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gas emissions will also reduce air pollutants associated
with that activity, such as ozone and nitrate aerosols.
Policies to reduce particulate matter pollution to protect
human health may remove the cooling effect of sulfate
aerosols or the warming effect of black carbon (soot
particles). Finally, changes in climate can influence
pollution levels directly. For example, the increased
frequency and intensity of heatwaves may lead to the
additional accumulation of pollutants close to the surface.

Ongoing climate change, caused by the accumulation of
greenhouse gases in the atmosphere, is happening on
a timescale of decades to centuries and is driving environmental changes worldwide. In contrast, the impacts
of air pollution occur near the surface, on timescales of
days to weeks, and across spatial scales that range from
local (for example, urban centres, see the photo below)
to regional. Despite these wide-ranging differences, air
quality and climate change are strongly interconnected
(Fiore et al., 2012; West et al., 2013; IPCC, 2021). The new
WMO Air Quality and Climate Bulletin will report annually
on the state of air quality and its connections to climate
change, reflecting on the geographical distribution of
and changes in traditional pollutants.
Traditional pollutants include short-lived reactive gases
such as ozone – a trace gas that is both a common
air pollutant and a greenhouse gas that warms the
atmosphere – and particulate matter – a wide range of
tiny particles suspended in the atmosphere (commonly
referred to as aerosols), which are detrimental to human
health and whose complex characteristics can either
cool or warm the atmosphere.
Air quality and climate are interconnected because the
chemical species that affect both are linked, and because
changes in one inevitably cause changes in the other.
Human activities that release long-lived greenhouse
gases into the atmosphere also enhance the concentrations of shorter-lived ozone and particulate matter in
the atmosphere. For example, the combustion of fossil
fuels (a major source of carbon dioxide (CO2)) also emits
nitrogen oxide (NO) into the atmosphere, which can lead
to the photochemical formation1 of ozone and nitrate
aerosols. Similarly, agricultural activities (which are major
sources of the greenhouse gas methane) emit ammonia,
which then forms ammonium aerosols (Pye et al., 2009).
Policy changes that seek to improve air quality thus
have repercussions on those policies that seek to limit
climate change, and vice versa. For instance, a drastic
reduction in fossil fuel combustion to reduce greenhouse
1

Combo shows the India Gate war memorial on October 17, 2019 (top)
and after air pollution levels started to drop during a 21-day nationwide
lockdown in New Delhi, India, April 8, 2020 (bottom). Improvement in air
quality can be driven by many processes, including emission reduction
and changes in meteorological conditions as explained in this Bulletin.
Source: Reuters/Anushree Fadnavis/Adnan Abidi

Photochemical formation is a chemical reaction in which a molecule is
formed in the presence of light.
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This issue of the WMO Air Quality and Climate Bulletin
provides an update on the current global distribution
of particulate matter, highlighting the contributions of
extreme wildfire events in the year 2020. 2020 was also
notable for the spread of a new coronavirus (SARS-CoV-2),
which causes the respiratory illness known as COVID-19.
The ensuing COVID-19 pandemic triggered a worldwide
economic downturn in 2020, which led to reduction
of the emissions of air pollutants, yielding a range of
impacts on surface and free tropospheric 2 levels of
ozone and particulate matter (Gkatzelis et al., 2021;
Steinbrecht et al., 2021). This Bulletin reviews many
new and important scientific findings on the impact
of COVID-19 on air quality around the world, based on
long-term measurements taken at certain WMO Global
Atmosphere Watch (GAW) stations. It ends with a recent
update on the global health impact of long-term exposure
to ozone and particulate matter pollution.

Weaker-than-usual dust emissions also occurred in the
desert regions of northern China and Mongolia. For
details, please refer to the WMO Airborne Dust Bulletin.
Aerosols originating from human activity have the largest
impact on human health because they contribute most
to PM2.5 in highly populated areas. In 2020, there was an
unprecedented reduction in certain human activities, such
as vehicle transport and aviation, due to the economic
downturn associated with the COVID-19 pandemic. In areas such as China, Europe and North America, short-term
COVID-related reductions in emissions coincided with
long-term emission-mitigation measures that led to lower
PM2.5 concentrations in 2020 compared to previous years.
The increase in PM2.5 over India was less pronounced than
in previous years. A better understanding of the multiple
natural and anthropogenic sources of emissions and the
meteorological influences on emissions and on the spread
of the resulting pollution are critical for advancing our
modelling of atmospheric composition and its changes.

Global particulate matter concentrations
in 2020 recorded by the Copernicus
Atmosphere Monitoring Service

CAMS methodology

Inhaling particulate matter smaller than 2.5 micrometres
(PM2.5) over long periods is a severe health hazard.
Human and natural sources contribute to PM2.5 pollution
in varying proportions at the global scale. Using the
PM2.5 data from the Copernicus Atmosphere Monitoring
Service (CAMS) re-analysis, Figure 1 shows the average
PM2.5 surface concentrations for 2003–2019 and the
anomalies (absolute differences) in 2020 compared with
the mean values for 2003–2019.

Combining computer models with near-real-time observations – a process known as data assimilation – has been

Intense wildfires generated anomalously high PM2.5
concentrations in several parts of the world that were
unusually dry and hot in 2020. In January and the preceding December, south-eastern Australia was affected by
widespread wildfires, which exacerbated air pollution
(see also WMO Aerosol Bulletin 2021). Smoke from the
Australian fires also led to temporary cooling across
the southern hemisphere, comparable to that caused
by ash from a volcanic eruption (Fasullo et al., 2021).
Enhanced wildfire activity also occurred in the Yakutia
region of Siberia, in the US state of California and many
other regions of the western United States of America.
Regularly occurring wildfires in central South America
and central Africa were also higher than the 2003–2019
average. The lower-than-average PM2.5 concentrations
over western Canada, Indonesia and northern Australia
were caused by below-average wildfire activity in the
respective regions.

–25.52

The variability of PM2.5 due to desert dust is evident
above large desert areas and the adjacent outflow
regions. While the eastern Sahara had lower surface
PM2.5 concentrations than usual, more frequent dust
transport events, including the exceptionally strong
Godzilla dust storm in June 2020, led to increased PM2.5
over the North Atlantic Ocean (Chakraborty et al., 2021).
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Figure 1. Anomaly (absolute difference) of the mean PM 2.5 surface
concentrations (μg/m 3 ) in 2020 of the CAMS re-analysis (top panel)
compared to the average for the period 2003–2019 (bottom panel). The
CAMS re-analysis assimilated aerosol optical depth (AOD) retrievals
from a Moderate Resolution Imaging Spectroradiometer (MODIS) and
an Advanced Along-Track Scanning Radiometer (AATSR) and used
Global Fire Assimilation System (GFAS) wildfire emissions.
Source: ECMWF/CAMS

The troposphere is the lowest part of the atmosphere. It begins at the Earth’s
surface and reaches an altitude of 6–15 km, depending on the latitude.
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a major factor behind advances in numerical weather
prediction in recent decades (Bauer et al., 2015). The
European Centre for Medium-Range Weather Forecasts
(ECMWF) has extended this approach to forecasts
around the globe for air quality, dust and fire plumes,
stratospheric ozone and greenhouse gases as part of
the Copernicus Atmosphere Monitoring Service, which
the Centre implements on behalf of the European Union
(Innes et al., 2019).
Computer-simulated fields corrected by observations
are known as analyses. Analyses are considered to be
more accurate than model simulations, because systematic corrections based on observations from satellites,
ground stations, aircraft and weather balloons ensure
more comprehensive coverage than observational data
sets alone (“maps with no gaps”). The analyses are used
as initial conditions for the daily CAMS forecasts and
for the retrospective study of atmospheric composition
for understanding the spatial distribution, trends and
variability of trace gases and aerosols.

Figure 2. NOAA GOES-West satellite image taken on 12 September
2020, showing the entrainment of an unusually large and dense smoke
plume from wildfires in the Pacific Northwest into a mid-latitude cyclone
above the eastern North Pacific Ocean, and a second plume extending
from the Desert Southwest into another mid-latitude cyclone above
the upper Midwest. This image was generated by the Colorado State
Satellite Loop Interactive Data Explorer in Real-time (SLIDER; http://
rammb-slider.cira.colostate.edu, Micke, 2018).
Source: CSU/CIRA and NOAA/NESDIS

Interplay between climate, fires and
air quality in 2020

Fire Weather Index (FWI) Anomaly
15

To acquire a better understanding of how anthropogenic and natural emissions influence weather and
air pollution, scientists at the NASA Global Modeling
and Assimilation Office (https://gmao.gsfc.nasa.gov)
combine a rich set of data sources with numerical models
that represent physical and chemical processes occurring in the atmosphere. Models such as the Goddard
Earth Observing System (GEOS) (Gelaro et al., 2017;
Randles et al., 2017; Buchard et al., 2017; Keller et al.,
2021; Molod et al., 2015) are powerful tools that can be
used to complement sparse observational networks and
create a comprehensive digital record of events such
as the intense wildfire season in 2020.
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The Global Modeling and Assimilation Office used
satellite retrievals of fire locations and intensity to
analyse wildfires in the extratropical regions of Eurasia
and North America in 2020. The 2020 wildfire season
was marked by extreme fires in Siberia and the western
United States and uncharacteristically weak fire activity
in Alaska and Canada, compared with the situation
in previous decades. Comparisons with estimates of
historical fire emissions (2003–2019) indicated that 2020
was an exceptional year in terms of total pyrogenic
carbon released into the atmosphere by wildfires in
Siberia and the western United States, with extremely
dense and expansive smoke plumes visible from space
(Figure 2). The Fire Weather Index(FWI; Wagner, 1987), a
commonly used measure of fire intensity and potential,
provided further insights into the anomalous fire season
by quantifying how much influence key meteorological
parameters such as temperature, wind, precipitation and
humidity had on fire danger. The GEOS-based MERRA-2
analysis (Gelaro et al., 2017) was used to create a map
that shows a substantially higher FWI in Siberia and the
western United States, collocated with the observed fires
(Figure 3). The strong relationship between negative
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Figure 3. Top: Map of Fire Weather Index seasonal anomalies (2020 minus
the mean of 2003–2019 for the period June–September). The higher
the positive anomaly, the greater the increased fire potential;
the lower the negative anomaly, the greater the reduced fire potential;
bottom: Map of estimated fine particulate matter (PM 2.5 ) from fires on
13 September 2020, corresponding to the smoke plumes visible in Figure 2.
Source: NASA
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Figure 4. Air Quality and Health Index levels for people in North America during the 2020 wildfire season, based on air pollution caused by
anthropogenic and natural sources.
Source: The Global Modeling and Assimilation Office, NASA

The impact of COVID-19 on air quality

departures from the FWI climatology and reduced
potential for fires was also evident in Canada and Alaska.
The behaviour of the fires in the major burning regions
in the northern hemisphere extratropics can therefore be
at least partly attributed to persistent weather patterns
in the boreal summer of 2020, for example, a historic
high-latitude heatwave in Siberia.

Many governments around the world responded to the
COVID-19 pandemic by restricting gatherings, closing
schools and imposing lockdowns. These stay-at-home
policies led to an unprecedented decrease in pollutant
emissions. A study coordinated by the WMO/GAW
examined the behaviour of key air-pollutant species
during the COVID-19 pandemic (Sokhi et al., 2021).

These conclusions are concerning because they may
reflect a strengthening signal of changing climate on
weather-induced mechanisms that alter fire behaviour
and pollutant emissions on large scales. Several publications have pointed out that extreme heatwaves and
dry spells are projected to be exacerbated by climate
change (IPCC, 2021); one study concluded that the
prolonged Siberian heatwave of 2020 would have been
almost impossible without human influence (Ciavarella
et al., 2021).

Using a consistent approach, the study looked at the
data from in situ ground-based air-quality observations
from over 540 traffic, background and rural stations, in
and around 63 cities from 25 countries located in seven
geographical regions of the world. The data were used
to analyse changes in air quality for the main pollutants,
such as particulate matter (PM2.5, PM10, coarse fraction
of PM), sulfur dioxide (SO 2), nitrogen oxides (NO x),
carbon monoxide (CO) and ozone (O3), as well as for the
total gaseous oxidant 3 (OX = NO2 + O3). The changes
were examined for different lockdown stages, namely
pre-lockdown, partial lockdown, full lockdown and two
periods of relaxed restrictions between January and
September 2020. The observational study investigated
how changes in air quality were affected by emissions
and regional and local meteorology in 2020 compared
with the period 2015–2019.

To assess the impact of the fires on outdoor air pollution across North America, the Global Modeling and
Assimilation Office estimated how many people were
exposed to varying levels of pollutants (Stieb et al., 2008).
Using data from the multi-pollutant Air Quality and
Health Index, the Office found that the number of people
who likely experienced unhealthy levels of air pollution
increased during the fire season and peaked in the second
week of September, when most of the intense fires
occurred in the western United States. For more than
a week, 20–50 million people – mostly in the western
United States but also in regions downwind – were
classified as having a “High” or “Very High” health
risk (Figure 4).

During the various lockdown stages, emissions of air
pollutants fell drastically across the globe due to travel
3
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An oxidant is a chemical substance that can oxidize other substances,
which means it can accept the electrons of other substances.
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Figure 5. Continental/countrywide average changes in air pollution (in %) shown as bar plots for the full lockdown period for (a) PM 2.5 , (b) PM10 ,
(c) PMC (coarse fraction of PM), (d) NO 2 , (e) O 3 , (f) CO and (g) SO 2 .
Source: Modified from Sokhi et al., 2021

restrictions imposed to stem the spread of COVID-19.
A positive correlation was observed between reductions
in NO 2 and NO x concentrations and a reduction in
people’s mobility for most cities. No clear indication
was observed for other pollutants, which suggests that
sources other than vehicle emissions also contributed
substantially to the change in air quality.

at urban locations were greater than the O3 production,
whereas at background sites, OX was mostly driven by
the regional contributions rather than local NO2 and
O3 concentrations. SO2 concentrations were between
~25% to 60% lower in 2020 than during 2015–2019
for all regions. CO levels were lower for all regions,
with the largest decrease for South America, of up to
approximately 40%.

Analysis showed (Figure 5) decreases of up to approximately 70% in mean NO2 and 30%–40% in mean PM2.5
concentrations during full lockdown in 2020 compared
with the same periods in 2015–2019. PM2.5, however,
exhibited complex behaviour even within the same
region, with increases in some Spanish cities, for
instance, which were attributed mainly to the longrange transport of African dust and/or biomass burning.
Some Chinese cities showed similar increases in PM2.5
during the lockdown periods, probably due to secondary
PM formation. Changes in ozone concentrations varied
greatly among regions, ranging from no overall change
to small increases (as was the case for Europe) and larger
increases (+25% in East Asia and +30% in South America).
Colombia showed the largest increase, at around 70%.
Under certain polluted conditions, an increase in ozone
might be expected, with decreases in its precursors,
due to the complexities of ozone chemistry. Analysis of
the total oxidant showed that primary NO2 emissions

This unplanned air-quality experiment can serve as a
benchmark for policymakers to understand whether
existing air-quality regulations would protect public health.
While lockdowns had a clear impact on air quality in urban
areas, the spatial and temporal extent of that impact, the
specific role of meteorology and of episodic contributions
(e.g. from dust, domestic and agricultural biomass burning
and crop fertilization), and the cascade responses from
indirect and non-linear effects are far from being fully
understood. It is still necessary to better understand
changes in how secondary pollutants chemically respond
to emission changes under complex conditions and how
socioeconomic drivers may affect future air quality. The
implications for regional and global policies are also
significant, as the Sokhi et al., 2021 study indicates that,
in many parts of the world, PM2.5 concentrations would
be unlikely to meet World Health Organization guidelines,
despite drastic reductions in mobility.
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Low ozone values observed at GAW
background stations

Ozone, ppb

60

40

20
10

South Pole trend 1975-2020: 0.04±0.03 ppb/yr, p=0.02

0

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Figure 6. Monthly ozone values at three GAW global background
monitoring sites: Barrow Atmospheric Baseline Observatory, Alaska
(11 m elevation); Mauna Loa Observatory, Hawaii (3 397 m elevation),
and the South Pole Observatory (2 837 m elevation). Also shown are the
monthly ozone values near the summit of Zugspitze (2 800 m elevation)
on the southern border of Germany (orange).
ppb (parts per billion) is the number of molecules of the gas per billion
(10 9) molecules of dry air
Source: Modified from Cooper et al., 2020.

Monte Cimone – the highest mountain in the northern
Apennines of Italy – has a WMO/GAW station at its
summit. A recent study has shown that ozone levels at
Monte Cimone were unusually low in the boreal spring
and summer of 2020, likely due to reduced European
emissions during the COVID-19 economic downturn
(Cristofanelli et al., 2021). Similar reductions are seen
at Zugspitze, 350 km to the north (Figure 7). Low ozone
values in May, June and July were also observed at
the hilltop site of Hohenpeissenberg, Germany, but the

The planetary boundary layer is the lowest part of the troposphere and
strongly influenced by surface turbulence.
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Figure 6 also shows the long-term changes in ozone
concentration near the Alpine summit of Zugspitze in
southern Germany (2 800 m elevation). Depending on
highly variable weather patterns, these ozone values
can be representative of air that originates within the
polluted boundary layer4 of Europe or air that originates
beyond western Europe. Ozone concentration increased
during the period from when records began (1978) until
the late 1990s. Since 2000, ozone concentration has
changed relatively little, although levels have decreased
slightly during the warm months of May-September,
when Zugspitze is most frequently affected by regional
European pollution (Cooper et al., 2020).

Zugspitze (2656 m)
nighttime ozone

Mauna Loa trend 1973-2020: 0.14±0.05 ppb/yr, p=0.00

70

Figure 6 shows the long-term ozone concentration
variability at three very remote locations. North of
the Arctic Circle, the Barrow Atmospheric Baseline
Observatory on the northern shore of Alaska, shows
ozone concentration has increased by 11% since records
began in 1973. Ozone concentration in the tropical
North Pacific Ocean has increased by 17% since 1973, as
observed at Mauna Loa Observatory, located at 3 400 m
above sea level on the island of Hawaii. Historical data
from Mauna Loa show that ozone concentration has
increased by approximately 50% since the late 1950s.
At the South Pole Observatory, as far away from human
activity as possible, ozone concentration has increased
by 6% since 1975. All three sites show a strong seasonal
cycle, but the timing of the annual maximum varies
due to differences in photochemistry and the weather
patterns that transport ozone to these remote sites
(Cooper et al., 2020).
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Figure 7. Left: Night-time monthly mean ozone at Zugspitze, Germany for 2020 (orange) compared with individual years from 2002 to 2019 (light
blue) and the mean of the years 2002–2019 (dark blue). Centre: Night-time monthly mean ozone at Monte Cimone, Italy. Right: Daytime mean
ozone at Hohenpeissenberg, Germany.
Source: Drawn by Owen Cooper
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reductions relative to multi-year average were not as low
as those observed at Zugspitze, 40 km to the south. The
spring and summer ozone reductions at Monte Cimone
and Zugspitze are highly unusual and are lower than
anything observed over the past two decades. These
reductions are even greater than those observed in
the free troposphere across the northern hemisphere
mid-latitudes by weather balloons, lidar (laser instrument)
and commercial aircraft in 2020 (Steinbrecht et al., 2021;
Clark et al., 2021), indicating that the COVID-19 economic
downturn had a broad impact on ozone production
across Europe.

pollution, ambient particulate matter (in particular PM2.5)
and household (indoor) particulate matter (http://www.
healthdata.org/gbd/about).
GBD quantifies global-scale exposure to ambient ozone
pollution by combining observations from thousands of
surface-air-quality monitoring stations worldwide with
output from atmospheric chemistry models (Schultz et al.,
2017; Chang et al., 2019; DeLang et al., 2021). Similarly,
exposure to PM2.5 is based on observations at thousands
of monitoring stations worldwide combined with global
satellite observations of column particulate matter
and output from an atmospheric chemistry model
(van Donkelaar et al., 2017). Global exposure maps of
ambient ozone and ambient PM2.5 were produced for
the years 1990–2019, which allowed GBD scientists to
estimate annual mortality due to long-term exposure
(Murray et al., 2020).

Global mortality estimates for ambient and
household air pollution
The Global Burden of Disease (GBD) initiative provides
regular updates (two-year cycle) on premature death and
disability from 369 diseases and injuries in 204 countries
and territories (Murray et al., 2020), from 1990 to the
present, including environmental health threats such
as poor air quality due to ambient (outdoor) ozone

Figure 8 shows ambient air-pollution mortality estimates
from the latest GBD assessment (Murray et al., 2020).
Global mortality due to ambient air pollution is dominated
by particulate matter with 4.1 million deaths in 2019,
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Figure 8. Global Burden of Disease 2019 mortality estimates. Note that the total mortality values along the PM 2.5 y-axis are a factor of 10 greater
than the values along the ozone y-axis, and the mortality rate values along the PM 2.5 y-axis are a factor of 5 greater than the values along the
ozone y-axis. Data are displayed for the seven super-regions created by GBD and based on two criteria: epidemiological similarity and geographic
closeness. The “High-income” region includes the United States, Canada, Chile, Argentina, Uruguay, Western Europe, Israel, Australia, New
Zealand, Japan and Republic of Korea. A map of the super-regions is available at http://www.healthdata.org/gbd/faq.
Source: Murray et al., 2020.
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compared with 365 000 deaths due to ambient ozone
exposure. These estimates are not exact and the uncertainty (95% uncertainty interval) on these values is ±20%
for ambient particulate matter, and ±50% for ambient
ozone (Health Effects Institute, 2020). In total, global
mortality increased from 2.3 million in 1990 (91% due
to particulate matter, 9% due to ozone) to 4.5 million in
2019 (92% due to particulate matter, 8% due to ozone).
Regionally, present-day total mortality is greatest in the
super-region of Southeast Asia, East Asia and Oceania
(1.8 million total deaths; 94% due to particulate matter,
6% due to ozone), followed by the South Asia super-region
(1.4 million total deaths; 86% due to particulate matter,
14% due to ozone). The global mortality rate (deaths per
100 000) due to ambient ozone pollution has decreased
by 13% since 2010, and the global mortality rate due to
ambient particulate matter has decreased by 4%.

three times the rate due to ambient particulate matter.
An in-depth analysis of global mortality due to ambient
and household air pollution can be found in the State of
Global Air 2020 (Health Effects Institute, 2020).

Conclusions
In conclusion, this issue of the WMO Air Quality and
Climate Bulletin highlights the critical role that observations play in monitoring the state of the atmosphere.
Long-term, consistent measurements enable the community to understand how conditions have changed
relative to the past and empower air quality and climate
models to improve simulations of the atmosphere. There
is still room for improvement – model predictions will
always be somewhat uncertain – but in times of rapid
shifts in human activity (as was the case in 2020), filling
observational gaps for key species will greatly improve
our ability to model atmospheric changes as they occur.
The WMO Global Atmosphere Watch (WMO/GAW, 2014;
Schultz et al., 2015) supports atmospheric composition
measurements, analysis and research, including the
linkages between air quality and climate. Many pollutants
(reactive gases and aerosols) are part of the extensive
measurement programmes carried out at GAW stations
around the world. These data provide a unique record
of Earth’s changing atmospheric chemical composition.
GAW stations provide valuable data for assessing global
ozone and aerosol trends (Tarasick et al., 2019, Collaud
Coen et al., 2020), conducting climate-change research
(Hartmann et al., 2013, Laj et al., 2020), evaluating global
and regional climate-chemistry models (Mortier et al.,
2020, Gliß et al., 2021) and quantifying the global impact of ozone on human health (Chang et al., 2019;
DeLang et al., 2021).

Another major cause of premature mortality is household
particulate matter, which is caused by the burning of
solid and liquid fuels for cooking and home heating.
GBD assesses mortality due to the burning of solid fuel
for cooking and estimates that there were 2.3 million
(uncertainty of ±30%) premature deaths in 2019 (Health
Effects Institute, 2020). Therefore, the GBD estimate of
total global mortality due to ambient and household
air pollution for the year 2019 is 6.8 million, of which
34% is due to cooking-related household particulate
matter. The great majority of deaths associated with
household particulate matter occur in the super-regions
of South Asia, Sub-Saharan Africa, and Southeast Asia,
East Asia and Oceania. While total mortality due to
household particulate matter has steadily decreased in
these regions since 2010, mortality rates remain high,
especially in sub-Saharan Africa, where the mortality
rate due to household particulate matter is roughly
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