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The World Health Organization’s 
(WHO) normative guidance on ambient 
air quality1 is based on the evidence from 
epidemiological, health and exposure 
studies regarding the harms associated 
with certain mass concentrations of 
airborne particulate matter, expressed 
as PM2.5. The definition of PM2.5 is the 
mass concentration of particles smaller 
than approximately 2.5 μm. These guide-
lines are a critical reference point for 
jurisdictions developing or revising their 
ambient air quality standards. However, 
the guidance does not cover the har-
monization of averaging methods for 
concentrations measured during data 
aggregation or for handling exceedances 
of PM2.5 levels. Yet, harmonization is es-
sential to ensure the accurate collection 
of comparable pollution data globally, as 
variations in measurement approaches 
can obscure true ambient pollution 
levels.2 Furthermore, the guidelines do 
not account for the fact that the particle-
mass-based PM2.5 metric does not con-
sider physicochemical characteristics of 
airborne particles such as size, chemical 
composition or the bioavailability of 
potentially harmful elements in the 
particles.3 Critically, the metric does not 
reflect the particle number concentra-
tion (PN) of differently sized particles, 
including ultrafine particles, and thus 
misses the full scope of health-harming 
particulate air pollution.

While both fine and ultrafine par-
ticles are included in the PM2.5 metric, 
PM2.5 mass comes mostly from fine 
particles. However, most particles in 
the typical ambient environment are 
ultrafine particles, which are defined 
as less than approximately 100 nm in 
size. The mass of ultrafine particles is 
negligible compared to fine particles in 
PM2.5; however, most health studies only 
consider the total mass of airborne PM2.5 
particles.4 When PM2.5 is higher than 
5 µg/m3, the mass concentration does 

not correlate well with the particle num-
ber of ultrafine particles,5–7 and therefore 
control measures aiming to reduce high 
PM2.5 levels might not reduce ultrafine 
particles. However, a good correlation 
exists between particle number and 
PM2.5 when the concentrations are below 
approximately 10 000 particles/cm3 and 
5 µg/m3, respectively, suggesting that 
meeting the WHO recommendation for 
a maximum 5 µg/m3 of PM2.5 will likely 
keep ultrafine particulate air pollution 
within an acceptable range. However, 
most countries are far from achieving 
such low ambient air pollution.8

Evidence suggests that short-term 
exposure to ultrafine particles is asso-
ciated with respiratory symptoms and 
systemic inflammation, and can affect 
heart rate and blood pressure.9 Further-
more, long-term exposure to ultrafine 
particles is associated with increased 
mortality, especially cardiovascular 
and lung-related mortality, and several 
types of morbidity, such as ischaemic 
heart disease.10,11 As the health effects 
of ultrafine particles are better associ-
ated with their number density rather 
than mass, monitoring and analysing 
the number density of particles smaller 
than either 2.5 μm or 100 nm, in addi-
tion to PM2.5 are required to measure 
the human exposure to and harm from 
ultrafine particles.

A number-based metric directly 
indicates the number of ultrafine par-
ticles in ambient air, even when using a 
particle size range wider than ultrafine 
particles because by number, most 
particles in ambient air are ultrafine. 
Therefore, we propose a complementary 
number-based metric to use in parallel 
with PM2.5, named PN2.5, to reflect the 
number density of particles within the 
PM2.5 mass fraction of ambient aerosols.

The research community must col-
laborate with government agencies to 
develop a standard approach for ambi-

ent ultrafine particle monitoring, to 
enable comparison of monitoring data 
from different jurisdictions when using 
different analytical equipment. WHO, 
with participation of the research com-
munity and standardization bodies such 
as the International Organization for 
Standardization, needs to develop stan-
dardized measurement techniques, data 
aggregation and analysis methods, and 
validation approaches, which should be 
added to WHO normative guidance. In 
this process, factors such as topographi-
cal and meteorological known sources of 
pollution and population distribution 
should be considered. 

We support the introduction of the 
novel PN2.5 metric that can be included 
in the existing mass-based PM2.5 ambi-
ent air quality regulations where the 
PM2.5 metric is already in use. The 
definition of the new PN2.5 metric, and 
the data collection, aggregation and re-
porting methods will remain the same as 
defined for the PM2.5 ambient air quality 
standards, with the exception that the 
PN2.5 will report the number of aerosol 
particles per cm3 of air up to the same 
particle size cut-off as currently used for 
the PM2.5 metric. This approach makes 
introducing the PN2.5 metric straight-
forward, without significant revisions 
to the existing PM2.5 ambient air quality 
standards.

However, challenges exist in in-
corporating the number-based PN2.5 
metric in the WHO ambient air quality 
guidelines. Few government agencies 
currently monitor airborne ultrafine 
particles, neither using a particle num-
ber nor a mass metric. Nonetheless, 
a few studies have included short- or 
medium-term monitoring of ultrafine 
particles in ambient air in selected loca-
tions.5–7 In each case, the location had a 
significant impact on the accumulation 
and dissipation of ultrafine particles, as 
these particles are not transported over 
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long distances and are typically found 
at elevated concentrations near their 
sources.5,12 Roadside measurements 
are useful, as traffic is a major source 
of ultrafine particles.13 Urban canyons 
and topography independently affect the 
concentration of ambient ultrafine par-
ticles at different proximity to sources.12 
Ultrafine particle number concentra-
tions vary seasonally and annually, 
showing more pronounced changes with 
meteorological conditions than PM2.5.5,7 
As the number-based concentration of 
ambient ultrafine particles varies more 
than the PM2.5 concentration, both spa-
tially and temporally,5 we favour higher 
temporal resolution such as with an 
hourly standard. 

Several robust and economical de-
vices, such as diffusion-charging-based 
ultrafine particle monitors, are avail-

able from various manufacturers. Such 
devices may be suitable for widespread 
deployment at ambient air-quality 
monitoring stations. Optical-based and 
other monitors are promising and will 
likely serve worldwide in the future. 
The WHO guidelines may specify the 
requirements for the measurement 
techniques, methods and instruments 
suitable for worldwide ultrafine particle 
monitoring to ensure consistency and 
comparability.

Further research is needed to 
provide sufficient evidence for WHO 
to re-evaluate the aerosol particle 
concentration metrics used in the next 
iteration of air quality guidelines. With 
the incorporation of PN2.5 or PN0.1 into 
WHO’s ambient air quality normative 
guidelines, averaging methods and 
the rules regarding exceedances with 

both PM2.5 and PN2.5 or PN0.1 should 
be harmonized. Such harmonization 
will help reveal ambient air pollution of 
ultrafine particles, and allow accurate 
comparisons and research based on the 
global data relying on these monitoring 
methods.2 ■

Acknowledgements
YN and DP contributed equally to this 
work. PAA is also affiliated with the 
Department of Chemistry, McGill Uni-
versity, Canada.

Funding: The work contributing to this 
article was jointly funded by the Natu-
ral Science and Engineering Research 
Council of Canada and the Canadian 
Foundation for Innovation.

Competing interests: None declared.

© 2024 The authors; licensee World Health Organization.

This is an open access article distributed under the terms of the Creative Commons Attribution IGO License (http://creativecommons.org/licenses/by/3.0/igo/legalcode), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. In any reproduction of this article there should 
not be any suggestion that WHO or this article endorse any specific organization or products. The use of the WHO logo is not permitted. This notice should be preserved 
along with the article’s original URL.

References
 1.	 WHO global air quality guidelines: particulate matter (PM2. 5 and PM10), 

ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide. Geneva: 
World Health Organization; 2021. Available from: https:// www .who .int/
publications/ i/ item/ 9789240034228 [cited 2024 Nov 18].

 2.	 Nazarenko Y, Pal D, Ariya PA. Air quality standards for the concentration of 
particulate matter 2.5, global descriptive analysis. Bull World Health Organ. 
2021 Feb 1;99(2):125–137D. doi: http:// dx .doi .org/ 10 .2471/ BLT .19 .245704 
PMID: 33551506

 3.	 Polezer G, Potgieter-Vermaak S, Oliveira A, Martins LD, Santos-Silva 
JC, Moreira CAB, et al. The new WHO air quality guidelines for PM2.5: 
predicament for small/medium cities. Environ Geochem Health. 2023 
May;45(5):1841–60. doi: http:// dx .doi .org/ 10 .1007/ s10653 -022 -01307 -8 
PMID: 35713838

 4.	 Delfino RJ, Sioutas C, Malik S. Potential role of ultrafine particles in 
associations between airborne particle mass and cardiovascular health. 
Environ Health Perspect. 2005 Aug;113(8):934–46. doi: http:// dx .doi .org/ 10
.1289/ ehp .7938 PMID: 16079061

 5.	 de Hartog JJ, Hoek G, Mirme A, Tuch T, Kos GP, ten Brink HM, et al. 
Relationship between different size classes of particulate matter and 
meteorology in three European cities. J Environ Monit. 2005 Apr;7(4):302–
10. doi: http:// dx .doi .org/ 10 .1039/ b415153d PMID: 15798796

 6.	 Wehner B, Wiedensohler A. Long term measurements of submicrometer 
urban aerosols: statistical analysis for correlations with meteorological 
conditions and trace gases. Atmos Chem Phys. 2003;3(3):867–79. doi: 
http:// dx .doi .org/ 10 .5194/ acp -3 -867 -2003

 7.	 Zhang T, Zhu Z, Gong W, Xiang H, Li Y, Cui Z. Characteristics of ultrafine 
particles and their relationships with meteorological factors and trace gases 
in Wuhan, central China. Atmosphere (Basel). 2016;7(8):96. doi: http:// dx .doi
.org/ 10 .3390/ atmos7080096

 8.	 WHO ambient air quality database. (update Jan 2024). Version 6.1. Geneva: 
World Health Organization; 2024. Available from: https://www.who.int/
publications/m/item/who-ambient-air-quality-database-(update-jan-2024) 
[cited 2024 Nov 28].

 9.	 Schraufnagel DE. The health effects of ultrafine particles. Exp Mol Med. 2020 
Mar;52(3):311–7. doi: http://dx.doi.org/10.1038/s12276-020-0403-3 PMID: 
32203102

 10.	 Buzea C, Pacheco II, Robbie K. Nanomaterials and nanoparticles: sources 
and toxicity. Biointerphases. 2007 Dec;2(4):MR17–71. doi: http://dx.doi.
org/10.1116/1.2815690 PMID: 20419892

 11.	 Bakand S, Hayes A, Dechsakulthorn F. Nanoparticles: a review of particle 
toxicology following inhalation exposure. Inhal Toxicol. 2012;24(2):125–35. 
doi: http://dx.doi.org/10.3109/08958378.2010.642021 PMID: 22260506

 12.	 Zhu L, Ranasinghe D, Chamecki M, Brown MJ, Paulson SE. Clean air in cities: 
Impact of the layout of buildings in urban areas on pedestrian exposure to 
ultrafine particles from traffic. Atmos Environ. 2021;252:118267. doi: http://
dx.doi.org/10.1016/j.atmosenv.2021.118267

 13.	 Rönkkö T, Timonen H. Overview of sources and characteristics of 
nanoparticles in urban traffic-influenced areas. J Alzheimers Dis. 
2019;72(1):15–28. doi: http://dx.doi.org/10.3233/JAD-190170 PMID: 
31561356

https://www.who.int/publications/i/item/9789240034228
https://www.who.int/publications/i/item/9789240034228
http://dx.doi.org/10.2471/BLT.19.245704
http://www.ncbi.nlm.nih.gov/pubmed/33551506
http://dx.doi.org/10.1007/s10653-022-01307-8
http://www.ncbi.nlm.nih.gov/pubmed/35713838
http://dx.doi.org/10.1289/ehp.7938
http://dx.doi.org/10.1289/ehp.7938
http://www.ncbi.nlm.nih.gov/pubmed/16079061
http://dx.doi.org/10.1039/b415153d
http://www.ncbi.nlm.nih.gov/pubmed/15798796
http://dx.doi.org/10.5194/acp-3-867-2003
http://dx.doi.org/10.3390/atmos7080096
http://dx.doi.org/10.3390/atmos7080096
https://www.who.int/publications/m/item/who-ambient-air-quality-database-(update-jan-2024)
https://www.who.int/publications/m/item/who-ambient-air-quality-database-(update-jan-2024)
http://dx.doi.org/10.1038/s12276-020-0403-3
http://www.ncbi.nlm.nih.gov/pubmed/32203102
http://dx.doi.org/10.1116/1.2815690
http://dx.doi.org/10.1116/1.2815690
http://www.ncbi.nlm.nih.gov/pubmed/20419892
http://dx.doi.org/10.3109/08958378.2010.642021
http://www.ncbi.nlm.nih.gov/pubmed/22260506
http://dx.doi.org/10.1016/j.atmosenv.2021.118267
http://dx.doi.org/10.1016/j.atmosenv.2021.118267
http://dx.doi.org/10.3233/JAD-190170
http://www.ncbi.nlm.nih.gov/pubmed/31561356

