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Air pollution control policies will be ef-
fective. Up to the present time, emission re-
duction policies in North America and Europe 
have reduced emissions of  sulphur dioxide 
(SO2), nitrogen oxides (NOX) and particulate 
matter (PM), including black carbon (BC), from 
many sectors. Current and planned regulations 
are expected to continue to drive down emis-
sions in these two regions. In others, similar 

policies are expected to slow down their rate of  
growth in the future and, in the case of  North-
east Asia, to bring about reduced emissions of  
BC, organic carbon (OC) and SO2. Ensuring 
effective implementation of  these policies is 
necessary to achieve the reductions. Sources 
emit a range of  pollutants at the same time, 
and it is essential to consider co-emitted ones 
when designing abatement measures.
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Increased coal mining and oil and gas pro-
duction, coupled with growth in agricultural 
activities and municipal waste generation, are 
likely to lead to more than 25 per cent higher 
global anthropogenic CH4 emissions by 2030 
relative to 2005. The projected increase in 
fossil fuel production is the main driving force 
behind this growth.
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growth. The regional trends vary, however, 
with decreases in North America, Europe and 
Northeast Asia being balanced by increases in 
Africa and South Asia. Emission reductions 
in the transport sector will be the main cause 
of  improvement. As the role of  traditional 
biomass in residential combustion declines 
and improved technology comes into play, it 
is generally expected that primary OC/BC 
ratios will fall.
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	����	������	����+ Because efforts to 
curtail BC and OC emissions from transport 
and industrial sources are projected to be 
increasingly successful, the residential use 
of  traditional biofuels in developing coun-
tries of  Asia and Africa will dominate global 
emissions of  anthropogenic carbonaceous 
aerosols in the future, contributing nearly 
half  of  BC emissions and about two-thirds 
of  OC emissions by 2030.
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reductions in NOX emissions in North Amer-
ica and Europe will be offset by increases 
everywhere else. Despite a strong increase, 
estimated at nearly 50 per cent, in South, 
West and Central Asia, global SO2 emissions 
are projected to decline because of  emissions 
reduction elsewhere, particularly in North 
America and Europe.
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excluding agricultural burning, contribute 
about half  of  global BC and CO emissions 
and two-thirds of  OC ones. It is not known 
how these emissions will change in the future 
and for this study they are assumed to remain 
constant at today’s levels. Open biomass burn-
ing can be a key source contributor if  it oc-
curs close to a sensitive ecosystem such as the 
Arctic or the Himalayas, so the regional emis-
sions distribution is important.
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For NOX, SO2 and carbon dioxide (CO2), 
knowledge of  emission levels is relatively 
good. This derives from a history of  emission 
measurements and consistent emissions from 
a given source type. However, despite an 
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data in recent years, emissions of  BC, 
OC, CO, CH4 and non-methane volatile 
organic compounds (NMVOCs) remain 
quite uncertain for many source types. For 
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factor of  three; and for the main products of  
incomplete combustion, BC, OC and CO, 
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for the developed world than the developing 
regions because of  a longer history of  
emission estimation, a wider dataset of  source 
measurements, and more reliable statistical 
information on the number of  sources and 
activity levels. As more sources are measured 
�
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emission estimates is expected to grow.
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This chapter discusses the current state 
of  knowledge of  primary emissions of  
carbonaceous aerosols, BC and OC, other 
�
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and ammonia (NH3) and the precursors of  
tropospheric O3, NOX, CO, NMVOCs and 
CH4. Emissions of  CO2 are also included 
in some presentations for comparison 
purposes. The chapter presents anthropogenic 
emissions of  these species, as generated by the 
International Institute for Applied Systems 
Analysis Greenhouse Gas and Air Pollution 
Interactions and Synergies (IIASA GAINS) 
model for 1990, 2005 and 2030, the future 
reference scenario, as well as information on 
emissions from natural sources that are part of  
global climate modelling. It also shows results 
from some other global emission inventories 
�"���"��� ����!�����
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Emissions of  each species are disaggregated 
by major world region and emitting source 
category in order to highlight the most 
important contributors to global change and 
to direct the reader towards opportunities 
for mitigation action, which are discussed 
in detail in Chapter 5. To place present-
day emissions in context, historical trends 
and likely future directions of  emissions by 
considering socioeconomic and other drivers 
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in these emission estimates is discussed, 
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with reference to available quantitative 
estimates of  uncertainty. For some species the 
emission estimates are quite uncertain, and 
this carries over into uncertainty about their 
impacts and mitigation.
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Emissions of  BC and tropospheric O3 precur-
sors are driven by basic societal forces that 
govern the production and consumption of  
energy, food and materials: 

1. Population growth; 

2. Economic development that drives, for ex-
ample, the transition away from residential 
burning of  solid fuels, the extent of  private 
vehicle ownership, and dietary habits such 
as increased meat consumption that affects 
CH4 emissions; 

3. Consumption patterns, driven by popula-
tion pressure, that include land-use changes 
involving deforestation and wetlands re-
moval; 

4. Technological change that can help in faster 
emission reductions through the spread of  
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nologies; 

5. Environmental regulations driven by re-
gional health and ecosystem concerns, 
resulting in, for example, reductions in PM, 
SO2 and NOX emissions; and 

6. Other policy drivers such as global climate 
change mitigation agreements. 

All these drivers interact with different sectors 
of  human activity and have distinct time-
frames for implementation and the achieve-
ment of  objectives.

There are other driving forces that affect emis-
sions but are not so directly linked to human 
activities. These include future climatological 
changes that may affect, for example, water 
availability and drought, which would in turn 
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examples might relate to the frequency and 
intensity of  lightning and associated NOX, soil 
NOX and CH4 released from warming tundra, 
increased tropospheric O3 formation due to 
higher temperatures, etc. At the same time, 
previously unavailable areas may open up to 
enable some economic activities to shift or ex-
pand, such as drilling for oil and opening new 
shipping routes in the Arctic. 

Before the start of  the industrial revolution, 
emissions of  BC and tropospheric O3 pre-
cursors were essentially driven by natural 
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canoes and other geogenic releases – and by 
the same kinds of  continuous natural releases 
that are seen today, such as CH4 emissions 
from wetlands, biogenic NMVOCs, and NOX 
from lightning. Anthropogenic emissions at 
that time were limited to biomass burning for 
cooking and heating and represented only a 
small fraction of  total emissions: for O3 pre-
cursors and SO2 less than 10 per cent, while 
for BC about a third of  the total (Lamarque et 
al., 2010). Some episodic releases, such as the 
large volcanic eruptions of  El Chichon (1982) 
and Mount Pinatubo (1991), injected enor-
mous amounts of  ash, dust and gases into the 
atmosphere and had worldwide effects lasting 
two or three years (McCormick et al., 1995). 

'������������������ ������������������������
periodically break out in Siberia and are 
often initiated by lightning strikes. Large 
������������������"������!����������"��
7����
smoke into the lower stratosphere (Fromm et 
al., 2005). These episodic natural emissions 
can be of  similar magnitude to anthropo-
genic emissions. Even some of  the continu-
ous natural emissions are on the same scale 
as present-day human-made emissions, ex-
amples of  which include CH4 from wetlands, 
bogs, swamps and tundra (200–400 Mt/yr, 
from Fung et al., 1991); biogenic NMVOCs 
(500–750 Mt/yr, from Guenther et al., 2006); 
volcanic SO2 (13–15 Mt/yr, from Andres 
and Kasgnoc, 1998); lightning NOX (about 
5 Mt Nitrogen/year, from Schumann and 
Huntrieser, 2007) and NMVOCs from 
biomass burning (about 80 Mt/yr, from 
Lamarque et al., 2010). 
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Though emissions from natural sources can 
show large inter-annual variability, they have 
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for open biomass burning which has been 
growing strongly since the 1950s, largely from 
deforestation and land clearance, and hence is 
no longer exclusively natural). Anthropogenic 
emissions, on the other hand, have increased 
dramatically since pre-industrial times: for ex-
ample, SO2 and NOX emissions had increased 
nearly 50-fold and emissions of  BC and CO 
by factors of  5 and 10 respectively by the year 
2000 (Lamarque et al., 2010).

In the early to mid-19th century, widespread 
industrialization saw the advent of  the use 
of  fossil fuels, initially coal, to provide energy 
to power the production of  goods and ser-
vices. The development of  the Haber-Bosch 
process for producing nitrogen fertilizer at 
the beginning of  the 20th century led to an 
unprecedented growth in food production 
that supported strong population growth 
but at the same time caused a cascade of  
environmental changes, including increased 
air pollution and the perturbation of  green-
house-gas levels (Erisman et al., 2008). At the 
same time, biofuels were being consumed in 
large amounts wherever human settlement 
occurred in timber-rich parts of  the world 
(Fernandes et al., 2007). At the beginning, the 
burning of  wood and coal in factories and 
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cess that paid no regard to smoke emissions; 
large quantities of  PM, rich in the carbona-
ceous products BC and OC, were therefore 
generated. Gaseous species including NOX, 
CO, NMVOCs and SO2 were produced at 
the same time in varying quantities.

Anthropogenic emissions began to grow rap-
idly, and it was not until the 1920s that atten-
tion began to be paid to limiting the emis-
sions of  PM through various add-on removal 
devices. The economic depression of  the 
1930s and installation of  rudimentary emis-
sion controls led to a modest decline in most 
emissions. In many parts of  the world, how-
ever, wartime production reversed this trend 
in the 1940s, and emissions began to increase 
rapidly in the post-war economic revival, 
beginning in about 1950. This trend spread 

quickly to most parts of  the world, especially 
in the northern hemisphere, which until now 
has been responsible for the majority of  hu-
man-caused pollution. As emissions grew and 
associated environmental and health impacts 
– acid rain, respiratory diseases, and heavy 
metals poisoning – became more evident, se-
rious attention started to be paid to prevent-
ing atmospheric emissions in the early 1970s, 
at least in the developed world. The last few 
decades have seen a strong decline in emis-
sions of  PM and acidifying pollutants from 
industrial and transport sources in the devel-
oped world. However, since the late 1990s, a 
rapid increase in emissions in Asia has offset 
these reductions, often leading to continued 
growth at global level. Emissions of  CO2 
have kept growing, and only the most recent 
economic crisis resulted in their temporary 
stabilization (Friedlingstein et al., 2010).

For the future, it is generally expected that 
growth in emissions of  air pollutants will be 
tempered by continuing pressure to achieve 
ever more ambitious environmental targets. 
In some cases emissions will be ameliorated 
simply by economic development, which will, 
for example, gradually replace residential 
solid fuel combustion with cleaner fuels and 
remove older vehicles from the road. This 
will go some way towards reducing emissions 
of  PM, including BC and OC, as well as 
hydrocarbons and CO. For other species, 
primarily SO2 and NOX, where there is now 
a fairly long history of  pollution control, 
the experience of  developed countries can 
be expected to spread gradually throughout 
the world and hold down future emissions; 
recent emission inventories and assessments 
�
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example, Zhang et al., 2009a; Klimont et al., 
2009; Xu et al., 2009). For some sources of  all 
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or expensive and, without new policies, 
emissions will persist for the foreseeable 
future. This may lead to growth in total 
global emissions if  the spread of  cleaner 
technology cannot keep pace with economic 
and industrial growth. Emission projections 
are sensitive to the socioeconomic attributes 
of  the scenarios, however, and it is not always 
clear which pathways will generate the 
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highest emissions. For example, while high 
economic growth is likely to result in high 
levels of  emissions, it may also promote the 
transfer of  high-performing technologies to 
less developed countries.

&+(�8������"���#������#3 
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This section reviews estimates of  global emis-
sions of  BC, OC and tropospheric O3 precur-
sors, highlighting the important source types, 
economic sectors and geographical regions. It 
begins by describing the IIASA GAINS model 
used in this Assessment for emissions calcula-
tions, together with its assumptions about 
emission factors (Section 2.3.1). Section 2.3.2 
presents emissions for the year 2005 from the 
IIASA GAINS model that were used to anchor 
the future reference scenario emissions to 2030. 
Though emphasis is on anthropogenic emis-
sions, the major natural sources of  relevant 
species are also introduced. Biomass-burning 
emissions are discussed in section 2.3.3, as they 
represent a large source of  all relevant species. 
Uncertainties in present-day emissions are dis-
cussed in section 2.3.4, and key observational 
support for current emission trends is provided 
in section 2.3.5. How present-day emission 
levels were established is discussed in section 
2.3.6, through examples of  historical emission 
estimates since the beginning of  industrializa-
tion. Section 2.4 describes the assumptions 
that were made for the construction of  the 
reference scenario, and section 2.5 contains 
a detailed description of  recent past, present 
and future emission estimates from the IIASA 
GAINS model used as the basis for the analysis 
of  mitigation options (Chapter 5).

&+(+6�9��77;/;�8;7,/�����

Estimation of  anthropogenic emissions in this 
chapter and the analysis of  mitigation op-
portunities (Chapter 5) have been performed 
with the IIASA GAINS model (http://gains.
iiasa.ac.at), an integrated assessment model 
that explores cost-effective emission control 
strategies to reduce greenhouse gases and/
or improve local and regional air quality. The 
model has been applied to analyse strategies 
in a number of  regions and countries and, 

recently, for the whole world. The emission 
calculation in IIASA GAINS draws on the 
available measurement literature and has been 
reviewed by experts from academia, govern-
��
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issues and national aspects of  emissions. The 
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maintenance levels and the application of  
control technologies.

Emission factors for BC and OC in the GAINS 
framework have been developed in parallel 
with the assessment of  PM emissions to assure 
overall consistency (Kupiainen and Klimont, 
2007). Detailed discussion of  the calculation 
of  BC and OC emissions in GAINS, including 
emission factors for the developed countries, 
is given in Kupiainen and Klimont (2007) 
and for Asia in Klimont et al. (2009). Emission 
factors for other world regions (see Cofala et 
al., 2007) are based on data from Bond et al. 

(2004, 2007). Methane emission factors have 
been derived following the guidelines (1997 
and 2006 versions) of  the Intergovernmental 
Panel on Climate Change (IPCC) as closely as 
������	���������"������������
��"*�!�������
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formation has been included from the United 
Nations Framework Convention on Climate 
Change (UNFCCC) and other external sourc-
es. For some source categories (e.g., livestock 
�
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sion factors have been used directly as reported 
to the UNFCCC, while for others (e.g., oil and 
gas production and transportation) emission 
factors have been derived from underlying 
data (e.g., fractions of  heavy/conventional oil, 
current utilization of  associated gas, pipeline 
lengths and amounts transported). For coun-
tries not reporting to the UNFCCC, emission 
factors have been derived based on underlying 
factors available from international statistics 
and national sources. For NOX, the emission 
factors originate from the Regional Air Pol-
lution Information and Simulation (RAINS) 
databases for Europe (Cofala and Syri, 1998a) 
and the GAINS model implementation for 
Asia (Klimont et al., 2009). For other regions, 
the default factors that distinguish the effects of  
applied emission control measures were used 
as a starting point, then adjusted to the values 
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implied by available national or international 
emission inventories (Cofala et al., 2007). Simi-
larly, for SO2, information originating from 
Cofala and Syri (1998b), Cofala et al. (2007) 
and Klimont et al. =#QQ[@�����������������
other countries with coal quality parameters 
provided in the IEA Coal Research database 
(IEA, 1997). Emission factors for CO are based 
on the IPCC guidelines (Houghton et al., 1997) 
�
�����������������
��"*�!��������
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��
(e.g., for wood burning in the domestic sector 
and for transport) to the extent that appropri-
ate information was available. For NMVOCs, 
sources include Klimont et al. (2000, 2002), Wei 
et al. (2008), and the EDGAR v4 database (EC-
JRC/PBL, 2010). The CO2 emission factors 
rely on IPCC recommended values and for 
NH3 on Klimont and Brink (2004), Bouwman 
et al. (2002), Fischer et al. (2010) and EDGAR 
v4 (EC-JRC/PBL, 2010).

During 2010, for the purpose of  this Assess-
ment, emission factors for several priority 
sectors were revisited to include results from 
�������������
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�
factors for cook stoves and power generation 
now take into account measurements by Roden 
et al. (2006, 2009), Christian et al. (2010), and 
recent studies by Chen et al. (2009), Zhi et al. 
(2009) and Zhao et al. (2010). In the transport 
sector a major new feature is the estimation of  
emissions from high-emitting vehicles based 
on studies by Durbin et al. (1999), Yanowitz 
et al. (1999), Hsu and Mullen (2007), Ban-Weiss 
et al. (2009) and Subramanian et al. (2009). The 
update of  input data to GAINS also included a 
revision of  emission factors for diesel cars and 
trucks, for which emissions in real operating 
conditions differ from emission factors derived 
from test cycles. This revision was based on 
the results of  research projects like ARTEMIS 
(http://ec.europa.eu/transport/road safety/
projects/doc/artemis.pdf) and HBEFA (http://
www.hbefa.net/e/index.html). Data used by 
IIASA were provided by the COPERT 4 (v7.1) 
������=���!]^^�����
�������^��!���^����^
COPERT4_v7_1.pdf). Emission factors from 
brick manufacturing, coke production and 
garbage burning in the developing world were 
revised to take into account the recent source 
measurements conducted by Christian et al. 
(2010) and Bellprat (2009).
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Table 2.1 presents anthropogenic and natural 
emissions of  each species for the year 2005, as 
used by the atmospheric models in this Assess-
ment. The anthropogenic totals are taken from 
the GAINS model and are shown in Figure 
2.1; other estimates of  present-day emissions 
are presented in Appendix A.2. Anthropogenic 
contributions are discussed in detail in section 
2.5. The transport sector in Table 2.1 includes 
emissions from international shipping and 
aviation that come from Representative Con-
centration Pathway 8.5 (Lamarque et al., 2010). 
Aviation is a minor contributor to global an-
thropogenic emissions of  these species, but in-
ternational shipping contributes about 14 per 
cent and 23 per cent of  global SO2 and NOX, 
respectively. As discussed in section 2.1, emis-
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���������������������
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pollutants and are essential inputs to the atmo-
spheric and climate models. Table 2.1 includes 
the values of  natural emissions that are used 
in the GISS and ECHAM models. With the 
exception of  agricultural burning, open bio-
mass burning is categorized as a natural source 
�
�'�����#�`��{�����������������������������������
�
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2008), it is not possible to quantify the human 
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by local climatic factors (Bowman et al., 2009) 
that may change over time. Policy measures to 
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be of  limited value, therefore, and are not a 
focus of  this mitigation-oriented Assessment. 
Nevertheless, it must be remembered that 
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portant sources of  global carbonaceous aero-
sols and contribute substantially to O3 precur-
sors. Section 2.3.3 discusses biomass burning 
in greater detail.
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component of  the Earth’s system, controlling 
atmospheric composition at a global level 
(Bowman et al., 2009). Biomass burning is the 
major source of  BC, OC and O3 precursors in 
the southern hemisphere and is an important 
contributor in the northern hemisphere. 
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Figure 2.1. Comparison of GAINS 2005 emissions with other global inventories (not including open  
biomass burning).

Table 2.1  Anthropogenic and natural emissions for the year 2005 used in this assessment (Mt/yr)

    BC       OC       PM2.5      SO2    NOx
a   CH4   NMVOC      CO   NH3

b

Anthropogenic
�������	�
��	�������� 0.10 0.15 8.1 71.6 34.1 0.36 1.2 29.9 0.07

���������
����	����� 0.43 0.66 4.5 12.7 2.4 0 8.0 74.2 0.11

����������
�	���	��
�
	�������� 2.7 9.6 17.8 5.8 5.0 8.8 37.9 195 0.34

��������� 1.6 1.4 3.4 15.9 71.5 2.3 38.5 266 0.36

�����
����
������	���������
������������ 0.28 0.06 0.51 2.4 1.4 101 36.4 2.0 0

��
����� N/A N/A N/A N/A N/A N/A 23.4 N/A N/A

������
����

 0.1 0.75 1.3 0.06 0.12 49.8 1.1 6.2 0.02

!���	�
����	 0.31 1.2 3.4 0.16 0.26 126 4.0 25.5 39.5

Total anthropogenic 5.5 13.8 39.0 109 115 288 150 599 40.4

Naturald "�"#$ ""�"% 6000e &%�"' ()�*+ 210 )$+�(),� )*�*" 21

Global total %#(�,#& )$�(& 6039 '"$�')+ '*,�'$( 498 *&+�*,, *)(�**& 61

a  Reported as NO2.
b  NH3 emissions are from EDGAR v4.1.
c  Includes the burning of agricultural residues.
d  Includes the open burning of all biomass other than agricultural residues.
e  Includes total fluxes of sea salt and dust. According to IPCC (2007), the submicron shares of sea salt and dust are 15 

per cent and 7–20 per cent, respectively.
f  Isoprene.
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emissions both temporally and geographically 
(Andreae and Merlet, 2001; Streets et al., 
2003b). Particles from biomass burning are 
the major anthropogenic aerosol component 
in South America, Africa and Southeast Asia 
during their respective dry seasons. Such 
�������
����	�����
�����
������
����
��"�
alter the radiation balance and cloud 
properties over large regions of  the southern 
hemisphere (Reid et al., 2005a, b; Andreae 
et al., 2004; Artaxo et al., 2002). Different 
approaches have been used to obtain emission 
factors for biomass-burning, such as direct 
���������
����	���������
��������!�����
���
(Yamasoe et al., 2000) and aircraft experiments 
(Yokelson et al., 2007), as well as laboratory 
measurements (Christian et al., 2003). Andreae 
and Merlet (2001) compiled emission factors 
for over 100 trace-gas species and aerosol 
components for tropical forests, extratropical 
forests and savannah and grassland emissions.

There are two main components to human-
������������������
�
]�������������
������
�
����
����
����������������!����� ����-
cultural residue or as pasture maintenance. 
Although deforestation rates have been re-
duced since 2005, especially in the tropics, 

������������
����
����� �����
�������+��
���"�
of  smoke in tropical regions has fallen com-
mensurately (Artaxo and Andreae, 2007). 
Recent estimates of  carbon emissions from 
open biomass burning range from 1 500 to 
2 800 Mt C/yr (van der Werf  et al., 2010) 
over the period 1997–2009. In its Fourth 
Assessment Report (AR4) the IPCC esti-
mated emissions from deforestation to be 
1 600 Mt C/yr (IPCC, 2007). Efforts to pro-
	�����
��
��������������������������������
Global Fire Monitoring Center show a very 
dynamic system that responds quickly to pre-
cipitation changes as well as policy measures.

Several detailed global inventories of  biomass-
burning emissions are available. These include 
EDGAR (Olivier et al., 1996; EC-JRC/PBL, 
2010), Bond et al. (2007) and Junker and 
Liousse (2008). A gridded historical (1850–
2000) biomass-burning emissions product 
was recently made available in support of  
the IPCC’s Fifth Assessment Report (AR5) 
(Lamarque et al., 2010). However, only a 

few inventories include biomass-burning 
emissions for past decades (Ito and Penner, 
2004; Schultz et al., 2008). For the principal 
categories of  biomass burning the main 
emission datasets are: 

1. The RETRO inventory (Schultz et al., 
2008), which provides emissions from wild-
��������������"��������
�����`[}Q$#QQQ�
period, on a monthly basis; 

2. The GICC inventory (Mieville et al., 2010), 
which gives emissions from open biomass 
burning for the 20th century (1900–2000) 
on a decadal basis, based on Mouillot and 
Field (2005); and 

3. The Global Fire Emissions Database 
(GFED) inventory (van der Werf  et al., 
2006, 2010), which now covers emissions 
for the 1997–2009 period in GFED3.

Due to the efforts of  several countries to re-
duce deforestation to avoid carbon emissions, 
several regions are observing important 
changes in deforestation rates and biomass-
burning emissions (Artaxo, 2010). These ef-
forts have been encouraged by the Reducing 
Emissions from Deforestation and Degrada-
tion (REDD) scheme, in which carbon cred-
its can allow funding from developed nations 
to be used to protect forests in developing 
nations. Another important reason to reduce 
biomass burning is to lessen the effect of  the 
smoke in suppressing cloud formation and 
precipitation, resulting in a slow-down of  the 
hydrological cycle (Andreae et al., 2004). Fig-
ure 2.2 gives deforestation rates in the Brazil-
ian Amazonia from 1980 to 2009, showing a 
����
���������
��
�����������	��"�����$������
27 000 km2 deforested in 2004 to 7 000 km2 
in 2009 – through Brazil’s implementation 
of  national policies. Similar reductions are 
happening in other tropical areas including 
Indonesia, and if  global policies to reduce 
deforestation come into place, these reduc-
���
����
�����	�
��������
����
���
����"�
change the future picture of  emissions quite 
rapidly. On the other hand, a future climate 
with higher temperatures and reduced pre-
cipitation and soil moisture may increase the 
�
����
����� �������������
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Even though progress is being made in 
reducing biomass burning in many parts 
of  the world, it can still have an important 
�
���
����
���
����	������"������
����"��
��������!�����!��
�����������
������������
forests of  Europe, Central Asia and Siberia 
��	�����
�����
������
����������
����
��"�
to pollution in the Arctic (Quinn et al., 2008). 
Similarly, the Himalayas are vulnerable 
to biomass burning in nearby regions of  
South and Southeast Asia (Ramanathan and 
Carmichael, 2008). In both cases, enhanced 
environmental damage can arise from BC 
deposition on snow and ice and associated 
�
���
�����
������������������

Emissions from biomass burning, which can 
be substantial percentages of  total emis-
sions (e.g., 34 per cent of  total global BC, 
65 per cent of  OC and 43 per cent of  CO), 
are included in the natural emissions category 
presented in Table 2.1. As mentioned earlier, 
the amount of  biomass burning likely to oc-
cur in future is sensitive not only to socioeco-
nomic forces but also to future climatological 
changes that may affect water availability and 
���������������������������
����
��
���
�������
amount of  open biomass burning. Emissions 
from burning of  agricultural residues may in-
crease in the developing countries of  Asia, for 
example, as the living conditions of  farmers 

improve and pressure increases to have more 
crop cycles per year. For the purposes of  this 
study, however, open biomass-burning emis-
sions are assumed to remain constant between 
2005 and 2030.

&+(+<�=���	���	����������������
>���	�����
����������	���	�

'����������� ���
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��������
�����-
mates varies widely depending on species, sec-
tor and region of  the world. For some sources 
in some countries very little is known about 
activity levels and real-world emission factors, 
and choices for parameter values in such cases 
rely heavily on inferences of  activity levels 
from quite limited and uncertain statistical 
information and extrapolations of  emission 
factors from sources that have been measured 
in other parts of  the world. Often, these are 
underestimated: many sources are uncounted 
in statistics and unmeasured sources tend to 
be poorer performers than tested ones. Ad-
�����
������������
���
��
��
������
�"��
�����
estimation of  emissions include fuel quality 
�
������!�
�������
��
��������
�"��� ������-
ment technology.

For global emissions of  BC and OC, Bond 
et al. (2004) presented a formal uncertainty 
�
��"���������[%�!�����
����
���
����
���	����

Figure 2.2. Annual deforestation rates in Brazil for the last 30 years, showing a strong reduction after 2004 
(Artaxo, 2010).

Darrel
Highlight

Darrel
Comment on Text
Is this true for the LAC?

Darrel
Comment on Text
Assess with respect to LAC



22

Integrated Assessment of Black Carbon and Tropospheric Ozone

for total global emissions. For BC emissions 
from contained combustion (essentially an-
thropogenic burning), the range was -30 per 
cent to +120 per cent. For BC from open 
biomass burning the range was -50 per cent 
to +200 per cent. For OC, the corresponding 
ranges were - 40 per cent to +100 per cent 
and -50 per cent to +130 per cent. The major 
source types contributing to uncertainty in 
�
����!��
�������������
����������
������
as coke making, residential wood combustion, 
industrial coal combustion and on-road diesel 
vehicles. For anthropogenic OC, the largest 
contributors were residential wood combus-
tion (by far), gasoline vehicles, and agricultural 
waste burning. Bond et al. (2004) showed that 
emissions are not predictable from overall stoi-
chiometry (the amounts of  fuel and air used 
in combustion). Rather they are determined 
by combustion kinetics and mixing. Moreover, 
carbonaceous aerosols are usually formed un-
����!�������������
���
�����
������
��
����-
cient oxygen is available for complete combus-
tion. These conditions are generally associated 
�������������
������
����	��������
�!���*+����-
ty fuels, which are mostly, but by no means ex-
clusively, to be found in developing countries. 
Residential cook stoves are a typical example 
of  a combustion device that yields high emis-
sions of  carbonaceous aerosols; and if  the 
extremely wide variation in stoves and their 
usage (stove type, fuel type and quality, fuel 
moisture content, oxygen availability, draft and 
ventilation conditions, temperature require-
ments, etc.) is taken into account, it should not 
be surprising that the uncertainty in emissions 
is high. The wide variation among emission 
����������!�����������������
�����������"�������
��
����������=���������
�et al., 2006, 2009).

Uncertainty in emissions of  other species, 
including the precursors of  tropospheric O3 
is generally not as high as for carbonaceous 
aerosols. As far as can be ascertained, there 
have been no formal estimates of  uncertainty 
in global emissions of  these species, such as 
are contained in the EDGAR inventory. Esti-
mates for Asian gaseous emissions conducted 
for the NASA TRACE-P mission (Table 2.2) 
provide useful illustrations of  the relative 
uncertainties in emissions by species and by 
level of  economic development (Streets et al., 

2003a). The least uncertainty is associated with 
SO2 (9–44 per cent) and CO2 (7–91 per cent), 
both of  which are to some extent constrained 
by the elemental concentrations in the fuels 
(sulphur and carbon). CO2 can actually be 
an indicator of  how well activity levels are 
known. Uncertainty in emissions of  BC and 
OC were the highest by far (160–500 per cent 
for developing countries and 80–180 per cent 
for developed countries in Asia), mostly driven 
by high uncertainty in the emission factors of  
small sources like cook stoves, kilns and ovens, 
and some kinds of  vehicles. NOX, CO, CH4 
and NMVOCs are all subject to consider-
able uncertainty because of  their sensitivity to 
combustion conditions, just like BC and OC; 
in addition, there are other, non-combustion 
contributions to CH4 and NMVOC emissions 
that are hard to characterize. Emissions of  
NH3 are largely associated with agricultural 
emissions, the sources of  which are not eas-
��"�+��
�������'�����#�#����������������������
levels of  uncertainty for developed countries 
like Japan (e.g., ±19 per cent for NOX emis-
sions), compared with the developing regions 
of  South Asia (±63 per cent) and Southeast 
Asia (±92 per cent). This difference relates to 
variations in the availability and reliability of  
detailed activity statistics and the availability 
of  measured emission factors (or lack of  them). 
Discussion of  uncertainties in Asian emissions 
was further developed by Zhang et al. (2009a) 
in the context of  the updated TRACE-P 
emission inventory for the INTEX-B mis-
sion. They showed that incorporation of  local 
knowledge for developed countries such as 
Japan and the Republic of  Korea could reduce 
the uncertainties.

Uncertainties in the GAINS estimates of  base-
year emissions are similar to those reported in 
Table 2.2. Schöpp et al. (2005) discussed the un-
certainties of  emission estimates in the integrat-
ed assessment model RAINS, considering the 
uncertainties in the model parameters them-
selves. Overall, it was found that a typical range 
of  uncertainties for modelled national emissions 
of  SO2, NOX, and NH3 in Europe lies between 
10 and 30 per cent, which is consistent with 
the results presented in Table 2.2 for developed 
countries. In general, the uncertainties are 
strongly dependent on the potential for error 

Darrel
Comment on Text
Can we reduce these uncertainties in the LAC assessment?  At least in some regions?

Darrel
Comment on Text
See if this includes LAC

Darrel
Comment on Text
Can we do better?



Chapter 2. Black carbon and tropospheric ozone precursors: drivers, emissions and trends

23

compensation. This compensation potential is 
larger (and uncertainties are smaller) if  calcu-
lated emissions are composed of  a larger num-
ber of  equal-sized source categories, where the 
errors in input parameters are not correlated 
with each other. Thus, estimates of  the national 
total emissions are generally more certain 
than estimates of  sectoral emissions. While the 
analysis of  Schöpp et al. (2005) showed that the 
��������
������
������������������"��
���
�����"�
�����!��������������
�$��
�����
�����!������
���
year and region – the emission factor is an im-
portant contributor to uncertainty in estimates 
of  historical emissions, while uncertainty in the 
activity data dominates the uncertainty in fu-
ture emission estimates.

A quantitative assessment of  uncertainty for 
future-year emissions was not performed for 
this Assessment. As discussed in Nakicenovic et 
al. (2000) and Streets et al. (2004), uncertainties 
associated with long-term global projections 
are best treated within a scenario context. This 
helps in the assessment of  future developments 
in complex systems that are either inherently 
�
!���������������������	����������
������
-
certainties. In all stages of  the scenario-build-
ing process, uncertainties of  different kinds are 
encountered. A large uncertainty surrounds 
future emissions and the possible evolution of  

�������
����"�
����	�
����������������������
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wide range of  future emission paths in the lit-
erature. The uncertainty is further compound-
ed in going from emission paths to formulat-
ing adaptation and mitigation measures and 
policies. In this Assessment a set of  alternative 
scenarios was devised drawing on the two dif-
ferent developments of  the energy system (ref-
erence and CO2 measures scenarios from IEA, 
2009) for which a number of  control scenarios 
were prepared (Chapter 5). Hence, the alter-
native scenarios describe the range of  possible 
future emissions.

&+(+0�#���%�	������������	�����
���������	���	�

Present-day emission inventories of  O3 precur-
�������
����	��������"������������
��������
��
and ground-based observational data. The 
estimation of  emissions constrained by satel-
lite observations is often called a top-down 
approach, as compared with the conventional 
bottom-up inventories based on activity data 
and emission factors. Further, a priori bottom-
up emission estimates can now be assimilated 
with satellite data using inversion techniques to 
yield a posteriori estimates that are more consis-
tent with observational data.

Table 2.2. TRACE-P uncertainty estimates (per cent) for Asian emissions (upper bound, +95 per cent          
confidence interval).

SO2  NOX  BC  OC  CO2  CO  CH4 NMVOCs  NH3

China 13 23  484 495 16 156 71 59 53

Japan 9 19  83 181 7 34 52 35 29

Other East Asia 12 24  160 233 13 84 101 49 31

Southeast Asia 27 92  257 345 91 214 95 218 87

India 26 48  359 544 33 238 67 149 101

Other South Asia 35 63  379 531 44 291 109 148 101

International          
shipping 44 56  402 402 40 72 72 204 –

All Asia 16 37  364 450 31 185 65 130 72
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NOX emissions
������� ������
��������
�	���������
��� ���-
gional emissions of  NOX has focused on East 
China, where a rapid increase in emissions 
in recent decades is thought to have been a 
driver of  the increase of  O3 in the northern 
hemisphere. From SCIAMACHY and OMI 
satellite data studies such as Ma et al. (2006), 
Akimoto et al. (2006), Zhang et al. (2007) and 
Lin et al. (2010), it can be concluded that, 
although emission inventories of  fossil-fuel 
NOX in China in the late 1990s to early 2000s 
could have been underestimated by more than 
30 per cent due to errors in coal consumption 
statistics and other uncertainties, more recent 
bottom-up emission inventories of  NOX agree 
within 15 per cent with satellite-constrained 
estimates (Zhang et al., 2009a). However, sat-
ellite data are able to provide more accurate 
spatial distributions of  power plants and other 
anthropogenic and natural activities and 
therefore improve emission inventory map-
ping. For example, the OMI satellite products 
have been used to identify newly added NOX 
emissions from new power plants in Inner 
Mongolia, China (Zhang et al., 2009b).

CO emissions
Top-down approaches to constraining global 
CO emissions using satellite remote sensing 
data and surface observational data have long 
been pursued to validate inventory data and 
estimate their uncertainties. Several studies 
using inverse modelling techniques found that 
the earlier EDGAR inventory (Olivier et al., 
1996) appears to have underestimated sources 
for various regions (Kasibhatla et al., 2002; 
Pétron et al., 2004; Mueller and Stavrakou, 
2005; Arellano et al., 2006). Particularly, global 
inversion analyses using MOPITT satellite 
data found that sources in Asia and Africa 
������
����
��"��
��������������"�����\�-
GAR inventory. The inter-comparison study 
of  Shindell et al. (2006) showed that forward 
models underestimate CO in the northern 
��������!�����������!��������"���
��"������ ����-
craft data downwind of  Asia obtained in the 
TRACE-P campaign imply that emissions of  
CO from China were too low in the original 
TRACE-P emission inventory (Carmichael 
et al., 2003; Allen et al., 2004). Motivated by 
these studies, Streets et al. (2006) developed 

a new bottom-up inventory of  CO emis-
sions for China that are 36 per cent higher 
than the earlier work and give much better 
agreement between modelled and observed 
CO concentrations.

NMVOC emissions
Among the key precursors of  tropospheric 
O3���������������
������������������	���-
date by observational data, since continuous 
measurement of  each NMVOC component 
on the ground is very limited and satellite data 
are not available for non-methane hydrocar-
bons (NMHC). Recently, however, satellite 
data using GOME, SCIAMACHY and OMI 
sensors for column distribution of  formalde-
hyde (HCHO) (e.g., De Smedt et al., 2008) 
have been utilized to verify NMVOCs from 
biomass burning and to estimate emissions 
�� ����!��
��������������
����
��!����������� �
HCHO from the biosphere. For example, Fu 
et al. (2007) found that the biomass-burning 
source for East and South Asia is almost 
�	������������'�>�\*���
	�
���"�����������
while an estimate of  anthropogenic reac-
tive NMVOC emissions from China is only 
25 per cent higher based on wintertime 
GOME observations. Generally, NMVOC 
emissions from biomass burning in Asia are 
greatly underestimated in emission invento-
ries. Dufour et al. (2009) studied HCHO tro-
pospheric columns from SCIAMACHY with 
the CHIMERE chemical transport model 
for Europe, and reported that the agreement 
between measurements and model was within 
20 per cent on average.

Decadal ozone trends
Consistency between trends of  observed 
tropospheric O3 abundance and precursor 
emissions in the last couple of  decades is very 
important for assessing the relative impor-
tance of  reducing O3 compared to long-lived 
greenhouse gases for climate-change mitiga-
tion up to 2030. Emissions of  O3 precursors 
generally increased until the end of  the 1980s 
in the northern hemisphere. After the 1990s, 
emissions in Europe and North America 
started to decrease due to successful control 
measures – including stringent regulations in 
the USA (Monks et al., 2009) – and remained 
stable or slightly decreased through the 2000s, 
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Figure 2.3. Time development of 
the monthly mean (+) and 12-month 
running mean (solid line) baseline O3 
mixing ratios from April 1987 at Mace 
Head (from Derwent et al., 2007).

Figure 2.4. Monthly 
mean O3 mixing ratios 
and the linear fit line 
at Hok Tsui, Hong 
Kong, during 1994–
2007 (from Wang et al., 
2009).

consistent with long-term baseline O3 mea-
surements at Mace Head on the Atlantic coast 
of  Ireland (Figure 2.3).

In contrast, emissions in Asia have been in-
creasing rapidly since the 1980s, becoming 
comparable to emissions in Europe and North 
America in the 1990s, and have continued 
to increase in the 2000s, exceeding emissions 
from Europe and North America in the north-
ern hemisphere (Akimoto, 2003). Figure 2.4, 
�
��������������������������������
�����
�����
the increase in O3 on the Asian continent.

Substantial amounts of  surface O3 trend 
data have been gathered in Europe, North 
America and Northeast Asia in the last 
couple of  decades, and increasing trends are 
observed at most of  the baseline sites in the 

northern hemisphere. Baseline observation 
sites in both Europe and North America 
typically show an increase of  0.3–0.4 parts 
per billion (ppb) per year of  surface O3 during 
the 1990s to early 2000s (Monks et al., 2009). 
However, this rate of  increase, which is more 
than 50 per cent of  the rate observed in 
Northeast Asia, is too high to be ascribed to 
the precursor emission increase in Northeast 
Asia resulting from intercontinental transport. 
'����������������
����
���
������
�"�����������
exact cause of  these increases, which deserves 
further research.

&+(+?����	�������	����������������

BC emissions
There have been four studies to date that have 
attempted to reconstruct historical emission 
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inventories of  carbonaceous aerosols. Bond 
et al. (2007) extended the earlier Bond et al. 
(2004) inventory for the year 1996 to the peri-
od 1850–2000 for biofuel and fossil-fuel com-
bustion, building on a companion trend of  
global biofuel use for 1850–2000 (Fernandes et 
al., 2007). Figure 2.5 compares the historical 
BC emission trends of  Bond et al. (2007), Ito 
and Penner (2004) and Novakov et al. (2003). 
Qualitatively the trends of  all three studies are 
similar. The major features are growth from 
the 19th century until about 1920, a period of  
little change from 1920 to about 1950, rapid 
increase from 1950 to about 1990, and then 
attenuation of  the growth and perhaps a level-
ling off  after 1990.

Quantitatively, however, the three studies 
�������
����
���������
�����'���������*�����
trend of  Novakov et al. tracks Bond et al. un-
til 1950, after which it increases much more 
rapidly, ending up in 2000 at roughly double 
(~6 Mt/yr versus ~3 Mt/yr). This is attribut-
ed to the use by Novakov et al. of  the emission 
factors of  Cooke et al. (1999), which are now 
thought to be too high. On the other hand, 
the fossil-fuel BC trend of  Ito and Penner 
agrees much better with Bond et al. in modern 
����������������
����
��"��������
���������"�
part of  the 20th century. This might be due to 
the fact that Ito and Penner, for the most part, 
did not take into consideration the relatively 
poor technologies in the early time period, 
with much higher emission factors than to-
day and no emission controls. The estimates 
of  BC emissions from biofuel combustion of  
Bond et al. and Ito and Penner are quite simi-
lar. It should also be noted that Novakov et al. 
did not consider biofuel combustion.

Ozone precursor emissions
The radiative forcing of  tropospheric O3 
from the pre-industrial era to the present is 
very much dependent on the pre-industrial 
concentration of  O3. Estimates of  surface 
O3 concentrations at the end of  the 19th 
century are of  the order of  10 ppb, but are 
based on extremely limited quantitative 
data or more widespread data that are only 
qualitatively reliable (Pavelin et al., 1999). 
Such low values cannot be explained by 
current models which, when anthropogenic 
emissions of  NOX, CO, NMVOCs and CH4 
are excluded, give around 20 ppb or more 
(Gauss et al., 2006). A large reduction in 
natural-source emissions in the current in-
ventories is required in order to reproduce 
the observed O3 abundance (Mickley et al., 
2001). Although there remains uncertainty in 
the difference in tropospheric O3 abundance 
between the pre-industrial and present day, 
current estimates of  radiative forcing, which 
are comparable with that of  methane, are 
generally based on the converging estimates 
of  multi-model studies overestimating the 
pre-industrial level (IPCC, 2007). This ap-
parent overestimation does not, however, 
imply a similar underestimation of  the re-
sponse to modern emission changes, as the 
uncertainty stems from poor knowledge of  
19th century emissions rather than poor un-
derstanding of  the atmospheric processes 
governing O3. Consistency between trends 
of  observed tropospheric O3 abundance and 
precursor emissions in the last couple of  
decades is very important for assessing the 
relative importance of  reducing O3 emissions 
alongside other greenhouse gases for climate-
change mitigation over the next few decades.

Figure 2.5. Historical BC emission trends from fossil-fuel (left) and biofuel (right) combustion from Novakov et al. 
(2003), Ito and Penner (2004) and Bond et al. (2007).
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Figure 2.6. Historical trends in human-driven emissions of O3 precursors from Lamarque et al. (2010), in black; 
RETRO (Schultz et al., 2008; in red) and EDGAR-HYDE (Olivier and Berdowski, 2001; van Aardenne et al., 2001) in 
green. Open biomass burning is not included.

The most recent compilation of  historical 
estimates of  emissions of  tropospheric O3 
precursors is the one developed for use in the 
chemistry model simulations that form part of  
������������ �����|�������������������
����!�����
as documented in Lamarque et al. (2010). This 
dataset is an historical reconstruction of  global 
emissions back to 1850, normalized to year-
2000 estimates. It does not develop new emis-
sion estimates from original data, but rather 
tries to take previously compiled trends and 
harmonize them. For BC and OC, the inven-
tory of  Bond et al. (2007) is used, and results 
are therefore identical to what was presented 
in the previous section. The historical trends 
for NOX, CO, NMVOCs and CH4 are devel-
oped from a combination of  primary sources 
including the EDGAR-HYDE dataset (Olivier 
and Berdowski, 2001; van Aardenne et al., 
2001) and the RETRO dataset (Schultz et al., 
2008). Figure 2.6 shows the resulting trends for 
global anthropogenic emissions. Open biomass 

burning is not included. (The trends are rather 
smooth and do not contain the same level of  
temporal resolution as the Bond et al. inventory 
for BC). They all indicate growth in emissions 
from pre-industrial times until about 1990, 
when emission control measures in developed 
countries began to reverse the trend.

&+<�@%�����	�������������
�����	���������������

The GAINS reference scenario developed for 
this Assessment begins with the key macro-
economic assumptions and energy demand 
presented in the World Energy Outlook 2009 

reference scenario (IEA, 2009), taking into ac-
count existing air quality and climate-related 
policies that imply implementation of  emis-
sion control measures. Projections cover the 
period to 2030.
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Figure 2.7 shows global development trends, 
differentiating regions that come under the 
Organisation for Economic Co-operation 
and Development (OECD) from those that 
do not. Global population is projected to 
grow by 1 per cent per year, from 6.6 billion 
in 2007 to 8.2 billion in 2030. Most of  the 
increase will take place in Asia and Africa 
and will largely be in urban areas. Major 
drivers behind population projections are 
success in controlling the further spread of  
HIV, greater availability of  treatment for 
AIDS and population aging.

Gross domestic product (GDP) projections 
consider the anticipated impacts of  the global 
economic crisis of  2008–09. It is assumed that 
the rate of  GDP growth recovers from its fall 
of  1.4 per cent in 2009 to reach 4.1 per cent 
in 2015, with an average of  3 per cent per 
year for the remaining period. The GDP of  

�
*�\������
�������������
����
��"��������
and is estimated to exceed that of  the OECD 
region before 2020. Primary energy demand 
increases by 1.5 per cent per year on average 
between 2007 and 2030, with an overall in-
crease of  40 per cent. The increase is driven 
mainly by development in China, India and 
the Middle East; overall, about 90 per cent of  
the increase occurs in non-OECD countries. 
However, their per capita energy consumption 
remains much lower than in the rest of  the 

world. Fossil fuels continue to be the dominant 
source of  primary energy supply to the world 
economy, representing 80 per cent in 2030, 
with oil and coal shares of  about 30 per cent 
each. Coal is one of  the most important fuels in 
industry, although the picture is different across 
regions. Power plants and industrial boilers in 
Northeast and South Asia are major coal con-
sumers and coal use is expected to grow in the 
future. Consequently, production, conversion 
and transportation of  fossil fuels will remain a 
��
����
������	��"����������������������	������-
sions of  CH4.

Transport and industry are the sectors with 
the highest fossil-fuel consumption, represent-
ing 62 per cent of  global demand in 2030. 
Figure 2.8 shows regional development in the 
road transport sector. (See section 2.5 for a full 
description of  these regions.) Global fuel con-
sumption is shown to rise by 46 per cent be-
tween 2005 and 2030, driven by growth in the 
developing world; however, fuel use continues 
to be high in North America and Europe, and 
is approximately equal to that of  Asia in 2030. 
Growth in fuel use in the OECD region is ex-
pected to be marginal due to enforcement of  
new fuel economy standards, increased pen-
etration of  smaller vehicles, and new engine 
technologies such as hybrid cars, which are 
projected to account for about 6 per cent of  
��������������������|�������!����
�����
���������
the share of  diesel fuel (an important source 
of  BC emissions) grows from 39 per cent in 
2005 to 46 per cent in 2030.

Figure 2.7. Key macroeconomic assumptions for the OECD and non-OECD regions and world primary energy 
demand (IEA, 2009). 
Note: PPP = purchasing power parity; toe = tonnes of oil equivalent.
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Solid fuel use (i.e., biofuel and coal) in the resi-
dential sector remains fairly constant during the 
period 2005–30, although there are differences 
between regions (Figure 2.9). Biomass, mostly 
used in the developing world in cooking and 
heating stoves, represents nearly 90 per cent of  
total domestic use of  solid fuel, and is expected 
to grow slightly in all regions except Northeast 
Asia. Coal use in the residential sector is pro-
jected to decline by about 4 per cent, mostly in 
Northeast Asia and Europe.

Livestock breeding and crop production are 
associated with nearly half  of  CH4 and over 
80 per cent of  NH3 emissions. Growth in ag-
ricultural production is strongly linked with 
population and economic growth, the latter 
affecting lifestyles and leading to, for example, 
increased meat consumption. Most recently, 
greater demand for biofuels has resulted in ad-
ditional growth in this sector. Agricultural data 
used in this study originate from global (Bru-
insma, 2003; Alexandratos et al., 2006; FAO, 
2010; IFA, 2003; Döring et al., 2010), regional 
(EFMA, 2010; Klimont, 2005) and national 
(Fischer et al., 2010; Amann et al., 2008) statis-
tics, outlooks and projects. Figure 2.10 shows 
changes in selected key indicators in the refer-
ence scenario. All the activity growth is expect-
ed in non-OECD countries, as demonstrated 

in the value added (VA) forecast. While growth 
is moderate for dairy cattle, demand for meat 
leads to strong growth in beef  production.

2.4.2 Air pollution legislation in the 
reference scenario

The GAINS reference scenario assumes suc-
cessful implementation of  current air pollu-
tion control policies (i.e., policies that were 
�
�����������
������
���������� �������������	��
process as of  mid-2010 in each country). The 
������
���
�������������������
�!�����!�����
generation and industrial production. The de-
gree and stringency of  regulation varies across 
regions, however; strongly controlled sectors 
tend to converge in the longer time horizon to 
a comparable implied emission rate largely in-
dependent of  the region. At the same time, it 
is assumed that there will be changes that are 
autonomous from legislation, such as the tran-
sition from traditional heating and cooking 
stoves to improved and clean stoves through 
turnover of  the equipment, and the introduc-
���
��� �
���	�������������������������������
�"��
However, the effects of  such improvements 
are often only seen towards the end of  the 
modelling horizon owing to the long lifetime 
�� ��!�������
���������
��$��������������
�
stoves or off-road machinery – or other con-

Figure 2.8. Use of diesel and gasoline fuel in the road transport sector in 2005 and 2030 in the reference scenario.
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straints including a lack of  infrastructure or 
���
���������������
��!����������
��

Implementation of  national air pollution leg-
�������
�������������
�"����
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���������
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�������	��������
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���
�-
tional laws and agreements such as the Con-
vention on Long-range Transboundary Air 
Pollution (CLRTAP), implies changes in emis-
sion factors over time. These changes will vary 
�����������
���
������������������
���������
-
gency of  legislation. One additional aspect of  
environmental legislation is the actual level of  

compliance, both in terms of  the timely intro-
duction of  the laws (emission standards) and 
the actual performance of  the control equip-
ment. For projections in this study, it has been 
assumed that the technical abatement mea-
sures will be installed in a timely manner and 
will achieve the emission levels required to 
comply with the law. The only exception is the 
transport sector, where high-emitting vehicles 
(or super-emitters) are explicitly considered 
and assumptions are made about their region-
�!��������������
������
���"*�!����������-
rioration factors. Figure 2.11 shows examples 

Figure 2.9. Use of solid fuels in the residential sector in 2005 and 2030 in the reference scenario.

Figure 2.10. Key reference scenario developments for the agriculture sector. 
Note: PPP = purchasing power parity.
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of  how implied emission factors change over 
time in China and India in selected sectors. 
'����������
���������!����
�����
�����������
do not explicitly consider super-emitters.

For transport sources and non-road 
machinery, the reference scenario includes 
implementation of  the Euro-standards, the 
US federal emission standards, the Japanese 
emission standards, and their fuel quality 
requirements. Other countries have adopted 
one or more of  the above standards, mostly 
the European ones, with a somewhat delayed 
implementation stage (e.g., DieselNet, 2010; 
CAI, 2008). Assumptions about current and 
future emission controls in the power-plant 
sector have been cross-checked with detailed 
information from the database on world coal-
�����!�����!��
���=|\>������#Q`Q@���������
as collaboration with national expert teams, 
including from Asia (Klimont et al., 2009), 
and various literature sources (e.g., Xu et al., 
2009; Zhang et al., 2009a; Smith et al., 2011). 
Although several countries have emission 
standards for cooking and heating stoves 
and boilers, most of  the solid fuels used in 
this sector are in the developing world where 
such legislation is lacking, and many of  these 
traditional appliances are expected to remain 
in use until 2030.

2.5 Reference scenario 
������������"���#������#3 
���������������E����	����
�����
����

The emissions described here are mainly de-
rived from the GAINS model for the years 
1990, 2005 and 2030 (see Sections 2.3.1 and 
2.4). Global NH3 and NMVOC emissions 
in developing countries originate from the 
CIRCE project, based on EDGAR v4.1, as 
documented in Döring et al. (2010). These 
�������������
������������������
����	��
regional groupings based on UNEP’s sub-
regional geographical breakdown (available at 
http://geodata.grid.unep.ch/extras/geosub-
regions.php.) (Figure 2.12) plus an additional 
category concerning emissions from interna-
tional shipping and aviation. Global emissions 
are also disaggregated into nine key anthropo-
genic emission source sectors:

1. Large-scale combustion (including power 
plants and industrial boilers);

2. Industrial processes (including cement, lime 
and brick kilns);

3. Residential-commercial combustion;

Figure 2.11. Examples of changes in emission factors over time. Left: transport-related BC in China and India 
(Klimont et al., 2009). Right: NOX (relative change to 1996) in several sectors in China (Zhang et al., 2007).
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4. Transport (excluding international shipping 
and aviation);

5. Fossil fuel extraction and distribution (in-
cluding coal, oil, gas production, storage 
and distribution);

6. {����^��
�����=�
�����
��!�
�������
burning);

7. Agriculture (including open burning of  crop 
residues);

8. Solvent use; and

9. International shipping and aviation.

Emission densities vary regionally, depending 
on many factors such us structure of  fuel use, 
population density, economic development 
and air quality legislation. Consequently, they 
are expected to change over the modelling 
time horizon. Figure 2.13  illustrates the spa-
tial distributions of  BC and NOX emissions 
in 2005 and in the 2030 reference scenario, 
accordingly. In general, the regional trends for 
both pollutants are quite similar, with declin-
ing emissions in North America and Europe 
and increases projected in Asia. However, 
while BC emissions in Northeast Asia show 
a decline, this region becomes the largest 
emitter of  NOX. A more detailed analysis of  
regional and sectoral trends is included later 

in this chapter. Shifts in the spatial distribu-
tion of  emissions over time are important, 
because emissions from different locations 
cause different amounts of  radiative forcing 
(Chapter 3). Figure 2.13 also includes inter-
national shipping emissions, which are not 
��
����
����������������
��������!����
����
sizable part of  NOX and are expected to in-
crease by 2030. 

Emissions of  NMVOCs, NH3 and total PM2.5 
are discussed only in section 2.5.1. NMVOCs 
and NH3 are presented in Figures 2.14 and 
2.15, but because they are of  lesser impor-
tance in the modelling and mitigation sections 
of  this Assessment, they are not discussed 
thereafter. Total PM2.5, which includes all 
primary emitted particles (BC, OC, sulphates, 
metals and minerals) but no secondary par-
ticles, is very relevant to human health and is 
further discussed in Chapter 4, while in this 
chapter emissions of  the radiatively active 
components of  primary particulate matter, 
BC and OC, are stressed. All 10 of  the spe-
cies presented in the following section are 
intimately connected and have their own 
unique suite of  environmental effects. In ad-
dition, each source category emits a variety of  
species, and therefore a mitigation measure 
directed at a single one will simultaneously 
���������*�������
���'������"�������������
����
balance, as discussed at length in Chapter 5. 
\������
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Figure 2.12. The regional groupings used in this analysis.
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est and savannah burning) and natural sources 
are not covered in this section.

2.5.1 Sectoral/regional shares

The regional shares of  global anthropogenic 
emissions for 2005 are shown in Figure 2.14. 
The Northeast Asia, Southeast Asia and Pa-
���������
���!����
����������������������� �
emissions, the majority of  which (60–80 per 
cent) originate in China (data not shown), ex-
cept for NOX and CO2, where North America 

and Europe are responsible for the greatest 
share of  global emissions. For BC, the next 
most important regions are North America 
and Europe, and South, West and Central 
Asia (of  which 63 per cent is from India), 
�����������
����������������� �������������-
tal. The second largest contribution for SO2, 
CO and CH4 comes from North America 
and Europe, while for OC it is Africa and for 
total PM2.5 it is South, West and Central Asia 
(almost 70 per cent of  both pollutants coming 
from India). Africa contributes only a small 

Figure 2.13. Spatial distribution of BC and NOX (as N) emissions in 2005 and the 2030 reference scenario. Note the difference 
of scale between BC and NOX emissions. The GAINS emissions were gridded on a 0.1° × 0.1° grid by the EDGAR team at the 
European Commission’s Joint Research Centre, Ispra, Italy.

x
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percentage of  emissions associated with trans-
portation and industrial activities, but ranks 
high for pollutants originating from incom-
plete combustion (traditional cook stoves), i.e., 
BC, OC, NMVOC, CO and total PM2.5.

For each pollutant, the percentage shares 
of  global emissions for 2005 represented by 
each of  the nine key sectors are shown in 

������#�`%���
��������������
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���
include emissions from international ship-
ping and aviation, which are in a separate 
category. Primary carbonaceous aerosols (BC 
and OC) and total PM2.5 emissions originate 
predominantly in the residential-commercial 
���������������������
�����������
����
��
shares of  NMVOCs and CO, consistent 
����������������
�!��������� ��
���!�����

Figure 2.14. Regional shares of global anthropogenic emissions for 2005.

Figure 2.15. Sectoral shares of global anthropogenic emissions for 2005.
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combustion sources. The large-scale combus-
tion sector is responsible for the majority of  
CO2 and SO2, as well as contributing nearly 
30 per cent of  NOX and 20 per cent of  total 
PM2.5, while for other pollutants it does not 
!��"�����
����
��������\������
�����������
transport and international shipping and avia-
tion sectors taken together are key for NOX 
and CO (45–60 per cent), and contribute 
about 25–30 per cent of  CO2, NMVOCs 
and BC. The agriculture sector accounts for 
the vast majority of  NH3 emissions and is the 
main source of  CH4; for other pollutants its 
contribution is linked with open burning of  
agricultural residues, which makes up almost 
10 per cent of  total OC. Fossil fuel extraction 
�
�������������
��������
����
����������� ���4 
and NMVOC emissions, also contributing 
about 5 per cent of  BC, which is associated 
����������
���������
��'�� �����^��
�����
sector represents about 15 per cent of  CH4 
emissions, while solvents account for a similar 
share of  NMVOCs.

&+0+&�8������	����

Figure 2.16 presents global emission trends by 
world region for the seven major pollutants 
that are of  special relevance to modelling and 
mitigation analysis. Emissions of  BC, OC, 
CO and NOX declined in North America 

and Europe due to implementation of  strict 
air pollution control policies, especially in 
the transport, industry and power plant sec-
tors, as well as the economic restructuring of  
Eastern Europe at the beginning of  the 1990s. 
Emissions rose, however, between 1990 and 
2005 in the other regions due to increasing 
activities and less ambitious implementation 
of  emission controls. This resulted in slight 
net increases in global emissions of  these four 
pollutants. Conversely, net global emissions of  
SO2 declined between 1990 and 2005, mainly 
due to the large reduction in North America 
and Europe caused by end-of-pipe emission 
abatement and reductions in the sulphur con-
tent of  fuels. These measures offset increased 
emissions from South, West and Central Asia. 
From 1990 to 2005, CO2 emissions increased 
in all regions apart from North America and 
Europe where they remained relatively un-
changed; this trend is projected to continue 
up to 2030. Emissions of  BC, OC and CO, 
however, are projected to decrease between 
2005 and 2030 in both Northeast Asia, South-
�����>�����
����������
��������>��������
��
Europe due to further air pollution legislation, 
resulting in slight net global decreases despite 
increases in most other regions. Emissions 
of  CH4 and NOX are expected to grow be-
tween 2005 and 2030 in all regions apart from 
North America and Europe, resulting in a net 

Figure 2.16. Regional splits of global emission trends for the major emitted pollutants. 
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Figure 2.17. Sectoral splits of global emission trends for the major pollutants. 

global increase in the case of  CH4 and a slight 
decrease for NOX.

For BC, OC and NOX, Figure 2.17 does not 
show much change in the sectoral shares over 
time. For CO, however, there was a declining 
contribution from transport between 1990 
and 2005, with this trend set to continue up to 
2030. The transport sector has experienced a 
step-wise introduction of  emission abatement 
technologies which will continue to reduce 
emissions as a result of  equipment turnover. 
|
����������
�������������
���
������� ����-
ther controls are offset by increases in activity 
levels. Over the same period, CO emissions 
from the residential-commercial sector remain 
static, whilst those from the other three sectors 
show a rising trend. For CH4, the increased 
global emissions between 1990 and 2005 are 
largely due to fossil fuel extraction and distri-
bution, and this trend is projected to continue 
up to 2030. The decline in total SO2 emis-
sions from 1990 to 2005 was mainly caused by 
reduced emissions from large-scale combus-
tion and the residential-commercial sector, 
with a further decrease in emissions from 
large-scale combustion driving the ongoing 
reduction in global SO2 emissions projected 
to 2030. The decline is a result of  implemen-
tation of  end-of-pipe control technologies, as 
well as fuel-related changes – mainly switches 

to lower sulphur content and away from solid 
fuels. Large-scale combustion was also largely 
responsible for the increase in CO2 emissions 
between 1990 and 2005, with the further in-
crease projected to 2030 also driven by emis-
sions from this sector.

&+0+(�/�	�����	����

Large-scale combustion (power plants 
and industrial boilers)
Carbon dioxide emissions from this sector 
(Figure 2.18) are a good illustration of  ex-
pected growth in fossil-fuel use, especially in 
Asia where they increase nearly fourfold. At 
the same time, the trends for key air pollutants 
(SO2 and NOX) indicate increasing imple-
mentation of  abatement technologies and fuel 
+�����"���!��	���
���'��������������������
the relatively small emissions of  BC, OC and 
CH4 in comparison with other pollutants. 
SO2 emissions from large-scale combustion 
declined from 1990 to 2005 due to large re-
ductions in emissions from North America 
and Europe outweighing rising trends in 
����������>�����&���������>�����
���������
(mainly China) and, to a lesser extent, in 
South, West and Central Asia (mainly India). 
The major drivers for SO2 emission reduc-
tions in North America and Europe have been 
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Industrial processes
Globally, emissions from industrial processes 
are of  relatively minor importance for the 
pollutants under discussion. Emissions of  
BC and OC in the study period are domi-
nated by Northeast Asia, Southeast Asia 
�
�����������
��&������{�����
����
�����
Asia; for CO, North America and Europe 
follows Northeast Asia, Southeast Asia and 
�������=������#�`[@����������������
���� �
these three pollutants almost doubled from 
1990 to 2005. Major sources in these areas 
are brick- and coke-making (especially for 
BC and OC), which use rather primitive 
and low-cost production technologies with-
out emission controls. Whereas BC and 
OC emissions are projected to stabilize (the 
reference scenario assumes partial replace-
��
���� �����������
������
������
������@��
the rising trend continues for CO to 2030 
with increased emissions in all regions. 
Global SO2 emissions declined slightly from 
1990 to 2005 due to decreased emissions in 
regions other than Northeast Asia, South-
�����>�����
���������=���
����!����
����
67 per cent of  the regional total in 2005 
and was responsible for most of  the growth) 
and South, West and Central Asia. The 
gradual decline in SO2 emissions globally is 
projected to continue to 2030, even though 

Figure 2.18. Trends in emissions from large-scale combustion.
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by fuel switching and a reduced sulphur con-
tent in fuels. This overall declining trend in 
SO2 emissions is set to continue to 2030 ow-
ing to sustained reductions in North America 
and Europe combined with more modest re-
ductions in all other regions apart from South, 
West and Central Asia, where SO2 emissions 
�����������"�!��7����������
���������
����
��"�
due to expanded coal use without effective 
emission controls. For NOX, overall emissions 
in 2005 were similar to those in 1990, with a 
marked decrease for North America and Eu-
rope being balanced by increases for all other 
regions. By 2030, the continued reduction in 
NOX emissions projected for North America 
and Europe is more than offset by increases in 
all other regions, resulting in a net global in-
crease for this sector. The increase is not, how-
ever, as large as in the case of  CO2, indicating 
that effective implementation of  emission 
controls decouples emission rates from growth 
in fuel use. Global emissions of  CO increased 
sharply between 1990 and 2005, largely due 
to rising emissions from coal combustion in 
����������>�����&���������>�����
����������
Emissions are projected to increase until 2030, 
�����������������������
�����������������
�"�
of  new power plants.
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emissions from Northeast Asia, Southeast 
>�����
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�������"���������
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continue to increase due to high growth in 
activity. Emissions of  CH4, NOX and CO2 
���������������������������	��"��
��
����
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Residential-commercial combustion
This sector is the most important contributor 
to BC, OC and CO emissions. Emissions of  
all pollutants remain fairly constant over the 
whole modelling horizon (Figure 2.20), al-
though regional shares change over time. The 
stability in emissions in this sector is explained 
by the rather constant global fuel use and, in 
the absence of  regulation, only small switches 
towards improved and cleaner stoves. Pat-
terns of  variation in regional emissions of  all 
species are strikingly similar owing to similari-
������
������������
�!��������� �?�"�!������
�
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���������
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changes. Three regions – Africa, Northeast 
>�����&���������>�����
�����������
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West and Central Asia – tend to dominate 
emissions of  BC, OC, CO and CH4, with 
decreases in Northeast Asia, Southeast Asia 
and ��������
���
���������
�>��������
��
�
�����
���������������������������
����
�
�
fuel-use patterns. Emissions of  SO2, NOX and 
CO2����������������������������	��"��
��
��-
cant. In the case of  CO2 this is because emis-
sions from biomass combustion are regarded 
as carbon neutral, that is to say, do not lead to 

a net increase in atmospheric CO2 concentra-
tions; it is acknowledged that this may not be 
true for every situation.

Transport
The study period covers a timeframe of  
strict air pollution control policies for on-
road transport and to some extent also for 
off-road transport. This can be seen clearly 
in the development of  emissions, especially 
in North America and Europe, where 
transport volumes remained rather constant 
or increased only slightly, while emissions of  
all pollutants, except BC, declined by 2005 
(Figure 2.21). For BC, the increasing shares 
of  diesel vehicles offset improvements in 
engine technology and reductions achieved in 
gasoline vehicles, as shown in Figure 2.8 and 
the accompanying text. Existing legislation for 

���	�����������������
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in emissions from diesel vehicles, including 
BC and NOX, and is expected to bring a 
substantial reduction in emissions by 2030, 
especially in North America and Europe. The 
other regions are adopting similar legislation 
to that of  North America and Europe, but 
with delayed implementation timetables. This 
also applies to off-road transport, for which 
standards are not as strict as for the on-road 
sector. Increased emissions in other regions 
are mainly a result of  dramatic increases in 
�������	��������!����������"��
�>��������!����

Figure 2.19. Trends in emissions from industrial processes.
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Figure 2.20. Trends in emissions from residential-commercial combustion.

Figure 2.21. Trends in emissions from the transport sector.

some improvements in fuel economy, trends 
in transport activities can be seen in global 
emissions of  CO2, which increased from 
1990 to 2005 and are projected to continue 
rising up to 2030. With the exception of  
international shipping, SO2 is a relatively 
minor component of  emissions from the 
transport sector because of  fuel standards 
requiring the use of  low-sulphur fuels.

International shipping emissions represent a 
relatively high share of  global NOX and SO2 

emissions, comprising 23 and 14 per cent of  the 
anthropogenic and 15 and 11 per cent of  total 
global emissions, respectively. The correspond-
ing shares for BC are lower, at 3 per cent and 
2 per cent respectively, and for the other pollut-
ants are less than 1 per cent. Within the trans-
port sector, international shipping contributed 
over 80 per cent of  SO2, 30 per cent of  NOX, 
10 per cent of  BC and 9 per cent of  OC emis-
sions in 2005. For CO the contribution is less 
than 1 per cent. About 80 per cent of  the inter-
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�����
������
�
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hemisphere, with 32 per cent in the Atlantic, 
#[�!�����
���
�������������`��!�����
���
�����|
-
dian Ocean and 5 per cent in the Mediterranean 
(Eyring et al., 2010). However, increasing Asian 
shipping activity may change the distribution in 
the future (Eyring et al., 2010). At present, Arctic 
shipping contributes 1–3 per cent to global ship-
ping emissions, depending on the pollutant, but 
its proximity to sensitive ecosystems might make 
it a much more important source locally in the 
future, especially when an extended period of  
ice-free Arctic waters is considered in future sce-
narios (Corbett et al., 2010). Global annual growth 
�� ��
���
����
������!���������������������������
2–3 per cent, depending on the scenario (Buhaug 
et al., 2009), and annual growth in fuel use could 
be about 2 per cent (Eyring et al., 2010). However, 
recent regulations of  the International Maritime 
Organization (IMO) address emissions of  SO2 
and NOX, and some changes are expected for 
other pollutants as well. Since part of  the fuel 
sulphur is emitted as particulate sulphate, the re-
ductions may also affect primary PM emissions, 
including BC and OC (Buhaug et al., 2009; Lack 
et al., 2009). In the RCP 8.5 scenario, the aver-
age compound annual growth rates (CAGR) for 
global shipping emissions between 2005 and 2030 
are 0.83–0.87 per cent for BC, OC, CH4, CO 
and NMVOC. The NOX annual growth rate is 
smaller at 0.44 per cent, and annual SO2 emis-
sions decline by 2.5 per cent on average; however, 
����
����
�������
�������!�������
�����!��������-
tween 2010 and 2020, following implementation 
of  the IMO regulation.

Fossil fuel extraction and distribution
In 1990, North America and Europe ac-
counted for more CH4 emissions than any 
of  the other four regions (Figure 2.22). By 
2005, a fall in emissions from North America 
and Europe was more than offset by a rise in 
emissions from the other regions, producing 
an overall net increase; CH4 emissions from 
����������>�����&���������>�����
���������=�� �
which China accounted for over 80 per cent, 
mainly from coal mining) increased to equal 
those from North America and Europe. 
The projected global increase of  almost 
40 per cent by 2030 is mainly due to rap-
idly growing emissions from Northeast Asia, 
&���������>�����
�������������	�
�����
�"�
by growth of  the Chinese coal-mining indus-
try (see Figure 2.28), although increases also 
occur in the other four regions. 

��������	
���
Emissions from this sector are dominated 
by CH4. Global CH4 emissions from waste/
��
������
���������"�`Q�!�����
��������
�
1990 and 2005 and are projected to increase 
by 20 per cent by 2030 (Figure 2.23). North 
America and Europe is the largest emitting 
region in all three years, although their CH4 
emissions actually decline over the period, the 
overall rising trend being driven by growth in 
emissions from the other four regions. For OC, 
global emissions increased from 1990 to 2005 
and are projected to decrease slightly by 2030, 
although not back down to 1990 levels. For this 

Figure 2.22. Trends in CH4 emissions from fossil fuel extraction and distribution.
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sector, emissions of  BC, SO2, NOX, CO and 
CO2�����������	��"��
��
����
�� In developing 
countries, where municipal waste collection 
and handling are not adequate, burning of  
������������=���?"�����
����
���������@���"�
��
����������
����
��"�����������
���� �����
NMVOCs, BC and OC. However, estimates 
and projections of  emissions from such activi-
ties are almost completely lacking and further 
research is needed.

Agriculture
Global emissions of  BC, OC, CH4 and CO 
all increased between 1990 and 2005 and are 
projected to rise still further by 2030 (Figure 
2.24). The BC, OC and CO emissions in this 
sector come mostly from open burning of  
crop residues, whilst CH4 emissions are mainly 
due to enteric fermentation in livestock. Popu-
lation and economic growth lead to changes 
in lifestyles and typically increased demand 
for meat and dairy products; consequently, 
agricultural activities increase sharply, lead-
ing to higher emissions of  CH4 and NH3 (not 
shown). In all three years, the two regions with 
the greatest emissions of  BC, OC and CO are 
����������>�����&���������>�����
���������
(mainly China) and South, West and Central 
Asia (mainly India). Emissions of  CH4 tend to 
be more evenly distributed between regions. 
By 2030, Northeast Asia, Southeast Asia and 
������������
�>��������
����������
��
��
South, West and Central Asia become the 
three regions with the largest CH4 emissions. 

Emissions of  SO2, NOX and CO2 from agri-
������������������	��"��
��
����
��

&+0+<�/��H��	����������������
carbonaceous aerosols

Figure 2.15 showed that the residential-
commercial sector is the predominant source 
of  primary PM2.5, this being particularly true 
for BC and OC. The transport sector is also 
an important emitter of  BC and, to a lesser 
extent, OC. In developing countries, certain 
industrial processes, such as brick kilns and 
coke ovens, and the burning of  crop residues 
within the agriculture sector are also notable 
contributors to primary aerosol emissions. 
In this section, therefore, these sectors are 
analysed at a greater level of  disaggregation, 
focusing on those sub-sectors that are of  most 
relevance to primary BC and OC emissions 
and where control measures (Chapter 5) 
have the greatest potential impact. Figures 
2.25 and 2.26 (note the difference of  scale 
between BC and OC emissions) show that for 
BC and OC emissions, residential biofuel use 
was a dominant and growing global source 
from 1990 to 2005, with Northeast Asia, 
&���������>�����
������������
����!�
������
for the greatest share (of  which approximately 
two-thirds came from China) followed by 
Africa and then South, West and Central 
Asia. Despite a decline in solid fuel use 
and a resulting reduction in emissions from 
����������>�����&���������>�����
���������

Figure 2.23. Trends in emissions from waste/landfill.



42

Integrated Assessment of Black Carbon and Tropospheric Ozone

(almost entirely from China), global emissions 
from this sub-sector are projected to increase 
further by 2030. The development is largely 
driven by increases in biomass fuel use and 
consequent emissions from Africa. The main 
difference between BC and OC is that, while 
the BC trend is towards increasing emissions, 
global OC emissions are projected to 
decrease slightly by 2030, because improved 
combustion technologies are expected to 
reduce relatively more OC than BC.

Global emissions of  BC and OC from resi-
dential coal use decreased between 1990 
and 2005 and are projected to continue to 
decline up to 2030 as result of  reduced emis-
sions from North America and Europe and 
from Northeast Asia, Southeast Asia and 
�������=���
���������
�����"���������
���
�
China due to improvements in combustion 
technologies). In 1990 and 2005, BC and 
OC emissions from brick and coke kilns 
were dominated by Northeast Asia, South-
�����>�����
���������=���
�������
��
�����
85 per cent and 95 per cent of  BC and OC, 
respectively) and South, West and Central 
Asia (India accounting for 50 per cent and 
76 per cent, respectively). There was an in-
crease in global emissions for this sector be-
tween 1990 and 2005, due mainly to an in-
crease in Northeast Asia, Southeast Asia and 
�������=���
�"����
�@�������������������+��
��
change projected for 2030.

Road transport diesel combustion is also an 
important global source of  BC and OC, with 
emissions having increased between 1990 and 
2005, largely due to increases from North-
�����>�����&���������>�����
������������������
as South, West and Central Asia and Latin 
America and Caribbean, due to growth in 
transport activities. Reduced global BC and 
OC emissions from road transport diesel are 
projected by 2030. This is mainly a result 
of  large reductions in emissions from North 
America and Europe resulting from strict 
emission controls and rather stable activity. 
Continued increases in emissions are pro-
jected for Northeast Asia, Southeast Asia and 
���������
��&������{�����
����
�����>�����
where the implementation of  stricter air pol-
lution policies is offset by growth in activity. 
The temporal trends and regional shares for 
off-road diesel closely follow those for road 
transport diesel, the main difference being a 
projected decrease for Northeast Asia, South-
�����>�����
�����������
����!��7�������
�������
for Latin America and Caribbean between 
2005 and 2030. It is also worth noting that 
abatement technologies are penetrating the 
off-road transport sector more slowly than 
the on-road one. BC emissions from road 
transport powered by fuels other than diesel 
rose between 1990 and 2005, and this trend 
is projected to continue to 2030 as a result of  
a large increase in Northeast Asia, Southeast 
>�����
���������=�
�����"�����������
�@�����
and OC emissions from agriculture, consist-

Figure 2.24. Trends in emissions from agriculture.
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ing mainly of  the burning of  crop residues in 
�����������
�`[[Q��
��#QQ%���������������-
nated by Northeast Asia, Southeast Asia and 
�������=���
�������
��
������������Q�!���
cent) and South, West and Central Asia (In-
dia accounting for about 60 per cent). The 
climbing trend, which is projected to continue 
to 2030, is mainly due to increases in Africa 
and in Latin America and Caribbean. North 
America and Europe is the only region where 
a decline in emissions is expected.

OC/BC ratios
�
����
����
����!������ ������
�����������-
sol emissions is the relative proportions of  BC 

and OC. Because they have contrasting effects 
on radiative forcing, it is essential to know 
whether a particular type of  source produces 
more BC than OC or vice versa. The OC/
BC ratio is not the only factor determining 
sectoral contributions to a change in radia-
tive forcing: other co-emitted aerosols and 
gases like SO2 (especially from combustion of  
coal and high-sulphur oil), CO, NMVOCs, 
and NOX, play a role too. However, for sev-
eral sources, BC and OC are estimated to 
be the key determinants. Work assessing the 
magnitudes of  direct and indirect effects, or 
even their sign, for BC and OC emissions 
and other aerosols is underway (Chapter 3). 

Figure 2.25. Trends in sub-sector BC emissions by region.

Figure 2.26. Trends in sub-sector OC emissions by region. 
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It should be stressed that this section only ad-
dresses primary emissions of  BC and OC and 
does not include secondary OC formed in the 
atmosphere after emission; this may appear to 
��
������������^����������������������
�
studies that include both primary and second-
ary OC combined.

Figure 2.27 shows the OC/BC mass ratios of  
the seven major source categories discussed 
above. The ratio of  1 (equal emissions) is 
highlighted as a reference level, but this does 
not imply equal effects on radiative forcing, 
because the forcing of  BC per unit mass is 
greater than that of  OC. In the case of  emis-
sions of  a pure carbonaceous aerosol, an  
OC/BC mass ratio of  more than about 10 
would lead to cooling, since the global warm-
ing potential of  OC and BC have been esti-
mated to be about -70 and 700, respectively 
(Chapter 4). Because these source categories 
����������	��"�����������"������������������
mixtures of  particular technologies and fuels, 
�
�����"����������������
�
�����
�������
and fuels into the future. This is an advantage, 
however, because it gives information on the 
overall proportions of  BC and OC emitted 
from the sub-sector and how they are chang-
ing over time, and this gives insight into trends 
and opportunities for climate change mitiga-
���
��'����������
����������
�������� ������	��
world regions are shown. A high OC/BC ra-
tio represents a relatively unfavourable mitiga-
tion opportunity, because it reduces the cool-
ing component more than the warming com-
ponent. The three major source categories 
leading to high OC/BC ratios in 2005 are: 
residential biofuel use (OC/BC = 1.5–4.5), 
gasoline road transport (OC/BC = 3–6) and 
agriculture (OC/BC = 3–5). Residential coal 
use and brick and coke kilns have relatively 
���������������
��=��^�����`@��������������
transport and off-road diesel have the lowest 
ratios (0.2–0.8) and are therefore good candi-
dates for reducing net forcing.

Some ratios are likely to stay effectively con-
stant until 2030, but others, mainly residential 
biofuel, diesel road transport and gasoline road 
���
�!��������������
����
�������
���
�������
OC/BC ratio. In principle, the reductions in 
������^�������������������!��	���
����
�

combustion or the effects of  exhaust after-
treatment technologies. In the cases of  resi-
dential biofuel and coal, the development of  
�������������������������
�����
��������������
���
heating and cooking stoves to improved and 
cleaner stoves through turnover of  the equip-
ment. The improved stoves often reduce OC 
more than BC, which sometimes may remain 
at the level of  traditional stoves (Roden et al., 
2006, 2009). The technologies in use are often 
�������
���
��������
������
���������������������
in the ratios. The development of  the OC/BC 
ratio in the transport sector is the result of  a 
mix of  different stages of  emission abatement 
technologies and the pace at which they are 
implemented in a given region. For both diesel 
and gasoline, the later stages tend to reduce 
more OC than BC, which is why the later year 
ratios are lower. However, these lower ratios 
are associated with small overall emissions and 
so there is very little reduction potential left.

For agriculture, the ratio does not change over 
time, as the only option included in this study 
is a ban that affects both compounds in the 
same way. Furthermore, we do not assume 
any changes over time in the shares of  various 
crop residues burned. The regional differ-
ences visible in Figure 2.27 stem from differ-
ent assumptions about emission factors for key 
crop residues, the shares of  which vary from 
region to region.

&+0+0�/��H��	����������� �����	���

Figure 2.28 shows that enteric fermentation 
in domestic livestock was the predominant 
source of  global anthropogenic CH4 emis-
sions between 1990 and 2005 and is projected 
to remain so to 2030. A slight decreasing 
trend in North America and Europe from 
1990 to 2005 is more than offset by increasing 
emissions from all other regions, particularly 
Latin America and Caribbean (43 per cent 
from Brazil in both years), and this trend is set 
to continue to 2030. The next most important 
CH4 source sector is oil and gas production 
and distribution, with a rising trend between 
1990 and 2005 projected to continue to 2030. 
This growth is driven mainly by increasing 
emissions from South, West and Central Asia 
(almost half  from the Middle East), although 
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there are also greater contributions projected 
for Africa and North America and Europe. 
In 1990, CH4��������
���������
�����=����-
nated by North America and Europe) and 
rice production (dominated by Northeast 
>�����&���������>�����
�����������
��&������
West and Central Asia) were the next two 
most important source sectors. However, 
between 1990 and 2005, emissions from coal 
mining grew more rapidly than those from 
������������!��������
������
���������������
large increase in Northeast Asia, Southeast 
>�����
�����������
����������
��������������
-

tinue to 2030. Thus coal mining is projected 
to become the third most important CH4 
source sector by 2030, with Northeast Asia, 
&���������>�����
�������������!������-
nant emitting region (with 85 per cent from 
China). Combined, the two fossil-fuel related 
sectors would be the largest single source 
category. The treatment of  waste water (mu-
nicipal and industrial) is a minor contributor 
to global anthropogenic CH4 production, 
although emissions increased in all regions 
between 1990 and 2005 and this trend is set 
to continue up to 2030.

Figure 2.27. Trends in OC/BC mass ratios for important sub-sectors in each region.

Figure 2.28. Trends in sub-sector CH4 emissions by region.
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Figure A.2.1. Distribution of global BC emissions by world region for contained combustion (left) and open 
biomass burning (right) from Bond et al., 2004.

Appendix A.2
There have been a number of  attempts to 
compile estimates of  present-day global emis-
sions of  pollutants relevant to this Assessment. 
These are not always consistent in their ap-
proaches to the three main categories of  emis-
sion sources: 

1. Fossil-fuel combustion, for which interna-
tional statistics on fuel use are available; 

2. Biofuel combustion, which is a large source 
in the developing world and for which inter-
national statistics are poor or non-existent; 
and 

3. Open biomass burning, for which a vari-
ety of  techniques, including national and 
regional surveys of  burnt area and satellite 
observations, can be applied. 

This section presents estimates of  current 
emissions of  BC, OC and tropospheric 
O3 precursors developed in other works, 
against which the GAINS values can be 
compared. Although there are several of  these  
inventories available, we present results from 
the two best known and most widely used 
inventories: Bond et al. (2004) for BC and OC 
and the EDGAR inventory for tropospheric 
O3 precursors.

;+&+6�I���	H����"������
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A concise overview of  global BC emissions 
can be obtained from Figures A.2.1 and 
A.2.2, based on data in Bond et al. (2004) for 
the year 1996. Although these data are some-
what old now, the distribution of  emissions 
between regions and source types has not 
changed dramatically since then, and they are 
still informative. Total global BC emissions 
in 1996 were estimated at 8.0 Mt: 4.6 Mt 
from contained combustion – the burning of  
fossil fuels and biofuels for energy and other 
anthropogenic releases – and 3.3 Mt from 
open biomass burning. For contained combus-
tion, Asia is the largest contributor, producing 
2.5 Mt/yr or 55 per cent of  the global total. 
China and India are the two largest emitting 
countries. With respect to open biomass burn-
ing – the accidental or intentional burning of  
forests, savannah/grassland and agricultural 
�������
�������$�>������!�������������������]�
1.9 Mt/yr or 44 per cent of  the global total. 
Central/South America produces 0.91 Mt/yr 
or 27 per cent. The developed world (Europe, 
Former USSR, North America, Japan and 
����������@������������	��"���
���!���������� �
BC of  either kind. The global distributions 
of  BC and OC are quite different, with over 
70 per cent of  BC emitted in the northern 
hemisphere and over 60 per cent of  OC emit-
ted in the southern hemisphere.
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Figure A.2.2 shows the relative contributions 
of  all source types (both contained and open 
burning) to total global BC emissions. Open 
biomass burning is the largest individual 
contributor, with residential biofuel combus-
tion the single largest anthropogenic source 
type at 1.5 Mt/yr or 19 per cent of  the global 
total. On-road and off-road diesels produce 
a combined 1.4 Mt/yr or 17 per cent, while 
coal combustion in industry and the residen-
tial sector produces another 1.1 Mt/yr or 
14 per cent. It should be noted that electric 
power generation, a major contributor to 
CO2 emissions, does not appear on this chart 
because its contribution is so small. This is 
a powerful illustration of  the very different 
nature of  the sources of  CO2 and BC, and 
hence the different nature of  the targets for 
mitigation. Although the spatial, temporal, 
sectoral and technological resolution of  the 
inventory of  Bond et al. and the GAINS mod-
el are different, the development of  both has 
been closely coordinated between the groups, 
�!��������"������������������������� ��������
�
factors and principal assumptions on combus-
tion technology in use. Therefore, the results 
are consistent between the two studies.

Global emissions of  primary OC are about 
four times as large as global emissions of  BC; 
note that secondary organic aerosols (SOA) 

that are formed in the atmosphere through 
chemical reactions of  gaseous species are not 
included. The total primary OC emissions 
reported by Bond et al. (2004) are 33.9 Mt for 
1996. The underlying reason for differences in 
total BC and OC emissions lies in the fact that 
the OC/BC emission ratio for the burning of  
vegetation is much higher than the OC/BC 
ratio for fossil-fuel combustion. The regional 
distributions of  global OC emissions from 
contained and open combustion are quite 
similar to those of  BC, with the shares of  re-
gions that burn excessive amounts of  biofuel 
and biomass being somewhat enhanced (e.g., 
India, Africa). China’s share is lower because 
of  its greater reliance on coal than biofuels. 
As regards the distribution of  OC emissions 
by source type, we see a major difference from 
BC. Open biomass burning is by far the domi-
nant source type (74 per cent versus 41 per cent 
for BC). Residential biofuel combustion 
comprises 17 per cent of  the total, about the 
same as for BC. However, all other contribut-
ing source types are smaller for OC than for 
BC, showing the dominant role of  vegetation 
burning in OC emissions.

;+&+&�I���	H��������������� �
	�����������#3 precursors 

Levels of  tropospheric O3 at regional scale 
(as distinct from peak O3 levels observed in 
urban areas) are determined primarily by 
the emissions of  four major pollutants: NOX, 
CO, NMVOCs and CH4. Together, these 
four control the formation and destruction of  
tropospheric O3 under prevailing atmospheric 
conditions of  temperature, insolation, humid-
ity, etc. NMVOCs encompass a wide range 
of  compounds of  very different reactivities 
and ozone formation potentials. In order to 
determine the role that NMVOCs plays in 
O3���������
�������!�������
�!��������� �����
emissions in different sectors and regions of  
the world need to be known. And though we 
discuss below the anthropogenic emissions 
of  NMVOCs, it should be remembered that 
emissions of  biogenic NMVOCs are larger by 
a factor of  5–7 and highly relevant.

There are relatively few global emission in-
ventories that are comprehensive in nature, 

Figure A.2.2. Distribution of global BC emissions by 
major contributing source type from Bond et al., 2004.
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Table A.2.1. Global emissions of tropospheric O3 precursors in 2005 by main source category from  
EDGAR v4.1 (Mt/yr).

CO NOX CH4 NMVOCs

Industrial combustion 37.9 51.4 0.8 1.7

Fuel fugitive emissions 10.0 0.1 115.1 54.4

Domestic combustion 157.3 5.0 11.6 16.4

Transport on-road 147.0 25.9 0.7 21.9

Transport off-road 6.6 18.8 <0.1 1.4

Industrial processes 52.0 0.4 0.2 4.1

Solvent and other product use 0 0 0 21.9

Agriculture 248.4 12.9 150.5 14.5

Land-use change and forestry 188.3 3.9 11.7 14.2

Waste <0.1 0.2 58.1 2.3

Other 2.5 <0.1 0.2 0.1

Global total 850.2 118.7 349.0 152.9

including all major species, source types and 
regions of  the world. Perhaps the most well-
known of  them is the EDGAR (Emission 
Database for Global Atmospheric Research) 
(Olivier et al., 1996), presently hosted by 
the Joint Research Centre of  the European 
Commission (EC-JRC/PBL, 2010). Results 
for the year 2005 from the recently released 
EDGAR v4.1 are shown below to illustrate 
the major sources of  emissions of  the four 
primary anthropogenic precursors of  tro-
pospheric O3. Note that EDGAR only in-
cludes anthropogenic sources of  emissions, 
following the UNFCCC convention. Open 
biomass burning is included but does not 
�������
������������
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and grassland for agriculture or habitation 
are included. As the EDGAR inventory is 
the most widely accepted global inventory 
of  present-day emissions, it is desirable to 
compare its results with those that form 
the base case of  the GAINS results for this 
study. Table A.2.1 summarizes the EDGAR 
v4.1 global emissions by species and major 
emitting sector.

,#X����������

In a similar way to the analysis followed 
above for BC, we can trace the major con-
tributors to global NOX emissions by world 
region, shown below in Figure A.2.3 (left) and 
by major emitting source type (right).

China is the largest contributor to global 
NOX emissions, with 22 per cent of  the total 
�������
��� �``��������'��������������������*
scale use of  fossil fuels, mainly coal, to power 
industrial and energy generation activities. 
In addition, China’s NOX emissions have 
grown very rapidly since 2000. North America 
(16 per cent), Europe (11 per cent), Africa 
(11 per cent) and Other Asia (11 per cent) are 
the other major emitting regions. Whereas 
industry and transport dominate the sources 
of  NOX in North America and Europe, it is 
biomass burning that largely accounts for the 
contributions of  Africa and Other Asia. Sec-
toral emissions are dominated by industrial 
fuel combustion (including power generation) 
(43 per cent). On-road (22 per cent) and off-
�����=`}�!�����
�@����
�!���������������
����
��
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Because CO emissions (Figure A.2.4) are 
primarily caused by poor combustion, global 
emissions are dominated by the developing 
regions of  the world, where biofuels and 
fossil fuels continue to be burned in small, 
�
������
����	���������������
��������?-
ing and heating and small-scale industrial 
operations. The EDGAR v4.1 inventory 
shows that the total global CO emissions 
of  850 Mt in 2005 are dominated by Asia 
(34 per cent) and Africa (30 per cent), 
with relatively small contributions from 
North America (8 per cent) and Europe 
(4 per cent). The largest source categories 
are agriculture (29 per cent) and land use 
and forestry (22 per cent), mostly consisting 

of  various forms of  vegetation burning for 
farming and human habitation. Residential 
combustion is also a large source of  CO in 
the developing world (19 per cent) and trans-
port (18 per cent) in all parts of  the world.

,BJ#����������

NMVOC emissions are more evenly 
distributed between the regions of  the 
world (Figure A.2.5 (left)). The developed 
����
����
����������
����
��"���������
of  their large industrial sectors, handling 
substantial volumes of  industrial chemicals, 
as well as their extensive transportation 
systems, processing and handling large 
quantities of  oil products. On the other 
hand, NMVOC emissions are also 

Figure A.2.3. Distribution of global NOX emissions in 2005 by world region (left) and by major source type (right), 
from EDGAR v4.1.

Figure A.2.4. Distribution of global CO emissions in 2005 by world region (left) and by major source type (right), 
from EDGAR v4.1.
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Figure A.2.6. Distribution of global CH4 emissions in 2005 by world region (left) and by major source type (right), 
from EDGAR v4.1.

����
����
��!��������� ��
���!�����
combustion, typically from traditional 
cooking and heating stoves, and therefore 
developing nations also contribute. On 
balance, Africa (20 per cent) and Other Asia 
(17 per cent) are the two largest emitting 
regions. North America (10 per cent) and 
Europe (10 per cent) contribute somewhat 
less. Fugitive emissions from oil, natural 
gas and solid fuels (36 per cent) is the 
largest contributing source category to 
global NMVOC emissions (Figure A.2.5 
(right)),  with transport (14 per cent) and 
solvent use (14 per cent) following. Several 
other source categories (residential fuel 
combustion, agriculture, and land use/
�������"@�������
����
����
�������������
NMVOC emissions.

CH4���������

Methane has rather a different sectoral 
!�������������������!������
���=������>�#�}�
(right)). Distribution around world regions 
(Figure A.2.6 - left) is perhaps the most even 
of  all, with the largest contributors being 
China (18 per cent), Central/South America 
(14 per cent), and Other Asia (13 per cent). 
Because of  the contribution from coal mining, 
those regions that produce large quantities of  
coal are preferentially higher (like the former 
USSR). By source category (Figure A.2.6 - 
right), agriculture is the largest (43 per cent), 
�������
���������������������
��� ���4 with 
rice growing and wetlands. Fugitive emissions 
from fuels generate 33 per cent of  global CH4, 
�
�����������!��������������
������=`��!���
cent) is also a large source. All other sources of  
CH4 are small.

Figure A.2.5. Distribution of global NMVOC emissions in 2005 by world region (left) and by major source type 
(right), from EDGAR v4.1.
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