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• On days with worse air quality, 
more people die*

Larrieu et al. Am J Epidemiol, 2009 

*out-of-hospital, >65 yrs

Air pollution and health





• On days with worse air quality, 
more people die*

• In more polluted cities, people 
die earlier than in less polluted 
cities…

Air pollution and health





Pappin et al., 2019; Christidis et al., 2019
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• On days with worse air quality, 
more people die*

• In more polluted cities, people 
die earlier than in less polluted 
cities…

• …and, in the most polluted 
areas of cities, there is an 
increased risk of dying

Air pollution and health
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Traffic-related air pollution

8Henderson SB et al. Environmental Science and Technology. 2007; 41 (7):2422 -2428; Gan WQ et al. Changes in residential proximity to road traffic and the risk of death from coronary heart 
disease. Epidemiology. 2010 Sep;21(5):642-9.
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http://www.ncbi.nlm.nih.gov/pubmed/20585255
http://www.ncbi.nlm.nih.gov/pubmed/20585255


Setting ambitious goals for air quality to protect public health 

WHO Global Air Quality 
Guidelines 2021

• Released September 22, 2021
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What the AQGs provide…

Pollutant Averaging 

time

IT1 IT2 IT3 IT4 AQG 

level

PM₂.₅, µg/m³ Annual 35 25 15 10 5

PM₂.₅, µg/m³ 24-hourᵃ 75 50 37.5 25 15

PM₁₀, µg/m³ Annual 70 50 30 20 15

PM₁₀, µg/m³ 24-hourᵃ 150 100 75 50 45

O₃, µg/m³ Peak seasonᵇ 100 70 – – 60

O₃, µg/m³ 8-hourᵃ 160 120 – – 100

NO₂, µg/m³ Annual 40 30 20 – 10

NO₂, µg/m³ 24-hourᵃ 120 50 – – 25

SO₂, µg/m³ 24-hourᵃ 125 50 – – 40

CO, mg/m³ 24-hourᵃ 7 – – – 4

Air quality guideline levels 
for both long- and short-term 
exposure in relation to 
critical health outcomes.

Interim targets to guide 
reduction efforts for the 
achievement of the air 
quality guideline levels.

Good practice statements for 
management of Black 
Carbon, Ultrafine particles, 
Desert Dust: types of health-
relevant PM (evidence 
insufficient for quantitative 
guideline levels 

Summary of recommended AQG levels and interim targets 



Continuous 
improvement 
of air quality 
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Road injuries

4.1 M deaths ~7% of all deaths 

$5 trillion/yr welfare losses

$225 billion/yr lost labour income

World Bank. 2016. The cost of air pollution : strengthening the economic case for action

Air pollution is a major risk factor for global health 

365K deaths

2019

2.3 M deaths

` 1 year loss of life expectancy (global mean)



Air pollution and health

• Ambient air pollution (individual) 
risk is small…but large exposed 
population = large population 
risk

• Air pollution as a contributing risk 
factor to major diseases

13



Air pollution affects the top 8 global 
causes of death
• Ischemic Heart Disease mortality/incidence: PM

• Stroke mortality/incidence: PM

• COPD mortality: PM, ozone

• ALRI mortality/incidence: PM

• Lung Cancer mortality: PM

• Low birthweight/short gestation -> neonatal

• Type 2 Diabetes mortality / incidence: PM

• Childhood asthma: NO2;  Dementia: PM
https://vizhub.healthdata.org/gbd-compare/



Particulate Matter (PM)

Ozone (O3)

Nitrogen Dioxide (NO2)

Jorge Uzon—AFP/Getty Images

Key pollutants for health impact



Combining satellite and ground monitoring to estimate 

exposure

Spatially varying determinants of AOD-PM2.5 

relationship (from chemical transport model, 

other) + hierarchical random effects 

Ground measurements, GBD 2021

N = 18,406 unique locations, from 120 countries

𝐥𝐨𝐠 𝑷𝑴𝟐.𝟓𝒔𝒕 = 𝜷𝟎𝒔𝒕 + 𝜷𝟏𝒔𝒕 𝐥𝐨𝐠 𝑺𝑨𝑻𝒔 + 𝜷𝟑..𝑷𝑿𝒔𝒕+ 𝜺𝒔𝒕

GBD 2021 evaluation:

Mean R2 = 0.91 (95% UI 0.87 – 0.93)

Mean Pop-weighted RMSE = 8.5 (6.2 – 12.8) µg/m3

Shaddick et al. 2018. Data integration model for air quality: a hierarchical approach to the global estimation of exposures to ambient air pollution. J. R. Stat. Soc. C, 67: 231–253. 

Shaddick et al. 2018. Data Integration for the Assessment of Population Exposure to Ambient Air Pollution for Global Burden of Disease Assessment. Environ Sci Technol. 2018 Aug

21;52(16):9069-9078. 

~11 x 11 km resolution (also 1 x 1 km) , annual average

μg/m3

16

Bayesian Hierarchical Model (DIMAQ2)



~Entire global population lives in areas > WHO AQG
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Comparative risk assessment: Colombia

13,000 deaths

5.3%
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Demographics plays a key role in health trends

Cohen AJ, Brauer M et al. 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. 2017 May 13;389(10082):1907-1918. doi: 10.1016/S0140-6736(17)30505-6.

https://www.ncbi.nlm.nih.gov/pubmed/28408086




• Additional outcomes (ASD, ADHD, CKD, 
mental health)

• Differential impacts of sources and particle 
composition

• Climate change

Hystad P, Yusuf S, Brauer M.Air pollution health impacts: the knowns and unknowns for reliable global burden calculations. Cardiovasc Res. 2020 Sep 1;116(11):1794-1796.

Emerging issues 

https://pubmed.ncbi.nlm.nih.gov/32267925/


Absolute increases in risk of hospital admission associated with each 1 μg/m3 
increase in PM2.5. 

Yaguang Wei et al. BMJ 2019;367:bmj.l6258



AHA, 2010

Systemic effects



• Additional outcomes (ASD, CKD, mental 
health)

• Differential impacts of sources and particle 
composition?

Hystad P, Yusuf S, Brauer M.Air pollution health impacts: the knowns and unknowns for reliable global burden calculations. Cardiovasc Res. 2020 Sep 1;116(11):1794-1796.

Emerging issues 

https://pubmed.ncbi.nlm.nih.gov/32267925/
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What is 
air pollution?



Global Burden of Disease – Major Air Pollution Sources (GBD-MAPS) Project

Goal: Identify major sources of global PM2.5 pollution & quantify attributable disease burden

CEDS Emissions1 

2 

3 

Modeled PM2.5 Fractional 

Source Contribution

4 

Absolute PM2.5 Source 

Contribution

Disease Burden 

Source Contribution

5 

Approach: 
Conduct emissions sensitivity simulations with a global 

atmospheric chemistry transport model…

…integrate with PM2.5 exposure 
estimates and concentration response 
relationships from the GBD to quantify 
source-specific disease burdens



CEDS 2017: NO2 Emissions from Road Transportation

0 >0.00

5

0.002

5

Tg

NO2/year/gridcell



CEDS 2017: SO2 Coal Emissions from Energy Production

0 >0.00

4
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SO2/year/gridcell



Agriculture

Energy

Industry

Road Transport

Non-Road Transport

Residential

Commercial

Other Combustion

Waste

Solvents

Agr. Waste Burning

Other Open Fires

AFCID Dust

Windblown Dust

Remaining Sources

Int’l Shipping

Sector Legend:

~8% ~5%

~16%

~9%

~3%
<1%

~5%

~1%
~2%

<1%

Global fuel combustion contributes to ~50%; fossil fuels ~27%

2017 Global Sector Contributions
2017 Global Fuel-Type Contributions

~20%

~23%

Dust + Fires

~30%

Solid Biofuel

Total Coal

Oil + Natural Gas

Fuel Legend:

Remaining Sources

~14%

~13%

Fossil-fuels contribute to 27%

~10%

~12%

<1%

6%

19%

Interactive data visualization

Source sector and fuel contributions to ambient PM2.5 and attributable mortality across multiple spatial scales.Nat Commun. 2021 Jun 14

https://gbdmaps.med.ubc.ca/

https://costofairpollution.shinyapps.io/gbd_map_global_source_shinyapp/
https://pubmed.ncbi.nlm.nih.gov/34127654/
https://gbdmaps.med.ubc.ca/


Bangladesh: 

61.9 μg m-3 | 63,500 deaths

United States: 

7.8 μg m-3 | 47,000 deaths

COPD

China: 

49.8 μg m-3 | 1,386,500 deaths

Pakistan: 

59.7 μg m-3 | 86,500 deaths

Russian Federation: 

10.9 μg m-3 | 68,500 deaths

Global Average: 

41.7 μg m-3 | 3,832,500 deaths

sector fuel disease

Relative Contributions

Indonesia: 

18.0 μg m-3 | 94,000 deaths

India: 

80.2 μg m-3 | 866,500 deaths

Nigeria: 

64.2 μg m-3 | 50,500 deaths

Egypt: 

65.8 μg m-3 | 88,000 deaths

Fuel-Type Legend:

Solid biofuel
Total coal
Liquid oil and natural gas
Total dust & fires

Disease Legend:

COPD
Type II Diabetes (DM)
Lower Respiratory Infections (LRIs)

Ischemic Heart Disease (IHD)
Lung Cancer (LC)

Stroke

Sector Legend:

Agriculture
Energy (coal; remaining)
Industry (coal; remaining)
Non-road transport
Road transport
Residential (coal; biofuel; remaining)

Commercial
Other combustion
Waste
Solvents

Agr. waste burning
Other fires
AFCID dust
Windblown dust
Remaining sourcesInt’l shipping Remaining (non-comb.) 

sources

https://gbdmaps.med.ubc.ca/

https://gbdmaps.med.ubc.ca/


Colombia



Accelerating City Progress on Clean Air: Innovation and Action Guide. Vital Strategies
42



Climate change



A L Westerling et al. Science 2006;313:940-943

Changing climate increases wildfires

• Fires are 

– Larger

– More frequent 

• Fire season is longer

– Reduced winter rains

– Earlier snowmelt

– Increased 

spring/summer 

temperatures

– Increased lightning
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Landscape fires are everywhere



• Respiratory 

– Asthma and COPD exacerbation

• Cough, wheezing, difficulty breathing, shortness of breath 

→ emergency room visits, hospitalization, death

– Respiratory infections (COVID-19) 

• Cardiovascular

– angina episodes, heart attacks, stroke, cardiac arrest, heart 

failure → death

• Emerging evidence

– Diabetes, birth outcomes

• Interaction with extreme heat events (e.g. Moscow 2012)

• Long term impacts of repeated events?



Climate change scenarios

Turnock et al. Historical and future changes in air pollutants from CMIP6 models. Atmos. Chem. Phys., 20, 14547–14579, 2020 https://doi.org/10.5194/acp-20-

14547-2020



Photo: Sajjad Hussain/Agence France-Presse — Getty Images

• Air pollution is a major global health threat

• Increasing burden with aging population and high prevalence 
of chronic diseases

• Large exposure decreases required to offset demographics
• Steep exposure-response relationships to near-background levels →

continued benefits of air pollution reduction

• Climate change requires a renewal of efforts…but mitigation 
actions offer strong potential for reductions in air pollution 
health impacts.

• We’ll get there…the question is how long will it take

Implications



• Monitoring air quality and health effects;
• Public reporting on air quality;
• Establishing air quality legislation, regulations and standards;
• Preparing air quality action plans;
• Implementing and enforcing air quality rules;
• Evaluating and revising air quality standards and plans;
• And protecting environmental human rights defenders.

Gracias!

michael.brauer@ubc.ca





EXTRA SLIDES



Air pollution is a major risk factor for global health 

Road injuries

4.1 M deaths ~7% of all deaths 

$5 trillion/yr welfare losses

$225 billion/yr lost labour income

World Bank. 2016. The cost of air pollution : strengthening the economic case for action

365K deaths

2019

2.3 M deaths

In 2019, 92% of the global population lived in 

areas with concentrations exceeding 2005 

WHO air quality guideline for long term 

exposure to PM₂.₅



• Since 2005 update, increases in quality and quantity of evidence of air 

pollution impacts on health

• Studies of short-term exposure impacts from locations outside of 

North America, western Europe

• Studies of long-term exposure impacts at low levels

• Expanding health outcomes affected by air pollution

• Scientific methodology and scale of studies

• Improved insight on sources of emissions and the contribution of air 

pollutants to the global burden of disease. 

• After a systematic review of the accumulated evidence, several 

updated AQG levels are now lower than 15 years ago.

• New AQG levels for peak-season O3; 24-h NO2 and CO; new interim 

targets.
53

What’s new in the AQGs 2021?





RCF Counterfactual: 

~𝑈(2.5μg/
m3 , 5.0μg/m3)

CanCHEC: 

CanCHEC shape 

2.5 − 5.0μg/m3

range

Weichenthal et al. Science Advances 2022 (in press)

Application of CanCHEC Shape →Additional 1.55 M (17% increase ) deaths/



Weichenthal et al. Science Advances 2022

Application of CanCHEC

shape → very large increases 

in attributable mortality 

estimates in mostly high 

income countries



Loss of life expectancy (∆LE) from air pollution

57

What would the 
difference in life 
expectancy be if we were 
to: 

• Eliminate all air pollution 
exposures

• Reduce it to different 
levels (for example, 
WHO guidelines or 
target levels)?



Good practice statements

SAND AND DUST STORM BLACK/ELEMENTAL CARBON

62

ULTRAFINE PARTICLES

For the management of certain types of particulate matter

• Maintain suitable air quality 

management and dust 

forecasting programmes. 

• Maintain air quality monitoring 

programmes and reporting 

procedures.

• Conduct epidemiological studies 

and research activities aimed at 

better understanding toxicity. 

• Implement wind erosion control 

through the carefully planned 

expansion of green spaces.

• Make systematic measurements. 

• Undertake production of emission 

inventories, exposure 

assessments and source 

apportionment.

• Take measures to reduce 

emissions and develop 

standards (or targets).

• Quantify ambient UFP in terms 

of PNC for a size range with a 

lower limit of ≤ 10 nm and no 

restriction on the upper limit. 

• Expand the common air quality 

monitoring strategy by 

integration of UFP monitoring.

• Distinguish between low and high 

PNC to guide decisions on the 

priorities of UFP source 

emission control.

• Utilize emerging science and 

technology for the assessment 

of exposure.



Reducing 
air 

pollution 
and 

mitigating 
climate 
change

63



O3



Ambient PM2.5: Difference Between 2020 and 2019

65
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Air pollution impacts numerous diseases 

https://www.swisstph.ch/en/projects/ludok/healtheffects/

https://www.swisstph.ch/en/projects/ludok/healtheffects/
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Air pollution is a major contributor to lower life expectancy worldwide



Industry
(19%)

Energy 
Production

(18%)

Agriculture 
(13%)

Non-Road
(<1%)

Open Fires,
Other
(1%)

Residential (23%)

Waste (12%)

Road (6%)

Commercial & Other
(1% total)

Anthropogenic Dust (15%)

Industry
(12%)

Energy 
Production

(17%)

Agriculture 
(16%)

Non-Road
(4%)

Other
(8%)

Residential (6%)

Waste (3%), Solvents (<1%)

Road
(14%)

Commercial & Other
(8% total)

Anthropogenic Dust (3%)

Open Fires (8%)

United States: 7.4 μg m-3

China: 52.9 μg m-3

Solvents (<1%)
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Fires and smoke all around us…

https://fire.airnow.gov/

https://fire.airnow.gov/


Future Fire Impacts on Smoke Concentrations, Visibility, and Health in 

the Contiguous United States

• Fire-related PM2.5 increases 55% 

(RCP4.5, SSP1)  - 190% (RCP8.5, SSP3) 

by 2100

• Current; 17,000 (0.7%) deaths attributable 

to fire-related PM2.5

• 2100: 32,000 (1.1%, RCP4.5)  - 44,000 (1.8%, 

RCP8.5)

72

Ford, B., Val Martin, M., Zelasky, S. E., Fischer, E. V., Anenberg, S. C., Heald, C. L., & Pierce, J. R. (2018). Future fire impacts on smoke concentrations, visibility, and health in the contiguous 

United States. GeoHealth, 2, 229– 247. https://doi.org/10.1029/2018GH000144

https://doi.org/10.1029/2018GH000144


Particulate Air Pollution from Wildfires in the Western US under 

Climate Change

• ~57 million affected by ≥ 1 smoke wave 

(2004-2009). 

• 82 million (44% increase) with climate 

change (A1B scenario) and population 

growth (2046-2051)

• Compared to 2004-2009:

– 7 million more children (<18)

– 5.7 million more seniors (>64) 

73

Liu JC, Mickley LJ, Sulprizio MP, et al. Particulate Air Pollution from Wildfires in the Western US under Climate Change. Clim Change. 2016;138(3):655-666. doi:10.1007/s10584-016-1762-6



Timeframe of acute responses

Yao et al. 2020. Particulate Matter and Ambulance Dispatches during Wildfire Seasons: A Case-Crossover Study in British Columbia, Canada.

Increased Rrespiratory and CVD (MI/IHD) impacts observed within 1 h of exposure

Indications of increased diabetes-related events



Mortality risk attributable to wildfire-related PM2·5 pollution: a global 

time series study in 749 locations

• 749 cities (43 countries), 2000–16

• 0.62% (0.48–0.75) of all-cause deaths attributable to 

acute exposure impacts of wildfire-related PM2·5 during 

study period

• 0.55% (0.43–0.67) CVD

• 0.64% (0.50–0.78) Respiratory

75

Mortality risk attributable to wildfire-related PM2·5 pollution: a global time series study in 749 locations.Chen G et al. Lancet Planet Health. 2021 Sep;5(9):e579-e587. doi: 10.1016/S2542-

5196(21)00200-X.

https://pubmed.ncbi.nlm.nih.gov/34508679/


Health impact analysis of PM2.5 from 

wildfire smoke in Canada (2013–2015, 

2017–2018)

76

• Acute exposure mortality:      54 (22-87) [2013]  - 240 (95-389) [2017]

• Chronic exposure mortality: 570 (290-840) [2013] – 2500 (1300-3600) [2017]

Health impact analysis of PM2.5 from wildfire smoke 

in Canada (2013-2015, 2017-2018).Matz CJ, Egyed

M, Xi G, Racine J, Pavlovic R, Rittmaster R, 

Henderson SB, Stieb DM.Sci Total Environ. 2020 Jul 

10;725:138506. doi: 10.1016/j.scitotenv.2020.138506.

https://pubmed.ncbi.nlm.nih.gov/32302851/
https://pubmed.ncbi.nlm.nih.gov/32302851/
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- filter + filter

Summer 2004, William’s Lake, BC  Age:20 years, Size:1060ft2 (7 rooms), open windows during morning, no air conditioning

Barn P, Larson T, Noullett M, Kennedy S, Copes R, Brauer M. Infiltration of forest fire and residential wood smoke: an evaluation of air cleaner effectiveness. J Expo Sci Environ Epidemiol. 2008 
Sep;18(5):503-11. 



The Fog of Austerity: This Smoke Cloud Is the 
Ultimate Symbol of Greece's Depression

Athens, Winter 2012-13Athens, Winter 2012-13

Biomass combustion (heat, energy)

30% increase (2012-13) PM2.5

2.5X increase wood smoke 
tracers. 

20-30% decrease in fuel oil 
tracers (e.g., Ni and V) 

Saffari et al. Environ. Sci. Technol. 2013, 47, 13313-13320.

EU Primary PM2.5 emissions 
(residential woodstoves) 

25% (1990) -> 38% (2020)

Energy policy Economy

Sigsgaard et al. Eur Respir J 2015;46:1577-1588



Guarnieri and Balmes. Lancet, 2014. 383(9928): 1581 – 1592 doi:10.1016/S0140-6736(14)60617-6

Atmospheric processing
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Sector Legend:

~8% ~5%

~16%
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~3%
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<1%

Source sector contributions (GBD 2019)

Global Sector Contributions

~10%

~12%

<1%

6%

19%

Source sector and fuel contributions to ambient PM2.5 and attributable mortality across multiple spatial scales.Nat Commun. 2021 Jun 14

https://gbdmaps.med.ubc.ca/

https://pubmed.ncbi.nlm.nih.gov/34127654/
https://gbdmaps.med.ubc.ca/


Global sources of ambient (PM2.5) air pollution



65% decrease in indoor fire smoke

Room HEPA filter air cleaners

Barn P, Larson T, Noullett M, Kennedy S, Copes R, Brauer M. Infiltration of forest fire and residential wood smoke: an evaluation of air cleaner effectiveness. J Expo Sci Environ Epidemiol. 2008 

Sep;18(5):503-11. 

87



Yao et al. EHP 2013 doi: 10.1289/ehp.1306768

Effects of forecasted smoke consistent with 

effects of observed smoke for asthma 

outcomes



Smoke forecasts for health protection 

• Temporal and spatial specificity > accuracy or complexity

• Integrate into existing weather tools  

• Extend current tools to 7-day smoke forecast

Zoom and animation features 



Bowman, D.M.J.S.; Daniels, L.D.; Johnston, F.H.; Williamson, G.J.; Jolly, W.M.; Magzamen, S.; Rappold, A.G.; Brauer, M.; Henderson, S.B. Can Air Quality Management Drive Sustainable Fuels 

Management at the Temperate Wildland–Urban Interface? Fire 2018, 1, 27
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