
S
outh A

frican Journal of S
cience

http://www.sajs.co.za                                  S Afr J Sci

Review Article

A
rticle #56

Scientific linkages between climate change and air quality

A review of scientific linkages and interactions between climate 
change and air quality, with implications for air quality 

management in South Africa

Authors: 
Tirusha Thambiran1,2

Roseanne D. Diab2

Affiliations:
1CSIR Natural Resources 
and the Environment, 
Durban, South Africa

2School of Environmental 
Sciences, University of 
KwaZulu-Natal, Westville 
campus, South Africa

Correspondence to:
Tirusha Thambiran

email:
TThambiran@csir.co.za

Postal address: 
CSIR Natural Resources 
and the Environment, PO 
Box 17001, Congella 4013, 
Durban, South Africa

Keywords:
air pollution; air quality 
management; climate 
change; greenhouse gases; 
South Africa; tropospheric 
O3

Dates:
Received: 21 May 2009
Accepted: 15 Jan. 2010
Published: 23 Apr. 2010

How to cite this article:
Thambiran T, Diab RD. 
A review of scientific 
linkages and interactions 
between climate change 
and air quality, with 
implications for air 
quality management in 
South Africa. S Afr J Sci. 
2010;106(3/4), Art. #56, 8 
pages. DOI:10.4102/sajs.
v106i3/4.56

This article is available
at: 
http://www.sajs.co.za

© 2010. The Authors.
Licensee: OpenJournals
Publishing. This work
is licensed under the
Creative Commons
Attribution License.

Vol. 106    No. 3/4     Page 1 of 8

ABSTRACT
In recent years there has been considerable advancement in our scientific understanding of the linkages 
and interactions between climate change and air quality. A warmer, evolving climate is likely to have 
severe consequences for air quality due to impacts on pollution sources and meteorology. Climate-
induced changes to sources of tropospheric ozone precursor gases and to atmospheric circulation are 
likely to lead to changes in both the concentration and dispersion of near-surface ozone that could act 
to offset improvements in air quality. The control of air pollutants through air quality management 
is also likely to impact on climate change, with reductions in ozone, particulate matter and sulphur 
dioxide being of particular interest. The improved understanding of the relationship between air 
quality and climate change provides a scientific basis for policy interventions. After a review of the 
scientific linkages, the potential to include climate change considerations in air quality management 
planning processes in South Africa was examined.

INTRODUCTION
Traditionally, climate change and air pollution have been managed separately and at different spatial 
scales. In recent years, the understanding of the underlying science of air pollution and climate change 
has evolved, revealing that the relationship between these issues extends beyond a commonality of 
sources of emissions, to include air quality management (AQM) impacts on climate change and climate 
change impacts on the concentration and dispersion of air pollutants. In essence, AQM aims to bring 
about a reduction in air pollutants whose radiative properties may directly influence the climate and 
those which impact on the lifetime and concentrations of other greenhouse gases. Furthermore, many 
of the processes that play a role in the chemical composition of the atmosphere are subject to alterations 
due to climate change1 and thus may impact on air quality. 

This paper reviews the scientific linkages and interactions between climate change and air quality, 
focusing, in particular, on tropospheric ozone (O3), as well as its precursor gases of methane (CH4), 
non-methane volatile organic compounds (NMVOCs) and nitrogen oxides (NOx), and particulate matter 
(PM). Both O3 and PM are significant air pollutants, having consequences for human health, and are 
important in climate change. This paper further highlights limitations of frameworks that propose 
independent air quality and climate change policies, suggesting a way forward to incorporate this 
relatively new and emerging understanding of the scientific linkages as a basis for policy change in a 
South African context.

SCIENTIFIC LINKAGES BETWEEN AIR QUALITY
AND CLIMATE CHANGE

The atmospheric emissions released during the combustion of fossil fuels include a variety of emissions 
that range from carbon dioxide (CO2), which is a greenhouse gas associated with climate change, to 
traditional air pollutants such as sulphur dioxide (SO2), NOx, carbon monoxide (CO) and PM, which 
all affect human health and ecosystems. The complex interactions and linkages between pollutants, 
controlling factors and the climate are reviewed here.

Tropospheric O3 

O3 is a naturally occurring gas that is best known for its important role in the stratosphere of preventing 
harmful ultraviolet radiation from reaching the surface of the earth. However, O3 also occurs in the 
troposphere, where it is a secondary pollutant, produced as a result of photochemical reactions involving 
NOx and peroxy radicals formed during the oxidation of CO, CH4 and NMVOCs.2 

Tropospheric O3 concentrations have been found to be highly variable over time and space. Concentrations 
are dependent on emissions of its precursor gases and the transport of O3-rich air masses. There is strong 
evidence that photochemical O3 formation has been enhanced due to increases in emissions of precursor 
gases, particularly from anthropogenic sources.3 Specifically, anthropogenic emissions of precursor 
gases have contributed to an increase of about 120% in tropospheric O3 production since pre-industrial 
times.4 Elevated levels of tropospheric O3 are a concern, as O3 affects human health and vegetation. 
Tropospheric O3 is also the greenhouse gas with the third largest radiative forcing, thus contributing to 
the greenhouse effect and climate change.5,6,7

Future levels of tropospheric O3 are likely to be impacted on significantly by climate change. Studies 
such as those by Hogrefe et al.8 and Bell et al.9 have modelled the response of tropospheric O3 to possible 
alterations in climate for the United States of America (USA), predicting O3 increases. Langner et al.10 
also noted that climate change could result in increases in near-surface O3 levels (above 40 ng/g) over 
southern and central Europe. The impact of climate change on the chemical and transport processes that 
influence tropospheric O3 is discussed below.
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Climate change impacts on tropospheric O3 
photochemistry 
Climate change is expected to lead to long-term seasonal changes 
in weather patterns, which are likely to affect the concentrations 
and dispersion of pollutants in the atmosphere. The factors 
that contribute toward regulating tropospheric O3, such as 
temperature, water vapour, cloud cover and precipitation, could 
all be affected by climate change and are thus likely to play a role 
in possible future variations in O3.

7,11

Temperature
As many of the reactions involved in O3 production are 
temperature dependent, climate change-induced temperature 
changes are likely to have a significant impact on O3 levels. 
High O3 concentrations have been linked to changes in the 
rates of photolysis reactions. It has been documented that a 
strong positive association exists between near-surface O3 
production and temperatures above 32 °C.12 Studies that have 
modelled future O3 concentrations have found that an increase 
in temperature of 2 °C leads to an increase of 2% – 4% in near-
surface O3 levels, and that an increase of 5 °C results in a 5% – 
10% increase in O3 levels.5 Dawson et al.13 found that an increase 
in temperature led to an increase in the maximum daily eight-
hour average O3 levels. 

One of the most important reactions that contribute to changes 
in O3 is the temperature-dependent decomposition rate of 
peroxyacetylnitrate (PAN).13 PAN is formed in a similar way 
to O3, due to a photochemical reaction between volatile organic 
compounds (VOCs) and NOx in the atmosphere. When less PAN 
is produced, more radicals are available to react with nitric oxide 
(NO) to form NO2, which is important for O3 production; thus the 
production of PAN ties up NOx, reducing its availability for O3 
production.14 

Changes in O3 that are due to temperature fluctuations have 
been shown in both the urban and polluted rural environments, 
with O3 increases linked primarily to the increased levels of 
NOx due to the decrease in the formation of PAN. In addition 
to these impacts, temperature also plays a role in influencing 
the emissions from natural and anthropogenic sources of O3 
precursor gases. 

Water vapour
In the troposphere, O3 is an important oxidising agent, 
contributing to the formation of hydroxyl (OH) radicals15 
through the following reactions:

							     
	                   

Water vapour, as shown in the above reactions, provides a 
sink for O3 due to the consumption of an excited oxygen atom. 
Approximately 50% of the chemical destruction of tropospheric 
O3 is through the reaction of the oxygen atom with water 
vapour.16 

Given the significance of water vapour availability in O3 
destruction, much research has focused on the effects of changes 
in atmospheric water vapour on future O3 levels.17 It is expected 
that climate change will increase the amount of water vapour 
that is available for this reaction, thus leading to reduced 
tropospheric O3.

16,18 However, water vapour has competing 
effects on the concentration of O3, as the OH radical that is 
formed plays a vital role in other reactions in the troposphere, 
including the production of O3 (amount dependent on the ratio 
between NOx and VOC levels), thus the subsequent reactions of 
the OH radical may lead to the formation of more O3.

13

Cloud cover
The presence of clouds can alter the concentration of O3 by 
changing radiation transfer and vertical transport.19 O3 formation 

is reduced in the presence of clouds, and clouds deplete NOx 
levels at night, making less NOx available for O3 production 
during the day.20 It is also suggested that increased cloud cover, 
especially during the early morning hours, could act to reduce 
reaction rates and thus lower O3 formation,5 whereas a decrease 
in cloud cover allows for an increase in photolysis rates.

Thus it is well established that changes in cloud cover can affect 
the photochemistry of O3 production and loss. The impact 
of cloud cover on O3 concentrations is generally regarded as 
minor,13 with increases in cloud cover linked to small decreases 
in O3. Reduced cloud cover is thought to have little effect on the 
concentration of O3, although Murazaki and Hess17 reported 
that decreases in low-level cloud water in the USA could lead 
to an increase in future O3 levels. However, there are significant 
uncertainties with regard to the characteristics of clouds in a 
future climate, which raises uncertainties with regard to the 
modelling of cloud changes and their influence on O3 in the 
future. 

Precipitation 
Precipitation is an important mechanism for the removal of 
pollutants from the atmosphere, thus also preventing further 
reactions and the formation of secondary pollutants. It has been 
shown that, when precipitation occurs, surface O3 levels decline, 
and this decline is linked to the scavenging of precursor gases 
by precipitation and low solar radiation on precipitation days.21 
It is expected that, in a future climate, changes to precipitation 
will have an impact on the rates of wet deposition of O3 and its 
precursor gases. 

Climate change impacts on transport processes 
In addition to climate change-induced changes to photochemical 
reactions, there are a number of climate change-induced dynamic 
changes that will have an impact on the concentration of O3.

Stratospheric–tropospheric exchange 
The main source of O3 is in the middle stratosphere. This O3 
is exchanged across the tropopause into the troposphere via a 
process known as stratospheric–tropospheric exchange (STE).22,23 
The exchange of O3 between the stratosphere and troposphere is 
also associated with the large-scale Brewer–Dobson circulation 
system.24 

In general, climate change is expected to result in an increased 
flux of O3 from the stratosphere to the troposphere as a result 
of increased STE.25,26,27 Climate change is likely to enhance the 
Brewer–Dobson circulation system, which in turn is likely to 
affect the distribution of O3, lifting O3-poor air upwards in the 
tropics and moving O3-rich air to higher latitudes.26 The impact 
of increased STE O3 flux on the distribution of tropospheric O3 is 
also likely to have hemispheric differences, due to variations in 
water vapour content.27

Convection
Convection is an effective mechanism for removing pollutants 
from the lower troposphere to the middle and upper 
troposphere.25 Convection plays an important role in O3 
production and destruction by lifting tropospheric air to regions 
such as the upper troposphere, where the O3 lifetime is longer.28 
Convection also allows for the vertical mixing of O3 precursors, 
which are transported to the middle and upper troposphere.28 
Furthermore, deep convection has the potential to generate 
lightning flashes, which result in the production of large 
amounts of NO in the free troposphere.25

It is expected that, as the climate warms, convection will 
intensify in most parts of the world, with the probable exception 
of the tropics.7 Increased convection has complex implications 
for tropospheric O3, as it will allow for the rapid destruction of O3 
through the transfer of O3-rich air from the upper troposphere to 
the lower troposphere. However, it will also mean the injection 

O3 + hv → O(1D) + O2

O (1D)  + H2O → 2OH

[Eqn 1]

[Eqn 2]
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of NOx into the upper troposphere, where there is greater O3 
production efficiency.7 The convection of O3 precursors to the 
upper troposphere could have potentially large consequences 
for O3 production in this region of the atmosphere29 (discussed 
below) and possibly for near-surface O3 concentrations as well, 
due to its transportation between regions. 

Wind 
Generally, high wind speeds are correlated with low pollutant 
concentrations due to enhanced advection and deposition.13 This 
relationship is also true for O3,

11 with one study noting that a 
doubling of wind speed can lead to a 15% decrease in O3 and a 
41% decrease in total reactive nitrogen (NOy).

14 However, Holzer 
and Boer30 have shown that in a warmer climate there will be 
warmer winds, which in turn will lead to higher pollutant 
concentrations. Notwithstanding these apparent opposite 
trends, climate change-induced modifications to winds can be 
expected to influence both the dispersion and photochemical 
production of tropospheric O3. 

Tropospheric O3 precursor gases

CH4 
Since the middle of the 19th century, levels of CH4 have increased 
rapidly due to industrialisation and increased agricultural 
production.31 This growth in CH4 concentration has been 
attributed primarily to anthropogenic activities, with natural 
CH4 sources being responsible for about a third of present 
CH4 levels. The naturally occurring sources of CH4 include the 
microbiological decay of organic matter under anoxic conditions 
in areas such as wetlands and swamps.31 CH4 production 
is influenced by temperature, with maximum production 
occurring at temperatures ranging from 37 °C to 45 °C.32 

CH4 is the greenhouse gas with the second largest radiative 
forcing. CH4 also plays an important role in the production of 
background tropospheric O3 levels, as the oxidation of CH4 
by OH in areas of sufficient NOx leads to the formation of O3. 
CH4 is generally not considered an O3 precursor gas, due to its 
long atmospheric lifetime of eight to nine years.33 However, 
in recent years, the linkages between O3 and CH4 have become 
clearer, with research pointing to a strong coupling between 
the changes in levels of these two pollutants. Much of the 
increase in tropospheric O3 in the past is attributable to global 
increases in CH4 emissions.34 Furthermore, research has shown 
that a reduction in CH4 emissions has the benefit of long-term 
reduction in O3 levels and reduced radiative forcing.6,34

The relationship between CH4, O3 and O3 precursor gases is 
complex, as the lifetime of CH4 is also influenced by the lifetime 
of other O3 precursor gases. For example, the lifetime of CH4 is 
longer when NOx emissions are decreased and shorter when CO 
emissions are decreased.4 It has further been documented that a 
50% reduction in anthropogenic CH4 emissions can have more 
influence on tropospheric O3 burden than a 50% reduction in 
anthropogenic NOx emissions.33 This is due to the homogeneity 
of CH4, which allows anthropogenic and natural CH4 emissions 
to have equal effectiveness on O3, whereas anthropogenic 
NOx emissions are less effective than natural sources such as 
lightning.33 

Investigations into the impact of climate change on CH4 
emissions have shown that a warming climate will act to 
increase the CH4 oxidation rate co-efficient, which, in most cases, 
leads to a decrease in CH4 emissions.16 This has implications for 
O3, as reduced CH4 means reduced background O3 levels.16 The 
impact of increasing CH4 on tropospheric O3 levels is capable of 
enhancing the direct radiative forcing from CH4 by 19 ± 12%.32

NMVOCs
Isoprene and monoterpene represent two of the most important 
NMVOCs involved in tropospheric O3 chemistry.35,36,37 These 
natural emissions occur in order to protect plants from abiotic 

and biotic stresses, and to attract pollinators.38 Isoprene in 
particular has been the focus of much research, as emissions 
in some industrial regions have been documented as being 
comparable to hydrocarbon emissions from biogenic sources.39 
Many factors influence emissions of isoprene, including the 
type of vegetation, stage of leaf development, light, humidity, 
stress and injury. Thus, isoprene emissions are sensitive to land 
use and climate changes,40 with higher temperatures generally 
resulting in higher emissions.41,42

Studies in the USA have shown that regions expected to have 
warmer summertime temperatures could experience a 50% to 
60% increase in isoprene emissions.18 The impact of increasing 
isoprene on O3 levels was also assessed by Zeng et al.,43 who 
showed that the impact on the global tropospheric O3 burden 
was minimal, but that the greatest impact on O3 levels occurred 
during summer. In areas of high NOx, O3 increases of 4 ng/g – 6 
ng/g were noted. Meleux et al.44 found that temperature-driven 
change in isoprene emissions was the most important chemical 
factor leading to enhanced future O3 production in Europe. Thus, 
the potential for climate change to have an impact on isoprene 
emission rates and, in turn, on O3 production, is quite high. 

NOx 
NOx (NO + NO2) emissions indirectly affect the earth’s radiative 
balance through their role in the formation of O3, CH4 and 
hydrofluorocarbons. NOx has both natural and anthropogenic 
sources that include biomass burning, lightning, microbial 
activity in soils, motor vehicles and combustion sources that 
burn fossil fuels.45,46 In tropical regions, the main source of NOx 
is human-induced biomass burning,47 whereas in the Northern 
Hemisphere mid-latitudes, combustion of fossil fuels is the 
dominant source. 

Between 85% and 97% of NOx is emitted as NO, which is oxidised 
by O3 in the atmosphere to produce NO2, as shown in the reaction 
below.45

						    
Estimates of the magnitude of biogenic emissions of NO 
compared to anthropogenic sources remain uncertain due to the 
lack of data,48 although it is estimated that tropical soils account 
for about 70% of global soil emissions47 and that soil sources 
contribute about 40% of NOx emissions in Africa. Climate 
change impacts on the control of soil emission factors, such as 
soil surface temperature and moisture, 48 could affect NO levels 
and thus modify the rate of O3 production.

NOx concentrations have also been noted to be rapidly increasing 
in the 9 km – 12 km altitude range of the atmosphere.49 Sources 
of this increase have not been quantified well, but include 
convection of pollutants from the surface, production of NO from 
lightning, and aircraft emissions. Lightning strikes are associated 
with the dissociation of molecular nitrogen, which reacts with 
O3 to form NO, which then forms NO2. Lightning, together with 
emissions from aircraft, are the only two direct NOx emitters in 
the upper troposphere, and it is thought that lightning emissions 
exert a significant influence on the NOx burden in the upper 
tropopause regions.50,51 It is anticipated that a warmer climate 
will be conducive to increased lightning, which could have 
a large effect on O3 in the upper troposphere.7 Murazaki and 
Hess17 predicted a significant increase in NOx emissions over 
the USA from lightning, based on model simulations of climate 
change effects in the region.

However, it is important to note that the response of O3 to NOx 
increases depends strongly on the chemical composition of the 
atmosphere. For example, increased convection of VOCs to the 
upper troposphere may contribute to the increased efficiency 
of NOx production of O3 in the upper troposphere.49 Hence it is 
expected that future upper tropospheric O3 levels will increase 
due to an increase in lightning-produced NOx, as well as due 

NO + O3 → NO2 + O2 [Eqn 3]
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to more intense transport of other precursor gases to the upper 
troposphere.18

In addition to the impacts of climate change on the natural 
sources of O3 precursors, as described above, climate change is 
also likely to lead to behavioural changes that could affect the 
anthropogenic driving forces that contribute to NOx and VOC 
emissions. According to Bernard et al.,5 climate change is likely 
to alter the patterns of fossil fuel use, as individual responses 
to warmer weather should result in changes to air conditioner 
and motor vehicle use, thus potentially contributing to greater 
pollutant emissions.
 
Particulate matter 
Particulate matter (PM) is also widely acknowledged to 
have significant effects on air quality and human health,52 as 
well as impacting on climate change. The term ‘aerosols’ is 
also used to describe the fine liquid or solid particles that are 
suspended in the air, the sources of which are both natural and 
anthropogenic.53 Two types of aerosols that are of special interest 
are black carbon and sulphate aerosols, due to their contribution 
to climate change. The main sources of black carbon are the 
combustion of fossil fuels and biomass burning. Black carbon 
is considered a component of PM10 

54 and is known to absorb 
solar radiation.55 Sulphate aerosols, which form an important 
component of PM2.5,

56 occur mainly as a result of the oxidation 
of SO2 

57,58 and contribute to the cooling of the earth by reflecting 
sunlight back into space, thus preventing the sunlight from 
reaching the earth’s surface.59,60 

In addition to their radiative properties, sulphate aerosols 
indirectly affect climate by inducing changes in clouds. They 
act as cloud condensation nuclei, altering the cloud-droplet size 
distribution.61,62 Increases in aerosols yield smaller cloud droplets 
and thus a larger cloud albedo, often referred to as the ‘cloud 
albedo effect’, where the decreased droplet size and increased 
droplet number result in increased reflectivity,63,64 which in 
turn contributes to surface cooling. Aerosols that enhance the 
scattering and absorption of solar radiation can also affect the 
climate in the short term by influencing rainfall patterns, by 
producing brighter clouds that suppress precipitation and thus 
limit the efficient removal  of pollutants.65 Ramanathan and 
Feng65 noted that a rapid reduction in SO2 emissions without 
corresponding reductions in black carbon and greenhouse 
gases would accelerate global warming, thereby highlighting an 
important link to AQM processes that specifically deal with a 
reduction in SO2 and PM emissions. 

Indications are that a warming climate will support the 
accumulation of aerosols in the atmosphere. This has been 
demonstrated by the heat-wave weather conditions in the 
United Kingdom in 2003, which were favourable for the build-
up of aerosols from both anthropogenic emissions and from 
secondary sources.66 However, according to Jacob and Winner,67 
correlations of PM with meteorology are not as strong as those 
observed with O3, making the assessment of the impact of climate 
change on aerosols more difficult to predict. It is expected that 
temperature increases will result in greater sulphate aerosol 
concentrations due to faster rates of SO2 oxidation, whereas 
nitrate and semi-volatile components could decrease.67 Studies 
that have modelled the impact of climate change on PM2.5 
have indicated PM2.5 decreases associated with increases in 
precipitation, and variable PM2.5 responses to changes in the 
different component species of PM2.5.

68,69,70 As the extent of the 
influence of climate change on these factors is not yet precisely 
known, these projections of PM2.5 cannot be accepted with great 
certainty.

CLIMATE CHANGE AND AIR
QUALITY POLICIES

The improved understanding of the linkages and interactions 
between climate change and air quality as discussed above 
provides a platform for policy-makers to re-examine the 
traditional approaches to dealing with these issues. A brief 

review of current policy shortfalls in addressing the emerging 
scientific basis for integrative air quality and climate change 
policies is presented in this section.

The Kyoto Protocol was designed to achieve a reduction in 
greenhouse gases as a means of preventing what the United 
Nations Framework Convention on Climate Change deemed 
dangerous anthropogenic interference in the climate system.71 
Ratified by 183 countries,72 the Kyoto Protocol prescribes emission 
reductions, covering a set of six greenhouse gases, namely CO2, 
CH4, nitrous oxide, hydrofluorocarbons, perfluorocarbons and 
sulphur hexafluoride, for the period 2008–2012.73 O3, aerosols 
and the related precursor gases that influence the climate are not 
targeted for reduction by the Kyoto Protocol. This is due to the 
short lifetimes of these gases in the atmosphere, and due to the 
pollutants having impacts on the local and regional scale.74 The 
science to quantitatively assess how climate change will affect 
the precursor gases of O3 and its radiative forcing is currently 
regarded as being inconclusive and thus further impedes its 
inclusion in climate change policies. By not considering the 
impacts of the short-lived gases, the Kyoto Protocol provides a 
conservative estimate of the impact of fossil fuel combustion.75

Air quality policies also reveal inadequacies in addressing 
climate change issues. Firstly, AQM processes generally do 
not consider greenhouse gas mitigation or the implications 
of air pollution control on climate change. This is relevant on 
various levels, as the AQM processes that result in a reduction 
in sulphate aerosols and black carbon may have consequences 
for climate change. Specifically, measures taken to reduce SO2 
would reduce the short-term radiative cooling of sulphate 
aerosols, which are thought to mask global warming effects, 
whereas reductions in black carbon and tropospheric O3 would 
contribute toward reducing radiative warming. Furthermore, 
the actual methods that are imposed to reduce air quality 
pollutants through end-of-pipe technologies, fuel switching or 
structural changes may have positive or negative implications 
for greenhouse gas emissions.76 

Secondly, air quality management plans (AQMPs) are generally 
developed on the assumption that the climate will remain 
constant. Research into the potential effects of climate change 
on air quality has highlighted the need for policy-makers to 
design their AQMPs considering the influence of a changing 
climate,9,77,78 in order to determine if the assumption of a constant 
climate in such plans is invalid and thus likely to work against 
all the proposed strategies to reduce air pollution. 

AIR QUALITY POLICY AND CLIMATE 
CHANGE IN SOUTH AFRICA 

In South Africa there is a high dependence on the combustion of 
coal for electricity, which contributes toward the country being 
ranked amongst the world’s top 25 greenhouse gas emitters, 
contributing 1% of total CO2 (eq) in 2004.79 The combustion of 
fossil fuels at power plants and in the processing industries, 
road transportation and residential sectors further contributes to 
significant air pollution in the country.

Previous South African air quality legislation, in the form 
of the Atmospheric Pollution Prevention Act (Act No. 45 of 
1965) (the APPA), was based on the best practicable means 
of preventing air pollution, where a source-based method 
of control was applied and no consideration was given to the 
cumulative effects of emissions on the ambient air. The APPA 
was regarded as being inadequate and outdated,80 as it allowed 
for the deterioration of ambient air quality. The APPA further 
did not facilitate the achievement of every South African 
citizen’s right to an environment that is not harmful to their 
health and well-being, as stated in the constitution of South 
Africa81 and was thus also regarded as being unconstitutional. 
It was replaced with new air quality legislation in the form of 
the National Environmental Management: Air Quality Act (Act 
No. 39 of 2004) (the AQA). The AQA signalled a shift in AQM 
towards a receiving environment approach, with guidelines on 
how AQM for the country should advance, and was followed by 
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the development of South Africa’s National Framework for Air 
Quality Management in 2007,81 which provided the tools to give 
effect to the AQA by outlining procedures and standards for air 
quality improvements in the country. 

Thus, South Africa has been making progress in seeking 
the most appropriate methods of improving air quality in 
the country. This shift to a receiving environment approach 
indicates a natural progression to include all atmospheric 
emissions, irrespective of their impacts on the environment. The 
AQA, together with the subsequent National Framework for Air 
Quality Management, highlight the importance of ensuring that 
AQM practices are compliant with the international agreements 
signed by the country, such as the Kyoto Protocol, and that 
they take cognisance of greenhouse gas emissions. However, 
presently there is no policy direction as to how this can be 
achieved, with the result that the actions and decision-making 
processes related to AQM ignore the potential climate change 
implications. 

Since the current air quality legislation does lend itself to options 
for incorporating climate change concerns, it is imperative 
to begin to investigate options that would allow the country 
to capitalise on these opportunities during the early stages 
of policy development. There are various options for this to 
occur through AQMPs that are applied at different spheres of 
government in the country. AQMPs prescribe the processes that 
need to be implemented to ensure air quality improvements in 
the specific area. Figure 1 shows the six main steps that guide the 
development and implementation AQMPs in South Africa.81,82 
The general tools and components of an AQMP comprise an 
emissions inventory, models and air quality standards, with 
caveats for public engagement and reporting to authorities.

Goal Setting or
Legislation

AQ Assessment 

AQ Management System

AQ Monitoring
and or Modelling

Emissions Inventory

Selection of Intervention Strategies

Implementation of Interventions

Evaluation of Interventions 
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FIGURE 1
Process to be followed during the development of an AQMP

Source: adapted from DEAT81,82

This generic AQMP framework has room for the inclusion of 
climate change concerns, as the AQA states that the Minister 
has the discretionary power to declare a priority pollutant, 
indicating that greenhouse gases such as CO2 could be 
declared as priority pollutants requiring actions to reduce 
emissions. Thus AQMPs in South Africa could be designed to 
also incorporate plans to reduce CO2 or other greenhouse gas 
emission. This can be achieved through legislation, as just stated, 
or as a voluntary measure due to increased awareness and an 
improved understanding of the linkages between the two issues.

The opportunities for incorporating climate change 
considerations into AQMPs are shown in Figure 2. Firstly, 
information on greenhouse gas emissions can be included 
in the baseline assessment and AQM system of AQMPs. The 
inclusion of greenhouse gas emissions in these components of an 
AQMP will enable more effective management of atmospheric 
emissions, allowing for the selection of intervention strategies 
that simultaneously reduce air pollutants and greenhouse gas 
emissions. Secondly, the impact of AQM processes on climate 
change has to be investigated to understand the climate 
implications of reducing tropospheric O3, its precursor gases 
and PM. Furthermore, the long-term design of AQMPs needs 
to include an impact assessment of future climate change on 
air quality (such as tropospheric O3) in order to determine 
if additional or more stringent controls will have to be 
implemented to meet air quality targets. 

CONCLUSION
Climate change and air quality represent two major 
environmental challenges that have many scientific linkages and 
interactions. Specifically, tropospheric O3, its precursor gases 
and PM represent AQM priorities that demonstrate close links 
to climate change.
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FIGURE 2
Integrative process to be followed during the development of an AQMP

From an air quality perspective, predictions of the long-term 
reduction in emissions for AQM are thought to be misleading, 
as such estimates are based on the assumption that the climate 
will remain constant. This presents a problem, as most of the 
processes that play a role in the chemical composition of the 
atmosphere are subject to alterations due to climate change. 
Many studies have tried to assess, through model analysis, the 
impact of climate change on future air quality, as a means to 
quantify the possible impacts on human health and thus guide 
policy responses. O3 has been used as the pollutant of choice 
in such studies by virtue of the fact that it is more sensitive to 
changes in temperature and weather than other pollutants, 
and that it allows for the best predictions to be made over long 
timescales. Model results of projections of future surface O3 
concentrations indicate that these levels are likely to increase. 
The effects of climate change on other air pollutants, such as PM, 
are less understood than those on O3. 

From a climate change perspective, AQM processes that bring 
about a reduction in tropospheric O3 and black carbon would 
contribute to a reduction in climate warming, although a 
reduction in SO2 could offset the short-term cooling that occurs. 
The complex linkages and interactions indicate that separate air 
quality and climate change policies are insufficient, signalling a 

need to move toward more holistic, integrative air quality and 
climate change policies. In South Africa, opportunities exist for 
AQM procedures to capture climate change linkages through 
AQMPs.

REFERENCES
1.	 Hedegaard GB, Brandt J, Christensen JH, et al. Impacts 

of climate change on air pollution levels in the Northern 
Hemisphere with special focus on Europe and the Arctic. 
Atmos Chem Phys. 2008;8(12):3337–3367. 

2.	 Bunce NJ. Environmental chemistry. Winnipeg: Wuerz 
Publishing; 1994.

3.	 Marenco A, Gouget H, Nedelec P, Pages J-P. Evidence of 
long-term increase in tropospheric ozone from Pic du Midi 
data series. Consequences: Positive radiative forcing. J 
Geophys Res. 1994;99(D8):16617–16632.

4.	 Wang Y, Jacob DJ. Anthropogenic forcing on tropospheric 
ozone and OH since preindustrial times. J Geophys Res. 
1998;103:31123–31135.

5.	 Bernard SM, Samet JM, Grambsch A, Ebi EL, Romieu I. The 
potential impacts of climate variability and change on air 
pollution related health effects in the US. Environ Health 
Persp. 2001;109(2):199–209.

Vol. 106    No. 3/4     Page 6 of 8

Pu
bl

ic
 P

ar
tic

ip
at

io
n



S
outh A

frican Journal of S
cience

http://www.sajs.co.za                                  S Afr J Sci

Review Article

A
rticle #56

Scientific linkages between climate change and air quality

6.	 Dentener F, Stevenson D, Cofala J, et al. The impact of air 
pollutant and methane emission controls on tropospheric 
ozone and radiative forcing: CTM calculations for the period 
1990–2030. Atmos Chem Phys. 2005;5:1731–1755. 

7.	 Denman KL, Brasseur G, Chidthaisong A, et al. Couplings 
between changes in the climate system and biogeochemistry. 
In: Solomon S, Qin D, Manning M, et al., editors. Climate 
Change 2007: The Physical Science Basis. Contribution of 
Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge: 
Cambridge University Press; 2007.

8.	 Hogrefe C, Lynn B, Civerolo K, et al. Simulating changes 
in regional air pollution over the eastern United States due 
to changes in global and regional climate and emissions. J 
Geophys Res. 2004;109:D22301, doi: 10.1029/2–4JD004690.

9.	 Bell ML, Goldberg R, Hogrefe C, et al. Climate change, 
ambient ozone, and health in 50 US cities. Clim Change 
2007;82:61–76.

10.	Langner J, Bergstrom R, Foltescu V. Impact of climate change 
on surface O3 and deposition of sulphur and nitrogen in 
Europe. Atmos Environ. 2005;39:1129–1141.

11.	 Camalier L, Cox W, Dolwick P. The effects of meteorology on 
ozone in urban areas and their use in assessing ozone trends. 
Atmos Environ. 2007;41(33):7127–7137.

12.	Knowlton K, Rosenthal JE, Hogrefe C, et al. Assessing ozone-
related health impacts under a changing climate. Environ 
Health Persp. 2004;112(15):1557–1563.

13.	Dawson JP, Adams PJ, Pandis SN. Sensitivity of ozone to 
summertime climate in the eastern USA: A modeling case 
study. Atmos Environ. 2007;41:1494–1511.

14.	Baertsch-Ritter N, Keller J, Dommen J, Prevot ASH. 
Effects of various meteorological conditions and spatial 
emission resolutions on the ozone concentration and ROG/
NOx limitation in the Milan area (1). Atmos Chem Phys. 
2004;4:423–438.

15.	Finlayson-Pitts BJ, Pitts Jr JN. Tropospheric air pollution: 
Ozone, airborne toxics, polycyclic aromatic hydrocarbons, 
and particles. Science. 1997;276:1045–1052.

16.	Stevenson DS, Johnson CE, Collins WJ, Derwent RG, 
Edwards JM. Future estimates of tropospheric ozone 
radiative forcing and methane turnover – The impact of 
climate change. Geophys Res Lett. 2000;27(14):2073–2076.

17.	Murazaki K, Hess P. How does climate change contribute to 
surface ozone change over the United States? J Geophys Res. 
2006;111:D05301, doi: 10.1029/2005JD005873.

18.	Racherla PN, Adams PJ. The response of surface ozone to 
climate change over the Eastern United States. Atmos Chem 
Phys. 2007;8(4):871–885.

19.	Matthijsen J, Builtjes PJH, Meijer EW, Boersen G. Modelling 
cloud effects on ozone on a regional scale: A case study. 
Atmos Environ. 1997;31(19):3227–3238.

20.	Lelieveld J, Crutzen PJ. The role of clouds in tropospheric 
photochemistry. J Atmos Chem. 1991;12:229–267.

21.	Shan W, Yin Y, Zhang J, Ji X, Deng X. Surface ozone and 
meteorological condition in a single year at an urban site in 
central-eastern China. Environ Monit Assess. 2009;151:127–
141.

22.	Guicherit R, Roemer M. Tropospheric ozone trends. 
Chemosphere-Global Change Science. 2000;2:167–183.

23.	Vaughan G. Stratosphere–troposphere exchange of ozone. 
In: Isaksen ISA, editor. Tropospheric ozone. Norwell: D 
Reidel Publishing, 1988; p. 125–135. 

24.	Grewe V. The origin of ozone. Atmos Chem Phys. 
2006;6(6):1495–1511.

25.	Collins WJ, Derwent RG, Garnier B, Johnson CE, Sanderson 
MG, Stevenson DS. Effects of stratospheric–troposphere 
exchange on the future tropospheric ozone trend. J Geophys 
Res. 2003;108(D12):8528, doi:10.1029/2002JD002617.

26.	Zeng G, Pyle JA. Changes in tropospheric ozone between 2000 
and 2100 modeled in a chemistry-climate model. Geophys 
Res Lett. 2003;30(7):1392, doi:10.1029/2002GLO016709.

27.	Sudo K, Takahashi M, Akimoto H. Future changes in 
stratosphere–troposphere exchange and their impacts on 
future tropospheric ozone simulations. Geophys Res Lett. 
2003;30(24):2256, doi:10.1029/2003GL018526.

28.	Doherty RM, Stevenson DS, Collins WJ, Sanderson MG. 
Influence of convective transport on tropospheric ozone and 
its precursors in a chemistry-climate model. Atmos Chem 
Phys. 2005;5:3205–3218.

29.	Brunner D, Staehelin J, Jeker D. Large-scale nitrogen oxide 
plumes in the tropopause region and implications for ozone. 
Science. 1998;282:1305–1309.

30.	Holzer M, Boer GJ. Simulated changes in atmospheric 
transport climate. J Clim. 2001;14:4398–4420.

31.	Lelieveld J, Crutzen PJ, Dentener FJ. Changing concentration, 
lifetime and climate forcing of atmospheric methane. Tellus 
B Chem Phys Meteorol. 1998;50B:128–150.

32.	Wuebbles DJ, Hayhoe K. Atmospheric methane and global 
change. EarthSci Rev. 2002;57:177–210.

33.	Fiore AM, Jacob DJ, Field BD, Streets DG, Fernandes SD, Jang 
C. Linking ozone pollution and climate change: The case for 
controlling methane. Geophys Res Lett. 2002;29(19):1919, 
doi: 10.1029/2002GLO15601.

34.	West JJ, Fiore AM. Management of tropospheric ozone 
by reducing methane emissions. Environ Sci Technol. 
2005;39(13):4685–4691.

35.	Constable JVH, Guenther AB, Schimel DS, Monson RK. 
Modelling changes in VOC emission in response to climate 
change in the continental United States. Glob Change Biol. 
1999;5:791–806.

36.	Shallcross DE, Monks PS. New directions: A role for isoprene 
in biosphere-climate-chemistry feedbacks. Atmos Environ. 
2000;34:1659–1660.

37.	Potter CS, Alexander SE, Coughlan JC, Klooster SA. 
Modelling biogenic emissions of isoprene: Exploration of 
model drivers, climate control algorithms, and use of global 
satellite observations. Atmos Environ. 2001;35:6151–6165.

38.	Zunckel M, Chiloane K, Sowden M, Otter L. Biogenic volatile 
organic compounds (BVOCs): the state of knowledge 
in southern Africa and the challenges for air quality 
management. S Afr J Sci. 2007;103:107–112.

39.	Von Kuhlmann R, Lawrence MG, Poschl U, Crutzen PJ. 
Sensitivities in global scale modelling of isoprene. Atmos 
Chem Phys. 2004;4:1–17.

40.	Lathiere J, Hauglustaine DA, Friend A, De Noblet-Ducourdre 
N, Viovy N, Folberth G. Impact of climate variability 
and land use changes on global biogenic volatile organic 
compound emissions. Atmos Chem Phys. 2005;6:2129–2146.

41.	Bell M, Ellis H. Sensitivity analysis of tropospheric ozone 
to modified biogenic emissions for the mid-Atlantic region. 
Atmos Environ. 2004;38(13):1879–1889.

42.	Brasseur GP, Schultz M, Granier C, et al. Impact of climate 
change on the future chemical composition of the global 
troposphere. J Clim – Special Edition. 2005;19:3932–3951. 

43.	Zeng G, Pyle JA, Young PJ. Impact of climate change on 
tropospheric ozone and its global budgets. Atmos Chem 
Phys. 2008;8(2):369–387.

44.	Meleux F, Solomon F, Giorgi F. Increase in summer European 
ozone amounts due to climate change. Atmos Environ. 
2007;41(35):7577–7587, doi:10.1016/j.atmosenv.2007.05.048.

45.	Palmgren F, Berkowicz R, Hertel O, Vignati E. Effects of 
reduction of NOx on the NO2 levels in urban streets. Sci Total 
Environ. 1996;189/290:409–415.

46.	Esen F, Tasdemir Y, Cindoruk SS. Evaluation of NOx and O3 
concentrations in the atmosphere of Bursa, Turkey. Environ 
Forensics. 2005;6:311–317.

47.	 Jaegle L, Martin RV, Chance K, et al. Satellite mapping of 
rain-induced nitric oxide emissions from soils. J Geophys 
Res. 2004;109:D21310, doi:10.1029/2004JD004787.

48.	Delon C, Reeves CE, Stewart DJ, et al. Nitrogen oxide 
biogenic emissions from soils: impact on NOx and ozone 
formation in West Africa during AMMA (African Monsoon 
Multidisciplinary Analysis). Atmos Chem Phys Discuss. 
2007;7:15155–15188.

49.	Brunner D, Staehelin J, Jeker D. Large-scale nitrogen oxide 
plumes in the tropopause region and implications for ozone. 
Science. 1998;282:1305–1309.

50.	Guenther A, Geron C, Pierce T, Lamb B, Harley P, Fall 
R. Natural emissions of non-methane volatile organic 
compounds, carbon monoxide, and oxides of nitrogen from 
North America. Atmos Environ. 2000;34:2205–2230.

Vol. 106    No. 3/4     Page 7 of 8



S Afr J Sci 

S
ou

th
 A

fri
ca

n 
Jo

ur
na

l o
f S

ci
en

ce

http://www.sajs.co.za

Review Article

A
rti

cl
e 

#5
6

Thambiran & Diab

51.	Grewe V, Dameris M, Hein R, Sausen R, Steil B. Future 
changes of the atmospheric composition and the impact of 
climate change. Tellus B Chem Phys Meteorol. 2001;53B:103–
121.

52.	Chin M, Diehl T, Ginoux P, Malm W. Intercontinental 
transport of pollution and dust aerosols implications for 
regional air quality. Atmos Chem Phys. 2007;5:5501–5517.

53.	Andreae MO, Crutzen PJ. Atmospheric aerosols: 
biogeochemical sources and roles in atmospheric chemistry. 
Science. 1997;276(5315):1052–1058. 

54.	Highwood EJ, Kinnersley RP. When smoke gets in our 
eyes: The multiple impacts of atmospheric black carbon on 
climate, air quality and health. Environ Int. 2006;32:560–566.

55.	Bergstrom  RW, Pilewskie  P, Russell  PB, et al. Spectral 
absorption properties of atmospheric aerosols. Atmos Chem 
Phys. 2007;7:5937–5943.

56.	Liu J, Mauzerall DL. Potential influence of inter-continental 
transport of sulfate aerosols on air quality. Environ Res Lett. 
2007;2, doi:10.1088/1748-9326/2/4/045029.

57.	Mayerhofer P, De Vries B, Den Elzen M, et al. Long-term, 
consistent scenarios of emissions, deposition, and climate 
change in Europe. Environ Sci Policy 2002;5:273–305.

58.	Posch M, Hettelingh J-P, Alcamo J, Krol M. Integrated 
scenarios of acidification and climate change in Asia and 
Europe. Glob Environ Change. 1996;6(4):375–394. 

59.	Andreae MO, Jones CD, Cox PM. Strong present-day aerosol 
cooling implies a hot future. Nature. 2005;435:1187–1190.

60.	Kaufmann YJ, Fraser RS, Mahoney RL. Fossil fuel and 
biomass burning effect   on climate – heating or cooling? J 
Clim. 1991;4:578–588.

61.	Andreae M. Atmospheric aerosols versus greenhouse 
gases in the twenty-first century. Philos T Roy Soc A. 
2007;365:1915–1923.

62.	Hudson JG. Cloud condensation nuclei. J Appl Meteorol. 
1992;32:596–607.

63.	Lohmann U, Feichter J. Global indirect aerosol effects: A 
review. Atmos Chem Phys. 2005;5:715–737.

64.	Mitchell JFB, Johns TC. On modification of global warming 
by sulphate aerosols. J Clim. 1997;10:245–267.

65.	Ramanathan V, Feng Y. Air pollution, greenhouse gases and 
climate change: Global and regional perspectives. Atmos 
Environ. 2009;43:37–50.

66.	Vautard R, Beekmann M, Desplat J, Hodzic A, Morel S. 
Air quality in Europe during the summer of 2003 as a 
prototype of air quality in a warmer climate. CR Geoscience. 
2007;339(11–12):747–763, doi:10.1016/j.crte.2007.08.03.

67.	 Jacob DJ, Winner DA. Effect of climate change on air quality. 
Atmos Environ. 2009;43:51–63. 

68.	Hogrefe C, Lynn B, Rosenzweig C, et al. Utilizing CMAQ 
process analysis to understand the impacts of climate change 
on ozone and particulate matter [document on the Internet]. 

Paper presented at: 4th Annual CMAS Models-3 Users’ 
Conference; 2005 Sep 26-28; University of North Carolina, 
USA [cited 2009 May 4]. Available from: http://www.
cmascenter.org/conference/2005/abstracts/3_2.pdf

69.	Tagaris E, Liao K-J, Manomaiphiboon K, et al. The role of 
climate change and emission changes in future air quality 
over southern Canada and northern Mexico. Atmos Chem 
Phys. 2008;8:3973–3983.

70.	Avise J, Chen J, Lamb B, et al. Attribution of projected 
changes in summertime US ozone and PM2.5 concentrations 
to global changes. Atmos Chem Phys. 2009;9:1111–1124.

71.	O’Neill BC, Oppenheimer M. Dangerous climate impacts 
and the Kyoto Protocol. Science. 2002;296:1971–1972.

72.	UNFCC. Kyoto Protocol: Status of Ratification [homepage 
on the Internet]. 2009 [cited 2009 Apr 24]. Available from: 
http://unfccc.int/kyoto_protocol/status_of_ratification/
items/2613.php

73.	Reilly J, Prinn R, Harnisch J, et al. Multi-gas assessment of 
the Kyoto Protocol. Nature. 1999;401:549–555.

74.	Rypdal K, Berntsen T, Fuglestvedt JS, et al. Tropospheric 
ozone and aerosols in climate agreements: scientific and 
political challenges. Environ Sci Policy. 2005;8:29–43.

75.	Smith KR, Haigler E. Co-benefits of climate mitigation and 
health protection in energy systems: Scoping methods. Annu 
Rev Publ Health. 2008;29:11–25.

76.	Swart R, Amann M, Raes F, Tuinstra W. A good climate for 
clean air: Linkages between climate change and air pollution. 
Clim Change 2004;66:263–269.

77.	Giorgi R, Meleux R. Modelling the regional effects of climate 
change on air quality. C R Geoscience. 2007;339(11–12):721–
733, doi: 10.1016/j.crte.2007.080.006.

78.	Leung LR, Gustafson Jr WI. Potential regional climate 
change and implications to US air quality. Geophys Res Lett. 
2005;32:L16711, doi:10.1029/2005GLO22911.

79.	Scenario Building Team (SBT). Long term mitigation 
scenarios: Scenario document. Pretoria: Department of 
Environment Affairs and Tourism; 2007.

80.	Republic of South Africa. National Environmental 
Management: Air Quality Bill [statute on the Internet]. 2003 
[cited 2009 Apr 20]. Available from: http://www.info.gov.
za/view/DownloadFileAction?id=66648

81.	Department of Environmental Affairs and Tourism (DEAT). 
The national framework for air quality management in the 
Republic of South Africa [homepage on the Internet]. 2007 
[cited 2009 Apr 28]. Available from: http://www.saaqis.org.
za/Downloads.aspx?type=AQ

82.	Department of Environmental Affairs and Tourism (DEAT). 
Draft implementation manual for air quality management 
planning [homepage on the Internet]. 2008 [cited 2008 Oct 
09]. Available from: http://aqmp-za.nilu.no/documents/
tabid/212/language/en-US/Default.aspx 

Vol. 106    No. 3/4     Page 8 of 8


