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AIR POLLUTION EFFECTS ON HEALTH,
VEGETATION & CLIMATE



Air Pollutants and Health

UNIVERSITY OF LEEDS

Long-term exposure to ambient (outdoor) air pollution was estimated to cause
~5.4 million premature deaths worldwide in 2023 (State of Global Air, 2025)

Ambient ozone
pollution 5.9%

Across Africa
around 1.1 million
- - premature deaths

- péryear

! (Health Effects
e * Institute, 2022)

HAP 35%

FIGURE 12: Percentage of global deaths
attributable to individual pollutants in
2023.
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Air Pollutants and Vegetation

UNIVERSITY OF LEEDS

« |Particulate Matter (PM), Ozone (O, - tropospheric) ‘

« High concentrations of Air Pollutants in the lower atmosphere lead to poor air
quality and impact vegetation/Ecosystems

Carly Reddington, c.l.s.reddington@leeds.ac.uk



Air Pollutants and Vegetation O
UNIVERSITY OF LEEDS

Brown spots indicate damage to leaf cells
from ozone pollution

Credit: Danica Lombardozzi/National Center for Atmospheric Research

Three leaves from iIkweed plants showing
increasing levels of ozone damage from left to right.

Credit: Robin Rohrback, Adapted by American Geosciences Institute
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Air Pollutants and Vegetation

Ozone impacts on crop yields

UNIVERSITY OF LEEDS
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Air Pollutants and Climate
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Particulate Matter (PM), Ozone (O, - tropospheric), Nitrogen dioxide (NO,),
Sulphur Dioxide (SO,), Carbon monoxide (CO), heavy metals

Air pollutants can impact climate (O; has a warming effect and PM has a

cooling effect on climate)

(a) Effective radiative forcing, 1750 to 2019
CH,
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Air Pollutants and Climate

UNIVERSITY OF LEEDS

« |Particulate Matter (PM), Ozone (O, - tropospheric) ‘

« Air pollutants can impact climate.

« Climate can also impact on air quality Temperature

d Background Ozone l but peak ozone in episodes t

1 PM more uncertain (bothtand l)

C NN

(Jacob and Winner, Atmos. Environ. 2009; Fiore et al., Chem. Soc. Rev. 2012;
Allen et al., Nat. Clim. Change, 2016)

o
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Air Pollutants and Climate
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= Met Office Emission sources
Interactions between Human) )7

climate, air quality
and our health

-Humanjlgfaf th ae Air.quality

dmeases

Steven Turnock
Met Office UK
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Air Pollutants and Climate Policy
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How do we seek to control air quality and climate change in the future?

Air Quality Benefit Ay Bene Air Quality
| and Climate

Climate Detriment - ~1 _
Flue gas desulfurization E"e':::rf::’:i::c:ma"d B en elfit
management cc - T
In future it is important et e (“co-benefits”)
to ConSIder both alr g Diesel particulate filters Hybﬁ:f:):li:e:zsms -
quality and climate £ o e 2| Fig. 1 from von Schneidemesser
. 3 /| 8| and Monks, (2013), adapted from
policy together to S 5| Wiliams, (2012) and Monks et al.,
achieve maximum 5 o N ¢ (2009)
be n eﬁts é Increase in.'uncontrolled' %
o Uncontrolled coal and oil diesel =
fossil fuel usage in Biofuels
stationary and mobile Hismags
Air Quality SOuTees Buying emissions credits
and Climate L ) Air Quality Detriment

Climate Benefit

Air Quality Detriment ‘: rly Reddington, c.l.s.reddington@leeds.ac.uk

Detriment




HISTORICAL CHANGES IN AIR
POLLUTION



Historical Air Quality
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https://airqualitystripes.info/

Lodon, United Kingdom
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Changes in PM pollution over recent decades

UNIVERSITY OF LEEDS

Over recent decades, emission control efforts have delivered notable reductions
in particulate matter (PM) concentrations across Europe and North America.

United States

N
a

& Europe @
E 4 . . E E—EObservations
Observations o 20 | — —base | -1.94(-0.54)
? — Annual 27 | == Ukgamm | o580
D — DJF = | e UKCA ppe0s | -2.03(-0.59)
= — JJA (@)
(&) = 151
S Model ©
O N Al Lo O e Egual c be______
) . o T TTTT T T
B [N T ] JIA o 1
© o)
S Error P ons o
Q M +- OBS 5.D. 51 ;
E T T T T T T T T +1r' hhdal EID- 2 o SRy ey
S 1980 1984 1988 1992 1996 2000 2004 2008 o
@ Dale 0962 1995 1998 2001 2004 2007
(Turnock et al., Atmos. Chem. Phys., 2016) (Butt et al., Environ. Res. Lett., 2017)
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Recent declines in PM, ; pollution in China
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PM, s in China
55 1 (B)‘)Sﬂf““'iﬂns * Measured ambient PM, s concentrations
S decreased by ~26% over 2015-2020.
" = provided large public health benefits
\ = mainly been attributed to decreasing

anthropogenic emissions

Annual mean PM, 5
concentration (ug m3)
1o
il |

W
—
L

« However, PM, - exposure remains high acr
Conibear et al., ’ 2.5 €XpP gn across

35) GeoHealth, 2022 China and the I_oss of healthy life from air pollution
/ exposure remains substantial.

10 2015 2020
Years

(Conibear et al., GeoHealth, 2022;
Silver et al., Atmos. Chem. Phys., 2020,
Silver et al., Environ. Res. Leftt., 2020;
Silver et al., Environ. Res. Lett., 2018)

Concentrations averaged over 100’s
of measurement locations in China

Carly Reddington, c.l.s.reddington@leeds.ac.uk



Recent increases in ozone pollution in China
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Silver et al., Environ. Int., 2024 continued
70 - to increase /
03 0N

My
i o YR s * In contrast to PM, 5, ground-level
[} =
== ‘1’,_!"‘“ ozone concentrations have
increased over recent years.

50 +
[ decrease has * This is despite or partly due to
=  plateaued _« emission control efforts in China.
o ™
30 - W\, P
|- (Silver et al., Environ. Int., 2024)

Changes averaged over 100’s of
measurement locations in China
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Global PM, : exposure remains high
: UNIVERSITY OF LEEDS

. . . . 3 3
Ambient PM, 5 concentrations remain relatively L kg o | L o i
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R S Study, Lancet, 2020) (van Donkelaar et al., Environ. Sci. Technol., 2021)
€ E
<3z T T 00 . . T
< Ambient PM, s exposure has increased globally, with increases
"] Ambient O mainly in low to middle socioeconomic status countries.
2. O
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PM, ; exposure = population-weighted annual mean PM, . concentration
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INEQUALITIES IN PM, ; EXPOSURE



PM, ; exposure inequalities
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Ambient PM, - exposure is often greater in populations with a lower
socioeconomic status compared to those with a high socioeconomic status

(Hajat et al., Curr. Environ. Health Rep., 2015)

Ambient PM, s concentrations tend to be
linked with economic development.

‘Outsourcing’ manufacturing to lower-income

countries/regions can exacerbate disparities
(Nansai et al., Environ. Int., 2020)

Additional drivers of inequality arise from polluting
activities predominantly undertaken by poorer
communities (Reddington et al., GeoHealth, 2021)

Environmental
degradation (per capita)

A

An Environmental Kuznets Curve (EKC)

Turning
Point (Ding et al., J.
\ Clean Prod. 2019)
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Demographics influence PM, - health outcomes
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* Inequities in PM, s exposure can be compounded by other socioeconomic factors that
increase the vulnerability and disease susceptibility of a population.

 Lower-income countries or communities tend to suffer from reduced access to healthcare
and poorer nutrition (O'Neill et al., 2003)

« High-income countries tend to have older (more vulnerable) populations than low- and
middle-income countries (United Nations, 2019)

Population >65yrs Deaths from diseas

Low-income
Lower-middle-income
Upper-middle-income
High-income

v O N

»

w

m Frederick S. Pardee
J Center for International Futures

Fraction of total population (%)

Mortality rate (deaths
per 1,000 people per year)

2 :
£ ' people aged 80y +
1 . )
A ““~-'—'—’.*:‘."£‘i‘::~.~..,} people aged 65-79y
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100

(Reddington et al., Earth’s Future, 2023)
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Estimating PM, -attributable deaths

UNIVERSITY OF LEEDS

AAD
= pop X mort X PAFg(PM;s,cf)

(Burnett & Cohen, Atmosphere, 2020)

Hazard ratio

Estimation of PM, s attributable deaths
depends on:

« PM, 5 exposure
« Population count
« Population age

« Mortality rate

-
-
1

-
(=]
}

1.5 +

1.4 ¢

1.3 ¢

1.2

1.1 ¢

1.0

- GEMMNCD+LRI

(Burnett et al.,
PNAS, 2018)

10

40 50 &0 7o a0

PM, 5 (Mg m=3)
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Demographics influence PM, - health outcomes
: UNIVERSITY OF LEEDS

Future PM, s exposure and health outcomes in China

2020 to 2050
Impact of fixing
—e— BASE-CLE BASE-CLE ~* | mortality at 2020 values
425 —e— BASE-MFR | =~ 9000,0007 ... POP2020 T Y
oo SDS MFR ; --- AGE2020 o
£ 40.0 o 4500,0001 —-— BM2020 ya
(@)) _.-C_, —— POPAGEBM2020 -
= 375 -— S 4,000,000 -
o Current legislation 2 PM, ; deaths increase
=R ~. 3,500,000 - : )
8 = under CLE relative to
o
= . . +£ 3,000,000 -
o 325 Maximum feasible g 2020
2 emission reduction 2,500,000 1
= 300 '
o = 2,000,000 1 -
27.5 o Impact of fixing pop age
. 1 ~e
. . . . 1,500,000 . . | at 2020 values
2020 2030 2040 2050 2020 2030 2040 2050

(Conibear et al., Environ. Res. Lett., 2022)
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FUTURE PROJECTIONS OF GREENHOUSE
GAS AND AIR POLLUTANT EMISSIONS



Future climate and air pollution pathways

Global CO, emissions (GtCO, yr™)

Scenarios for the IPCC 6th Assessment
Report (2021)

140

Global CO, emissions

Updated CMIP6
ScenarioMIP

100
80
60
af
20}

0

Historical
emissions

120l (Rogeljetal.,
| NCC, 2018)

—20 F

-40

Net-negative

global emissions

26Wm? 1.9Wm™

2100 range

2000

2020

2040 2060 2080
Time (years)

2100

Set:
SSP5-8.5

SSP3-7.0

SSP4-6.0
SSP2-4.5
SSP4-3.4

SSP1-2.6
SSP1-1.9

UNIVERSITY OF LEEDS

SSP = Shared Socioeconomic Pathway

(a) Global surface temperature change relative to 1850-1900

.

SSP5-8.5
SSP3-7.0

IPCC, AR6 WG1, 2021

2000 2015

SSP2-4.5

SSP1-2.6
SSP1-1.9

2050 2100
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Future climate and air pollution pathways
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Scenarios for the IPCC 6th Assessment

Report (2021) Global air pollutant emissions
12 m— SSP119
iccl Updated CMIP6 i 7
Global CO, emissions " ssp126
140 . - - 2 o] Set: - ssp245
120} (Rogeljetal., d | SSP5-8.5 5 ssp370
'T; 100 + NCC/ 201 8) ® Reference scenarios J g ?;, SSp370_IOWNTCF
o} . | | ssP3-7.0 £ ssp434
g 80 F A 5 o A ssp460
@ g Historical A O 2 ssp534-over
% em|SS|on ‘ _43 = . - > g 55p585
é 40 F B —:3 ey O O A 6.0 Wm =] w
(0] S O Q
S NS ol | sspaso (Turnock et al., Atmos.
o | ® e 0 [ '
g 5 3.4Wm 5wm2 >| 3322—45 Chem. Phys., 2020)
= Net-negative O .h:‘ ; 3321‘?5
29T global emissions 26Wm=2 1.9Wm?2 B
-40 L L . . . . . .
00 e B0 ( 2;’60 200 eI Crucial to quantify co-benefits of climate change
ime (years vy . . . .
SSP = Shared Socioeconomic Pathway mitigation to motivate climate action.
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Shared Socioeconomic Pathway scenarios N
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Scenario SSP narrative
SSP119 Decarbonisation
o Global CO, emissions “"‘;a;::.’;,i?,”h;;ssa SSP126 Decarbonisation
_ "l Rogeyjetal20ts X ™ s5P245 Middle of the road
117"  ssP370 Regional Rivalry
E ol Lot l SSP370-lowNTCF Regional Rivalry
: 7 = SSP434 Inequality
o =] gobaremions o T I 55p460 Inequality
T e SSP534 Fossil-fuel development
SSP585 Fossil-fuel development
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Shared Socioeconomic Pathway scenarios N
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Air Quality Benefit Air Quality

Climate Detriment SS and Climate
Ss Benefit

SS

Graphic by Steven Turnock

SSKP370-lowNTCF

SSP434
SSK460
Air Quality SSP534 : : :
o er Air Quality Detriment
SSK585 Climate Benefit

Detriment
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Projected population under the SSPs

(a) North America (b) South & Central America (c) Europe
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(d) Africa (e) Asia (f) Oceania
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FUTURE PROJECTIONS OF AIR POLLUTION
HEALTH IMPACTS UNDER DECARBONISATION



Climate models
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Schematic for Global
Atmospheric Model
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Vertical Grid (Height or Pressure)

Present day
135 x 135km

38 levels in
atmosphere

"\ L
= Diurnal Cycle
4 Q4 ‘-\.\_\‘
v i
&
B, et
Fall = s % **,x**
speed' gl < L . T4 kT Hce particle
4 55 Pt . : size distribution
* i P lce * ¢
* nuclei onvection
. o]
Upper tropospheric ) Sl Upé" < Entrainment
humidity Emission Uy %y
¢ECYCLES . L7 % <
oo o gton & Turby ) > g
o Tl nce E3
&£ 0°°? + it % Latent ~
& ’ ’ Phase o 5
\ . S "“,g? 2.k 4\ tioni S heat ...
S oM on 5 7\ partitioning % 0 b
e b o ecleatiofe e Fo N liquid ice & GEEmEERE
fox Rl &
?‘0('2558 O Mixed-phase
| AR processes
o 44»0 hd\o“s
& : AR, SOL-CLOUD' ((eR!
o i EcipmanoN ™ e
ciaen i
d"\‘ 3 goundary layer dynamics
s\ )
b8 N 7

e

Image sources: https://asr.science.energy.gov/about, https://www.gfdl.noaa.gov/climate-modeling/
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Methodology UNIVERSITY OF LEEDS

Air pollution health inequalities in a low-carbon future ggr%lgg::;hics
_ _ - 5-yr mean PM, 5
SSPs + climate policy CMIPG climate &earth = ' ration Exposure-outcome Premature
o O emenons system model simulations association mortality
: : attributable to

20 Rogelj et al. 2018

2015 - 2100

e,

/| GEMI ‘ ambient PM, ;
exposure

Burnett et al.,

Baseline scenario: SSP245 VAN PNAS, 2018
Decarbonisation scenarios: SSP126 & SSP119

Hazard Ratio
12

Evaluate & bias-correct

model outputs using
present-day measurements

201 N iBF b 28
.
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Shared Socioeconomic Pathway scenarios
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Global CO, emissions i

Set SSP2: “Middle-of-the-road” scenario

SSP5-8.5

140

120r Rogelj et al. 2018

100

2100 range

* Medium population

S * Medium and uneven economic growth, human development,
technological progress, and energy and food demand per capita;

| » Resource-intensive lifestyles;

g | SSP4-6.0

| SsP2-4.5 « | imited economic convergence and global cooperation;
Net- ti — - . . . . p
et-negative H SoP1-2.8 «  Medium air pollution controls (significant advancement, yet < SSP1)

global emissions 2ewm? 1owm? | Il gSP1-1.9

_40 1 1 1 i
2000 2020 2040 2060 2080 2100 l
Time (years)

Historical
| emissions

Global CO, emissions (GtCO, yr™')

SSP1: “Taking the Green Road” (decarbonisation) scenario
* Low population and energy & food demand per capita;
« Economic convergence and global cooperation;

« High economic growth per capita, human development,
technological progress;

« Environmentally oriented technological behavioural change;

* Resource efficient lifestyles;

« Substantial land use change (e.g., increased global forest cover)

« Strong air pollution controls (fastest and widest implementation).



: A
Selected future scenarios n
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Air Quality Benefit Air Quality
Climate Detriment sspi1g and Climate
Benefit
SSP126
(“Decarbonisation”
Scenarios)
SSP245

(“Middle of the Road” Scenario)

Air Quality . _ |
and Climate Air Quality Detriment
Detriment Climate Benefit
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Future PM, ; exposure by income group UNIVERSITY OF LEEDS

« Split global population into four socioeconomic groups (low-, lower-middle-,
upper-middle-, and high-income).

« Used per-capita Gross Domestic Product (GDP) data for years 2020 to 2100.

80°N
60°Nf

40°N

20°Sf -+

40°S|

180° 120°W 60°W . I"° S T T ~ Tone 180° 120°W 60°W 0° 60°E 120°E 180°

Low-income Lower-middle-income Upper-middle-income High-income
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Future global surface PM, - concentrations O
. UNIVERSITY OF LEEDS

2050

15 20 30 40 50 60 70 80 90
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Future PM, ; exposure by world region

By the end of the 21st century, the decarbonisation scenarios predict substantial
reductions in population exposure to PM, s pollution globally.
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Future PM, ; exposure by income group UNIVERSITY OF LEEDS

Baseline scenario (SSP245) Decarbonisation scenario (SSP119)
40 40
—_— Low
351 35+ ~——— Lower-middle
——— Upper-middle
301 301 —— High

PM- s disparity

25 25 |
PM, ; disparity = 201 20 Low-income
difference in PM, . 15 15 Lower-middle-income
' Upper-middle-income
exposure between 10. 101

PM, s exposure (ug m=3)
PM, 5 exposure (ug m=3)

High-income

greatest exposed group PM, s disparity

and lowest exposed group

wun
/

/
wu

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
 PM, s exposure is predicted to reduce across all income regions by 2100.

 Disparity in PM, 5 exposure is predicted to reduce by 2100, but persists at ~5 ug m=.

* High-income region is exposed to lowest PM, :.

* Low- and lower-middle-income regions are exposed to highest PM, 5
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Future PM, ; exposure and the WHO Air Quality Guideline
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Proportions of the world’s population that are projected to come into compliance with
the WHO Air Quality Guideline for PM, s (5 ug m-3) under different scenarios.
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Future PM, ; exposure and the WHO Air Quality Guideline
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Proportions of the world’s population that are projected to come into compliance with
the WHO Air Quality Guideline for PM, s (5 ug m-3) under different scenarios.
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Avoiding future PM, s-attributable mortality

UNIVERSITY OF LEEDS

PM, --related premature deaths that could be avoided by following a
decarbonisation scenario relative to the middle-of-the-road scenario.
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- SSP126: Moderate climate mitigation could avoid ~2.48M deaths in 2050.
« SSP119: Strong climate mitigation could avoid ~2.95M deaths in 2050.
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Avoiding future PM, s-attributable mortality
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Summary of results

UNIVERSITY OF LEEDS

v Decarbonisation has the potential to generate substantial health benefits by
averting millions of premature deaths associated with air pollution.

v" Global socioeconomic disparity in PM, - exposure is predicted to reduce by the
end of the century.

* The number of averted PM, s-attributable deaths is greatest in high- and
middle-income populations, with the fewest in low-income populations.

» Alarge fraction of the world’s population (~85%) could remain exposed to
concentrations above the WHO AQ Guideline for PM, s in 2100.

= Low-income populations are predicted to benefit the least and continue to be
exposed to PM, ; concentrations that are over three times that of the AQG.
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Overall summary §
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* |Important to consider changes to the air pollution health burden under future
climate policies to try to maximise co-benefits to climate and air quality.

— Health and other co-benefit metrics should be incorporated into net zero
policies to improve non-climate outcomes and minimise trade-offs.

 Middle and low-income countries continue to be exposed to high levels
of air pollution, even in the strongest mitigation scenario with exposure
Inequalities projected to persist.

= Climate mitigation & AQ control measures should be better targeted towards
lower-income regions with high PM,, ; exposures.

* More research is required about how Earth system feedbacks impact the air
pollution health burden in a future warming world.
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Any questions?

Further reading:
Reddington et al. (2023). Earth’s Future (https://doi.org/10.1029/2023EF003697)

Turnock et al. (2023). GeoHealth (https://doi.org/10.1029/2023GH000812)

Turnock et al. (2022). Earth’s Future (https://doi.org/10.1029/2022EF002687)
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