708081027_170807_AQEG_Biomass_
report.pdf.
31. Chen J et al. 2017 A review of biomass burning: Emissions and impacts on air quality, health
and climate in China. Sci. Tot. Environ. 579, 1000–1034. (doi:10.1016/j.scitotenv.2016.11.025)
32. Vu TV, Shi Z, Cheng J, Zhang Q, He K, Wang S, Harrison RM. 2019 Assessing the impact of
Clean Air Action on air quality trends in Beijing using a machine learning technique. Atmos.
Chem. Phys. 19, 11 303–11 314. (doi:10.5194/acp-19-11303-2019)
33. Heringa MF et al. 2011 Investigations of primary and secondary particulate matter of different
wood combustion appliances with a high-resolution time-of-flight aerosol mass spectrometer.
Atmos. Chem. Phys. 11, 5945–5957. (doi:10.5194/acp-11-5945-2011)
34. Jones AM, Harrison RM. 2011 Temporal trends in sulphate concentrations at European
sites and relationships to sulphur dioxide. Atmos. Environ. 45, 873–882. (doi:10.1016/
j.atmosenv.2010.11.020)
35. Feng J, Chan E, Vet R. 2020 Air quality in the eastern United States and Eastern Canada for
1990–2015: 25 years of change in response to emission reductions of SO2 and NOx in the
region. Atmos. Chem. Phys. 20, 3107–3134. (doi:10.5194/acp-20-3107-2020)
36. Yin J, Harrison RM. 2008 Pragmatic mass closure study for PM1.0 , PM2.5 and PM10 at
roadside, urban background and rural sites. Atmos. Environ. 42, 980–988. (doi:10.1016/
j.atmosenv.2007.10.005)
37. AQEG. 2019 Air Pollution from Agriculture, Air Quality Expert Group, Department for
Environment, Food and Rural Affairs, London. See https://uk-air.defra.gov.uk/assets/
documents/reports/aqeg/2800829_Agricultural_emissions_vfinal2.pdf.
38. Kleindienst TE, Jaoui M, Lewandowski M, Offenberg JH, Lewis CW, Bhave PV, Edney
EO. 2007 Estimates of the contributions of biogenic and anthropogenic hydrocarbons to
secondary organic aerosol at a southeastern US location. Atmos. Environ. 41, 8288–8300.
(doi:10.1016/j.atmosenv.2007.06.045)
39. Shah RU et al. 2020 Urban oxidation flow reactor measurements reveal significant secondary
organic aerosol contributions from volatile emissions of emerging importance. Environ. Sci.
Technol. 54, 714–725. (doi:10.1021/acs.est.9b06531)
40. AQEG. 2018 Ultafine Particles (UPF) in the UK, Air Quality Expert Group, Department
for Environment, Food and Rural Affairs, London. See https://uk-air.defra.gov.uk/assets/
documents/reports/cat09/1807261113_180703_UFP_Report_FINAL_for_publication.pdf.
41. Keuken MP, Moerman M, Zandveld P, Henzing JS, Hoek G. 2015 Total and size-resolved
particle number and black carbon concentrations in urban areas near Schiphol airport (the
Netherlands). Atmos. Environ. 104, 132–142. (doi:10.1016/j.atmosenv.2015.01.015)
42. Masiol M, Harrison RM, Vu TV, Beddows DCS. 2017 Sources of submicrometre
particles near a major international airport. Atmos. Chem. Phys. 17, 12 379–12 403.
(doi:10.5194/acp-17-12379-2017)
43. Jones AM, Harrison RM, Fuller G, Barratt B. 2012 A large reduction in airborne particle
number concentrations at the time of the introduction of ‘sulphur free’ diesel and the London
Low Emission Zone. Atmos. Environ. 50, 129–138. (doi:10.1016/j.atmosenv.2011.12.050)

13
...............................................................

royalsocietypublishing.org/journal/rsta Phil. Trans. R. Soc. A 378: 20190319

44. Quéléver LLJ et al. 2019 Effect of temperature on the formation of highly oxygenated
organic molecules (HOMs) from alpha-pinene ozonolysis. Atmos. Chem. Phys. 19, 7609–7625.
(doi:10.5194/acp-19-7609-2019)
45. Molteni U, Bianchi F, Klein F, El Haddad I, Frege C, Rossi MJ, Dommen J, Baltensperger U.
2018 Formation of highly oxygenated organic molecules from aromatic compounds. Atmos.
Chem. Phys. 18, 1909–1921. (doi:10.5194/acp-18-1909-2018)
46. Reche C et al. 2011 New considerations for PM, black carbon and particle number
concentration for air quality monitoring across different European Cities. Atmos. Chem. Phys.
11, 6207–6227. (doi:10.5194/acp-11-6207-2011)
47. Rivas I et al. 2020 Source apportionment of particle number size distribution in urban
background and traffic stations in four European cities. Environ. Int. 135, 105345.
(doi:10.1016/j.envint.2019.105345)
48. Nel A, Xia T, Madler L, Li N. 2006 Toxic potential of materials at the nanolevel science. Science
311, 622–627. (doi:10.1126/science.1114397)
49. Ohlwein S, Kappeler R, Joss MK, Kunzli N, Hoffmann B. 2019 Health effects of ultrafine
particles: a systematic literature review update of epidemiological evidence. Int. J. Pub. Health
64, 547–559. (doi:10.1007/s00038-019-01202-7)

