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Introduction

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 air
pollution that occurs near the Earth’s surface happens
on a timescale of days to weeks, and across spatial
scales that range from local (for example, urban cen-
tres) to regional (such as the eastern United States of
America, northern India or the Amazon). Despite these
wide-ranging differences, air quality and climate change
are strongly interconnected. The WMO Air Quality and
Climate Bulletin reports annually on the state of air
quality and its connections to climate change, reflecting
on the geographical distribution of and changes in the
levels of traditional pollutants.

Traditional pollutants include short-lived reactive gases
such as ozone - a trace gas that is both a common air
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Figure 1. Change in the number of days per year with daily maximum
surface temperatures above 35 °C, relative to an 1850-1900 baseline,
as predicted by 27 numerical models, in a world that will have experi-
enced 1.5 °C warming (based on the Shared Socioeconomic Pathway
SSP5-8.5), globally averaged

Source: Figure produced using data from the IPCC Working Group |
Interactive Atlas: https://interactive-atlas.ipcc.ch/

pollutant and a greenhouse gas that warms the atmos-
phere — and particulate matter (PM) — a wide range of
tiny particles suspended in the atmosphere (commonly
referred to as aerosols), which are detrimental to human
health and which, due to their 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 lead to the enhancement
of concentrations of shorter-lived ozone and PM in the
atmosphere. For example, the combustion of fossil
fuels (a major source of carbon dioxide (CO,)) also emits
nitrogen oxide (NO) into the atmosphere, which can lead
to the formation of ozone and nitrate aerosols. Similarly,
some agricultural activities (which are major sources
of the greenhouse gas methane) emit ammonia, which
then forms ammonium aerosols. Air quality in turn
affects ecosystem health via atmospheric deposition
(the process by which air pollutants settle from the
atmosphere onto the Earth’s surface), which therefore
also links air quality to climate. Deposition of nitrogen,
sulfur and ozone can negatively affect the services
provided by natural ecosystems such as clean water,
biodiversity and carbon storage, and can impact crop
yields in agricultural systems.

The present edition of the WMO Air Quality and Climate
Bulletin provides an update on the global distribution
of PM for 2022 and explores avenues through which
heatwaves affect atmospheric composition. Heatwaves
are expected to worsen with climate change (Figure 1),
and several notable heatwaves occurred in 2022. Two
case studies further examine the interconnections be-
tween PM, climate and air quality. Increased severity
of wildfires in heatwave-stricken areas can produce
more aerosol pollution, such as occurred over western
North America in August-September 2022, while the
intrusion of a desert air mass over Europe from North
Africa brought both heatwave conditions and desert
dust in August 2022. Furthermore, the present edition
of the Bulletin explores how the persistent heatwave
that impacted Europe in June-August 2022 influenced
concentrations of ground-level ozone. New findings
elucidating the role that wildfires play in driving nitrogen
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deposition, which can negatively affect ecosystems, are
summarized, and the numerous and complex interac-
tions between agriculture and air quality are outlined.
Finally, the Bulletin concludes by exploring how elevated
temperatures may be exacerbated in cities via the Urban
Heat Island effect and how the presence of parks can
benefit urban centres by cooling the surrounding air
and absorbing CO,.

Global particulate matter concentrations
in 2022 recorded by the Copernicus
Atmosphere Monitoring Service

Johannes Flemming, Vincent-Henri Peuch

Inhaling PM smaller than 2.5 micrometres (PM, ;) over
long periods is a severe health hazard (WHO, 2021).
Human and natural sources contribute to PM, . pollution
in varying proportions at the global scale, and include
emissions from fossil fuel combustion, wildfires and
wind-blown desert dust. Figure 2(b), produced from the
PM, . data from the Copernicus Atmosphere Monitoring
Service (CAMS) reanalysis, shows the average PM, .
surface concentrations for 2003-2022 and the anomalies
(absolute differences) in 2022 compared with the mean
values for 2003-2022 (Figure 2(a)).

The 2022 PM,, ; anomalies were much less impacted by
large fire events compared to 2021 (WMO Air Quality
and Climate Bulletin, No. 2). Rather, the trends of anthro-
pogenic emissions and annual variability of the desert
dust emissions played a larger role in controlling surface
PM, .. Fire-driven positive PM, . anomalies occurred in
parts of the Amazon basin and Alaska because of an
active fire season in July and August 2022, and over South
Africa because of fire activity in July to September. Dust
storm activity was, in general, lower than usual over most
of the Sahara Desert except over its north-west fringe,
while the Taklimakan Desert and most of the Arabian
Peninsula experienced a higher than usual amount of dust
which contributed to the increased PM, . levels. As was
the case in 2021, the positive PM, . anomaly over India
and the negative anomalies over China, Europe and the
eastern United States in 2022 were mainly manifestations
of increased or decreased anthropogenic emissions in
the respective regions (Figure 2(a)). Overall, the 2022
PM, . anomalies were consistent with the long-term
trends, with decreases across East Asia and Europe,
and increases across South Asia (Figure 3).

Mechanisms linking heatwaves and
particulate matter: Wildfires and desert
dust intrusions

Peter Colarco, Lucia Mona

While large fires and dust storm activity were generally
less frequent in 2022, as mentioned in the previous
section, notable events of this kind still occurred. Their
linkages to heatwaves, high levels of aerosols and poor
air quality are explored in the following paragraphs in
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Figure 2. (a) Anomaly (absolute difference) of the mean PM, , surface
concentrations (zgm=3) in 2022 compared to (b) the average for the
period 2003-2022, as produced by the CAMS reanalysis. Low concen-
trations across the oceans are largely due to naturally occurring sea salt
particles. The CAMS reanalysis system assimilated satellite-detected
aerosol optical depth (AOD) retrievals from the Moderate Resolution
Imaging Spectroradiometer (MODIS) and Advanced Along-Track Scanning
Radiometer (AATSR) instruments. The Global Fire Assimilation System
(GFAS) wildfire emissions data set was also used.

Source: European Centre for Medium-Range Weather Forecasts
(ECMWF)/CAMS
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Figure 3.2003-2022 time series of annual mean PM, . surface concen-
trations (ug m=3) for different regions: East Asia (red), South Asia (blue)
and Europe (black)

Source: ECMWF/CAMS


https://library.wmo.int/index.php?lvl=notice_display&id=22124#.Yy8mIkzMLq5
https://library.wmo.int/index.php?lvl=notice_display&id=22124#.Yy8mIkzMLq5

relation to two examples from 2022: wildfires in the
north-western United States and desert dust intru-
sions in Europe.

The extreme anomaly in air temperature lasting many
days during a heatwave can foster a favourable en-
vironment for fires to propagate. The resulting dry
environment and the high temperatures of the heatwave
enhance the probability of fires igniting and, once
started, growing rapidly as they encounter dry, easily
combustible vegetation. Such situations can result in
an overall higher quantity of aerosol emissions than
occurs in the absence of heatwaves. An example of this
is shown in Figure 4, where results from the National
Aeronautics and Space Administration (NASA) Modern-
Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2) reanalysis show that a lengthy
heatwave in September 2022 (Figure 4(a)) correlated
with anomalously high levels of biomass burning across
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the north-western United States (Figure 4(b)), leading
to unhealthy air quality across much of the region, as
reported by the United States Environmental Protection
Agency (EPA) (Figure 4(c)).

Turning to the example from Europe, two types of
heatwaves typically occur over Europe: the heat dome
and the southerly flow. In the latter case, heatwaves
often occur in the presence of intrusions of desert
dust particles coming from North African deserts.
Here, the cause/effect role is mostly the opposite
of the forest fire case: when the circulation pattern
fosters the intrusion of desert dust over Europe, the
temperature increases because of hot air intruding from
the desert regions. A positive feedback mechanism
could be envisaged too: the dry and hot atmosphere
contributes to the desertification processes over Europe,
potentially increasing the presence of crustal aerosols
over European countries.

(b) Black carbon emission from fires, 12 September 2022
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Figure 4. (a) The NASA MERRA-2 atmospheric reanalysis shows a high frequency of heatwave conditions across the western USA for
September 2022. The heatwave occurrence across the north-western USA corresponds with high emissions from wildfires (b). These
conditions resulted in unhealthy air quality conditions across much of the region, as shown in data from the United States EPA (c).

Source:NASA Goddard Space Flight Center (SFC), Global Modeling and Assimilation Office (GMAO); United States EPA



Figure 5 shows a heatwave affecting Europe during
the second half of August 2022, perfectly showcasing
the link with desert dust intrusions. The long-last-
ing anomaly in temperature reported by Copernicus
Climate Change Service (Figure 5(a)) is associated
with a corresponding anomaly in the amount of dust
(quantified by a metric known as Dust Optical Depth),
compared to the dust climatological mean provided
by the Barcelona Supercomputing Center (Figure 5(b))
(Di Tomaso et al., 2022). (It is worth noting that this
dust anomaly was forecasted using the Sand and Dust
Storm Warning Advisory and Assessment System
multi-model ensemble.) Even though desert dust intru-
sions over the Mediterranean and Europe are common
in August, this event was anomalously higher in terms
of overall dust amount. Aerosol observations were
collected for the period and for the region through several
platforms such as the ground-based Aerosol Robotic

(a) Surface air temperature anomaly for August 2022
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Network (AERONET), and the space-based MODIS and
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO). Figure 5(c) shows the anomalous
aerosol loading observed in aerosol profiles retrieved at
the ACTRIS-EARLINET station in Potenza, ltaly, where
anomalous high aerosol content was observed in the
3-6 km above sea level altitude range.

The coincidence of high temperature and high aerosol
amounts, and therefore PM content, could affect human
health and well-being. It is known that high temperature
is a risk factor for elderly populations as it can cause,
for example, heatstroke and can also worsen chronic
conditions such as cardiovascular disease and respiratory
disease (NIEHS, 2022). Therefore, the coincidence of
high temperature and high levels of PM (such as from
forest fires or desert dust) poses dangerous health risks
for a large part of the population.

(c) Aerosol content anomaly
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Figure 5. (a) Climatological analysis shows anomalies in surface air temperature for August 2022 over all of Europe, associated with an anom-
alous intrusion of desert dust in the second half of the month (b) from northern Africa, crossing the Mediterranean Sea and reaching eastern
Europe. This desert dust intrusion produced observed aerosol content well above climatological averages over the central Mediterranean Sea
and eastern Europe (c). The aerosol backscatter profiles in (c) correspond to the yellow points in (b). Aerosol backscatter indicates the extent
to which aerosol particles presentin the atmosphere scatter solar radiation, and depends on aerosol characteristics (such as composition and

dimension) and abundance.

Sources:

(a) Copernicus Climate Change Service/ECMWF
(b) Barcelona Supercomputing Center

(c) Consiglio Nazionale delle Ricerche, Istituto di Metodologie per I'Analisi Ambientale (CNR, IMAA)/Aerosol, Clouds and Trace Gases Research
Infrastructure-European Aerosol Research Lidar Network (ACTRIS-EARLINET)



The effect of heatwaves on ground-level
ozone across Europe

James Lee, Beth Nelson, Will Drysdale, Sam Wilson

Although ozone is beneficial at very high altitudes, where
it protects the planet from harmful ultraviolet radiation,
itis damaging at ground level where exposure to high
concentrations of ozone is hazardous to vegetation
and human health. There is a strong link between
the occurrence of heatwave events and high levels of
ground-level ozone. During the July 2022 heatwave

observed across Europe, hundreds of air quality mon-
itoring sites exceeded the World Health Organization’s
ozone air quality guideline level of 100 ug m=3 for an
8-hour exposure (WHO, 2021). These exceedances first
occurred in the south-west of Europe, later spreading
to central Europe and finally reaching the north-east
(Figure 6), following the spread of the heatwave across
the continent.

Ground-level ozone is created through complex chem-
ical reactions involving nitrogen oxides (NO and NO,,
collectively known as NO, ) and reactive volatile organic
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Figure 6. Ozone (0,) exceedances and temperature anomalies across urban sites in Europe between 10 and 21 July 2022. The WHO 0, guidelines
are exceeded when the maximum daily 8-hour ozone concentration (MDA8-03) is greater than 100 g m=3. Temperature anomaly has been cal-
culated as the difference in daily maximum temperature from the median of the daily maximum temperature during the 2022 northern hemisphere

summer (June—August) at a given location.

Source: Surface ozone observational data are available from the UK Department for Environment Food and Rural Affairs (DEFRA) (https://uk-air.
defra.gov.uk/) and the European Environment Agency (EEA) (https://www.eea.europa.eu/themes/air/explore-air-pollution-data). Modelled
temperature surface data was downloaded from the Copernicus Climate Change Service (2023) (https://doi.org/10.24381/cds.adbb2d47)
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compounds (VOCs), the latter being emitted by plants or
by burning fossil fuels or being associated with industrial
activity (Figure 7). Ozone is invisible but it typically forms
in a polluted environment containing visible PM. The
brownish haze observed in such environments is known
as photochemical smog due to the role of sunlight in
initiating the chemical reactions that create it. As ozone
formation is heavily dependent on sunlight and high
concentrations of its precursor chemical species, the hot
and stagnant conditions created during heatwave events
exacerbate ozone production by facilitating the build-up
of highly reactive chemical species over several days.
Hotter ambient temperatures also lend themselves to
increased rates of atmospheric chemical reactivity that
lead to increased ozone formation (Gouldsbrough et al.,
2022). In addition, high temperatures lead to increased
emissions of VOCs from plants, which are highly reactive
and participate heavily in ozone formation (Pusede et al.,
2015). These biogenic VOCs are often the key drivers of
ozone formation during heatwave events.

Over the past few decades, pollution reduction strat-
egies targeting vehicle and power plant emissions

have successfully led to reductions in NO, across the
northern hemisphere. However, the processes leading
to ozone formation are non-linear, meaning that simply
reducing NO, without sufficiently reducing VOCs does
not necessarily lead to a reduction in ozone. In fact, in
many cases the reverse is true, and reductions in NO,
without sufficient VOC reductions can lead to increased
ozone formation, a phenomenon observed in many urban
centres globally during the COVID-19 lockdowns (Sokhi
etal., 2021). When heatwave events are also added to the
mix, even very large reductions in NO, may not offset the
impact of heatwaves on the rates of ozone formation. In
regions where levels of anthropogenic VOCs dominate,
only large reductions in the emissions of anthropogenic
VOCs alongside reductions in NO, emissions may be
enough to offset the impact of increased biogenic VOC
emissions and the pollutant build-up created by hot and
stagnant heatwave events. Over time, the frequency of
extreme weather events, including heatwaves, is likely
to increase due to climate change. This may lead to
increased ozone health limit exceedances if pollution
abatement strategies are notimplemented and managed
effectively (WMO Air Quality and Climate Bulletin, No. 2).
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Figure 7. Ground-level ozone (0,) is formed from the photochemical reactions (chemical reactions in sunlight) of NO, and VOCs. Hot, stagnant
conditions (right) lead to pollutant build-up, faster photochemistry and increased ozone production.

Source: University of York and National Centre for Atmospheric Science (Department of Chemistry), United Kingdom of Great Britain and

Northern Ireland
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Fire emissions are an important source
of atmospheric nitrogen deposition to
downwind ecosystems

John Walker, Jeremy Schroeder, Patrick Campbell, Rick Saylor

Fire, also referred to as biomass burning, emits large
quantities of nitrogen (N) compounds (along with carbon,
mercury, and many other chemical species) to the
atmosphere (Andreae, 2019; Bray et al., 2021). These
N-containing particles and gases, which include nitrogen
oxides (NO, ), ammonia (NH,) and organic N compounds,
travel downwind where a portion returns to the Earth’s
surface in the form of wet and dry deposition. While

N deposition can have a beneficial fertilizing effect,
many areas around the world receive N deposition at
rates that negatively impact ecosystem health and,
subsequently, the quality of services that ecosystems
provide to humans (such as biodiversity, clean drinking
water, food and forest products, and carbon storage).
Fires and associated deposition can also alter the N cycle
in soils (Goodridge et al., 2018) which can increase soil
emissions of nitrogen oxide (NO), a precursor to air
pollutants including ozone and PM, as well as nitrous
oxide (N,0), a potent greenhouse gas. Fires, which are
largely human-caused (WWF and BCG, 2020), occur
in all major biomes around the globe (van Wees et al.,
2022) (Figure 8).
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Figure 8. Global map of major biomes (upper panel) (Source: Olson et al, 2001), along with 2022 fire occurrence as detected from space by the
MODIS and the Visible Infrared Imaging Radiometer Suite (VIIRS) instruments (lower panel) (Source: United States EPA/Office of Research

and Development)
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Figure 9. The 2020 annual average ratio of total N deposition (kg ha' year™') to a low-end critical load (CL) ~3 kg ha~" year~! for a model simu-
lation case without fires (NOF; left) and with fires (ALLF; right). Ratios > 1 in the colour scale indicate exceedance of the CL, which can result
in adverse effects on lichen communities found in Californian mixed conifer forests and some scrub species. The simulations included 24 land
use types, including deciduous broadleaf forest, deciduous needle leaf forest, evergreen broadleaf, evergreen needleleaf, other mixed forest,

grasslands, shrublands, savanna and croplands.

Source:National Oceanic and Atmospheric Administration (NOAA)/Air Resources Laboratory and George Mason University under the Cooperative

Institute for Satellite Earth System Studies (CISESS)

Recent studies (Koplitz et al., 2021; Campbell et al.,
2022) highlight the importance of fire as a large, yet
poorly understood, source of N deposition to down-
wind ecosystems. For example, Figure 9 (adapted from
Campbell et al., 2022) shows that the George Mason
University-Wildfire Forecasting System (GMU-WFS) mod-
el predicted a significant increase in total N deposition
compared to a critical load threshold in California, due
to the historic 2020 wildfire season in the United States.
Critical loads are the levels of deposition above which
harmful ecosystem effects can occur. In the Campbell
et al. (2022) study, biomass burning dramatically in-
creased total N deposition to major natural vegetation
types across California, with an average August-October
2020 relative N deposition increase of ~78% (from 7.1
to 12.6 kg N ha~' year™"). The increase in deposition
to mixed forests was even larger (~173%, from 6.2 to
16.9 kg N ha~' year™'). Biomass burning-related N dep-
osition was ~6-12 times larger than low-end critical
load thresholds for major natural vegetation types
(for example, forests at 1.5-3 kg N ha~' year™") (Figure 9).
The high rates of N deposition in the San Joaquin
Valley and Los Angeles area seen in the “no fire (NOF)”
simulation are associated with ubiquitous enhancements
in agricultural and mobile sector emissions, respectively.
These regions are typical of high N deposition under
both active and quiescent fire conditions; however,

critical load thresholds for different ecosystem types
may be different in these regions.

In another study of N deposition from biomass burning
across the United States, Koplitz et al. (2021) showed
that fires may have contributed as much as 30% of
total N deposition during 2008-2012 across areas
of the north-west. Deposition occurred at ecologi-
cally significant amounts (> 0.5 kg ha' yr") across
> 4 million hectares. Ecological modelling of tree
growth predicted a range of responses, from a positive
fertilization effect to negative species-specific responses
in survival and growth.

Several predicted climate trends may influence the oc-
currence of wildfires over the coming decades, including
global increases in temperature and regional increases in
the frequency and intensity of heatwaves and droughts
(IPCC, 2014). A consensus is emerging that these trends
are very likely to increase the frequency and severity of
wildfires in many areas across the globe (IPCC, 2022;
Smith et al., 2020; Baker, 2022), with potentially serious
ramifications for enhanced downwind N deposition and
associated impacts. An integrated effort of observation
and modelling is needed to better understand the role
of fire in N deposition and the resulting ecosystem
exposure and impacts.



Interactions of agriculture and air quality

Frank Dentener, Gina Mills, Katrina Sharps, Arlindo da Silva,
Ward Smith, Matthew Hort

Intensification of agriculture affects the environment in
various ways: it enhances inputs of nutrients and chem-
icals into soils, watersheds and oceans, and increases
emissions of greenhouse gases and air pollutants. On
the other hand, air pollution can affect crops and food
production. Two WMO reports focusing on ozone and
PM elucidate the numerous interactions between crops,
meteorological processes and air pollution, and the
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need for comprehensive observational and modelling
infrastructures (WMO, in press-a, in press-b).

Ozone concentrations are high in many of the world’s
most important agricultural regions. Ozone can reduce
both the quantity and quality of yield of staple food
crops (Figure 10). The mechanisms of ozone damage are
relatively well understood, and robust impact indicators
have been developed for several crops (Mills et al.,
2017). Globally, ozone-induced crop losses average
4.4%-12.4% for staple food crops, with wheat and soy-
bean losses as high as 15%-30% in key agricultural areas
of India and China (Figure 10). While in recent decades
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Figure 10. Yield losses [%] of wheat (upper map) and soybean (lower map) due to ozone for 2010-2012. The scatterplots show decrease in wheat
(upper) and soybean (lower) yield as a function of 7-hour mean ozone concentration (in parts per billion (ppb), 90-day mean representing the
main growing season for each crop). Data was combined from experiments conducted in Asia, North America and Europe with 18 wheat varieties

and 52 soybean varieties
Source: Mills et al., 2018



emission controls have reduced ozone pollution in North
America and Europe, in emerging economies ozone
concentrations are rising (Szopa et al., 2021), and may
keep rising unless emissions are strongly abated. In the
coming decades, the expected increase of methane will
contribute to enhanced ozone formation. Improvements
in livestock feeding, manure management, and cropping
practices could substantially reduce global methane
emissions and therefore contribute to improvements
in crop yield.

Agricultural activities are an important contributor to the
emission and formation of PM. Storage and spreading of
farmyard manure and application of mineral fertilizer can
lead to the formation of particulate ammonium nitrate.
Land clearing and the burning of crop residues lead
to extremely high PM pollution downwind. In regions
where aerosol concentrations are high, PM can affect
stomatal functioning and plant metabolic processes.
PM also changes the solar radiation used by plants,
altering ground-level temperatures and changing rainfall
patterns and amounts. Available studies estimate both
positive and negative impacts of PM on crop vyields,
but reliable estimates of integrated impacts on crop
production do not yet exist. From a health perspective,
there is a pressing need to reduce PM air pollution,
which is causing 4.14 million deaths annually (Fuller
et al., 2022) however the resulting benefits or trade-offs
for crops are not yet known.

The numerous interactions of air quality and agricul-
ture deserve more attention from both science and
policy. With the prospect of increasing heatwaves from
climate change, and growing demand for food and
feed, understanding those interactions will become
even more critical. An integrated multi-disciplinary
approach involving monitoring in agricultural areas,
crop exposure experiments, modelling and analysis is
needed in order to assess the impacts of pollution on
agricultural production, and to enable scientifically-based
policies for improving air quality and reducing losses
in agricultural production.

Meteorology and atmospheric flux
of urban forested canopies: Implications
for air quality and climate

Polari Batista Corréa, Giuliano Maselli Locosselli, Noele Franchi
Leonardo, Mario Gavidia-Calderon, Edmilson Dias de Freitas,
Maria de Fatima Andrade, K. Heinke Schliinzen, Ranjeet S. Sokhi

Urban areas often consist of buildings and infrastructure
reaching heights of 100 m or more, which influence
wind and temperature patterns. To understand how
heat dissipates and atmospheric gases mix in a city,
the “canopy layer”, which is ~1.5 m above ground, is
often studied and compared against nearby rural areas.
Typically, canopy layer air temperatures are enhanced
in urban areas compared to surrounding rural areas at
night-time. This effect is usually referred to as the urban
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heat island (UHI). The magnitude of differences varies
with many factors, but may reach up to 9 °C. This effect
combines with climate change and has many impacts
including: additional heat stress at night, influences on
the atmospheric boundary layer height and, in turn, the
atmospheric chemistry, and changes in plant growth
and the pollen season, which can have ecological and
health effects, respectively.

A new WMO report (Guidance on Measuring, Modelling
and Monitoring the Canopy Layer Urban Heat Island
(CL-UHI) (WMO-No. 1292)) provides the scientific
fundamentals to understand the evolution of the CL-
UHI and makes wide-ranging recommendations on
characterizing it through measurements and modelling.
The CL-UHI effect is important to monitor because large
portions of the population live and/or work in cities, and
exposure to high temperatures can increase morbidity
and mortality, especially during heatwaves and at night.
Examples of recommendations provided in the report
focus not only on measuring temperature and winds
strategically, but also focus on fluxes, or movement,
of heat and gases upward and downward within the
city. To demonstrate how such temperature and flux
measurements can lead to valuable insights, a study
performed in Sao Paulo, Brazil, is summarized in the
following paragraphs.

The Metropolitan Region of Sao Paulo (RMSP) comprises
39 municipalities with a population exceeding 22 million
inhabitants. Situated in an area characterized by intricate
topography and influenced by the sea breeze, this
region presents a unique case for investigating urban
temperatures and thus the UHI effect. Considering the
rapid growth of urban areas in the tropics, it is crucial
to recognize the potential implications of UHI effects
in these regions.

As the study of the urban canopy layer has evolved,
more attention has been given to the role of vegetation
as a nature-based solution to address heat islands
and CO, emissions, and to aid in the mitigation of
the impact of cities as sources of greenhouse gases.
Vegetation plays a crucial role in reducing UHI effects
through various mechanisms. For example, vegetation
can lower surface temperatures by providing shade,
intercepting solar radiation and facilitating evaporative
cooling, thereby locally reducing the UHI intensity.
Recognizing the significance of monitoring CO, flux and
concentrations in urban areas worldwide, measurements
are being collected in two vegetated areas in Sao Paulo:
an urban park, “Parque do Ibirapuera” (hereinafter
“Ibira” Park, covering an area of 1.58 km?2) and “Parque
do Ipiranga” (hereinafter “PEFI”, covering an area of
4.76 km?2). PEFI is a fragment of the Atlantic Forest
located within the urban area of the RMSP, with several
preserved springs and streams, and high biodiversity,
including endangered species. In contrast, |bira Park
includes a range of green cover and amenities such as
a cycling path, 13 illuminated sports courts, running
tracks, promenades, resting areas and open spaces
for concerts. Additionally, the park is home to public
buildings and museums.


https://library.wmo.int/index.php?lvl=notice_display&id=22236
https://library.wmo.int/index.php?lvl=notice_display&id=22236
https://library.wmo.int/index.php?lvl=notice_display&id=22236

Figure 11 illustrates the spatial distribution of surface
temperature in the city of Sdo Paulo during the early
afternoon. The surface temperature depicted in the
figure is derived from data acquired by the Landsat 8
satellite. The figure clearly shows higher temperatures
in the urban areas compared to surrounding areas.
However, within the urban areas, sharp differences in
temperature can be observed.

For both air quality and climate impact studies, flux
measurements are crucial for understanding the phys-
io-chemical processes of chemical species such as
carbon emissions and sinks and for evaluating emissions
inventories. Diverse green areas contribute to the sur-
rounding climate balance and air quality. Figure 12(a)
illustrates, with hourly observations for January 2023,
that the positive flow of CO, is directly influenced by
anthropogenic processes occurring in the location at a
given time of day (such as the traffic that releases CO,),
while the negative flow of CO, is related to absorption
by the vegetation. The differences between the parks
are directly related to their size, distinct land use, the
height at which the measurements were taken and
extent of the canopy cover.

Air temperature measured from November 2022 to the
end of April 2023 in both parks (PEFI and Ibira) is compared
to data from an air quality station of the Companhia
Ambiental do Estado de Sdo Paulo (CETESB) network in
an urbanized area in the city, as shown in Figure 12(b). The
temperature is higher in PEFI, as the denser vegetation
causes a difference in thermal capacity compared to Ibira.
The largest difference between the two can be seen in
the early morning (between 0500 and 0700, local time)
and in the early afternoon (between 1300 and 1600, local
time). In Ibira, the measurements are performed at higher
altitudes than in PEFI. However, both Ibira and PEFI are
considered cool islands within the city of Sao Paulo
compared to their surroundings. These green islands are
essential for the well-being of the population, as they
not only cool the air but also provide various ecosystem
services, including atmospheric carbon uptake.
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Figure 11. Land surface temperature (°C) for the RMSP, on 23 September
2015, at 1304 local time

Source: Institute of Astronomy, Geophysics and Atmospheric Sciences,
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Conclusions

This third edition of the WMO Air Quality and Climate
Bulletin examines the numerous ways in which heat-
waves can affect air quality, with some examples from
2022. While large fire events and desert dust storms
were less prevalent overall, as compared to previous
years, many local fires and storms of this nature still
occurred, leading to large quantities of aerosols or
PM impacting highly-populated regions. Heatwaves
leading to fires in the western United States, and heat-
waves accompanied by desert dust intrusions across
Europe, led to dangerous levels of PM exposure. Both
high temperatures and large concentrations of PM,
as occurred in these two very different events from
2022, can pose substantial health risks, especially to
vulnerable populations.
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Figure 12. (a) Comparison of carbon flux and (b) temperature in Ibira Park (in pink) and PEFI (in green). In (a), flux values above zero indicate emission
of C02, whereas values below zero indicate absorption of CO,. In (b), the temperature measured at downtown S&o Paulo is also displayed (in grey).

Source: Center for Nuclear Energy in Agriculture, University of Sdo Paulo



Heatwaves also influence gas-phase chemical reactions,
most often leading to increased concentrations of ozone,
the other main air pollutant of concern alongside PM. This
was exhibited in the heatwave that impacted almost all of
Europe in July 2022. During that heatwave, temperature
anomalies and ozone exceedances, which were above
the safe threshold set by WHO, were observed, in
near-perfect coordination, as the heatwave moved over
the continent over 10 days. The underlying chemical
reactions and emissions of compounds that determine
ozone concentrations are well understood, so meas-
ures to control emissions and lessen the population’s
exposure to the air pollutant are particularly beneficial
under heatwave conditions.

Atmospheric deposition of nitrogen-containing com-
pounds downwind of fires and its impact on ecosystems,
a phenomenon that will increase with warming climate
and heatwaves, was also explored. N deposition from
fires has been poorly understood previously; however,
through two new model-based studies, it has been
quantified for certain regions of the United States. In
California and the north-west United States, fires were
found to contribute large proportions of N deposition
in several natural ecosystems, often exceeding critical
load thresholds and negatively impacting biodiversity,
clean drinking water, and even air quality via emissions
that lead to further air pollution.

The present Bulletin summarized two WMO reports
that explore in depth the linkages between agriculture
and air quality. The two main air pollutants, ozone and
PM, play complex roles: both affect agriculture and
are in turn affected by agricultural practices. While
ozone is known to be harmful to crops, the effect of
PM on plants is mixed, as PM impacts solar radiation,
temperatures, rainfall and growth processes, which can
be both beneficial and detrimental. Crop losses due to
ozone have been quantified globally, with examples of
wheat and soybean provided in the present Bulletin.
However, the net influence of PM on crops is unknown,
emphasizing the importance of further observations
and studies to understand how air quality policies will
affect food production and vice versa.

Finally, the present Bulletin concluded with an overview of
how urban environments impact air quality and climate. A
new WMO report, Guidance on Measuring, Modelling and
Monitoring the Canopy Layer Urban Heat Island (CLUHI)
(WMO-No. 1292), examines current understanding in this
domain and the need for better assessing the canopy
layer urban heat island and the contrasts in temperature
between urban and rural settings slightly above the
surface (~1.5 m), where human health is most directly
affected. Observations of the type suggested by the
report were recently collected in Sao Paulo, Brazil: both
temperature and CO, measurements from two parks
indicated that the urban heat island effect is reduced
and CO, emissions are partly mitigated by incorporating
more green spaces within cities, pointing to the benefits
of nature-based solutions for climate change.

12

References

Andreae, M. O. Emission of Trace Gases and Aerosols
from Biomass Burning — An Updated Assessment.
Atmospheric Chemistry and Physics 2019, 19,
8523-8546. https://doi.org/10.5194/acp-19-8523-2019.

Baker, S. J. Fossil Evidence that Increased Wildfire Activity
Occurs in Tandem with Periods of Global Warming in
Earth’s Past. Earth-Science Reviews 2022, 224.
https://doi.org/10.1016/j.earscirev.2021.103871.

Bray, C. D.; Battye, W. H.; Aneja, V. P. et al. Global
Emissions of NH;, NOx, and N,O from Biomass
Burning and the Impact of Climate Change. Journal
of the Air & Waste Management Association 2021,

71 (1), 102-114. https://doi.org/10.1080/10962247.2020.
1842822.

Campbell, P. C.; Tong, D.; Saylor, R. et al. Pronounced
Increases in Nitrogen Emissions and Deposition Due
to the Historic 2020 Wildfires in the Western U.S.
Science of the Total Environment 2022, 839.
https://doi.org/10.1016/j.scitotenv.2022.156130.

Di Tomaso, E.; Escribano, J.; Basart, S. et al. The
MONARCH High-resolution Reanalysis of Desert
Dust Aerosol over Northern Africa, the Middle East
and Europe (2007-2016). Earth System Science Data
2022, 14, 2785-2816. https://doi.org/10.5194essd-
14-2785-2022.

Fuller, R.; Landrigan, P. J.; Balakrishnan, K. et al. Pollution
and Health: A Progress Update. The Lancet Planetary
Health 2022, 6, e535-e547. https://doi.org/10.1016/
S$2542-5196(22)00090-0.

Goodridge, B. M.; Hanan, E. J.; Aguilera, R. et al.
Retention of Nitrogen Following Wildfire in
a Chaparral Ecosystem. Ecosystems 2018, 21,
1608-1622. https://doi.org/10.1007/s10021-018-0243-3.

Gouldsbrough, L.; Hossaini, R.; Eastoe, E. et al. A
Temperature Dependent Extreme Value Analysis of
UK Surface Ozone, 1980-2019. Atmospheric
Environment 2022, 273. https://doi.org/10.1016/].
atmosenv.2022.118975.

Intergovernmental Panel on Climate Change (IPCC).
Climate Change 2014: Synthesis Report. Contribution
of Working Groups I, Il and Il to the Fifth Assessment
Report of the Intergovernmental Panel on Climate
Change. Core Writing Team; Pachauri, R. K.;

Meyer, L. A., Eds; IPCC: Geneva, 2014. https:/www.
ipcc.ch/report/arb/syr/.

Intergovernmental Panel on Climate Change (IPCC).
Climate Change and Land: An IPCC Special Report on
Climate Change, Desertification, Land Degradation,
Sustainable Land Management, Food Security, and
Greenhouse Gas Fluxes in Terrestrial Ecosystems;
Masson-Delmotte, V.; Zhai, P.; Portner, H.-O., Eds.;
Cambridge University Press, 2022. https://doi.org/
10.1017/9781009157988.

Koplitz, S. N.; Nolte, C. G.; Sabo, R. D. et al. The
Contribution of Wildland Fire Emissions to
Deposition in the US: Implications for Tree Growth
and Survival in the Northwest. Environmental
Research Letters 2021, 16. https://doi.org/10.1088/
1748-9326/abd26e.


https://library.wmo.int/index.php?lvl=notice_display&id=22236
https://library.wmo.int/index.php?lvl=notice_display&id=22236
https://doi.org/10.5194/acp-19-8523-2019
https://doi.org/10.1016/j.earscirev.2021.103871
https://doi.org/10.1080/10962247.2020.1842822
https://doi.org/10.1080/10962247.2020.1842822
https://doi.org/10.1016/j.scitotenv.2022.156130
https://doi.org/10.5194/essd-14-2785-2022
https://doi.org/10.5194/essd-14-2785-2022
https://doi.org/10.1016/S2542-5196(22)00090-0
https://doi.org/10.1016/S2542-5196(22)00090-0
https://doi.org/10.1007/s10021-018-0243-3
https://doi.org/10.1016/j.atmosenv.2022.118975
https://doi.org/10.1016/j.atmosenv.2022.118975
https://www.ipcc.ch/report/ar5/syr/
https://www.ipcc.ch/report/ar5/syr/
https://doi.org/10.1017/9781009157988
https://doi.org/10.1017/9781009157988
https://doi.org/10.1088/1748-9326/abd26e
https://doi.org/10.1088/1748-9326/abd26e

Mills, G.; Harmens, H.; Hayes, F. et al. Chapter Il -
Mapping Critical Levels for Vegetation.

ICP Vegetation Programme Coordination Centre,
Centre for Ecology and Hydrology: United Kingdom,
2017. https://icpvegetation.ceh.ac.uk/
chapter-3-mapping-critical-levels-vegetation.

Mills, G.; Sharps, K.; Simpson, D. et al. Closing the Global
Ozone Yield Gap: Quantification and Co-benefits for
Multistress Tolerance. Global Change Biology 2018,
24 (10), 4869-4893. https://doi.org/10.1111/gcb.14381.

National Institute of Environmental Health Sciences
(NIEHS). Temperature-related Death and lliness.
2022. https://www.niehs.nih.gov/research/programs/
climatechange/health_impacts/heat/index.cfm.

Olson, D. M.; Dinerstein,E.; Wikramanayake, E. D. et al.
Terrestrial Ecoregions of the World: A New Map of
Life on Earth: A New Global Map of Terrestrial
Ecoregions Provides an Innovative Tool for
Conserving Biodiversity. BioScience 2004, 51,
933-938. https://doi.org/10.1641/0006-3568(2001)051
[0933:TEOTWA]2.0.CO;2.

Pusede, S. E.; Steiner, A. L.; Cohen, R. C. Temperature
and Recent Trends in the Chemistry of Continental
Surface Ozone. Chemical Reviews 2015, 115 (10),
3898-3918. https://doi.org/10.1021/cr5006815.

Smith, A. J. P;; Jones, M. W.; Abatzoglou, J. T. et al.
Climate Change Increases the Risk of Wildfires. In
Critical Issues in Climate Change Science.

Le Quéré, C,; Liss, P,; Forster. P., Eds.; Science Brief
Review: September 2020 Update. https://doi.org/
10.5281/zen0do0.4570195.

Sokhi, R. S.; Singh, V.; Querol, X. et al. A Global
Observational Analysis to Understand Changes
in Air Quality During Exceptionally Low
Anthropogenic Emission Conditions. Environment
International 2021, 157. https://doi.org/10.1016/].
envint.2021.106818.

Szopa, S.; Naik, V.; Adhikary, B. et al. Short-Lived Climate
Forcers. In Climate Change 2021: The Physical

Acknowledgements and links

James Lee and Will Drysdale (contributing authors) were
supported by the United Kingdom National Centre for
Atmospheric Science.

Owen R. Cooper (Editorial Board) was supported by
NOAA cooperative agreement NA220AR4320151.

The support of Dr Michail Mytilinaios in the preparation
of Figure 5(b) and (c) is kindly acknowledged.

The data related to vegetated areas in the Metropolitan
Region of Sao Paulo comes from two projects funded by
FAPESP (Sao Paulo Research Foundation), METROCLIMA
(2016/18438-0) and Functional Forests (2019/08783-0).

The MERRA-2 reanalysis output is produced by the
NASA Global Modeling and Assimilation Office (GMAO)

Science Basis. Contribution of Working Group |

to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change.
Masson-Delmotte, V.; Zhai, P; Pirani, A. et al. Eds.;
Cambridge University Press: Cambridge, UK and
New York, USA, 2021. https://www.ipcc.ch/report/
ar6/wg1/chapter/chapter-6/.

van Wees, D.; van der Werf, G. R.; Randerson, J. T. et al .
Global Biomass Burning Fuel Consumption and
Emissions at 500 m Spatial Resolution Based on the
Global Fire Emissions Database (GFED). Geoscientific
Model Development 2022, 15, 8411-8437. https://doi.
org/10.5194/gmd-15-8411-2022.

World Health Organization (WHO). WHO Global Air
Quality Guidelines: Particulate Matter (PM2_5 and
PM,O), Ozone, Nitrogen Dioxide, Sulfur Dioxide and
Carbon Monoxide; WHO: Geneva, 2021. Licence:

CC BY-NC-SA 3.0 IGO. https://www.who.int/
publications/i/item/9789240034228.

World Meteorological Organization (WMO). WMO Air
Quality and Climate Bulletin, No. 2;

WMO: Geneva, 2022.

World Meteorological Organization (WMO). Guidance on
Measuring, Modelling and Monitoring the Canopy
Layer Urban Heat Island (CL-UHI) (WMO-No. 1292).
Geneva, 2023.

World Meteorological Organization (WMO). The Impacts
of Tropospheric Ozone Pollution on Crop Yield:
Mechanisms, Quantification and Options for
Mitigation; WMO: Geneva, in press-a.

World Meteorological Organization (WMO). The Impacts
of Particulate Matter on Crop Yield: Mechanisms,
Quantification and Options for Mitigation; WMO:
Geneva, in press-b.

World Wide Fund for Nature (WWF); Boston Consulting
Group (BCG). Fires, Forests and the Future: A Crisis
Raging out of Control?; 2020. https://wwfeu.
awsassets.panda.org/downloads/wwf_fires_forests_
and_the_future_report.pdf.

using NASA High-End Computing resources provided
by the NASA Center for Climate Simulation (NCCS)
at the NASA Goddard Space Flight Center. MERRA-2
products are freely available at https://disc.gsfc.nasa.
gov/datasets?project=MERRA-2.

Data from the United States EPA are available at https://
files.airnowtech.org/?prefix=airnow/2022/20220912/.

ACTRIS Level 3 data product provision was supported
by the European Union’s Horizon 2020 research and in-
novation programme under grant agreement No. 654109
and No. 871115.

The views expressed in this Bulletin are those of the authors
and do not necessarily represent the views or policies of
the institutions with which its authors are affiliated.


https://icpvegetation.ceh.ac.uk/chapter-3-mapping-critical-levels-vegetation
https://icpvegetation.ceh.ac.uk/chapter-3-mapping-critical-levels-vegetation
https://doi.org/10.1111/gcb.14381
https://www.niehs.nih.gov/research/programs/climatechange/health_impacts/heat/index.cfm
https://www.niehs.nih.gov/research/programs/climatechange/health_impacts/heat/index.cfm
https://doi.org/10.1641/0006-3568(2001)051%5b0933:TEOTWA%5d2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051%5b0933:TEOTWA%5d2.0.CO;2
https://doi.org/10.1021/cr5006815
https://news.sciencebrief.org/wildfires-sep2020-update
https://doi.org/10.5281/zenodo.4570195
https://doi.org/10.5281/zenodo.4570195
https://doi.org/10.1016/j.envint.2021.106818
https://doi.org/10.1016/j.envint.2021.106818
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-6/
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-6/
https://doi.org/10.5194/gmd-15-8411-2022
https://doi.org/10.5194/gmd-15-8411-2022
https://www.who.int/publications/i/item/9789240034228
https://www.who.int/publications/i/item/9789240034228
https://library.wmo.int/index.php?lvl=notice_display&id=22124
https://library.wmo.int/index.php?lvl=notice_display&id=22124
https://library.wmo.int/index.php?lvl=notice_display&id=22236
https://library.wmo.int/index.php?lvl=notice_display&id=22236
https://library.wmo.int/index.php?lvl=notice_display&id=22236
https://wwfeu.awsassets.panda.org/downloads/wwf_fires_forests_and_the_future_report.pdf
https://wwfeu.awsassets.panda.org/downloads/wwf_fires_forests_and_the_future_report.pdf
https://wwfeu.awsassets.panda.org/downloads/wwf_fires_forests_and_the_future_report.pdf
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://files.airnowtech.org/?prefix=airnow/2022/20220912/
https://files.airnowtech.org/?prefix=airnow/2022/20220912/

Editorial Board in alphabetical order

Chair — Dr Julie M. Nicely (Member, WMO GAW
Environmental Pollution and Atmospheric Chemistry

Scientific Steering Committee), University of Maryland,
USA, and NASA, USA

Members — Greg Carmichael (Chair, WMO GAW
Environmental Pollution and Atmospheric Chemistry
Scientific Steering Committee), University of lowa, USA;

Peter Colarco (member, WMO GAW Scientific Advisory
Group on Aerosol), Atmospheric Chemistry and
Dynamics Laboratory, NASA Goddard Space Flight
Center, Greenbelt, USA;

Owen R. Cooper (Chair, WMO GAW Scientific Advisory
Group on Reactive Gases), Cooperative Institute for
Research in Environmental Sciences (CIRES,) University
of Colorado Boulder and NOAA Chemical Sciences
Laboratory (CSL), USA;

Frank Dentener (Co-Chair, WMO GAW Scientific
Advisory Group on Applications, member WMO GAW
Measurement-Model Fusion for Global Total Atmospheric
Deposition Initiative), European Commission Joint
Research Centre (JRC) - Institute for Environment and
Sustainability, Ispra, Italy;

Lucia Mona (member, WMO GAW Scientific Advisory
Group on Aerosol), Institute of Methodologies for
Environmental Analysis of the National Research Council
of Italy (CNR), Potenza, Italy;

Vincent-Henri Peuch (Chair, WMO GAW Scientific
Advisory Group on Applications), Director of Copernicus
Atmosphere Monitoring Service (CAMS), European
Centre for MediumRange Weather Forecasts (ECMWF)
(Reading, UK; Bonn, Germany);

Ranjeet S. Sokhi (Chair, WMO GAW Scientific Advisory
Group on Urban Research Meteorology and Environment),
University of Hertfordshire, United Kingdom;

John Walker (Co-Chair, WMO GAW Scientific Advisory
Group on Total Atmospheric Deposition), United States
Environmental Protection Agency, Durham, USA.

Contacts

World Meteorological Organization

Atmospheric Environment Research Division

Science and Innovation Department,

Geneva, Switzerland

Email: gaw@wmo.int

Website: https:/community.wmo.int/activity-areas/gaw

All authors in alphabetical order

Maria de Fatima Andrade, Instituto de Astronomia,
Geofisica e Ciéncias Atmosféricas (IAG), Universidade
de Sao Paulo (USP), Brazil; Polari Batista Corréa, Divisao
de Funcionamento de Ecossistemas Tropicais, Centro
de Energia Nuclear na Agricultura (CENA), USP, Brazil;
Patrick Campbell, George Mason University, Center for
Spatial Information Science and Systems, and NOAA,
Air Resources Laboratory (ARL), USA; Peter Colarco,
Atmospheric Chemistry and Dynamics Laboratory, NASA
Goddard Space Flight Center, USA; Arlindo da Silva,
NASA Goddard Space Flight Center, Global Modeling
and Assimilation Office, USA; Frank Dentener, European
Commission, Joint Research Centre, Ispra, Italy; Will
Drysdale, University of York, UK; Johannes Flemming,
ECMWEF, Reading, UK and Bonn, Germany; Noele Franchi
Leonardo, IAG, USP, Brazil; Edmilson Dias de Freitas, IAG,
USP, Brazil; Mario Gavidia-Calderon, IAG, USP, Brazil;
Matthew Hort, Met Office, UK; James Lee, University
of York, UK; Giuliano Maselli Locosselli, Divisao de
Funcionamento de Ecossistemas Tropicais, CENA, USP,
Brazil; Gina Mills, UK Centre for Ecology and Hydrology
(UKCEH), Environment Centre Wales (ECW), UK, and
Department of Biological and Environmental Science,
University of Gothenburg, Sweden; Lucia Mona, Istituto
di Metodologie per I’Analisi Ambientale, Consiglio
Nazionale delle Ricerche, Italy; Beth Nelson, University
of York, UK; Julie Nicely, University of Maryland, USA,
and NASA Goddard Space Flight Center, USA; Vincent-
Henri Peuch, ECMWF, Reading, UK and Bonn, Germany;
Rick Saylor, NOAA, ARL, USA; K. Heinke Schllinzen,
Meteorologisches Institut, University of Hamburg,
Germany; Jeremy Schroeder, United States EPA, Office
of Research and Development, USA; Katrina Sharps,
UKCEH, ECW, UK; Ward Smith, Ottawa Research and
Development Centre, Agriculture and Agri-Food Canada,
Canada; Ranjeet S. Sokhi, Centre for Climate Change
Research (C3R), University of Hertfordshire, UK; John
Walker , United States EPA, Office of Research and
Development, USA; Sam Wilson, University of York, UK.

JN 231053



mailto:gaw%40wmo.int?subject=
https://community.wmo.int/activity-areas/gaw

	_Hlk140483613
	_Hlk140139388
	_Hlk140497291

